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CABRERA

Introduction 183
Main Tendencies of Doping in the Strength

Field 184
Metabolic Modulators and Related Substances 189
Blood Doping and Anti-Doping Approaches in Endurance

Sports 190
Masking Agents 191
Gene Doping 192
References 192

19. Nutrition In Paralympics
AMITAVA DAS, DEBASIS BAGCHI AND

CHANDAN K. SEN

Introduction 197
Sports Nutrition and Enhanced Performance 197
The Paralympic Games 197
Classification and Categories at the Paralympic

Games 198
Nutritional Considerations in the Disabled 198
Sports Nutrition of Paralympic Athletes 199
Conclusion 202
References 202

20. An Overview on the History of Sports Nutrition
Beverages

GUSTAVO A. GALAZ

Introduction 205
Background on Sports Beverages 205
History of Protein Drinks 207
Conclusion 210
References 210

IV

MOLECULAR MECHANISMS

21. α-Hydroxy-Isocaproic Acid (HICA)—Effects on
Body Composition, Muscle Soreness and Athletic

Performance
TUOMO OJALA, JACOB M. WILSON, JUHA J. HULMI,

TUOMO KARILA, TIMO A. SEPPÄLÄ AND
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Preface

Nutrition plays a pivotal role in sustaining human
health, extending healthy life span, enhancing sports
performance, and offsetting the challenges of advanc-
ing age. As current research improves our understand-
ing of dietary requirements in different contexts of
human function, a comprehensive appraisal of the role
of nutrition in human health and performance is war-
ranted. It is this need that has inspired the current
volume.

This volume is divided into six thematic sections. The
introductory section presents a general overview of the
role of nutrition in human health. This section is a com-
pilation of chapters reviewing nutritional prophylaxis in
human health, including food exchange values, person-
alized nutrition and a critical assessment of antioxi-
dants, vitamins, membrane stabilizers, minerals, herbal
extracts and other nutritional supplements and their
influence on human health and exercise performance.
This section also addresses performance enhancement
drugs and sports supplements, discussing concerns
associated with the benefits and risks associated with
the use of performance-enhancing supplements.

The second section is based on types of physical
exercises. Cardiovascular training, resistance train-
ing, psychological aspects, bone health and bone
mineral density, and immune function are discussed.
Issues related to bone health and hormone replace-
ment therapy, primarily affecting the elderly and
post-menopausal women, are also covered in this
section.

The third section addresses nutritional require-
ments in the context of sporting events. Special con-
siderations for vegetarian athletes are discussed
in the first chapter in this section. In addition to an
overview of sports nutrition, this section covers
combat sports, sumo wrestling, endurance training,

high-altitude sports, winter sports, paralympic games,
zero-gravity (space) fitness, and extreme sports such
as bungee jumping, hang gliding and sky diving.
Other related issues such as doping in sports and
a history of sports nutrition beverages are also
addressed.

Molecular mechanisms implicated in muscle build-
ing constitute the theme of the fourth section.
Molecular and cellular underpinnings of muscle
growth, repair and preservation are discussed with ref-
erence to how they may influence physical perfor-
mance. Intracellular signaling mechanisms underlying
tissue growth and adaptation are reviewed with the
aim of identifying key hubs of regulation of exercise
performance. For example, the emergent significance
of nitric oxide in exercise performance and muscle
building is discussed in this section.

Section five presents a collection of review articles
addressing food products, minerals, supplements, phy-
tochemicals, testosterone, amino acids, transition
metals, small molecules and other ergogenic agents
that have been implicated in muscle building and
human performance. The scope of nutritional interven-
tion to manage post-exercise immune suppression is
discussed in this section. In addition, carbohydrate
and glycogen metabolism and the roles of adaptogens
are discussed. Clinical implications of anabolic training
and protein, carbohydrate and fat requirements for
athletes are also covered. The significance of amino
acids, including branched-chain amino acids, and the
importance of hydration are addressed. Creatine, car-
nitine, ornithine, arginine, citrulline, ursolic and masli-
nic acid, HMB and GAKIC are discussed at length.
The role of chromium(III), vanadium, zinc and plant
borates, as well as astaxanthin, caffeine, quercetin and
tongkat ali are covered.

xv



Finally, the sixth section draws together the afore-
mentioned topics by reviewing nutrition and dietary
recommendations for bodybuilders.

With emphasis on sports and nutrition in human
health, physiological basis of muscle function, and
functional food and nutraceuticals affecting human
health and performance, this volume is an indis-
pensable resource for all those who seek to be
current in their understanding of nutritional advan-
tages that may bolster human health and sports
performance.

The editors extend their sincere thanks and grati-
tude to all the eminent contributors and especially
to Ms. Nancy Maragioglio, Mrs. Mara Conner and

Ms. Megan Wickline for their continued support, coop-
eration and fruitful suggestions.

Debasis Bagchi, PhD, MACN, CNS, MAIChE
University of Houston College of Pharmacy, Houston,

TX, USA

Sreejayan Nair, MPharm, PhD
University of Wyoming School of Pharmacy, Laramie,

WY, USA

Chandan K. Sen, PhD, FACN, FACSM
The Ohio State University Wexner Medical Center,

Columbus, OH, USA
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C H A P T E R

1

Nutritional Supplementation in Health
and Sports Performance

Sidney J. Stohs1,2 and Edeth K. Kitchens2
1Creighton University Medical Center, Omaha, NB, USA 2Kitsto Consulting LLC, Frisco, TX, USA

INTRODUCTION

The nutritional status of an athlete is a major deter-
minant of health, fitness and sports performance.
Nutrition plays a central role in adaptation, rehydra-
tion, refueling, and repair as well as recovery from
injury [1�6]. As a consequence, for optimal perfor-
mance it is essential that athletes be in the best possible
nutritional and metabolically balanced state.

Athletes as well as the general population may be
overfed and still be deficient in a wide range of essen-
tial nutrients including vitamin A, vitamin B6, vitamin
B12, vitamin C, vitamin D, vitamin E, vitamin K, folic
acid, iodine, iron, zinc, calcium, magnesium, and sele-
nium [7�13]. These nutritional deficiencies can be
extrapolated to athletes, with some indications that
the incidence of some deficiencies may be higher
among athletes than in the general population.
Examples of nutritional deficiencies that have been
specifically reported among athletes include iron
[1,14], magnesium [14,15], sodium [1,5,16], zinc [1],
calcium and vitamin D [17], vitamin C, vitamin E, and
vitamin A [18].

The primary reason for nutritional imbalance is con-
sumption of refined foods and dietary supplements
that are high in calories from sugars, starches and fats,
and low in vitamins, minerals, trace elements and fiber
as the result of the refining and manufacturing pro-
cesses. The net effect is that athletes may consume an
excess of calories in conjunction with lower levels of
essential nutrients.

At least 85% of athletes and those engaged in regular
exercise consume nutritional and dietary supplements
on a daily basis [2]. Approximately 50�70% of the adult

population consume dietary supplements daily, with
women consuming supplements more regularly then
men [19]. Other studies indicate that 72% of cardiolo-
gists, 59% of dermatologists, 91% of orthopedists and
physicians, and 82% of nurses recommended dietary
supplements to their patients, while almost 70% of phy-
sicians and 89% of nurses at least occasionally used die-
tary supplements themselves [20,21]. Thus, oral
nutrition in the form of dietary supplements is accepted
by a large percentage of athletes, the general popula-
tion, and a wide range of healthcare providers.

DEFINITIONS

The US Congress defined the term dietary supple-
ment with the passage of the Dietary Supplement
Health and Education Act (DSHEA) of 1994. Therefore,
a dietary supplement is defined as a product taken by
mouth that contains a “dietary ingredient” intended to
supplement the diet. Furthermore, dietary ingredients
may include: vitamins, minerals, amino acids, herbs or
other botanical products, and substances such as
enzymes, glandulars, organ tissues, and metabolites.

Dietary supplements may also be extracts or concen-
trates, and can occur in forms such as capsules, tablets,
powders, liquids, gelcaps, softgels, or bars. They must
be labeled as dietary supplements since by law they
are a special category of “foods” and not drugs. The
definition of dietary supplements used in the USA dif-
fers from the definition used in Europe, where the
term refers to vitamins and minerals, and herbal pro-
ducts are regulated separately as herbal medicines or
herbal remedies [22].
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Based on DSHEA, structure /function claims can be
made for dietary supplements which describe the role
of a dietary ingredient or nutrient that is intended to
affect normal structure or function in humans. Several
examples of structure/function claims include state-
ments such as “calcium builds strong bones”, “fiber
maintains bowel integrity”, “omega-3-fatty acids sup-
port heart health”, and “chromium helps maintain
blood glucose levels in the normal range”. When a die-
tary supplement includes a structure/function claim, it
must state that the FDA has not evaluated the claim,
and must further affirm that the product is not
intended to “diagnose, treat, cure or prevent any dis-
ease”, since legally only a drug can make these claims.

All nutrition facts panels on labels contain Daily
Values (DVs) which represent the recommended daily
intake (RDI) of each nutrient that is considered to be
adequate to meet the requirements of 97�98% of nor-
mal, healthy individuals in all demographics in the
United States, based on 2000 kcal per day. RDIs are a
reflection of the older Recommended Dietary
Allowances (RDAs) which were calculated based on
Estimated Average Requirements (EARs) or the
amount of a nutrient believed to satisfy the needs of
50% of the people in a demographic. RDA values are
usually about 20% higher than EARs. Finally, a system
of nutrition recommendations entitled the Dietary
Reference Intake (DRI) values was introduced by the
Institute of Medicine of the US National Academy of
Sciences in 1997 to broaden the RDAs. DRIs have not
been widely adopted.

Unfortunately, these multiple systems of recom-
mended essential nutrient intake add much confusion
and questionable clarity to the widely asked question
“how much of each nutrient is needed for optimal
physical performance and health?” In reality, these sys-
tems are based largely on the smallest amount of a
nutrient needed to prevent a deficiency or disease state,
and do not reflect the amount of each nutrient required
to provide optimal health and peak physical perfor-
mance. Furthermore, they project the minimal needs of
healthy individuals, with little or no allowance for
stressful situations such as intense exercise or disease.

The widely help misconception that only 100% of
the DV amount of each essential nutrient is required
for good health clearly is not true. Supplementation
with a multivitamin/mineral product containing 100%
of the DVs may decrease the prevalence of suboptimal
levels of some nutrients in athletes, but it will not pro-
vide optimal nutritional requirements. Furthermore,
providing 100% of the DV for vitamins and minerals
does not enhance the levels of various markers of anti-
inflammatory activity, antioxidant capacity, or immune
response [8,23].

NUTRITIONAL SUPPLEMENT
RECOMMENDATIONS FOR ATHLETES

Many factors are involved in determining how much
of the various essential nutrients are required by an indi-
vidual to meet daily needs and support optimal sports
performance. These factors include: age, weight,
gender, stress levels, physical condition, daily physical
activity, gastrointestinal health, general health, metabolic
rate, disease states, and recovery from injury or surgery.
As a consequence, it is apparent that one size (amount)
does not fit all, and as previously noted, supplementing
with a product that contains 100% of DVs does not ade-
quately meet the overall needs. Metabolism can be
equated to a chain which is as strong as its weakest link.

With these considerations in mind, what should be
the approximate level of daily intake of nutritional sup-
plements to facilitate optimal performance for an athlete
who may be consuming 3000�6000 kcal per day, keep-
ing in mind that DVs are based on a 2000 kcal per day
intake? The average athlete should consume dietary sup-
plements daily that contain at least 200�300% of the
DVs for vitamins and minerals, and may require
400�600% of the DVs, depending upon the intensity and
duration of daily activities. For example, consuming a
product with 100% of the DVs for vitamins and minerals
two to six times daily or a product with 200�300% of the
DVs twice a day with meals may be appropriate.

With respect to optimal nutritional needs, vitamin D
is an excellent example of inter-individual variability.
In addition to its role in calcium absorption and bone
health, vitamin D has been shown to play a role in
many other body functions, including immune system
support, cognition, cardiovascular health, prevention
of some forms of cancer, and blood sugar regulation
[24]. The current DV for vitamin D is 400 IU, and
many athletes do not meet this minimal requirement
[17]. A recommendation by the Institute of Medicine to
increase the DV for vitamin D to 600 IU for most
adults, based on needs for bone health, has not been
adopted by the FDA to date. However, for optimal
overall health, blood levels of at least 40 ng/mL of the
active intermediate 25-hydroxyvitamin D are recom-
mended, and from 2000 to 4000 IU of vitamin D are
needed daily to achieve this level [24].

In order to avoid vitamin A toxicity, vitamin A
should be used in the form of beta-carotene or mixed
carotenoids and not retinol or its esters retinyl palmi-
tate and retinyl acetate. Beta-carotene is converted into
vitamin A as it is needed by the body [25], and exhibits
a much greater safety profile.

Vegetarian diets are becoming more popular, and if
vitamin B12 supplements are not being used, deficien-
cies will occur. Low vitamin B12 levels are associated
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with anemia, lack of endurance, weakness, neurologi-
cal abnormalities, acidosis, elevated homocysteine
levels, decreased HDL levels, and possibly platelet
aggregation [26], all of which may contribute to decre-
ments in athletic performance.

Typical multivitamin/mineral supplements do not
contain adequate amounts of calcium, magnesium, or
vitamin D. Products that contain only vitamin D and cal-
cium with no magnesium are inadequate, and should be
avoided. High calcium intake in the absence of magne-
sium inhibits the absorption of magnesium, and may be
one of the reasons for the high incidence of magnesium
deficiency in the USA as well as the frequency of leg
cramps among athletes and the general public [27,28].

Calcium and magnesium products that are available
in chelated and absorbable forms as calcium citrate,
fumarate, hydroxyapatite, aspartate or other amino
acid chelates [29], and magnesium citrate, ascorbate,
aspartate or other amino acid chelate should be used
[30,31]. Products that contain magnesium oxide are
poorly absorbed and should be avoided [31].

Omega-3 fatty acids are required for normal cell
and organ function and are present in every cell in the
body. As the result of widespread omega-3-fatty acid
deficiency, an estimated 84,000 people die prematurely
each year in the USA [32]. In the USA, vegetarians
exhibit particularly low intake of this critical nutrient
[26]. Omega-3 fatty acids exhibit numerous beneficial
functions, including protective effects associated with
muscles, joints, cardiovascular system, immune sys-
tem, brain and nervous system, gastrointestinal sys-
tem, as well as bones, lungs, liver, skin, eyes, hair, and
other organs and tissues [33].

Docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA) are the primary omega-3 fatty acids respon-
sible for these health effects. They are derived primarily
from fish oils although they may also be obtained from
krill (zooplankton), while DHA may be extracted from
algae and EPA from yeast. α-Linolenic acid (ALA) is
another omega-3 fatty acid that is derived from plant
sources such as flax seed oil, canola oil, soybean oil,
nuts, and some berries. Because very little ALA is con-
verted into EPA and DHA, it possesses only a fraction
of the health benefits of DHA and EPA [34].

The American Heart Association recommends
400�500 mg of DHA/EPA per week (two servings of
oily fish) for general health and wellness. Athletes,
however, should consider consuming 1 gram of DHA/
EPA three to four times daily, and endurance athletes
should consider taking 5�10 grams per day based on
need [35,36]. A high quality product from a
reputable manufacturer should be used. Concerns
expressed regarding possible contamination of fish oils
with heavy metals and pesticides are unfounded and
do not present a health threat [37].

The development, repair, and preservation of mus-
cles are of paramount concern for athletes. The
Institute of Medicine has established 0.8 g/kg body
weight as the DRI for protein for adults [38]. However,
this amount of protein is too low to support and pre-
serve muscle mass in athletes, and as a consequence
the recommended daily protein intake for strength and
speed athletes is in the range of 1.2�1.5 g/kg body
weight [39], assuming normal kidney function.

The branched chain amino acids L-leucine, L-valine,
and L-isoleucine inhibit breakdown of skeletal muscle
and promote muscle repair. Of these three amino
acids, L-leucine has been shown to stimulate muscle
protein synthesis and is believed to play a primary
regulatory role in muscle protein metabolism [40,41].

An alternative and/or supplementary method for
promoting and preserving muscle is the use of nutri-
tional supplements that contain a mixture of L-leucine,
L-valine, and L-isoleucine or contain L-leucine as the
primary amino acid [42,43]. A daily intake of 8�12
grams per day of L-leucine or 12�18 grams per day of
a mixture of the branched chain amino acids may be
appropriate, particularly in athletes with compromised
renal function or who are not able to tolerate high
levels of protein [44]. Use of beta-hydroxy beta-methyl
butyrate, a metabolite of L-leucine, constitutes an alter-
native approach to supporting muscle development
[45]. Ingestion of protein levels that constitute approxi-
mately 30% of the total daily caloric intake is appropri-
ate when not involved in competition.

The conditionally essential amino acids L-arginine
and L-glutamine should be considered also for nutri-
tional supplementation of athletes. L-Glutamine plays
important roles in protein repair and synthesis, wound
healing, acid�base balance, immune system support,
gut barrier function, and cellular differentiation, and
serves as an energy source [46�48]. Supplementation
can be provided with 8 to 12 grams of L-glutamine per
day in divided doses.

L-Arginine plays important roles in cell division,
wound healing, support of the immune system,
removal of ammonia from the body, synthesis of nitric
acid, and blood pressure regulation [49�52].
Supplementation can be provided with 10 to 14 grams
of L-arginine per day in divided doses.

Finally, it should be noted that rehydration of ath-
letes with water only following intensive exercise and
dehydration is inadequate for recovery and subsequent
performance [53]. Furthermore, rehydration with a
product that contains primarily water, sugar and
sodium chloride is superior to water alone, but does
not support optimal performance. A more complex
product containing water, sodium, potassium, calcium,
magnesium, carbohydrates, vitamins and selected
amino acids should be consumed [53].
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SAFETY ISSUES

The US Poison Control Center has repeatedly
reported no deaths associated with vitamins, minerals,
herbal ingredients, or dietary supplements in general
[54]. Furthermore, no deaths have been reported in
association with these nutrients in recent years. In fact,
deaths that were reported in the past were directly
related to inappropriate use. All substances can be
toxic if taken in sufficiently large doses.

At the same time, the scientific literature does not
support the premise that taking vitamin and mineral
products in amounts that exceed 100% of the daily
value results in toxicity. Excess amounts of water-
soluble vitamins are readily excreted and toxicities do
not occur with consumption of vitamins in amounts
up to 10�20 times the DVs. Greater caution is required
for most minerals, which should not be used in
amounts greater than approximately 6 times the DV
unless specific deficiencies are documented. The
recommendations presented above are designed to
address optimum nutritional needs while maintaining
a wide margin of safety.

SUMMARY AND CONCLUSIONS

Over 50% of the adult population of the United
States and most athletes consume nutritional supple-
ments on a daily basis. Yet, large percentages of the
populace, including athletes, are deficient in multiple
vitamins and minerals because of poor dietary habits
and consumption of foods with inadequate amounts of
essential nutrients.

Consuming multivitamin/mineral products that
contain up to 100% of the DV is inadequate to provide
blood and tissue levels needed for good nutrition,
let alone appropriate nutrition necessary to support
optimal performance. In general, consuming up to
300�600% of the DV for most common vitamins and
minerals may be necessary in order to meet the nutri-
tional needs of athletes. Intake will depend on overall
daily caloric consumption and the rigor of the training
and exertion involved in a particular physical activity.

Omega-3 fatty acids impact the functions of all
organs, and deficiencies are common. To appropriately
address omega-3 fatty acid needs, athletes are encour-
aged to consume a minimum of 3�4 grams of DHA/
EPA daily, while larger amounts may be required by
endurance athletes.

High protein intake and exercise are two factors
that preserve and enhance muscle. A protein intake in
the range of at least 1.2�1.5 g/kg/day is recom-
mended. Where renal function is an issue or an

alternative approach is necessary to preserve and
enhance muscle health, high intake of L-leucine (8�12
grams/day) or a combination of the branched-chain
amino acids L-leucine, L-valine and L-isoleucine
(12�18 grams/day) may be appropriate. These
branched-chain amino acids in general, and L-leucine
in particular, promote protein synthesis.

L-Arginine and L-glutamine are two conditionally
essential amino acids that support the immune system,
cell division, and wound healing. Athletes can benefit
from ingesting 8�10 grams of L-glutamine per day
and 10�14 grams of L-arginine per day, particularly
during periods of intense exercise and training.

Finally, hydration with a complex product that con-
tains water, multiple minerals, vitamins, carbohy-
drates, and selected amino acids is superior to water
alone or water plus sugar and sodium chloride.

In summary, nutritional status is a significant factor
in determining overall performance and endurance of
athletes. The above recommendations are designed to
assist in providing optimal nutritional support for ath-
letes, recognizing that specific needs and the timing of
nutritional intake will vary depending upon the rigor
of the physical activity and the goals that are involved.
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GLYCEMIC INDEX

Carbohydrates typically constitute the greatest per-
centage of all three energy-providing nutrients of a
diet [1]. There is increasing evidence that the type of
carbohydrates being consumed is an important factor
which influences exercise performance [2] and the risk
of developing obesity and chronic diseases associated
with it [3].

The concept of the Glycemic Index (GI) was devel-
oped in 1981 by Jenkins and colleagues in order to
define the type of carbohydrates ingested by estimat-
ing the responses of blood glucose and insulin levels
after the ingestion. GI is defined as the incremental
area under the blood glucose response curve of a test
food that provides a fixed amount of carbohydrates
(usually a 50 g carbohydrates portion), expressed as a
percentage of the response to the same amount of car-
bohydrate from a reference food (glucose or white
bread) consumed by the same subject [4,5]. Most often
glucose is used as the reference food, which has been
defined to have a GI value of 100 [6]. Table 2.1 illus-
trates the categorization of GI values.

Long-term compliance with a low-GI diet may
induce favorable metabolic effects [8,9], but the plan-
ning of such a diet is complicated. Foods containing
simple carbohydrates (monosaccharides, disaccharides,
oligosaccharides) have a high GI. Conversely, foods
containing complex carbohydrates (starch, fiber) usu-
ally have a low GI. However, the GI of a food cannot
be predicted by its carbohydrate content alone, as it

depends on factors such as pH, cooking, processing,
and other food components (fiber, fat, protein) [5].
There are some published studies on GI values of sev-
eral food items as they were tested in healthy [4,10] or
diabetic individuals [11�14]. Despite efforts to system-
atically tabulate published and unpublished sources of
reliable GI values [15,16], no standardized method is
currently available to determine dietary GI in national
food databases. Considering that the GI value of a
food may vary significantly from place to place due to
the aforementioned factors (i.e., pH, cooking, etc.), it
has already been demonstrated that “the need for GI
testing of local foods is critical to the practical applica-
tion of GI to diets” [17]. Moreover, there are different
glycemic responses among individuals after consump-
tion of a carbohydrates meal. This may be attributed to
the presence of diabetes [18,19] and different individ-
ual characteristics, such as age, sex, body weight, and
race [20]. Therefore, it would be prudent for research-
ers to consider all these factors which can alter results,
leading to erroneous conclusions, especially when
investigating the association of GI in diseases such as
Type 2 diabetes mellitus (T2DM), where glycemic and
insulinemic responses vary significantly.

GLYCEMIC LOAD

Glycemic load represents a ranking system for car-
bohydrates ingested and reflects the total exposure to
glycemia during a 2 hour period, as first proposed by
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Salmeron and his colleagues [21]. It constitutes a math-
ematical product incorporating both the carbohydrates
content in grams per serving, and the GI score of the
food, and is calculated by the following equation:

GL5 carbohydrates content3GI=100

Similar to GI, foods are classified as having low,
medium, or high GL. Owing to the limited experience
with the use of GL values, Brand-Miller and colleagues
[7] suggested, as a starting point, that the preliminary
cutoffs be # 10 for a low GL, between 11 and 19 for a
medium GL, and $ 20 for a high GL.

As mentioned already, the GI concept is based on
the ingestion of a fixed amount of available carbohy-
drates, usually 50 g [4]. However, it has been demon-
strated that the amount of carbohydrates ingested
accounts for the 65�66% of the variability in glucose
response, and the GI of the carbohydrates explains a
similar degree (60%) of the variance [22]. Together, the
amount and the GI of carbohydrates account for
approximately 90% of the total variability in the blood
glucose response. Hence, considering only the GI to
explain the different metabolic responses in the
postprandial phase, and not the amount of the carbo-
hydrates ingested, could lead to an incomplete estima-
tion of these responses. Additionally, because of the
broad ranges in the amounts of carbohydrates con-
sumed per serving [23], the development of practical
recommendations for everyday settings would be
inadequate.

The GL concept overcomes the above-mentioned
restrictions of the GI concept as it takes into account
not only the GI but also the serving sizes [24]. Hence,
GL is determined by the overall glycemic effect and
insulin demands of the diet and not just by the amount
of carbohydrates. Consequently, GL may serve as a

better predictor of glycemic response and insulin
demand than GI [24]. However, the incorporation of
GL to examine postprandial effects or during subse-
quent exercise must be used with caution, especially in
populations where controlling the glycemia and/or
insulinemia is a critical issue for their health. From the
equation of the GL, a low-GI/high-carbohydrates food
or a high-GI/low-carbohydrates food can have the
same GL [25]. Although the effects on postprandial
glycemia may be similar, there is evidence that the two
approaches will have very different influences on
β-cell function [26], triglyceride concentrations [26],
free fatty acid levels [26], and effects on satiety [27].
These influences should also be considered in seeking
to effectively manage and control postprandial
response to carbohydrates with the use of the GL.

GLYCEMIC INDEX, GLYCEMIC LOAD
AND METABOLIC RESPONSES

The GI is an indicator of the effect of food on post-
prandial blood glucose and insulin levels. Consumption
of high-GI foods causes a sharp, large peak in postpran-
dial blood glucose level and subsequently a large rise in
blood insulin level [28] and inhibition of glucagon
release [6]. In normal individuals, insulin induces the
uptake of ingested glucose by the liver and peripheral
tissues (skeletal muscle and adipose tissue) [29]. Also
insulin affects metabolism in many ways: increases gly-
cogen synthesis in the liver and skeletal muscle,
decreases gluconeogenesis and glycogenolysis in the
liver, increases lipogenesis and inhibits lipolysis in adi-
pose tissue [6,30]. Elevated insulin levels due to con-
sumption of high-GI foods result in continuous uptake
of nutrients and their suppressed mobilization from tis-
sues, often leading to hypoglycemia. On the other hand,
consumption of a low-GI food causes slower and smaller
glycemic and insulinemic responses [6].

All these metabolic changes attributable to the GI
value of foods lead to the suggestion that low-GI diets
reduce the risk of metabolic diseases. Low dietary GI
may improve health by contributing to decrease in
body weight [3�33] and/or favorable changes in lipid
profile [34,35], while high dietary GI may have the
opposite effect [8,36]. Some of the health benefits
gained by avoiding high-GI diets include the preven-
tion and control of obesity and chronic diseases associ-
ated with it [3], such as T2DM [37].

Similarly to GI, the GL of a diet is proposed to have
an effect on metabolic responses in the postprandial
state, and these responses have been associated with
several chronic diseases as well as with altered meta-
bolic responses during exercise.

TABLE 2.1 Methods of Assessing
Glycemia Following Ingestion of a Meal

Method Value

Glycemic Indexa

Low ,55

Medium 55�69

High $ 70

Glucose Loadb

Low # 10

Medium 11�19

High $ 20

aAston et al., 2006 [6].
bBrand-Miller et al., 2003 [7].
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Glycemic Index, Glycemic Load and Chronic
Disease Risk

Despite knowledge of the immediate metabolic ben-
efits from compliance with a low-GI diet, a long-term
metabolic effect of such a diet has yet to be established
[38]. The relationship of GI or GL to the risk of devel-
oping a chronic disease has been assessed through pro-
spective cohort studies or meta-analyses, although the
outcomes are inconsistent (Table 2.2). Several studies
indicate that both GI and GL are associated with a risk
of developing a chronic disease [39�41], whereas other
studies support such association only for GI [8,42,43]
or GL [21,44�48]. There are also studies that do not
support any relationship between these two indices
and disease risk [49�57].

A meta-analysis of observational studies by Barclay
et al. (2008) suggests that low-GI and/or low-GL
diets are independently associated with a reduced
risk of T2DM, heart disease, gallbladder disease,
breast cancer, and all diseases combined [37]. It is
notable though that the overwhelming majority of the
subjects in the above meta-analysis were women
(90%). Thus these findings may not be generalizable to
men [37]. Nutritional interventions where the concept
of GI is used are essential for the prevention [43]
and management of T2DM [7]. Compliance with a
low-GI diet has been suggested to be of benefit in
improving insulin sensitivity and reducing glycated
hemoglobin concentrations in T2DM patients
[31,58�60]. Additionally, low-GI diets as well as diets
with high cereal fiber content are shown to be inde-
pendently associated with a reduced risk for develop-
ing T2DM in men [21,61] and in women [43]. As for
the GL, it has been demonstrated to be positively asso-
ciated with increased risk of T2DM in men with low
cereal fiber intake [21], but not in women [43].

The association of dietary GI and GL with the risk of
CVD is not well established, and it may vary among
different populations. Hardy et al. [62] has shown that
high GI is associated with increased incidence of coro-
nary heart disease (CHD) in African Americans, while
high GL is associated with an increased incidence of
CHD in Whites. Men with high GI and high GL are at
greater risk for CVD than women [63]. Among women
though, the risk for CHD is greater with high GL with
BMI. 23 [47] or BMI. 25 [48]. Nevertheless, there are
also reports that do not support any relation between
high GI or high GL and the occurrence of CVD in men
[64] or in women [56,57].

The occurrence of cancer has been linked with fac-
tors involving glucose metabolism [65]. Nevertheless,
the evidence on the relationship between the GI and
the risk of several types of cancer is inconsistent.
Studies have shown that both high-GI and high-GL

diets increase the risk of breast cancer [40], whereas
others support the connection of high risk with high
GI alone [42], or high GL alone [44�46]. Nevertheless,
there are also studies that do not report an association
between either high GI or high GL and increased risk
for developing breast cancer [51,52]. Similarly, some
investigators found an increased risk of endometrial
cancer in women with the consumption of high-GI or
high-GL foods [42], while others do not agree with
these findings [53]. Likewise, some cohort studies do
not support an association between either high GI or
high GL and increased risk for developing colorectal
cancer [49,66] despite the positive association that has
been demonstrated [41]. Regarding pancreatic cancer,
most of the data indicate that there is no relationship
between GI or GL and increased risk for developing
the disease in either men or women [54,55]; however, a
positive relationship has also been reported for high
GL in overweight and sedentary women [67]. It is clear
that published results have failed so far to establish a
clear association between GI and elevated cancer risk.
Therefore, further long-term studies are needed to
determine the role of GI in carcinogenesis.

Diets with high GI or GL are also reported to inde-
pendently increase the risk of gallbladder disease
[37,39]. In regard to age-related cataract, no association
has been observed between disease risk and either the
GI or GL of the diet [50].

Obesity is a very common public health problem
that increases the risk of developing several of the
aforementioned diseases, such as CVD, T2DM and cer-
tain types of cancer, and also osteoarthritis [68]. A
restriction in saturated fat intake for weight loss has
had modest success, while a restriction in refined car-
bohydrates is the most recent approach to weight loss
and related reduction of disease risk [69]. Low dietary
GI may contribute to decrease in body weight in a
most effective way [31�33]. This could be due to dif-
ferent substrate oxidation postprandial as a result of a
low-GI meal consumption compared with a high-GI
meal [31,70,71], which leads to different fuel portion-
ing [31]. In addition, low-GI diets may assist with
weight control by effecting satiety [31,70]. At the same
time, high-GI foods may promote excessive weight
gain due to hormonal responses that seem to lower cir-
culating levels of metabolic fuels, stimulate appetite,
and favor storage of fat [72]. Indeed, body mass index
has been positively associated with the GI (long term)
in women [33].

An important finding regarding the GI influence on
health, is that of the DECODE study (1999) [73].
According to this study, postprandial hyperglycemia is
considered a risk factor for mortality not only for
patients who suffer from chronic disease, but also for
people with normal fasting blood glucose. Therefore,

11GLYCEMIC INDEX, GLYCEMIC LOAD AND METABOLIC RESPONSES

1. NUTRITION AND HUMAN HEALTH



TABLE 2.2 Glycemic Index, Glycemic Load, and Chronic Diseases

Study Disease Study Protocol Estimation
Method

Subjects Average Follow Up
(years)

Disease Incidences Results

NEOPLASM

Silvera et al. (2005) Breast cancer Prospective cohort; Data
from the Canadian
National Breast Screening
Study

FFQ 49 111 women
(40�59 y)

16.6 1450 GI:mrisk in post-menopausal
women;
GL: No association with the
disease risk

Jonas et al. (2003) Breast cancer Cohort study; Data from
the Cancer Prevention
Study-II

SFFQ 63 307
postmenopausal
women (40�87 y)

5 1442 GL, GI: no association with
breast cancer

Sieri et al. (2007) Breast cancer Cohort study; Data from
the Hormones and Diet in
the Etiology of Breast
Tumors Study

SFFQ 8959 women
(34�70 y)

11.5 289 GI:mrisk with HGI in
postmenopausal
GL:mrisk with HGL in
postmenopausal women;mrisk
with HGL in women with
BMI, 25

Larsson et al. (2009) Breast cancer Data from the Swedish
Mammography Cohort, a
population-based cohort

FFQ 61 433 women
(39�76y)

17.4 2952 GI, CHO: No association with
risk of overall breast cancer;
GL: Positively association with
risk of overall breast cancer

Wen et al. (2009) Breast cancer Data from the Shanghai
Women’s Health Study, a
population-based cohort
study

FFQ 73 328 Chinese
women

7.35 616 GI: No association with breast
cancer risk
GL, CHO: Positive linear
association with breast cancer
risk in premenopausal women or
women ,50 y

Shikany et al. (2011) Breast cancer Data from the Women’s
Health Initiative

FFQ 148 767
postmenopausal
women (50�79 y)

8 6115 GI, GL, CHO: No association
with total breast cancer risk

Sieri et al. (2012) Breast cancer Prospective cohort study;
Data from the Italian
section of the European
Prospective Investigation
into Cancer and Nutrition

FFQ, SLC 26 066 women
(age?)

11 879 GI, Total CHO: No association
with the risk of breast cancer;
GL: Positive association with the
risk of breast cancer

Larsson et al. (2007) Colorectal
cancer

Prospective study; Data
from the Swedish
Mammography Cohort
Study

FFQ 36 616 women born
between 1914 and
1948

15.6 870 GI, GL, CHO: No association
with colorectal cancer risk

Higginbotham
et al. (2004)

Colorectal
cancer

Cohort study; Data from
the Women Health Study

FFQ, RFQ 38 451 women
($45 y)

7.5 174 GI, GL: Positive relationship with
colorectal cancer



Li et al. (2011) Colorectal
cancer

Prospective cohort; Data
from cohort of Chinese
women

FFQ 73 061 women
(40�70 y)

9.1 475 GI, GL, CHO: No association
with colorectal cancer risk

Patel et al. (2007) Pancreatic
cancer

Prospective cohort; Data
from the Cancer Prevention
Study-II

FFQ 124 907 men and
women (62.76 6.35 y)

9 401 GI, GL, CHO intake: No
association with pancreatic
cancer

Jiao et al. (2009) Pancreatic
cancer

Prospective cohort study;
Data from the NIH-AARP
Diet and Health Study

FFQ 482 362 (280 542 men
and 201 820 women)

7.2 1151 (733 men
and 418 women)

GI, GL: No association with the
risk of pancreatic cancer

Michaud et al.
(2002)

Pancreatic
cancer

Prospective cohort study;
Data from the Nurses’
Health Study

FFQ 88 802 women 18 180 GI: No association with the risk
of pancreatic cancer
GL: Positive relationship with
pancreatic cancer risk in
sedentary and overweight women

Silvera et al. (2005) Endometrial
cancer

Prospective study; Data
from the Canadian
National Breast
Screening Study

FFQ 34 391 women ((5.10)
in DnV (2007))40�59
y)

16.4 426 GI, GL: Overall positive
association with endometrial
cancer, particularly among obese
women, premenopausal women,
and postmenopausal women
who use hormone replacement
therapy

Larsson et al. (2006) Endometrial
cancer

Prospective study; Data
from the Swedish
Mammography Cohort
Study

FFQ 61 226 women born
between 1914 and
1948

15.6 608 GI, GL: No overall association
with endometrial cancer; a 1.9
non-significant increase in disease
risk in overweight women with
low physical activity

DIABETES

Salmeron et al.
(1997)

Type 2
diabetes

Prospective study; Data
from the Health
Professionals Follow up
Study

SFFQ 42 759 men (40�75y) 6 523 GL: mrisk with H-GL in men
with low cereal fiber intake

Schulze et al. (2004) Type 2
diabetes

Cohort study; Data from
the Nurses’ Health Study II

SFFQ 91 249 women
(24�44 y)

8 741 GI: HGImrisk of Type 2 diabetes;
GL: No association

CVD

Liu et al. (2000) Cardiovascular
Disease

Cohort study; Data from
the Nurse’s Health Study

SFFQ,
MHQ

75 521 women
(38�63 y)

10 761 GL: Positive association with
CHD;mrisk with HGL in women
with BMI. 23

(Continued)



TABLE 2.2 (Continued)

Study Disease Study Protocol Estimation
Method

Subjects Average Follow Up
(years)

Disease Incidences Results

Oh et al. (2005) Stroke Prospective cohort study;
Data from the Nurse’s
Health Study

SFFQ 78 799 women
(30�55 y)

18 1020 HCHO intake: positive
association;
GL: Positive association
withmrisk in women with
BMI$ 25

Levitan et al. (2007) CVD The Cohort of Swedish
Men

FFQ 36 246 men
(46�79 y)

6 y follow-up for
incidence of CVD, and
mortality; 8 y for
all-cause mortality

2181 incidence of CVD,
and 785 CV deaths;
2959 deaths of all causes
combined

GI: No association with ischemic
CVD or mortality;
GL: No association with ischemic
cardiovascular disease or
mortality; Positive association
with the risk of hemorrhagic
stroke

Hardy et al. (2010) CHD with or
without type 2
diabetes

Data from the
Atherosclerosis Risk in
Communities Study

SFFQ 13 051 Whites and
African Americans
(1378 with diabetes
and 11 673 without
diabetes) (45�64y)

17 1683
(371 with diabetes,1312
without diabetes)

GI: Positive association with the
risk of CHD in African
Americans;
GL: Positive association with the
risk of CHD in Whites; more
pronounced association in
Whites without diabetes

Levitan (2010a) Myocardial
infarction

Participants from the
Swedish Mammography
Cohort

FFQ, MHQ 36 234 women
(48�83 y)

9 1138 GI, GL: No association with
myocardial infarction in women

Levitan (2010b) Heart failure Prospective, observational
study with participants
from the Swedish
Mammography Cohort

FFQ, MHQ 36 019 women
(48�83)

9 639 (54 died and
585 hospitalized for heart
failure for the first time)

GI, GL: No association with the
risk of heart failure events in
women

Burger et al. (2011) CHD and
stroke

Data from the EPIC-
MORGEN Study, a large
prospective cohort study

FFQ 10 753 women and
8855 men (21�64 y)

11.9 CHD: 300 women
and 581 men.
Stroke: 109 women and
120 men

GL: Positive association with
CHD risk in men only, after
adjustment for established CVD
risk factors. SlightlymCHD risk
in men only, after inclusion of
nutritional factors. No
association withmstroke risk in
men or women.
GI: No association withmCHD
risk; Positive association with
stroke risk in men only, after
adjustment for CVD risk factors
and nutrients



OTHER DISEASES

McKeown et al.
(2004)

Insulin
resistance,
metabolic
syndrome

Data from the fifth
examination cycle of the
Framingham Offspring
Study

SFFQ,
MHQ

2834 (1290 men and
1544 women)
(26�82 y)

4 2834 GI: Positive association with
prevalence of the metabolic
syndrome; Positive association
with insulin resistance.
GL: No association with
prevalence of the metabolic
syndrome; Positive association
with insulin resistance

Schaumberg et al.
(2004)

Age-related
cataract

Data from the Nurse’s
Health Study and the
Health Professionals
Follow-up Study

SFFQ 71 919 women and
39 926 men (. 45 y)

10 3258 (women)
1607 (men)

GI, GL: No association with
cataract extraction

Tsai et al. (2005) Gallbladder
disease

Prospective cohort study;
Data from the Health
Professionals Follow up
Study

FFQ, MHQ 44 525 men (40�75 y) 12 1710 GL, GI, CHO intake: positive
association with the disease risk

FFQ, Food Frequency Questionnaire; SFFQ, Semiquantitative Food Frequency Questionnaire; RFQ, Risk Frequency Questionnaire; MHQ, Medical History Questionnaire; CHD, coronary heart disease; H-CHO, high

carbohydrate; T2DM, non-insulin dependent diabetes mellitus; BLC, blood lipid concentrations; RRR, reduced rank regression; UL, uterine leiomyomata; DHI, diet history interviews; GDM, gestational diabetes mellitus;

SLC, Standardized Lifestyle Questionnaire



the prevention of hyperglycemic situations should also
be targeted in healthy people.

GLYCEMIC INDEX, METABOLIC
RESPONSES AND EXERCISE

PERFORMANCE

GI has recently gained interest in the field of sports
nutrition. Different GIs have been shown to produce
diverse metabolic responses during exercise [74,75], and
some authors support the connection of pre-exercise low
GI with enhanced physical performance [76�80], while
others dispute such a connection [75,81,82].

The intensity of the glycemic and insulinemic
responses postprandial and during exercise, are con-
sidered main contributors to achieved performance.
The maintenance of euglycemia during exercise, and
the avoidance of rebound hypoglycemia. have been
shown to be of great importance in the delay of fatigue
and improvement of performance, especially during
prolonged exercise. The preservation of carbohydrates
and the use of fat as the main substrate for energy are
of prime pursuit when it comes to endurance exercise.
Since the GI represents the blood glucose response of
carbohydrate-containing foods, the perspective of con-
trolling the glycemia and insulinemia and, as a conse-
quence, substrate utilization during exercise by
manipulating the GI of pre-exercise meals, would be of
critical significance for athletic performance. Glucose
utilization during exercise is mediated by insulin
release by the β-cells of the pancreas, which is stimu-
lated by high glucose concentrations, as it happens
after the consumption of a rich-carbohydrate meal.
Moreover, high-GI pre-exercise meals have been con-
nected with increased carbohydrates oxidation and
diminished fat oxidation [1,71,80]. Such a connection is
further indicated by elevated serum levels of GLU dur-
ing exercise and suppression of circulating free fatty
acid and triglyceride [74,80].

Substrate utilization during exercise is also depen-
dent on the intensity of physical activity, as carbohy-
drates are the preferred energy source in high-intensity
exercise whereas, during low-to-moderate-intensity
physical activity, the energy comes mainly from the
catabolism of free fatty acids (FFA). Nevertheless, pre-
exercise glucose ingestion suppresses lipolysis to a
point at which it limits fat oxidation, even during
low-intensity exercise [83]. It seems that a pre-exercise
carbohydrates meal can affect the typical intensity-
dependent substrate utilization, probably by the
carbohydrates-induced rise in insulin that inhibits the
mobilization and hence availability of circulating FFA.
Additionally, the increased carbohydrates oxidation
that has been reported after a high-GI pre-exercise meal

and the subsequent inhibition of long-chain fatty acid
entrance into the mitochondria [84] could also explain
the reduced fat oxidation. However, such an inhibition
of free fatty acid entry into the mitochondria and a
restricted energy production from fat oxidation could
also result in earlier fatigue and deterioration of physi-
cal performance.

The Effect of Different GI of Pre-Exercise
Meals on Physical Performance

As has already been mentioned, different GI pre-
exercise meals result in different metabolic responses.
There is evidence that these responses affect, in turn,
physical performance. However, despite those studies
that report an enhancement in athletic performance,
mainly due to low-GI pre-exercise meals [76�79], there
are also reports that do not support any improvement
in physical performance [75,81,82]. Physical perfor-
mance is mainly being estimated through the Time
Trial (TT), that is the time needed for covering a prede-
fined distance, Time to Exhaustion (TE), or total work
and power output, along with other physiological
parameters such as heart rate (HR), rate of perceived
exertion (RPE), VO2max, and respiratory exchange ratio
(RER). Table 2.3 summarizes all of the studies that
have been reviewed in this chapter.

Improvement of Physical Performance

An improvement by an average of 3 min in the time
needed to cycle a 40 km distance was observed after the
ingestion of a low-GI carbohydrates meal 45 min before
the onset of the exercise, when compared with the con-
sumption of a high-GI meal in well-trained male
cyclists [77]. Although improvement in exercise perfor-
mance has also been reported in previous studies
[80,85], the 3.2% improvement in performance in
Moore’s study appears somewhat lower than the
7.9�59% range of improvement in performance previ-
ously observed. The authors attribute this lower
improvement to a possible overestimation of the benefi-
cial effect that low-GI meals are actually having on per-
formance. Additionally, lower RPE during the TT, and
lower whole blood GLU and insulin concentration
45 min postprandial, were demonstrated in the low-GI
meal compared with the high-GI meal. Another inter-
esting finding in Moore’s study was the lower carbohy-
drates oxidation during exercise in the high-GI trial,
which is in contrast to the typical inhibition of FFA and
increased carbohydrates oxidation following the con-
sumption of high-GI pre-exercise meals [74,76,78,80].

In the study by Karamanolis et al. (2011) [76], carbo-
hydrates oxidation during prolonged exercise till
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TABLE 2.3 Glycemic Index and Metabolic Responses During Exercise

Studies Study Protocol Subjects Estimated Indices Results

Wee et al. (2005) HGI (GI5 80), LGI (GI5 36)
breakfast meals ingested 3 h
prior to 30 min running at
B70% VO2max.

7 male recreational runners
(316 4 y)

HR, RER, total CHO & fat
oxidation, GLU, FFA, glycerol,
glucagon, insulin, glucose AUC,
insulin AUC

GLU:kin HGI below baseline at 10 min of exercise,m
in HGI than LGI at the end of exercise; INS: 2-fold
min HGI than in LGI; Glucagon:min LGI than HGI
postprandial; FFA:kin both meals postprandial,m
suppression in HGI than in LGI; LA:kin LGI than in
HGI in serum and in muscle after exercise; Muscle
glycogen: 15%min the HGI, 46%mnet muscle
glycogen utilization in the HGI than in the LGI

IMPROVEMENT OF PERFORMANCE

Moore et al. (2010) Two standardized meals with
HGI (GI5 72) or LGI (GI5 30)
ingested 45 min prior to exercise.
Each trial separated by 7 days.

10 well-trained male cyclists
(86 6 y)

40 km TT, HR, RPE, fat & CHO
oxidation, VO2max, RER, GLU,
INS, FFA, TGA, LA

TT:mperformance in LGI than in HGI meal; RPE, Fat
oxidation, GLU, INS:kin the LGI than in HGI; RER,
CHO oxidation:kin the HGI than in the LGI trial;
HR, FFA, LA:min time than baseline for both GI
trials; VO2max, TGA: No differences between trials

Karamanolis et al. (2011) HGI (GI5 83), LGI (GI5 29) and
control meal ingested 15 min
prior to exercise. Each trial
separated by 7 days.

9 recreational runners (266 3 y) Treadmill TE, VO2max, RER, HR,
GLU, INS, glycerol, LA, fat &
CHO oxidation

TE: 23%min LGI vs PL; VO2max:min the HGI vs PL
from 45 min till the TE; GLU:min the HGI vs PL and
LGI 15 min postprandial; INS:min the HGI vs PL
15 min postprandial; Glycerol:min the PL vs LGI at
60 min and TTE; LA:min HGI vs LGI at TE; CHO
oxidation:min the HGI vs LGI at 30 min & 45 min
and vs PL at 30 min; RER, HR, fat oxidation: No
differences between trials

Kirwan et al. (2001) HGI (GI5 82), Moderate GI
(GI5 61), & control (water)
whole-food breakfast cereals,
ingested 45 min prior to exercise.
Each trial separated by 7 days.

6 healthy active men (226 1 y) Cycling TE, VO2max, RER, HR,
GLU, INS, Epinephrine,
Norepinephrine, glycerol, FFA,
fat & CHO oxidation

TE: 23%min the MGI meal; GLU:mpostprandial in
both HGI and MGI,mat 60 and 90 min of exercise in
the MGI; INS:mpostprandial in both HGI and MGI,m
at the start of exercise and returned to pre-meal at
30 min of exercise; FFA:kbefore exercise and
remainedkat 30, 60, 120 min of exercise in both HGI
and MGI; CHO oxidation:min the MGI than in
control; Significant association between total CHO
oxidation and TE; Epinephrine, Norepinephrine: Not
affected

Wong et al. (2008) LGI (GI5 37) or HGI (GI5 77)
meal providing 1.5 g CHO/kg
body mass, ingested 2 h prior to
exercise. Each trial separated by
7 days.

8 endurance-trained male
runners (336 1.7y)

21 km TT, HR, RPE, GLU, LA,
INS, FFA, cortisol, glycerol, CHO
and fat oxidation, hematocrit,
Hb, PV, RER, RPT, RAD, & GFS,
GLU IAUC, SL

TT:mperformance in the LGI trial; GLU: higher in the
LGI trial; LA, RPE:min both trials; INS: No
differences between trials; HR:min both trials, higher
in the LGI trial at the end of exercise; FFA:kuntil
10 km of exercise in both trials, higher in the LGI
trial at the end of exercise; Glycerol:min both trials,
higher in the LGI trial at 10 km until the end of

(Continued)



TABLE 2.3 (Continued)

Studies Study Protocol Subjects Estimated Indices Results

exercise; PV, SL, RPT: No significant differences
between trials; RER, CHO oxidation:min both trials,
higher in the HGI trial at 5�10 km of exercise; Fat
oxidation:min both trials, higher in the LGI trial at
5�15km; RAD:mat the end of the exercise in both
trials; GFS: No differences between meals; GLU
IAUC: higher in the HGI meal

Wu & Williams (2006) LGI (GI5 37) or HGI (GI5 77)
meal providing 2 g CHO/kg
body mass, ingested 3 h prior to
exercise. Each trial separated by
7 days.

8 male recreational runners
(28.96 1.5 y)

TE , RER, RPE, RPT, GFS, BM,
LA, FFA, GLU, INS, glycerol,
hemoglobin, PV, GLU IAUC, INS
IAUC, energy expenditure, CHO
oxidation, fat oxidation

TE: higher in the LGI trial; GLU: higher in the LGI
trial at 15�30 min of exercise; INS, LA, HR, RPE, PV,
RPT, BM: No significant differences between trial;
GLU IAUC, INS IAUC: postprandial higher in the
HGI meal; FFA: higher in the LGI trial; Glycerol:
higher in the LGI trial at 45 min of exercise until
exhaustion; CHO oxidation, RER: higher in the HGI
trial; Fat oxidation: higher in the LGI trial at 15 min
and 45�90 min of exercise

NO EFFECT ON PHYSICAL PERFORMANCE

Jamurtas et al. (2011) LGI (GI5 30), HGI (GI5 70)
meal providing 1.5 g CHO/kg of
body weight or placebo (control)
meal, ingested 30 min before
1 hour of cycling (65% VO2max)
followed by cycling to
exhaustion (90% VO2max). Each
trial separated by 7 days.

8 untrained healthy males
(22.86 3.6y)

TE, RPE, HR, ventilation, GLU,
INS, LA, β-Endorphin, RER,
CHO oxidation, Fat oxidation

TE, RPE, HR, RER, ventilation: No differences
between trials; INS: higher in the HGI than control at
20 min of exercise; β-Endorphin, RER:mat the point of
exhaustion in all trials; CHO oxidation, Fat oxidation,
GLU, LA: No differences between trials;

Febbraio et al. (2000) HGI, LGI meal providing 1 g
CHO/kg body wt, or placebo
(control) meal, ingested 30 min
before 120 min of submaximal
exercise followed by a 30 min
performance trial. Each trial
separated by 7 days.

8 endurance-trained men
(266 6 y)

TW, VO2, HR, GLU, FFA, INS,
Total glucose Ra and Rd, LA,
glycogen, Total CHO oxidation,
Glucose oxidation, Fat oxidation

TW: No differences between trials during the
performance trial; VO2, HR, INS, LA, Glycogen: No
differences between trials during the submaximal
exercise; FFA, GLU: lower in the HGI trial at some
points of submaximal exercise; Glucose Ra, Glucose
Rd: higher in the HGI trial throughout submaximal
exercise, lower in the control vs LGI trial at some
points of submaximal exercise; CHO oxidation:
higher in the HGI trial; Glucose oxidation: higher in
the GI trials vs control, higher in the HGI vs LGI trial

Kern et al. (2007) HGI (1176 15) or MGI (886 13)
meal providing 1 g CHO/kg
body weight, ingested 45 min
prior to 45 min of submaximal
exercise followed by a 15 min

8 endurance-trained male
(n5 4) and female (n5 4)
cyclists (306 5 y)

GLU, INS, LA, TG, FFA, BHB,
Power output

GLU, LA, TG, BHB: No differences between trials
during the submaximal exercise; INS: lower in the
MGI trial; FFA: higher in the MGI trial; Power
output: No differences between trials during the
performance trial



performance trial. Each trial
separated by at least 7 days.

Little et al. (2010) HGI (GI5 76), LGI (GI5 26)
meal providing 1.5 g CHO/kg
body weight or placebo (control),
ingested 2 h before 90 min of
high-intensity, intermittent
exercise including 15 min of a
repeated-sprint test at the end of
exercise. Each trial separated by
at least 7 days.

16 male athletes (22.86 3.2 y) 15 min DC, VO2, RER, RPE, Fat
oxidation, CHO oxidation, GLU,
LA, INS, FFA, CAT, Glycogen

15 min DC:mperformance in both GI trials; VO2, RER,
GLU, LA: No differences between trials; Fat
oxidation: lower in the HGI vs control at 33�40 min
of exercise (Collection Period 2), lower in the LGI vs
control at 63�70 min of exercise (Collection Period
3);mtime for all trials; CHO oxidation: No differences
between trials,ktime for all trials; INS: lower in the
control vs GI trials; FFA: higher in the control vs GI
trials; CAT: higher in the HGI vs control at the end
of exercise; Glycogen: higher in the GI trials after
75 min of exercise; RPE: lower in the LGI vs control

CHO INGESTION DURING EXERCISE

Little et al. (2009) Fasted control, HGI (GI5 81) or
LGI (GI5 29) meal providing
1.3 g CHO/kg body weight,
ingested 3 h before high-
intensity, intermittent exercise
and halfway through.
Performance estimated by DC on
five 1-min sprints during last
15 min of exercise. Each trial
separated by at least 7 days.

7 male athletes (23.36 3.8 y) DC, VO2max, RER, Fat oxidation,
CHO oxidation, RPE, HR, GLU

DC:mperformance in the GI trials; VO2max, HR, RPE,
GLU: No differences between trials; RER: higher in
the HGI vs control; Fat oxidation: lower in the HGI
vs control; CHO oxidation: higher in the HGI vs
control, higher in the LGI vs control at some points
of exercise

Wong et al. (2009) HGI (GI5 83), LGI (GI5 36)
meal providing 1.5 g CHO/kg
body mass or Placebo (Control),
ingested 2 h before exercise.
2 mL/kg body mass of a 6.6%
CHO-electrolyte solution was
provided immediately before
exercise and every 2.5 km after
the start of running. Each trial
separated by at least 7 days.

9 male endurance runners
(246 2.4 y)

21 km TT, RS, VO2max, GLU,
GLU IAUC, LA, INS, FFA,
Glycerol, CHO oxidation, Fat
oxidation, Blood osmolality,
Na1, K1, %BM change, SL

TT: No improvement in performance for all trials;
RS, VO2max: No differences between trials throughout
the performance run; GLU, INS, %BM change, SL,
LA, RER, Blood osmolality, Na1, K1, CHO oxidation,
Fat oxidation: No differences between trials; FFA: No
differences between trials,mat the end of exercise in
the three trials; Glycerol: higher in the control vs HGI
trial, higher in the control vs LGI trial at some points
of exercise

CHO LOADING

Hamzah (2009) High CHO/LGI, high CHO/HGI
or habitual diet (control), 5 days
prior to exercise. Each trial
separated by at least 11 days.

9 healthy active
males (23.96 4.3 y)

TE, DC, VO2, RPE, HR, GLU,
INS, NEFA, Glycerol, Fat
oxidation, CHO oxidation

TE, DC, GLU, INS, NEFA, VO2, RPE, HR: No
differences between trials; Glycerol, Fat oxidation:
No differences between the GI trials, higher in the
control trial at some points of exercise; CHO
oxidation: No differences between the GI trials, lower
in the control trial at some points of exercise

CHO, Carbohydrates; HGI, High Glycemic Index; LGI, Low Glycemic Index; TT, Time Trial; TE, Time to Exhaustion; DC, Distance Covered; HR, Heart Rate; RER, Respiratory Exchange Ratio; RPE, Rating of

Perceived Exertion; RPT, Rating of Perceived Thirst; RAD, Rating of Abdominal Discomfort; GFS, Gut Fullness Scale; GLU, Glucose; INS, Insulin; FFA, Free Fatty Acids; TG, Triglycerides; LA, Lactic Acid/Lactate;

TW, Total Work; BHB, β-hydroxybutyrate; CAT, Catecholamines; RS, Running Speed; %BM change, percent Body Mass change; SL, Sweet Loss.



exhaustion was lower in the low-GI (GI5 29) group
compared with the high-GI (GI5 83) and placebo (PL)
group, whereas fat oxidation was similar among
groups. In this study, the three different GI pre-
exercise meals were consumed 15 min prior to
exercise. The lower carbohydrates oxidation was
accompanied by an improvement in the performance,
as the TE was 23% greater in the low-GI trial com-
pared with the PL trial. This seems to be the result of
the prevention of hyperinsulinemia and a better main-
tenance of blood GLU concentration throughout the
exercise and mainly due to significantly higher
responses of blood GLU at the time to exhaustion.
Lactate was lower in the low-GI than in the high-GI
trial only at the TE, when increased levels of anaerobic
glycolysis were present. Glycerol mobilization was bet-
ter in the low-GI, which probably suggests that a better
preservation of carbohydrates was attained that led to
less fatigue and improvement in exercise performance.

Wee et al. (2005) [74] investigated the effect of pre-
exercise breakfast of either high or low GI on muscle
glycogen metabolism 3 h postprandial and during
30 min submaximal running. Higher values of GLU
and INS were reported postprandial for both the HGI
and the LGI meal, with GLU falling below baseline
after the first 10 min of exercise in HGI meal but been
greater than those of the LGI meal at the end of exer-
cise. Insulin appeared to be 2-fold higher in the HGI
compared with the LGI but only at the onset of exercise.
FFA and glycerol were suppressed throughout the
postprandial period for both meals, but the suppression
was higher in the high-GI compared with the L-GI,
which demonstrated higher levels of FFA and glycerol
than the high-GI during exercise. No differences in
RER were observed between the two pre-exercise die-
tary approaches. However, higher levels of lactate were
recorded both in serum and muscle for the high-GI
meal. Carbohydrates oxidation during exercise was
12% lower in the LGI, with a compensatory increase in
fat oxidation compared with the HGI meal, such that
the overall energy expenditure was similar.

An attempt has also been made to ascertain whether
a moderate- vs a high-GI pre-exercise meal could lead
to different metabolic responses and performance.
Kirwan et al. (2001) [80] used a moderate-GI (M-GI,
GI5 61) vs a high-GI (GI5 82) breakfast cereal to test
this hypothesis. Six healthy active men were tested at
B60% VO2peak cycling till exhaustion, 45 min after the
consumption of the meals. Performance was improved
in the M-GI meal, with a 23% improvement in TE com-
pared with a 5% improvement in the high-GI meal,
which was no different than ingesting water. Elevated
GLU and INS levels were observed postprandial in
both meals, with GLU being higher at 60 min and
90 min of exercise in the M-GI meal, whereas INS was

elevated only at the start of exercise and returned to
pre-meal values within 30 min of exercise. Circulating
FFA were suppressed before exercise and remained
that way at 30, 60 and 120 min of exercise in both the
high-GI and M-GI meals compared with control. Total
carbohydrates oxidation was higher in the M-GI than
in control trial, and additionally a significant associa-
tion between total carbohydrates oxidation and time to
exhaustion was observed.

In a study by Wu and Williams (2006) [79], at 70%
VO2max an improvement by approximately 8 minutes
in running time to exhaustion was observed 3 hours
after the consumption of a low-GI meal, when com-
pared with an isocaloric high-GI meal trial, in eight
healthy male recreational runners. Plasma glucose
level was higher during the high-GI trial than in the
low-GI trial only for the first 30 min of exercise. FFA,
glycerol levels, and fat oxidation rate were signifi-
cantly higher, while RER and carbohydrate oxidation
rate were significantly lower in the low-GI trial com-
pared with the high-GI trial. These findings are consis-
tent with data from other studies suggesting that the
consumption of a pre-exercise low-GI meal increases
fat oxidation and availability of FFA, and suppresses
carbohydrates oxidation, resulting in delayed onset of
carbohydrates depletion and delay of fatigue; this may
be a way to improve endurance exercise performance
[86]. Lactate concentrations, heart rate and ratings of
perceived exertion did not significantly differ between
the two GI trials. The results suggest that consumption
of a low-GI meal 3 h before exercise leads to greater
endurance performance than after the consumption of
a high-GI meal.

Moreover, in a study by Wong and his colleagues
(2008) [78], the consumption of a low-GI meal 2 h
before a 21 km performance run resulted in improved
running performance time by 2.8% compared with an
isocaloric high-GI meal trial, in endurance-trained
male runners. During exercise, blood glucose concen-
tration was higher in the low-GI trial while serum
insulin concentration did not differ between trials.
Substrate oxidation differed between the two GI trials
during exercise: carbohydrate oxidation was 9.5%
lower and fat oxidation was 17.9% higher in the low-
GI trial compared with the high-GI trial. Moreover,
heart rates were higher at 15 km and at the end of the
exercise in the low-GI trial than in the high-GI trial,
whereas RPE did not differ between the two GI trials.
All these findings led to the suggestion that a low-GI
meal 2 h before a 21 km performance run results in
improved running performance time compared with a
high-GI meal.

Even though there is a consensus in the aforemen-
tioned studies indicating an increase in exercise perfor-
mance following a low-GI meal prior to exercise, the
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appropriate time of ingestion of the meal is unclear,
since GI meals were ingested from 15 minutes to
3 hours prior to exercise.

No Effect of GI on Exercise Performance

Although an association between GI and exercise
performance has been suggested, there are a number
of studies that have found no influence of GI of the
diet on exercise performance.

In a study by Jamurtas et al. (2011), the ingestion of
different GI meals before cycling until exhaustion did
not affect exercise performance and metabolic
responses during exercise. Eight untrained healthy
males ingested a rich-carbohydrates meal (1.5 g/kg of
body weight) with low- or high-GI or a placebo 30 min
before exercise. Subjects performed a submaximal
cycling exercise (65% of VO2max) for 60 min and then
cycled until exhaustion (90% of VO2max). No differ-
ences in VO2 during the submaximal exercise were
observed between trials. Also there were no differ-
ences in mean values of TE, RPE, ventilation, substrate
oxidation, and metabolic responses between trials
throughout the cycling exercise. In this study a signifi-
cant increase in β-endorphin was found at the end of
the exercise in all trials. According to the authors,
β-endorphin levels after the ingestion of the meals did
not differ at rest due to the amount of carbohydrates
consumed (1.5 g/kg of body weight) nor during
1 hour of cycling due to exercise intensity [81].

Febbraio and colleagues (2000) conducted a study to
investigate the effects of GI meals consumed 30 min
before prolonged exercise on substrate oxidation and
performance. Eight trained males consumed a low-GI
or high-GI meal or placebo and 30 min later cycled at
70% peak oxygen uptake for 120 min (submaximal
exercise) followed by a 30 min performance cycle. No
difference in work output during the performance trial
was observed among the three dietary groups.
Substrate oxidation was somewhat different between
groups: total carbohydrates and glucose oxidation
were significantly increased in the high-GI group com-
pared with the low-GI group. Also FFA and blood glu-
cose concentration were lower in the high-GI group at
some points of the submaximal exercise [75].

Kern et al. (2007) investigated the effects of pre-
exercise consumption of carbohydrates sources with
different GI on metabolism and cycling performance.
Eight endurance-trained male and female cyclists
ingested 1 g carbohydrates/kg body weight from
either raisin with moderate GI (886 13) or sports gel
with high GI (1176 15). Forty-five minutes later they
completed a submaximal exercise on a cycle ergometer
at 70% VO2max and then a 15 min performance trial.

No differences in work output during the performance
trial were observed between the moderate-GI
(189.56 69.8 kJ) and high-GI (187.96 64.8 kJ) trial.
There were minor differences in metabolic responses
between trials. During submaximal exercise, serum
glucose, blood lactate, serum triglycerides and serum
beta-hydroxybutyrate levels did not differ between the
two trials. However, insulin level was significantly
higher in the high-GI trial, while FFA levels were sig-
nificantly higher in the moderate-GI trial. The authors
of this study concluded that raisins may be a more
suitable source for carbohydrates utilization than a
sports gel during short-term exercise bouts [82].

Little and his colleagues (2010) conducted a study to
examine the effects of pre-exercise carbohydrates-rich
meals with different GI on high-intensity, intermittent
exercise performance when no exogenous carbohy-
drates are provided during exercise. Sixteen male ath-
letes performed 90 min of high-intensity intermittent
running trial (two 45 min sections separated by a
15 min break), either fasted (control), 2 h after ingest-
ing a low-GI (GI5 26) pre-exercise meal, or 2 h after
ingesting an isoenergetic (carbohydrates: 1.5 g/kg
body mass) high-GI (GI5 76) pre-exercise meal. Total
distance covered was significantly higher in the GI
trials compared with the control trial, whereas no sig-
nificant differences were evident between the two GI
trials. Mean VO2max (B63% VO2peak), RER and RPE
were not different between trials. Fat oxidation
increased and carbohydrates oxidation decreased in
both GI trials during exercise, and no significant differ-
ences between the GI trials were observed. There were
no differences in metabolic responses between the GI
trials. These results indicate that, although ingestion of
a rich-carbohydrates meal 2 h before prolonged, high-
intensity intermittent exercise improves performance
when compared with fasted control, the GI of a pre-
exercise meal does not affect exercise performance and
metabolic responses during exercise [87].

Ingestion of Carbohydrates During Exercise
Following a Pre-Exercise Meal

The ingestion of carbohydrates during exercise fol-
lowing a pre-exercise meal with different GI has not
been adequately investigated.

Little and colleagues (2009) investigated the influ-
ence of GI meals consumed 3 h before and halfway
through high-intensity, intermittent exercise that simu-
lated a soccer match on exercise performance. Seven
male athletes participated in three trials (ingested a
high-GI or low-GI meal 3 h before exercise or fasted)
and performed two 45 min of intermittent treadmill
running separated by a 15 min break with the

21GLYCEMIC INDEX, METABOLIC RESPONSES AND EXERCISE PERFORMANCE

1. NUTRITION AND HUMAN HEALTH



consumption of a small amount of the same pre-
exercise meal. Performance was improved after the
consumption of the GI meals as estimated by the total
distance covered on five 1 min sprints during the last
15 min of exercise compared with fasted control.
However, no significant differences were found in the
total distance covered between the two GI meals.
Oxygen uptake (B58% of VO2max), RPE and HR
(B70% of maximum) did not differ between the GI
meal trials during the soccer match. Metabolic
responses and substrate oxidation were not different
between the GI trials during exercise although some
differences in GI trials compared with fasted control
were observed; the high-GI trial impaired fat oxidation
during exercise when compared with a low-GI meal.
Nevertheless, manipulation of the GI of a meal con-
sumed 3 h before exercise does not seem to affect high-
intensity, intermittent exercise performance [88].

Wong and O’Reilly (2009) investigated the effect of
consuming a carbohydrates-electrolyte solution during
a 21 km run on exercise performance, 2 h after the
ingestion of meals with different GI. Nine male endur-
ance runners consumed a high-GI (GI5 83) or a low-
GI (GI5 36) meal (both meals provided 1.5 g carbohy-
drates/kg body mass) or a control meal (GI5 0), and
2 h later they completed a 21 km performance run on a
treadmill (5 km at a fixed intensity of 70% VO2max and
16 km as fast as possible). No differences in time to
completion were observed between the trials. Running
speeds, percentage VO2max, metabolic responses and
substrate oxidation did not significantly differ between
the trials. Plasma Na1 and K1 levels, percent body-
mass change, and sweat loss did not differ between
trials. The results indicate that the GI of a pre-exercise
meal does not affect running performance and meta-
bolic responses when a carbohydrates-electrolyte solu-
tion is consumed during exercise [24].

Carbohydrates Loading

It has been suggested that a meal rich in carbohy-
drates eaten prior to exercise increases liver and mus-
cle glycogen stores which in turn improve prolonged
exercise performance. Several loading strategies have
been tested for this reason and some of them include
the concept of the GI.

In a study by Hamzah et al. (2009), the GI of a high-
carbohydrates diet consumed 5 days before exercise
had no impact on running capacity performed after
12 h overnight fast. Nine healthy males performed
three treadmill runs to exhaustion at 65% VO2max:
after a habitual diet (control trial), after a high-GI/high
carbohydrates diet, and after an isocaloric low-GI/
high carbohydrates diet in randomized counterbalanced

order. No significant differences in TE or running dis-
tance covered were observed between the high-GI and
low-GI diet. Moreover glucose and insulin responses as
well as carbohydrate and fat oxidation did not differ
between the GI diets at any point of the trial. However,
fat oxidation and glycerol level were higher, and carbo-
hydrates oxidation was lower, in the control trial at
some points of exercise compared with the GI trials.
These results suggest that the GI of a high-carbohydrates
diet consumed for 5 days prior to an intensive exercise
may not influence running exercise capacity and sub-
strate oxidation during exercise [89].

GLYCEMIC LOAD, METABOLIC
RESPONSES AND EXERCISE

PERFORMANCE

Glycemic Load has recently been integrated into
sports nutrition because it may play an important role
in the overall glycemic effect of a diet. It has been sug-
gested that GL may have an effect on metabolic
responses with regard to fat and carbohydrates oxida-
tion or performance during exercise [22]. For example,
a pre-exercise low-GL meal can reduce fluctuations in
glycemic responses during the postprandial period as
well as during subsequent exercise when compared
with a high-GL meal [22].

Very few research attempts have been made to clar-
ify the metabolic responses of different GL in post-
prandial period or during exercise. In fact, only three
studies so far have examined whether metabolic
responses during exercise, exercise performance
[22,90], or the immune response [91] are affected by
different GL of pre-exercise meals (Table 2.4).

As mentioned already, the GL value can be reduced
either by decreasing the amount of carbohydrates con-
sumed or by lowering the dietary GI. In the study of
Chen and colleagues [22], three isoenergetic dietary
approaches consumed 2 h before a preloaded 1 h run
and 10 km time trial, were used to investigate the
effect of different GL on metabolic responses and
endurance running performance. The first approach
consisted of high carbohydrates content, high GI and
high GL (H-H trial); the second of high carbohydrates
content, low GI and low GL (L-L trial); the third of
reduced carbohydrates content replaced by the corre-
sponding amount in fat, high GI and low GL (H-L
trial). The major finding of this study was that pre-
exercise low-GL (H-L and L-L) meals induced smaller
metabolic changes during the postprandial period and
during exercise than did the high-GL meals (H-H).
Moreover, higher total carbohydrates oxidation during
postprandial, exercise, and recovery period was
observed in the high-GL trial compared with the other
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two low-GL trials. Regarding glucose and insulin
responses, the postprandial 2 h incremental area under
the blood glucose curve (AUC) was larger and serum
insulin concentration at 60 min and 120 min in the
postprandial period was greater in the high-GL trial
compared with the other two. Serum insulin concen-
tration, though, was not different between the three
trials throughout the exercise or during the 2 h recov-
ery period. No differences in time to complete the pre-
loaded 10 km performance run, or heart rate, or rating
of perceived exertion and perceived thirst were
observed among the three dietary approaches.
However, a higher average respiratory exchange rate
and blood lactate throughout the exercise period was
observed in the H-H trial. Another interesting finding
in this study was that, despite the big difference in
micronutrients in the two equally low-GL meals (L-L
and H-L) achieved by changing either the GI or the
amount of the carbohydrates by replacing carbohy-
drates with fat, they both produced similar fat
oxidation during exercise. Galgani and colleagues
(2006) also demonstrated that different carbohydrates
amount and type, but similar GL meals, can result in

similar postprandial glucose and insulin responses [92]
with those reported during exercise in Chen’s study
[22], although the subjects and the protocol in the two
studies were very different.

In a subsequent study [90] using the same data from
the project cited above, the authors also investigated
the influence of a GI and/or GL meal on immune
response to prolonged exercise. The major finding was
that the consumption of a high-carbohydrates meal
(H-H and L-L), resulted in less perturbation of the
circulating numbers of leucocytes, neutrophils and
T lymphocyte subsets, and decreased the elevation of
plasma IL-6 concentrations immediately after exercise
and during the 2 h recovery period, compared with the
low-carbohydrates meals (H-L). These responses were
accompanied by an attenuated increase in plasma IL-10
concentrations at the end of the 2 hrecovery period. It
seems that the amount of carbohydrates consumed in a
pre-exercise meal plays a significant role in modifying
the immunoendocrine response to prolonged exercise
irrespective of its GI and GL values.

In a further study of the same laboratory [91], the
researchers expanded their previous investigation by

TABLE 2.4 Glycemic Load and Metabolic Responses During Exercise

Study Study Protocol Subjects Estimated Indices Results

Chen et al. (2008) Three different GI and GL
isocaloric meals 2 h before
exercise testing. H-H:
high CHO, high GI & GL; L-L:
low CHO, low GI & GL; H-L:
low CHO, high GI, low GL.
Each trial separated by 7 days.

8 male healthy runners
(24.36 2.2 y)

Preloaded 10 km TT,
substrate oxidation rates, HR,
RER, RPE, LA, GLU, INS,
total CHO, FFA, thirst

10 km TT: No difference between
trials.
H-H trial vs L-L & H-L trials:m
Average RER,mLA during
exercise;mtotal CHO oxidation
during exercise;m2 h AUC,mINS
postprandial.

Chen et al. (2008) Three different GI and GL
isocaloric meals 2 h before
exercise testing. H-H:
high CHO, high GI & GL; L-L:
low CHO, low GI & GL; H-L:
low CHO, high GI, low GL.
Each trial separated by 7 days.

8 male healthy runners
(24.36 2.2 y)

Preloaded 10 km TT, Hct, Hb,
leucocytes, cytokines, cortisol

H-L trial vs L-L and H-H trials:m
neutrophils, lymphocytes and
monocytes at 60 min of exercise
and post TT;mtotal leucocytes
throughout the 2 h recovery;mIL-6
and IL-10 throughout exercise,
post-TT and after 2 h recovery;
Cortisol: negative correlation with
neutrocytes immediately after
exercise and after 2 h recovery

Chen et al. (2008) 3-day CHO loading with
different GL meals before
exercise testing. H-H: high
CHO, high GI & GL; L-L:
low CHO, low GI & GL; H-L:
low CHO, high GI, low GL.
Each trial separated by 7 days.

9 male healthy runners
(20.16 0.8 y)

Preloaded 10 km TT,
substrate oxidation rates, HR,
RPE, RER, LA, GLU, INS,
total CHO, FFA, thirst

10 km TT:min L-L than in the
H-L trial.
High CHO trials vs H-L trial:m
average RER;mCHO oxidation
postprandial and during exercise;m
GLU during exercise and
recovery;kNEFA& glycerol
during exercise and recovery;mLA
during exercise. H-H vs L-L and
H-L trials:m2 h AUC before
exercise;mINS before exercise than
baseline

GI, Glycemic Index; GL, Glycemic Load; TT, Time-trial; RER, Respiratory Exchange Rate; RPE, Ratio of Perceived Exertion; LA, Lactic Acid; GLU, Glucose;

INS, Insulin; CHO, Carbohydrates; FFA, Free Fatty Acids; NEFA, Non Esterified Fatty Acids; AUC, Area under the Blood Glucose Curve; Hct, Hematocrit; Hb,

Hemoglobin; IL-6/10, Interleukin-6/10.
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incorporating pre-exercise carbohydrates loading. It
was shown that loading with an equally high carbohy-
drates amount may produce similar muscle glycogen
supercompensation status and exercise metabolic
responses during subsequent endurance running,
regardless of their difference in GI and GL. It appears
that in contrast with simple pre-exercise meals [22], it
is the amount rather than the nature of the carbohy-
drates consumed during the 3 days regimen that may
be the most dominant factor in metabolism and endur-
ance running performance.

FOOD EXCHANGE VALUES IN HEALTH
AND EXERCISE

Food exchanges are a method of meal planning for
healthy eating designed by the American Dietetic
Association and the American Diabetic Association,
based on the National Nutrient Database for Standard
Reference [93]. This system uses food exchange lists that
each contains foods of approximately the same amount
of carbohydrates, calories and fat per serving size. One
serving in a group is called an “exchange”. An exchange
has about the same amount of carbohydrate, protein, fat
and calories and the same effect on blood glucose as a
serving of every other food in that same group.

Food exchange lists can be especially useful for
health professionals, individuals affected with diabetes
and those who are monitoring their blood glucose
homeostasis for health reasons. The exchange system
can simplify meal planning and ensure a consistent,
nutritionally balanced diet, while it adds variety in
one’s diet because exchanges in the same group can be
eaten interchangeably. Moreover, insulin-dependent
individuals can easily find the ratio of carbohydrate to
insulin doses.

According to the American Dietetic Association, the
latest edition of food exchange lists [94] continues
the principles of the previous lists [95], arranging the
foods into eleven broad categories and more subcate-
gories or listing them based on their nutrient content.
All foods within a list have approximately the same car-
bohydrate, protein, fat and caloric value per specified
serving. The 11 lists are:

1. Starch list (Each item on this list contains
approximately 15 g of carbohydrate, 3 g of protein,
a trace of fat, and 80 calories)

2. Sweets, desserts and other carbohydrates list
3. Fruit list (Each item on this list contains about 15 g

of carbohydrate and 60 calories)
4. Non-starchy vegetables list (Each vegetable on this

list contains about 5 g of carbohydrate, 2 g of
protein, 0 g of fat, and 25 calories)

5. Meat and meat substitutes list (Each serving of
meat and substitute on this list contains about 7 g
of protein)

6. Milk list (Each serving of milk or milk product on
this list contains about 12 g of carbohydrate and
8 g of protein)

7. Fat list (Each serving on the fat list contains 5 g of
fat and 45 calories)

8. Fast foods list
9. Combination foods list (Many foods we eat are

combinations of foods that do not fit into only one
exchange list)

10. Free foods list (A free food is any food or drink
that contains less than 20 calories or less than 5 g
of carbohydrate per serving)

11. Alcohol list.

Unfortunately, currently there are not any existing
food exchange lists that can be used in an international
scale; though some scientific groups are making an
effort to create national food lists that are more appro-
priate for specific populations [96,97]. Food exchange
lists have not been used in the sports science field
either. It would be interesting to investigate how use-
ful it is for athletes to use these tables for menu plan-
ning and by extension to regulate properly their
carbohydrate intake. Moreover, it is currently
unknown whether food exchange lists could be part of
dietetic manipulations in order to augment athletes’
exercise capacity and performance.

Calculation of Food Exchanges

• Number of starch exchanges: Divide the number of
carbohydrates per serving by 15 in order to get the
number of starch exchanges the food has.

• Number of meat exchanges: Multiply the starch
number by three and subtract it from the number of
grams of protein in a serving. This total will then be
divided by seven.

• Number of fat exchanges: Multiply the number of
starches by 80 and the number of meats by 45.
Subtract both of these numbers from the total
number of calories then divide the answer by 45 to
get the number of fat exchanges.

CONCLUSIONS

The concepts of GI and GL are relatively new, but
there is a growing interest in their use in scientific
fields like nutrition or sport science. It is not clear
whether different GI intake is associated with higher
prevalence of chronic disease risk. More research is
needed to elucidate the long-term metabolic effects of
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different GI food intake and its association with carci-
nogenesis in men. Research has been shown that a
low-GI/rich-carbohydrates meal prior to prolonged
exercise positively affects metabolic responses in favor
of exercise performance. However, there are a notice-
able number of studies that have found no relation
between GI manipulation and exercise performance,
even if some of those have shown differences in meta-
bolic responses during prolonged exercise. Glycemic
load is a relatively new concept introduced in sports
nutrition. A limited number of studies that examined
the effects of different pre-exercise glycemic loads on
metabolic effects and exercise performance have pro-
duced inconsistent results. Additional studies elucidat-
ing the time of ingestion of different-GI food, and the
amount of carbohydrate intake, in order to enhance
performance are warranted.
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Vitória, Brazil 2Laboratory of Applied Nutrition and Metabolism, Physical Education and Sports School, University of

São Paulo, São Paulo, Brazil 3Human Performance Laboratory, Department of Biomolecular and Sports Sciences,

Coventry University, Coventry, United Kingdom 4Department of Physiology and Biophysics, Institute of Biomedical

Sciences, University of São Paulo, São Paulo, Brazil

INTRODUCTION

The term ergogenic is derived from the Greek
words ergon (work) and gennan (to produce). Hence
ergogenic refers to any strategy that enhances work
capacity. Individuals engaged in physical training
have been using sports ergogenics in order to improve
athletic performance or potentiate the physiological
adaptations to training. Williams [1] listed five
categories of sports ergogenics: (a) nutritional aids;
(b) pharmacological aids; (c) physiological aids; (d)
psychological aids; and (e) mechanical or biomechani-
cal aids.

In general, nutritional sports ergogenics are
designed to enhance energy production and/or
improve body composition (promoting muscle growth
and decreasing body fat). Nutritional supplements
have been highly commercialized, and their utilization
is widespread among athletes and non-athletes. It is
estimated that 40�88% of athletes consume sports
supplements [2], and in the USA more than 3 million
use, or have used, these ergogenic aids [3].
Pharmacological sports ergogenics are a slightly differ-
ent type of product and comprise drugs that enhance
athletic performance, usually as hormones found natu-
rally in the human body, but administered in higher
doses. Although these drugs may be an effective sports

ergogenic, their use also can present health risks.
Doping is the use of drugs or even some natural sub-
stances in an attempt to improve sports performance
during competitions. Many athletic governing bodies
have developed anti-doping programs and policies.
The World Anti-Doping Agency (WADA) was estab-
lished in 1999 as an international independent agency
that works on scientific research, education, develop-
ment of anti-doping capacities, and monitoring of anti-
doping programs around the world. The list of prohib-
ited substances with some examples is presented on
Table 3.1.

Despite a great number of scientific publications
investigating the physiological effects of nutritional
supplements and pharmacological substances, many
of these products have been used without knowl-
edge of the effects on human metabolism caused
by their chronic administration. Before the utilization
or prescription of any ergogenic aid, it is important
to consider some questions about that substance: Is
it effective? Is it safe? Is it legal and ethical?
In this chapter we will discuss the most widely
utilized drugs and supplements among individuals
engaged in resistance training, focusing on their
effects on strength and body composition, the
safety of their utilization, and their mechanisms of
action.
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TESTOSTERONE AND
ANABOLIC STEROIDS

The use of testosterone and related anabolic steroids
(AS) is a widespread phenomenon among top athletes,
amateurs, and for a large part of the population who
desire to improve their appearance. The popularity of
AS is also related to their potency in increasing both
strength and skeletal muscle mass. Although not cited
in this chapter, AS are widely used in recovery from
injury and catabolic process. Altogether, this text will
focus on the effects and mechanisms of action of AS
on strength and mass of untrained and trained
subjects.

Physiological Production of Testosterone
and Related Side Effects of Abuse

Testosterone is mainly produced in Leydig cells in
the testes, with a small portion coming from the adre-
nal cortex and the peripheral conversion of andro-
stenedione. Testosterone increases skeletal muscle
mass, strength, decreases body fat, and importantly,
enables periods of intensive training to be sustained.
An important question to be addressed is: Is it

necessary to perform resistance training to increase
muscle mass? The literature shows that testosterone
alone is capable of increasing muscle mass. Moreover,
this increase seems to be dose-dependent, thus making
its use of extreme importance in the rehabilitation pro-
cess. However, through case reports, AS have been
associated with increased risk factors for cardiovascu-
lar disease, alterations in liver function, and changes in
behavior mostly related to increased aggressiveness.

Testosterone and AS Combined with Resistance
Training

AS seems to be a vital component to increase muscle
mass in the presence of resistance training. For exam-
ple, in a double-blinded intervention, manipulations of
testosterone levels through gonadotropin releasing hor-
mone (GnRH) once every 4th week during 12 weeks of
resistance training resulted in a decrease in muscle
mass in the group receiving GnRH. There was, how-
ever, no difference in isometric knee extensor strength
between groups. Surprisingly, suppression of testoster-
one was not correlated with reductions in mRNA
expression of genes coding for the regulatory factors
MyoD and myogenin (a family of transcription factors

TABLE 3.1 List of Prohibited Substances and Methods

SUBSTANCES AND METHODS PROHIBITED AT ALL TIMES (IN AND OUT OF COMPETITION)

Prohibited substances Examples

Anabolics agents Anabolic androgenic steroids (AAS); Clenbuterol

Peptide hormones, growth factors, and related
substances

Growth hormone (GH); insulin-like growth factor I (IGF-I); chorionic gonadotrophin

Beta-2 agonists Salbutamol; formoterol

Hormone and metabolic modulators Aromatase inhibitors; selective estrogen receptor modulators

Diuretics and other marking agents Acetazolamide; bumetanide

Prohibited methods Examples

Enhancement of oxygen transfer Blood doping

Chemical and physical manipulation Tampering of samples collected during doping control

Gene doping Transfer of nucleic acids or nucleic acid sequences; use of normal or genetically
modified cells

SUBSTANCES PROHIBITED IN COMPETITION

Prohibited substances Examples

Stimulants Adrenaline; sibutramine

Narcotics Diamorphine (heroin)

Cannabinoids Marijuana

Glucocorticosteroids Dexamethasone

The complete list can be found on the WADA website [http://www.wada-ama.org/en/World-Anti-Doping-Program/Sports-and-Anti-Doping-Organizations/

International-Standards/Prohibited-List/].
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related to proliferation and differentiation, respec-
tively), insulin like growth factor (IGF-1), myostatin,
and androgen receptors (AR) [4]. Thus, improvements
in the muscle mass and strength appear to be depen-
dent on the initial dose of AS and the initial condition-
ing level of participants. For example, young healthy
individuals receiving testosterone enanthate (300 mg/
week) for 6 weeks demonstrated consistent strength
gains. Similarly, a supraphysiological dose of testoster-
one (600 mg/week) for 10 weeks in trained men pro-
duced a significant increase in muscle strength and in
the cross-sectional area of quadriceps [5]. Another
important finding is that the use of AS in conjunction
with heavy resistance training seems to be associated
with changes in muscle pennation angle, which means
that more muscle can be put inside a fascicle or a pack
of muscles [6]. Tables 3.2 and 3.3 present the main
results in the literature regarding these aspects.

Testosterone use in High-Level Powerlifters

High-level powerlifters who reported the use of tes-
tosterone for several years (100�500 mg/week for a
period of 96 3.3 years) present a higher degree of
muscle hypertrophy than do high-level power lifters
who have reported the use of anabolic steroids [24,25].
Testosterone induces the hypertrophy of both type I
and type II fibers. However, there is evidence suggest-
ing that the largest difference in muscle fiber size
between steroid users and non-users is observed in
slow type I muscle fibers [24�26]. In the trapezius
fibers of steroid users, the area of type I muscle fibers
is 58% larger than in non-users, whereas the area of
type II muscle fibers is 33% larger than in non-users
[24]. The same tendency is observed in the vastus later-
alis and, overall, type I muscle fibers are more sensi-
tive to anabolic agents than type II fibers [27].
Importantly, it has been established that 300 mg and
600 mg testosterone increase type I muscle fibers,
whereas type II muscle fibers enlarge only after admin-
istration of 600 mg testosterone [28].

Protein Synthesis and Myonuclear Content

Increased protein synthesis is a vital mechanism by
which testosterone increases skeletal muscle mass. For
example, intramuscular injection of 200 mg testoster-
one enanthate in healthy individuals induced a twofold
increase in protein synthesis compared with control
subjects, without changes in protein breakdown [29].

Adult muscles contain a specific number of myonu-
clei, which are able to send their transcripts to a spe-
cific location. With this concept in mind, every
myonucleus is responsible for the transcription of

mRNA that can move throughout the cell to be tran-
scripted in a muscle protein, but instead they can be
restricted to move within a specific volume, a concept
called “nuclear domain”. In this respect, Kadi et al.
[30,31] stated that a fiber that enlarges over 36% in its
area also increases the number of myonuclei to main-
tain an adequate proportion between myonucleus and
cytoplasm. On the other hand, they stated that skeletal
muscle myonuclei do not increase in number unless
skeletal muscle fiber exceeds 26%. In this way, one
mechanism by which testosterone facilitates the hyper-
trophy of muscle fibers seen in drug users is to pro-
mote myonuclear accretion [6,24]. To illustrate this, in
high-level powerlifters, the mean number of nuclei per
cross section is significantly higher in steroid users
compared with non-users, and myonuclear accretion is
greater in type I fibers (123%) compared with type II
muscles (114%) [24]. This is in accordance with the
larger hypertrophy of type I muscle fibers seen in ste-
roid users.

Androgen Receptor

After being produced or injected, testosterone or AS
act in the cell through their ligands, the androgenic
receptor (AR). AR belongs to a superfamily of tran-
scription factors; when AS binds to AR, the AR is
translocated to the nucleus and activates a series of ste-
roid responsive elements inside the nucleus, increasing
the rates of transcription. The degree of AR expression
among human muscles varies substantially. For exam-
ple, AR expression in myonuclei in trapezius muscle is
about 60% higher than in the vastus lateralis [32]. Of
note, steroid-using athletes show a higher percentage
of AR in the trapezius muscle than do non-steroid
users. Similarly, after a month of AS administration,
the number of AR is enhanced, but it returns to the
basal levels after 6 months [15].

Conclusions

AS are amongst the most powerful agents capable
of increasing both muscle mass and strength.
However, their usage can inhibit the natural process of
testosterone production, which is a significant problem
among heavy AS users. The literature on this topic has
demonstrated several potential medical problems
related to brain disorders (aggressiveness, bipolarity,
etc.) and prostate cancer development. Conversely, ele-
vated testosterone levels, especially in competitive
sport, gives to the user a marked advantage. The solu-
tion to this problem is to enhance information about
both the positive and negative effects and conse-
quences of its use.
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CREATINE MONOHYDRATE

Creatine (Cr) is one of the most widely available
nutritional supplements used by athletes and physical
activity practitioners over the past two decades.
Evidence supporting its ergogenic efficacy and safety
profile make this nutritional supplement one of the
most researched in sport science worldwide. In 2009,
the annual spend on creatine-containing nutritional
supplements was estimated to be approximately $2.7
billion in the USA alone [33]. In this respect, the aim of

this chapter is to highlight the applications of Cr sup-
plementation as an ergogenic aid, to elucidate briefly
its mechanisms of action on skeletal muscle. and to
present scientific research findings in order to establish
trustworthy information about this ergogenic agent.

Creatine Synthesis and Mechanisms of Action

Cr is a compound synthesized predominately by the
liver and to a lesser extent by the kidneys and pan-
creas in an amount of approximately 1�2 g/day and

TABLE 3.2 Effects of Different Anabolic�Androgenic Regimens, Associated or Not with Strength Training, on Muscle Strength and
Hypertophy in Young Men

Authors Drug Maximum
Dosage

Duration Route of
Administration

Treatment Lean Mass
(Mean Changes)

Muscle Strength
(Mean Changes)

Woodhouse et al.
[7]

Testosterone
enanthate

600 mg/
week

20 weeks IM 25 mg/day m 226 5 cm3 NM

50 mg/day m156 15 cm3

125 mg/day k 216 7 cm3

300 mg/day k 306 8 cm3

600 mg/day k 346 10 cm3

King et al. [8] Androstenedione
1 ST

300 mg/
day

12 weeks PO Androstenedione
1 ST

m 4.7% m 29%

Placebo1 ST m 4.5% m 29%

Bhasin et al. [5] Testosterone
enanthate1GnRH

600 mg/
week

20 weeks IM 25 mg/day m 0.46 0.3 kg k1.26 7.4 kg

50 mg/day m 1.16 0.9 kg m 22.76 7.6 kg

125 mg/day m 2.96 0.8 kg m 18.46 10 kg

300 mg/day m 5.56 0.7 kga m 72.26 12.4 kga

600 mg/day m 76.56 12.2 kga

Rogerson et al. [9] Testosterone
enanthate1 ST

3.5 mg/kg 6 weeks IM Testosterone
(week 0)

B796 9 kg
(BMI)

B3006 80 kg

Placebo (week 0) B776 5 kg B3056 85 kg

Testosterone
(week 3)

B3406 70 kga

Placebo (week 3) B3406 70 kg

Testosterone
(week 6)

B846 9 kgb B3606 50 kga

Placebo (week 6) B776 7 kg B3406 60 kg

Bhasin et al. [10] Testosterone
enanthate1 ST

600 mg/
week

10 weeks IM Testosterone
enanthate1 ST

m 9.3% m 37.2%

Placebo1 ST m 2.7% m 19.8%

Testosterone
enanthate

m 4.5% m 12.6%

Placebo m 0.4% m 2.9%

ap, 0.001;
bp, 0.01.
IM, intramuscular; PO, oral; ST, strength training.
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TABLE 3.3 Effects of Different Anabolic�Androgenic Regimens, Associated or Not with Strength Training, on Muscle Strength and
Hypertophy in Older Men

Authors Drug Maximum Dosage Duration Route of
Administration

Treatment Lean Mass
(Mean

Changes)

Muscle Strength
(Mean Changes)

Sullivan
et al. [11]

Testosterone
enanthate1 ST

100 mg 5 years SC Low
intensity
ST1P

m 3.56 1.9% m 9.76 7.0 kg

Low
intensity
ST1T

m 7.26 1.8% m 25.46 6.8 kg

High
intensity
ST1P

m 1.26 1.9% m 35.96 7.0 kgd

High
intensity
ST1T

m 8.66 1.8% m 39.46 6.6 kgd

Broeder
et al. [12]

Androstenediol1 ST 200 mg/day 12 weeks PO m 3.4% m 23.6%h

Androstenedione1 ST k 2.4% m 19.2%h

Lambert
et al. [13]

Testosterone
enanthate1 ST

100 mg/week 12 weeks PO P1 ST Not significant m 19.3%

P Not significant Not significant

ST1P m thigh muscle
cross-sectional
area (1.6 cm2)

m B21%

T Not significant Not significant

ST1T m thigh muscle
cross-sectional
area (B4 cm2)g

m B18%

T m 4.26 0.6 kga

P k 26 1.0 kg

Ferrando
et al. [14]

Testosterone
enanthate

300 mg/week 6 months SC T enanthate m 4.26 0.4 kg (m
6.7%)a

1 month:m4.96 1.7 kg
6
months:m10.46 2.1 kga

P k 26 0.6 kg
(k 3%)

1 month:m2.36 1.6 kg
6
months:k0.9 kg6 1.2 kg

Ferrando
et al. [15]

Testosterone
enanthate

U 6 months SC T enanthate m 4.26 0.4 kg (m
6.7%)a

NM

P k 26 0.6 kg
(k 3%)

Vonk-
Emmelot
et al. [16]

Testosterone
undecenoate

160 mg/day 6 months PO T m 1.8%a k 1.7%

P 2 0.6% k 3.9%

Snyder
et al. [17]

Testosterone
(testoderms)

6 mg/day 3 years T (scrotum) T m 1.96 2.0 kga k 117.286 32.37 N.m
(k13%)

P 2 0.26 1.5 kg k 116.066 34.13 N.m
(k12.74%)

(Continued)
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ingested exogenously from animal source foods, espe-
cially meat and fish [34]. Cr synthesis involves three
amino acids: glycine (Gly), arginine (Arg) and methio-
nine (Met), and the action of three enzymes: L-arginine:
glycine amidinotransferase (AGAT), methionine adeno-
syltransferase (MAT) and guanidinoacetate methyl-
transferase (GAMT) [34,35]. Cellular Cr uptake occurs
in a process against its gradient concentration, which is
sodium and chloride dependent and controlled by the

specific transporter Creat-1. Approximately 95% of Cr
stores are found in skeletal muscle, especially in fast-
twitch fibers, and the remaining 5% is distributed in the
brain, testes and bone [34,36]. Cr exists in a free and
phosphorylated form (phosphorylcreatine, or PCr)
inside the cell; both forms can be spontaneously
and irreversibly degraded into creatinine and, at a rate
of approximately 2 g/day, are excreted by the
kidneys [37].

TABLE 3.3 (Continued)

Authors Drug Maximum Dosage Duration Route of

Administration

Treatment Lean Mass

(Mean
Changes)

Muscle Strength

(Mean Changes)

Sattler
et al. [18]

Testosterone1GnRH 7.5 mg GnRH and
5 or 10 g/day of
1% T transdermal
gel

16 weeks To1 IM High dose of
T only

m 1.76 1.7 kg m 30.26 33%

High dose of
T1GnRH

m 2.76 2.0 kg NM

Low dose of
T only

m 0.86 1.2 kg NM

Low dose of
T1GnRH

m 1.36 1.7 kg NM

Bhasin
et al. [19]

Testosterone
enanthate

600 mg/week 20 weeks SC 25 mg/day k 0.36 0.5 kg m 0.86 6.7 kg

50 mg/day m 1.76 0.4 kgd m 11.56 4.7 kg

125 mg/day m 4.26 0.6 kgd m 286 6.8 kgd

300 mg/day m 5.66 0.5 kgd m 51.76 4.7 kg

600 mg/day m 7.36 0.4 kgd m29.86 6.4 kgd

Sheffield-
Moore
et al. [20]

Testosterone
enanthate

100 mg 5 months SC Continuous
T

m 3.126 2.0 kgc m 13.46 7.2 kgc

Monthly
cycled T

m 2.676 1.3 kgc m 11.96 10.9 kgc

P k 1.06 1.6 kg 2 2.26 9.5 kg

Schroeder
et al. [21]

Oxymetholone 50 mg/day 12 weeks PO m 3.36 1.2 kga m 8.26 9.2%f

100 mg/day m 4.26 2.4 kga m 13.96 8.1%g

Schroeder
et al. [22]

Oxandrolone 20 mg 12 weeks PO O m 3.06 1.5 kga m 6.36 6.6% (leg press)
andm6.36 8.3% (leg
extension)b

P 2 0.16 1.5 kg 2 0.16 1.5 kg

Storer
et al. [23]

Testosterone
enanthate

125 mg/week 5 weeks IM m 2.46 0.096 kgc Not significant

300 mg/week m 3.16 0.133 kga m 19%

ap, 0.001,
bp, 0.003,
cp, 0.01,
dp, 0.05,
ep, 0.005,
fp, 0.04,
gp, 0.002,
hp# 0.03.
IM, intramuscular; PO, oral; SC, subcutaneous; To, topical; ST, strength training; NM, not measured; ST, strength training; O, oxandrolone; T, testosterone;

P, placebo.
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The Cr�PCr system plays an important role in pro-
viding rapid energy to tissues whose energetic
demand is high, such as skeletal muscle and the brain
[38]. PCr transfers a N-phosphoryl group to ADP to
re-phosphorylate the ATP molecule through a revers-
ible reaction catalyzed by the enzyme creatine kinase
(CK). The existence of different CK isoforms enables a
link between the sites of ATP generation (i.e., mito-
chondria; Mt-CK) to those of ATP consumption, such
as skeletal muscle and brain (i.e., MM-CK and BB-CK,
respectively) [38]. In 1992, Harris and his colleagues
showed a significant increase in the total Cr content of
skeletal muscle (e.g., quadriceps femoris) after two or
more days of Cr supplementation at a dose of 5 g, four
to six times a day [39]. This supplementation protocol
was observed to increase the Cr content in skeletal
muscle by more than 20%, of which approximately
20% is in a phosphorylated form. Once the plateau of
concentration (around 150�160 mmol/kg dry muscle)
is reached, Cr storage in human skeletal muscle cannot
be exceeded, suggesting that Cr supplementation pro-
vides larger effects in subjects whose Cr intake in diet
is low [39,40]. Thus, there are different mechanisms by
which Cr plays an important role as an ergogenic
nutritional supplement, including: increased PCr con-
tent, leading to faster ATP re-phosphorylation, higher
training volume, and reduced damage and inflamma-
tion [35].

The effectiveness of Cr supplementation in increas-
ing skeletal muscle size (i.e., hypertrophy), strength
and lean body mass is well established. For example,
Willoughby and Rosene [41] conducted a 12-week ran-
dom, double-blind and placebo-controlled study to
investigate the effects of Cr supplementation (6 g/day)
and heavy resistance training (85�90% 1 repetition
maximum) on myosin heavy chain (MHC) and myofi-
brilar protein content of young male untrained sub-
jects. Their study has shown that heavy resistance
training per se is a sufficient stimulus to increase the
expression of MHC isoforms concomitantly with an
increase of myofibrilar protein content; and, when
associated with Cr supplementation, this increase
seems to be augmented.

Creatine Supplementation and Performance

The effects of oral Cr supplementation as an ergo-
genic compound in sports settings have been sup-
ported by a large number of prior studies. These
widespread supplementation loading protocols (i.e.,
short-term vs long-term) have demonstrated similar
effectiveness in increasing skeletal muscle Cr content
and exercise performance [35,36]. The traditional
short-term (5 to 6 days) loading protocol consists of a

high-dose of approximately 20 g/day which can
rapidly elevate intramuscular Cr content by
approximately 20% [39], whereas the long-term proto-
col is characterized by ingestion of 3 g/day for a
period of at least 4 weeks [42]. An extensive number of
studies have demonstrated improvements in short-
duration anaerobic sports, such as cycling, intermittent
running and sprints (for details, see [43,44]), or resis-
tance training, following one of these Cr supplementa-
tion protocols. For example, in a random, double-blind
placebo-controlled study by Volek et al. [45], the
authors demonstrated for the first time significant
improvements in peak power output during a high-
intensity resistance training session on trained young
subjects after one week of Cr supplementation at
25 g/day. The exercise protocol consisted of 10 maxi-
mum repetition (RM) distributed in 5 sets of bench
press and 5 sets of jump squat performed in 10 repeti-
tions with an intensity of 30% 1 RM. No significant
improvements were observed in the placebo group.
Some years later, Volek et al. [46] demonstrated a sig-
nificant increase in muscle fiber cross-sectional areas
(e.g., Type I, IIA and IIAB) following 12 weeks of resis-
tance training in conjunction with Cr supplementation,
which was much greater than found with resistance
training alone, thus showing an important role of Cr
supplementation on physiological adaptations of skele-
tal muscle. Furthermore, in 2003, Rawson and Volek
[47] reviewed 22 studies in order to evaluate the
response of Cr supplementation associated with resis-
tance training on muscle strength. This review showed
an average increase of 8% more than in the groups
who performed resistance training alone (i.e., placebo
associated with resistance training), therefore confirm-
ing the efficacy of Cr supplementation as an ergogenic
nutritional supplement.

Conclusion

As highlighted above, studies using randomized
double-blind placebo-controlled designs support the
efficacy of Cr supplementation as one of the most
beneficial nutritional supplements to improve sports
performance, primarily in those sports in which the
energetic demand is high, such as sprint cycling,
intermittent high-intensity running, and resistance
training. Once the storage of this compound in tis-
sues reaches a plateau, the total content cannot be
exceeded and the remaining proportion is degraded
in an irreversible process into creatinine and excreted
by the kidneys into urine. Thus, it seems that the
effects of Cr supplementation will be greater in sub-
jects whose dietary intake of this compound is low
(e.g., vegetarians).
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BETA-HYDROXY BETA-
METHYLBUTYRATE (HMB)

HMB Metabolism

Beta-hydroxy beta-methylbutyrate (HMB) is a
metabolite of the amino acid leucine. The first step in
HMB metabolism is the reversible transamination of
leucine to alpha-ketoisocaproate (KIC), which occurs
mainly extrahepatically. Following this enzymatic reac-
tion, KIC is converted to HMB by two routes: by cyto-
solic enzyme KIC dioxygenase; or through the
formation of isovaleryl-CoA by branched-chain ketoa-
cid dehydrogenase (BCKD) in liver, which after some
steps results in HMB formation. Under normal
conditions the majority of KIC is converted into isova-
leryl-CoA, in which approximately 5% of leucine is
metabolized into HMB [48]. Endogenous HMB produc-
tion is about 0.2�0.4 g of HMB per day, depending on
the content of leucine in the diet. Based on the fact
that L-leucine (the precursor of HMB) is not synthe-
sized by the human body, this quantity is reached
via dietary protein intake. The vast majority of studies
on this topic have employed a bolus of 3 g/day
of HMB, based on evidence that this dose
produces better results than 1.5 g/day and is equiva-
lent to 6 g/day [49].

Effects of HMB Supplementation

Nissen et al. [50] conducted one of the first studies
addressing the effects of oral supplementation with
different doses of HMB. Individuals were supplemen-
ted with 0, 0.5 and 3.0 g/day of HMB in conjunction
with a resistance training program for 3 weeks. In the
first 2 weeks, urinary excretion of 3-methyl-histidine
decreased, indicating attenuation of muscle proteoly-
sis, and at the end of the protocol the muscle damage
indicators � creatine kinase (CK) and lactate dehydro-
genase (LDH) activities � were lower in the supple-
mented group. A significant increase in fat-free mass
and strength was reported when 3.0 g/day of HMB
was supplemented in association with resistance train-
ing for 7 weeks [51].

However, controversial results have been reported
in human studies assessing the effects of oral supple-
mentation of HMB in tandem with resistance training
[49�55]. In previously untrained individuals, HMB
supplementation (3.0 g HMB per day) during a resis-
tance training program did not change body composi-
tion, muscular strength levels, and biochemical
markers of protein turnover and muscle damage [52],
increase muscle mass [51], or potentiate the strength
gain and fat-free mass gain in elderly subjects [53]. In
addition, in athletes highly conditioned to resistance

training, HMB was unable to promote gains in
strength and fat-free mass in water polo, rowing, or
football athletes [52,54,56], and did not elicit attenua-
tion of muscle damage markers (CPK and LDH) or
gains in speed [56].

In untrained individuals, oral supplementation of
HMB in association with resistance training may elicit
gains in strength and muscle mass because these
effects appear to be more prominent among those who
are in the initial phase of training. Untrained indivi-
duals submitted to a resistance training program
exhibit lower levels of muscle damage markers when
supplemented with 3.0 g/day of HMB [49,57]. If HMB
reduces the muscle protein catabolism associated with
exercise, resistance-trained athletes may not respond to
HMB supplementation in the same manner as
untrained individuals, because of training-induced
suppression of protein breakdown. To confirm the
anti-catabolic properties of HMB, further research
using more precise techniques is required, since most
studies addressing this issue have used the urinary
excretion of 3-methyl-histidine as an indicator of mus-
cle catabolism, and this technique has been criticized.

It has been demonstrated that ingestion of 3.0 g/day
of HMB increases its plasma levels and promotes gains
in fat-free mass and peak isometric torque during a
resistance-training program. Greater amounts of HMB
(6.0 g/day) did not elicit the same effect [49].
Furthermore, 8 weeks of HMB supplementation (up to
76 mg/kg/day) appears to be safe and does not alter
or adversely affect hematological parameters, hepatic
and renal function in young male adults [58].

Mechanisms of Action

Based on studies evaluating the mechanisms of
action of HMB, it is postulated that such supplementa-
tion could involve the following mechanisms:
(1) increased sarcolemmal integrity, (2) increased meta-
bolic efficiency, (3) upregulation of insulin-like growth
factor I (IGF-I) expression in liver and skeletal muscle,
(4) stimulation of protein synthesis by increasing the
mTOR signaling pathway, and (5) suppression of pro-
teolysis by the inhibition of the ubiquitin�proteasome
system.

The protective effect of HMB against contractile
activity-induced damage may be associated with
increased stability of muscle plasma membrane. HMB
is converted to b-methylglutaryl-CoA (HMG-CoA) for
cholesterol synthesis, and inhibition of HMG-CoA
reductase affects the electrical properties of cell mem-
brane in skeletal muscle [48]. In addition, HMB supple-
mentation may also promote an increase in acetyl-CoA
content through the conversion of HMG-CoA into
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acetoacetyl-CoA by HMG-CoA synthase in mitochon-
dria, increasing metabolic efficiency [59,60]. HMB sup-
plementation also has been reported to stimulate
lipolysis in adipose tissue and increase fatty acid oxida-
tion capacity of skeletal muscles (see [61] for a review).

One other mechanism underlying the effects of
HMB supplementation is the increased expression of
IGF-I expression in liver and skeletal muscles.
Kormasio et al. [62] demonstrated in vitro that HMB
could stimulate IGF-I expression, as well as myogenic
regulatory factors (MRFs) and thymidine incorporation
(an indicator of DNA synthesis). Later, Gerlinger-
Romero et al. [63] demonstrated that supplementation
with HMB promoted increased growth hormone (GH)
and IGF-I expression in pituitary and liver, respec-
tively. In vivo and in vitro animal data also pointed to a
possible role of HMB in stimulation of the mTOR sig-
naling pathway and inhibition of the ubiquitin-
proteasome system, a proteolytic system involved in
skeletal muscle atrophy [64,65]. More studies are
needed to determine whether the actions of HMB on
protein synthesis and degradation signaling pathways
are direct or mediated by an increased expression of
IGF-I, as well to determine the molecular basis of
HMB supplementation in humans.

Conclusions

In recent years, growing interest in HMB supple-
mentation has arisen from previous demonstrations of
its effects on fat-free mass and strength gains in combi-
nation with resistance exercise, its anti-catabolic prop-
erties, and speculations related to the mechanisms of
action involved. Most studies have employed 3 g/day
of HMB, based on evidence that this dose produces
better results than 1.5 g/day and is equivalent to
6 g/day. Although, in untrained individuals, HMB
supplementation appears to act as an effective ergo-
genic, in well-trained individuals and athletes the posi-
tive effects of HMB are less clear. The physiological
mechanisms involved increased sarcolemmal integrity
and metabolic efficiency, stimulation of GH-IGF-I axis,
stimulation of protein synthesis, and suppression of
proteolysis. Although some of these mechanisms were
demonstrated in animal and in vitro studies, human
studies are needed and could provide new insights
into the mechanisms underlying the effects of
supplementation.

CAFFEINE

Caffeine is one of the most widely used ergogenic
aids in the world. Due to its widespread availability

and presence in nutritional products and foodstuffs it
is important to understand in what ways caffeine may
be ergogenic for athletic performance. A considerable
number of studies have consistently evidenced
enhanced aerobic endurance performance following
caffeine ingestion (see [66] for a review). This has been
coupled with reduced ratings of perceived exertion
(RPE) during submaximal, aerobically based exercise
[67,68]. However, while the study of the effect of caf-
feine ingestion on aerobically based exercise has a long
pedigree, with studies from Costill’s Laboratory in the
1970s evidencing increased lipolysis and sparing of
muscle glycogen during endurance exercise following
caffeine ingestion [69], the research base pertaining to
the ergogenic effect of caffeine for high-intensity anaer-
obic and strength-based performance is less well-
developed (see [70] for a review).

Moreover, in the context of strength and power per-
formance specifically, research studies documenting
the ergogenic effects of acute caffeine ingestion are
equivocal. This research base is still developing, and
disparities in findings on this topic arise due to differ-
ences in methodologies and protocols employed, dif-
ferences in the caffeine dose that is administered, and
differences in the participant group being examined
(e.g., trained vs untrained).

For example, Astorino et al. [71] reported a nonsig-
nificant 11% and 12% increase in total mass lifted at
60% of 1 repetition maximum (1RM) in the bench press
after caffeine ingestion (6 mg/kg) compared with pla-
cebo. Goldstein et al. [72] replicated this design in a
sample of resistance-trained females and reported that
caffeine ingestion (6 mg/kg) resulted in a significant
increase in 1RM bench press performance but did not
result in any ergogenic effect in repetitions to failure at
60% 1RM. Similarly, Duncan and Oxford [73] reported
that (5 mg/kg) caffeine ingestion resulted in significant
increases in repetitions to failure during the bench
press exercise in a group of moderately trained men.
Green et al. [74] also reported that acute caffeine inges-
tion (6 mg/kg) resulted in an increased number of
repetitions and higher peak heart rate during leg press
to failure at 10RM. Likewise, other studies have
reported increases in total weight lifted during bench
press performance [75] following caffeine ingestion
(5 mg/kg), an increased number of repetitions during
the first set of leg extension performance to failure
during a multi-set protocol (6 mg/kg caffeine with
10 mg/kg aspirin) [76], and increases in peak torque
during 3�5 repetitions of leg extension and flexion
[77] following caffeine ingestion (7 mg/kg) in highly
trained strength and power athletes.

Conversely, studies have reported that caffeine
ingestion does not enhance strength and power perfor-
mance during resistance exercise. Beck et al. [78]
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reported that ingestion of a caffeine-based supplement
(containing 201 mg caffeine) did not significantly
enhance 1RM bench press strength in 31 men from dif-
ferent training status backgrounds. Likewise, Williams
et al. [79] reported that ingestion of 300 mg of com-
bined caffeine and ephedra did not influence 1RM
bench press, lat pull down, and Wingate Anaerobic
Test performance. More recently, Astorino et al. [80]
used a multi-exercise protocol whereby 14 resistance
trained men completed 4 sets of bench press, leg press,
bilateral row and shoulder press exercises to failure
following caffeine (6 mg/kg) ingestion. They reported
that acute caffeine ingestion did not offer any practical
benefit in enhancing strength performance over pla-
cebo. However, in their study, although as a whole
there was no significant difference in total weight
lifted in the caffeine and placebo conditions, Astorino
et al. [80] identified that, within their sample, there
were 9 participants who responded positively to caf-
feine ingestion. Consequently, they concluded that fur-
ther research was needed to examine responder vs
non-responder status in the context of resistance exer-
cise performance.

Mechanisms of Action

Several possible explanations for the effect of caf-
feine in enhancing high-intensity exercise performance
generally and strength and power performance specifi-
cally have been proposed. Early data suggested that
increased lipolysis and sparing of muscle glycogen
[69] and increased motor unit recruitment [81] resulted
in potential ergogenic effects. Subsequent research
revealed that caffeine does not spare glycogen [82];
and, as short-term, resistance exercise is not limited by
carbohydrate availability, increased lipolysis does not
explain the ergogenic effect of caffeine [70]. Research
also shows no effect of caffeine ingestion on muscle
activation during short-term, high-intensity exercise
[83], limiting the hypothesis that increased motor unit
recruitment may be responsible for caffeine’s effects.

Increased intracellular calcium concentrations [68]
and/or altered excitation-contraction coupling [84]
have also been proposed as potential mechanisms for
caffeine’s action in strength and power exercise.
However, these effects only occur at supraphysiologi-
cal caffeine doses, impractical for humans, have only
been demonstrated in animal-based research [85], and
have subsequently been discounted in relation to
anaerobically based exercise [70].

Other authors have suggested that the effect of caf-
feine lies within the central nervous system (CNS) as
caffeine delays fatigue via stimulation of the CNS by
acting as an adenosine antagonist [86]. Adenosine, an

endogenous neuromodulator, has an inhibitory effect
on central excitability. It preferentially inhibits
the release of excitatory neurotransmitters, decreasing
the firing rate of central neurons, and a reversal in the
inhibitory effects of adenosine after caffeine adminis-
tration has been reported [87]. However, the data sup-
porting the effect of caffeine ingestion on adenosine
antagonism is predominantly based on animal studies
which, for example, document increased run time to
fatigue (60% longer) in rats with caffeine compared
with an adenosine antagonist [86].

One other, less explored, potential mechanism for
the ergogenic effect of caffeine on high-intensity exer-
cise performance is through the electrolyte potassium
[88]. The net movement of potassium out of muscle
cells during exercise, results in an increase in extracel-
lular potassium concentration, and disturbance of the
muscle resting membrane potential, which may cause
muscle fatigue [89]. As caffeine decreases plasma
potassium concentrations at rest and post exercise
[68,89], caffeine may enhance performance due to an
increase in potassium uptake and maintenance of rest-
ing membrane potential of muscle cells. However,
although decreased plasma potassium concentration
may contribute to ergogenic effects of caffeine, it is
unlikely to be the sole mediator of its effects [88].

Psychophysiological Mechanisms

An alternative and emerging mechanism which has
been posited to explain, at least in part, the effect of
acute caffeine ingestion on strength and power perfor-
mance, is that caffeine ingestion modifies the percep-
tual responses to exercise. For example, data reporting
no differences in RPE during resistance exercise to fail-
ure, in spite of increased muscular performance, sug-
gests that caffeine blunts RPE responses to resistance
exercise [71]. Dampened perceptual responses have
also been reported for RPE and muscle pain perception
by Duncan and Oxford [90]. In their study, 18 moder-
ately trained males performed bench press repetitions
to failure at 60% 1RM following ingestion of caffeine
(5 mg/kg) or a placebo. Caffeine ingestion resulted in
increased repetitions to failure, lower RPE and lower
muscle pain perception compared with placebo. There
are comparatively fewer studies that have examined
this issue in the context of strength and power perfor-
mance. However, these results support assertions
made by authors based on aerobic exercise that have
suggested acute caffeine ingestion can dampen
exercise-induced muscle pain [91]. In the case of
strength and power performance, the hypoanalgesic
effects of caffeine ingestion on muscle pain perception
are important, as excess pain sensation may reduce
individuals’ performance and eventual participation in
exercise [92].
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Embryonic data are also emerging that suggest
acute caffeine ingestion positively influences percep-
tual responses to strength and power exercise across
the spectrum of psychophysiological responses to
high-intensity exercise aside from RPE and pain per-
ception. Recent data examining the efficacy of a
caffeine-containing energy drink on resistance exercise
performance acknowledged the limitations of unidi-
mensional perceptual measures such as RPE and
reported improved readiness to invest both mental
and physical effort in the presence of the energy drink
[93]. Thus, acute caffeine ingestion may favorably
influence a range of psychophysiological variables
which could augment the quality of resistance exercise
training. However, data reporting on psychophysiolog-
ical factors aside from RPE are scarce and in some
cases have not yet examined the effect of caffeine, but
rather have examined caffeine-containing energy
drinks. It is therefore difficult to make robust conclu-
sions regarding the impact of acute caffeine ingestion
on the psychophysiological responses to resistance
exercise, such as readiness to invest effort, until further
research has been conducted on this topic.

Conclusions

The extant research base relating to the ergogenic
effect of caffeine ingestion on strength and power per-
formance is growing, with the majority of studies sug-
gesting that acute ingestion in the range of 5�7 mg/kg
will have a positive effect on resistance exercise perfor-
mance. This may be due to physiological mechanisms
such as adenosine antagonism, increases in cellular
potassium uptake, dampening of perception of muscle
pain and exertion, positive change to psychophysiolog-
ical responses to exercise, or a combination of these
mechanisms. Future studies are needed, however, to
elucidate these mechanisms, alongside greater clarity
as to what role training status and responder vs non
responder status plays in any ergogenic effect of caf-
feine on strength and power performance.
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Siqueira Filho MA, Felitti V, Lira FS, et al. HMB supplementa-
tion: clinical and athletic performance-related effects and
mechanisms of action. Amino Acids 2011;40:1015�25.

[49] Gallagher PM, Carrithers JA, Godard MP, Schulze KE,
Trappe SW. Beta-hydroxybeta-methylbutyrate ingestion,
part I: effects on strength and fat free mass. Med Sci Sports
2000;32:2109�15.

[50] Nissen S, Sharp R, Rathmacher JA, Rice D, Fuller Jr JC,
Connelly AS, et al. The effect of leucine metabolite b-hydroxy
b-methylbutyrate (HMB) on muscle metabolism during
resistance-exercise training. J Appl Physiol 1996;81:2095�104.

[51] Jowko E, Ostaszewski P, Jank M. Creatine and b-hydroxy-
bmethylbutyrate (HMB) additively increase lean body mass
and muscle strength during a weight-training program.
Nutrition 2001;17:558�66.

[52] Slater GJ, Jenkins D, Longan P, Lee H, Vukovich M,
Rathmacher JA, et al. Beta-hydroxy-betamethylbutyrate (HMB)
supplementation does not affect changes in strength or body
composition during resistance training in trained men. Int J
Sport Nutr Exerc Metab 2001;11:384�96.

[53] Vukovich MD, Slater G, Macchi MB, Turner MJ, Fallon K,
Boston T, et al. beta-Hydroxy-betamethylbutyrate (HMB) kinet-
ics and the influence of glucose ingestion in humans. J Nutr
Biochem 2001;12:631�9.

[54] Ransone J, Neighbors K, Lefavi R, Chromiak J. The effect of
betahydroxy beta-methylbutyrate on muscular strength and
body composition in collegiate football players. J Strength Cond
Res 2003;17:34�9.

[55] Hoffman JR, Cooper J, Wendell M, Im J, Kang J. Effects of beta-
hydroxy beta-methylbutyrate on power performance and indi-
ces of muscle damage and stress during high-intensity training.
J Strength Cond Res 2004;18:747�52.

[56] Kreider RB, Ferreira M, Greenwod M, Wilson M, Grindstaff P,
Plisk S, et al. Effects of calcium b-HMB supplementation during
training on markers of catabolism, body composition, strength
and sprint performance. J Exerc Physiol Online 2000;3:48�59.

40 3. PERFORMANCE ENHANCEMENT DRUGS AND SPORTS SUPPLEMENTS FOR RESISTANCE TRAINING

1. NUTRITION AND HUMAN HEALTH

http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref44
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref44
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref44
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00003-5/sbref56


[57] Panton LB, Rathmacher JA, Baier S, Nissen S. Nutritional sup-
plementation of the leucine metabolite beta-hydroxy-
betamethylbutyrate (HMB) during resistance training. Nutrition
2000;16:734�9.

[58] Gallagher PM, Carrithers JA, Godard MP, Schulze KE, Trappe
SW. Beta-hydroxybeta- methylbutyrate ingestion, part II: effects
on hematology, hepatic and renal function. Med Sci Sports
2000;32:2116�9.

[59] Nissen SL, Abumrad NN. Nutritional role of the leucine metab-
olite b-hydroxy-b-methylbutyrate (HMB). J Nutr Biochem
1997;8:300�11.

[60] Van Koverin M, Nissen SL. Oxidation of leucine and alphake-
toisocaproate to b-hydroxy-b-methylbutyrate in vivo. Am J
Physiol Endocrinol Metab 1992;262:27.

[61] Slater GJ, Jenkins D. Beta-hydroxy-beta-methylbutyrate (HMB)
supplementation and the promotion of muscle growth and
strength. Sports Med 2000;30:105�16.

[62] Kormasio R, Riederer I, Butler-Browne G, Mouly V, Uni Z,
Halevy O. Beta-hydroxybeta- methylbutyrate (HMB) stimulates
myogenic cell proliferation, differentiation and survival via the
MAPK/ERK and PI3K/ Akt pathways. Biochim Biophys Acta
2009;1793:755�63.

[63] Gerlinger-Romero F, Guimarães-Ferreira L, Giannocco G,
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INTRODUCTION

In 1999 the Surgeon General of the United States
issued a landmark statement [1] drawing public atten-
tion to an issue which had engaged the attention of the
healthcare professions for several years. The nation
was alerted to the fact that physical activity had not
only been declining progressively in the US population
over the previous two decades but had also ushered in
a near epidemic of non-communicable diseases. The
decline in physical activity was evident in both leisure
time [2] and employment-related activities [3]. This ini-
tiative by the Surgeon General resulted eventually in
the development of a national plan for increasing
physical activity in the population [4]. The plan stipu-
lated that each state would endeavor to track and
monitor the following five selected behavioral indica-
tors relating to exercise:

1. The proportion of adults in the state who achieve at
least 150 minutes a week of moderate-intensity
aerobic physical activity or 75 minutes a week of
vigorous-intensity aerobic physical activity or an
equivalent combination of moderate- and vigorous-
intensity aerobic activity.

2. The proportion of adults in the state who achieve
more than 300 minutes a week of moderate-
intensity aerobic physical activity or 150 minutes a
week of vigorous-intensity aerobic physical activity
or an equivalent combination of moderate- and
vigorous-intensity aerobic physical activity.

3. The proportion of adults in the state who engage in
no leisure-time physical activity.

4. The proportion of students in grades 9�12 in the
state who achieve 1 hour or more of moderate and/
or vigorous-intensity physical activity daily.

5. The proportion of students in grades 9�12 in the
state who participate in daily physical education.

However, perusal of the annual reports of the states
shows that there are significant differences in the data
reported. For instance, while Missouri [5] approaches
the national average for children in high school,
California does not appear to gather this information [6].

Although the majority of these ideas have been
incorporated into the guidelines issued by the US
Department of Health and Human Services aimed at
increasing the level of physical activity among
Americans [7], the data emerging from the Centers of
Disease Control and Prevention (CDC) in recent years,
relating to obesity, diabetes and the metabolic syn-
drome do not indicate that these initiatives have
yielded the anticipated benefits [8]. Aside from its link
with diabetes mellitus, recent meta-analyses have
shown that obesity per se is associated with cardiovas-
cular diseases and several other conditions which
adversely affect the overall quality of life (e.g., [9]).
The findings of a recent population based study (2000
to 2005) Medical Expenditures Panel (self reported)
Survey has shown that even in the short term (6 years)
the coexistence of obesity-related problems such as
hypertension and diabetes increase mortality in mor-
bidly obese subjects [10].

PHYSIOLOGICAL RESPONSES OF THE
CARDIOVASCULAR SYSTEM TO

EXERCISE

Determinants of Functional Capacity (see [11]
for review)

The Heart

The ability to exercise is dependent upon the deliv-
ery of an adequate blood supply to the muscles
involved in the activity. The demand dictated by
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activity is met by changes in two fundamental physio-
logical variables: heart rate (HR) and stroke volume
(SV) operating against a background of an adequate
venous return.

Thus,

Cardiac Output ½CO� ðL=minÞ5 fStroke Volume ðSVÞ
ðmL=beatÞ3Heart Rate ðHRÞ ðbeat =minÞg=1000

ð1Þ
Based on the Fick equation:

CO ðL=minÞ5 oxygen consumption ½VO2� ðmL=minÞ=
a2v oxygen difference ðmL=100 mLÞ=10

ð2Þ
Combining equations 1 and 2:

½SV ðmL=beatÞ3HR ðbeats=minÞ�=1000
5 fVO2ðmL=minÞ=a2v oxygen difference

ðmL=100 mLÞg=10
By rearranging the terms:

VO2 ~ SV3HR3 a2v difference

Therefore, oxygen consumption at maximum exer-
cise, (VO2 max) is determined by the maximum HR, SV
and the a-v difference (see ref. [12] and [11] for
review). During upright aerobic exercise the HR and
SV change in a predictable fashion in normal subjects
increasing from a value at rest of B70 mL/beat to
approximately 150 mL/beat during maximum effort
(Figure 4.1). In healthy young individuals, following
exercise training this fundamental relationship persists
with the modification that the stroke volume increases
by approximately 3�5 mL/heartbeat at submaximal
heart rates, resulting in an increase in CO of approxi-
mately 0.5 to 0.7 L/min. Numerous studies have
shown that the functional capacity as measured by
VO2 max could be enhanced by aerobic and, to a lesser
degree, strength training.

The increase in SV during exercise is the result of a
combination of factors: (a) Starling mechanism result-
ing from an increase in venous return, (b) increase in
myocardial contractility, and (c) an increase in the
force of contraction resulting from an increase in rate
per se (Bowditch phenomenon).

Lungs

The ability to perform physical exercise is not only
dependent on the ability of the cardiovascular system
to supply oxygen to the muscles but also on the ability
of the lungs to clear carbon dioxide from the blood.
This process can be separated into four components:
(i) ventilation, which moves air from the atmosphere
to the lungs, (ii) simultaneous transport of carbon
dioxide to the lungs and oxygen to exercising muscles,

(iii) diffusion which promotes the gas exchange
between the lungs and the blood, (iv) capillary gas
exchange, or the exchange of oxygen and carbon diox-
ide. The first two processes have been classified as
external respiration and the last as internal respiration.
The cardiovascular system links these two phases of
respiration (see [15] for complete discussion).

An increase in cardiac output results in a corre-
sponding increase in pulmonary blood flow. There is
also a concurrent increase in ventilation, and these two
factors facilitate both the increase in oxygen uptake
and removal of carbon dioxide. During exercise, there
is also a greater extraction of oxygen by exercising
muscles from the blood as it perfuses the muscles,
resulting in a widening of the arterio-venous oxygen
difference.

Peripheral Circulation

Dynamic exercise in normal subjects is associated
with an increase in CO that is facilitated by an increase
in SV and HR as described above. There is also a pref-
erential redistribution of the CO to exercising muscles,
with a corresponding reduction in flow to “non-essen-
tial” organs such as the kidney and gut [16]. The blood
flow to the brain is preserved while the flow to the
skin is reduced until the need for thermoregulation
results in vasodilatation in this region, usually at maxi-
mal exercise [17]. A concurrent increase in venous
return enhances diastolic filling, which maintains the
CO at a higher level during exercise. These changes in
the peripheral circulation result in an increase in sys-
tolic and mean blood pressures with little or no change
in diastolic blood pressure.

The relative increase in blood flow to exercising
muscles is reflected as an overall fall in peripheral
resistance, which is expressed as:

Total Peripheral Resistance5 ðMean Arterial Pressure

2Mean Venous PressureÞ=CO

where mean arterial pressure is given by diastolic1
(systolic2diastolic)/3.

The resistance is usually expressed as mmHg/L per
minute (also known as Wood Units). During graded
dynamic exercise there is a disproportionate increase
in CO compared with the changes in blood pressure.
Total peripheral resistance is determined by the degree
of vasodilatation resulting from an increased metabolic
demand in exercising muscles and vasoconstriction in
organs not involved with exercise such as the kidney
and the gastrointestinal tract. These changes not only
cause a redistribution of blood flow but also result in a
reduction in overall peripheral resistance (despite
a 4�5 fold increase in cardiac output). Thus, when a
healthy individual transitions from rest to maximum
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exercise, the resistance falls from nearly 20 Wood units
to 5. The reduction in vascular resistance with respect
to workload or oxygen consumption has a curvilinear
profile (see Figure 4.2).

Assessment of Functional Capacity

The conventional measure of functional capacity in
healthy individuals is VO2max which is determined
during progressively increasing workloads until a pla-
teau is achieved (despite increases in load). However,
in those with compromised left ventricular function, it
is not possible to establish a meaningful maximal
value because it is often difficult to achieve a plateau
expressed in these terms. A pragmatic alternative is
the measurement of a symptom-limited maximum
value (VO2peak).

Another approach to defining an index of exercise
capacity is to use a respiratory parameter derived from
a submaximal test such as the anaerobic (or ventila-
tory) threshold (VT) which is defined as the level of
activity at which the expired gas volume increases at a
rate that is faster than the oxygen uptake. VT is

analogous to the anaerobic threshold, the physiological
basis of which is believed to be the inability of the oxy-
gen supply to match the requirement of the exercising
muscle. This imbalance is compensated by anaerobic
glycolysis in muscles, which in turn generates lactic
acid and eventually lactate as the final product.
During this phase there is an increase in ventilatory
volume to eliminate the excess carbon dioxide pro-
duced during the conversion of lactic acid to lactate
[18]. VT usually occurs at approximately 45% to 65%
of measured peak or maximal VO2max in healthy
untrained subjects, and it generally occurs at a higher
percentage of exercise capacity in endurance-trained
individuals [19].

Several methods have been proposed for determina-
tion of VT, and the three used most frequently are:
(i) the departure of VO2 from a line of identity drawn
through a plot of volume of expired CO2 against VO2,
often called the V-slope method; (ii) the point at which
a systematic increase in the ventilatory equivalent for
oxygen (minute ventilation/VO2) occurs without an
increase in the ventilatory equivalent for carbon diox-
ide (minute ventilation/VCO2); and (iii) the point at
which a systematic rise in end-tidal oxygen partial

FIGURE 4.1. Effect of training on the stroke volume/heart rate relationship. Upper panel: Normal subjects [13]; (A) control subjects and
(B) experimental subjects who underwent exercise training on a bicycle ergometer. Lower panel: subjects who had recovered from coronary
artery bypass surgery [14]; (C) control subjects and (D) experimental subjects who underwent exercise training on a bicycle ergometer.
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pressure occurs without a decrease in the end-tidal
carbon dioxide pressure (PETCO2). Despite the appar-
ent simplicity of the concept of using ventilatory para-
meters to estimate exercise capacity, there is no
general agreement regarding kinetics of oxygen trans-
port during exercise [20].

EXERCISE AND HEALTH

All-cause Mortality

One of the earliest observational studies that
described the effect of regular physical activity on all-
cause mortality was that reported by Paffenbarger et al
[21], who examined physical activity and other lifestyle
characteristics of approximately 17,000 alumni of
Harvard University aged 35�74 years in an attempt to
link physical activity levels with all-cause mortality
and length of life. The data were gathered from the
alumni using a questionnaire which was mailed to the
subjects. They found that the death rates declined
steadily as energy expended increased from less than

500 to 3500 kcal per week, beyond which rates
increased slightly. Rates were one quarter to one third
lower among alumni expending 2000 or more kcal
during exercise per week than among less active men.
These differences were preserved even after adjust-
ments for hypertension, cigarette smoking, extremes or
gains in body weight, or early parental death.

The National Health Interview Survey, which is an
ongoing multipurpose, in-person, health survey of the
civilian, non-institutionalized US population con-
ducted by the National Center for Health Statistics, has
yielded information regarding the degree of adherence
to the levels of physical activity recommended in the
2008 Physical Activity Guidelines for Adults [22] by both
men and women .18 years. The findings have sug-
gested that adherence to these levels was associated
with substantial survival benefits: the all-cause mortal-
ity risks dropped by 27% among people without exist-
ing chronic comorbidities, and by almost half in
people with chronic comorbidities [22]. Such lower
risks occurred regardless of age and obesity levels.
These findings were corroborated by another survey
based on the National Health and Nutrition

FIGURE 4.2 Changes in peripheral resis-

tance associated with dynamic exercise. To
convert from dyn s/cm5 to Wood units divide
the value by 80 [12]. Graphs showing total
peripheral resistance (TPR) at rest and during
exercise in younger and older sedentary men,
trained men, sedentary women, and trained
women. Statistically significant differences are
designated for corresponding values at rest
and at each level of submaximal or maximal
exercise. *p, 0.001, **p, 0.01, and ***p, 0.05
vs younger subjects of the same sex and train-
ing status.1p, 0.001 and11p, 0.01 vs sed-
entary subjects of similar age and the same
sex. δ p, 0.001, δδ p, 0.01, and δδδ p, 0.05 vs
men of similar age and training status.
Training is associated with a reduction in
peripheral vascular resistance during exercise
in both men and women, regardless of age.
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Examination Survey (NHANES I, 1971�1975) and the
associated Epidemiologic Follow-up Study. It exam-
ined both leisure and non-leisure-time activities [23].

Coronary Artery Disease

Coronary heart disease (CHD) is recognized as one
of the leading causes of death among men and women
in the United States. The benefits derived from exercise
are multiple (see Box 4.1) and can be viewed as occur-
ring in two categories of people:

1. those with no previous history of CHD (i.e.,
associated with primary prevention programs); and

2. those who have recovered from a major cardiac
event (i.e., associated with secondary prevention).

The benefits enjoyed by these two categories of
patients are reflected in a reduced rate of major cardiac
events and enhanced survival. It should be recognized
that the studies relating to the first group are observa-
tional in nature whereas the latter is supported by
multiple randomized clinical trials.

Exercise and Primary Prevention

The Health Professionals’ Follow-up Study, tracked
a cohort of 44,452 US men at 2-year intervals from
1986 through January 31, 1998, to assess potential CHD
risk factors and to identify newly diagnosed cases of
CHD (incidence of nonfatal myocardial infarction or
fatal CHD) and their relationship to leisure-time physi-
cal activity [25]. The relative risk corresponding to
moderate (4�6 METs) and high (6�12 METs) activity
intensities were 0.94 and 0.83 compared with low
activity intensity (,4 METs) (p5 0.02 for trend). A
half-hour per day or more of brisk walking was associ-
ated with an 18% risk reduction (RR, 0.82; 95% CI,
0.67�1.00). Walking pace was associated with reduced
CHD risk independent of the number of walking
hours. Total physical activity, running, weight training,
and walking were each associated with reduced CHD
risk. Average exercise intensity was associated with
reduced risk independent of the number of MET-hours
spent in physical activity.

Similar conclusions were drawn from the findings of
the Women’s Health Study, which examined the rela-
tionship between physical activity and CHD among
women, focusing on walking (a light-to-moderate activ-
ity depending on pace). The study cohort consisted of
39,372 healthy female health professionals aged 45
years or older, enrolled throughout the United States
between September 1992 and May 1995, with follow-up
to March 1999. Recreational activities, including walk-
ing and stair climbing, were reported at study entry. A
total of 244 cases of CHD occurred during the follow

BOX 4.1

B ENEF IT S OF EXERC I S E IN
SECONDARY PREVENT ION

PROGRAMS

Exercise capacity

Estimated

METS

135%

Peak VO2 115%

Peak anaerobic

threshold

111%

Reduction in obesity indices

Body mass

index

21.5%

Percent fat 25%

Metabolic

syndrome

237% (Prevalence)

Improvements in lipids

Total

cholesterol

25%

Triglycerides 215%

HDL-C 16% (13�16% increase in

subgroups with low HDL-C

levels)

LDL-C 22%

LDL-C/HDL-C 5%

Inflammatory markers

High sensitivity

� CRP

240%

Changes in autonomic regulation of the

circulation reflected in improved baroceptor

function and increased heart rate variability.

Both the heart rate and blood pressure at

submaximal workloads decrease, thereby

reducing myocardial oxygen demand.

Improvements in behavioral characteristics:

e.g., depression, anxiety, somatization, hostility.

Improvements in overall quality of life and its

components.

Improvement in blood rheology and viscosity.

Improvements in endothelial function.

Reduction in homocysteine levels.

Reduction in overall morbidity and mortality

(especially associated with depression and

psychological distress).

Reduction in hospitalization costs.

Adapted from [24].
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up. Adjusting for potential confounders, the relative
risks (RRs) of CHD for ,200, 200�599, 600�1499, and
$ 1500 kcal/week expended on all activities were 1.00
(referent), 0.79 , 0.55 and 0.75 respectively (p for linear
trend5 .03). Vigorous activities were associated with
lower risk (RR, 0.63) comparing highest and lowest cat-
egories. The inverse association between physical activ-
ity and CHD risk did not differ by weight or cholesterol
levels (p for interaction5 0.95 and 0.71, respectively),
but there were significant interactions with smoking
and hypertension status. Physical activity was inversely
related to risk in current smokers but not in hyperten-
sive women (p for interaction5 0.01 and 0.001, respec-
tively) [26].

Exercise in Secondary Prevention of CHD

These benefits refer to patients with established
CHD who participate in secondary prevention pro-
grams designed to prevent new cardiac events and
cover a range of factors that have a bearing on the out-
come of these patients. The major benefit that accrues
from regular exercise is an increase in functional
capacity, which is reflected best in the relationship
between the heart rate and stroke volume during exer-
cise (Figure 4.1). Exercise training in both normal sub-
jects and those with CHD has the capacity to increase
the stroke volume at comparable heart rates, resulting
eventually in an increase in work capacity. However,
much of the activity in life is undertaken at submaxi-
mal levels of exercise, and they would be carried out
at a lower heart rate and blood pressure in trained
individuals compared with those who are untrained.
As discussed previously, it is clear that the myocardial
oxygen demand during submaximal activity would be
lower in trained subjects. It is likely that the reduction
in perceived exertion observed in them during sub-
maximal exercise tests is a reflection of this physiologi-
cal adaptation.

A recent systematic review of 47 randomized clini-
cal trials has addressed the issue of all-cause and car-
diac mortality in patients who enroll in cardiac
rehabilitation programs. The analysis was based on
10,794 patients who were randomized to exercise-
based cardiac rehabilitation or usual care. In the
medium to longer term (i.e., 12 or more months fol-
low-up), exercise-based cardiac rehabilitation reduced
overall and cardiovascular mortality [RR 0.87 (95% CI
0.75�0.99) and 0.74 (95% CI 0.63�0.87), respectively],
and hospital admissions [RR 0.69 (95% CI 0.51�0.93)]
in the shorter term (,12 months follow-up), with no
evidence of heterogeneity of effect across trials.
Neither intervention had any effect on the occurrence
of non-fatal myocardial infarction or the need for
revascularization [27]. The mortality benefits (both

overall and cardiovascular) were evident in trials that
extended for periods longer than 12 months.

Hypertension

Several studies have addressed the issue of blood
pressure and peripheral vascular resistance on blood
pressure and autonomic function following exercise
training. Cornelissen et al. [28] studied the effect of exer-
cise training in middle-aged sedentary men and women
at two levels of training intensity. They found that both
levels of training intensity reduced the systolic blood
pressure to a similar degree. These changes were also
accompanied by a reduction in heart rate at submaximal
workloads. These findings on the effect of exercise on
blood pressure are essentially similar to those reported
by Ogawa [12] and Bonanno and Lies [29]. A meta-
analysis of clinical trials which included exercise as a
component also concluded that physical activity contrib-
uted to better control of blood pressure [30].

It has been suggested that in patients with CHD
these changes in blood pressure following exercise are
associated with changes in peripheral inflammatory
biomarker concentrations [31]. The concentrations of
C-reactive protein, interleukin 6, fibrinogen, and vas-
cular cell adhesion molecule 1 were lower after exer-
cise training. There was also a concurrent increased in
high-density lipoprotein cholesterol. One of the possi-
ble mechanisms responsible for the improvement in
blood pressure is that exercise attenuates endothelial
dysfunction and inflammation and improves the nitric
oxide bioavailability. It also increases the number of
endothelial progenitor cells, with a concurrent reduc-
tion in the level of pro-inflammatory cytokines and
C-reactive protein.

Body Weight

The Body Mass Index (BMI) is a common means of
estimating overweight and obesity in both adults and
children. It is a calculated number based on height and
weight, and is used to compare and analyze the health
effects in all people. The conventional formula for its
calculation is the weight in kilograms divided by
height in meters squared. For instance, if the weight is
68 kg and the height is 165 cm (1.65 m), the BMI is:
684 (1.65)25 24. Box 4.2 shows the interpretation of
BMI values.

The BMI number and body fat are fairly closely
related but there is some variation associated with gen-
der, race and age. For instance, at the same BMI:

• women tend to have more body fat than men;
• older people, on average, tend to have more body

fat than younger adults;

50 4. EXERCISE AND CARDIOVASCULAR DISEASE

2. EXERCISE AND HUMAN HEALTH



• highly trained athletes may have a high BMI
because of increased muscularity rather than
increased body fatness.

The BMI is only one factor related to risk for dis-
ease. For assessing someone’s likelihood of developing
overweight- or obesity-related diseases, the National
Heart, Lung, and Blood Institute guidelines recom-
mend reviewing other predictors:

• the individual’s waist circumference (because
abdominal fat is a predictor of risk for obesity-
related diseases);

• other risk factors the individual has for diseases and
conditions associated with obesity (for example,
high blood pressure or serum cholesterol).

• Ethnicity or race is also a factor. The World Health
Organization has recommended that the normal/
overweight threshold for South East Asian body
types be lowered to a BMI of 23. The new cut-off
BMI index for obesity in Asians is 27.5 compared
with the traditional WHO figure of 30. An Asian
adult with a BMI of 23 or greater is now considered
overweight and the ideal normal range is 18.5�22.9.

Although weight management is beyond the scope
of this chapter, it should be recognized that an effec-
tive exercise program should be an integral part of any
weight management program, coupled with an appro-
priate regimen for reducing calorie intake. The recom-
mendations of the CDC with respect to exercise are
addressed later in this chapter.

Diabetes Mellitus

It has been recognized for many years that physical
exercise is an integral part of the management of Type
2 diabetes. The Diabetes Prevention Program (DPP)
clinical trial provided clear evidence that intensive life-
style changes that included physical exercise were suc-
cessful in reducing the incidence of diabetes [32]. The
goals for the intensive lifestyle intervention were to
achieve and maintain a weight reduction of at least 7%
of initial body weight through healthy eating and

physical activity, and to achieve and maintain a level
of physical activity of at least 150 min/week (equiva-
lent to 700 kcal/week) through moderate-intensity
activity (such as walking or bicycling).

The study was undertaken on non-diabetic indivi-
duals with a high risk of progression to type 2 diabetes.
It is very likely that the majority of these subjects met
the criteria for the metabolic syndrome. Those indivi-
duals with conditions that might increase the risk of
adverse effects from the interventions or severely
reduce life-expectancy were excluded. The subjects
were assigned at random to one of three intervention
groups: an intensive lifestyle intervention focusing on a
healthy diet and exercise, and two masked medication
treatment groups (metformin or placebo) each com-
bined with standard diet and exercise recommenda-
tions. Participants were recruited during a 32 month
period, and were followed for an additional 39 to 60
months after the close of recruitment. At the end of the
follow up (average 2.8 years) the incidence of diabetes
was 11.0, 7.8, and 4.8 cases per 100 person-years in the
placebo, metformin, and intensive lifestyle groups,
respectively. The lifestyle intervention reduced the inci-
dence by 58% and metformin by 31% as compared with
placebo, the lifestyle intervention being significantly
more effective than metformin [33].

Subsequently, all active DPP participants were eligi-
ble for continued follow-up. Approximately 900 people
from each of the three original groups (88% of the
total) enrolled for a median additional follow-up of 5.7
years. All three groups were offered group-
implemented lifestyle intervention. Metformin treat-
ment was continued in the original metformin group
(850 mg twice daily as tolerated), with participants
unmasked to assignment, and the original lifestyle
intervention group was offered additional lifestyle
support. During the 10.0-year (Interquartile range:
9.0�10.5) follow-up since randomization to DPP, it
was found that the incidence of diabetes remained
lowest in the intensive lifestyle group [34].

A systematic review of trials examined the effects of
aerobic or resistance exercise training on clinical mar-
kers of CHD risk, including glycemic control, dyslipide-
mia, blood pressure, and body composition in patients
with type 2 diabetes [35]. Aerobic exercise training
alone or combined with resistance training (RT) signifi-
cantly reduced HbA1c by 0.6% and by 0.67% (95% CI:
20.93 to 20.40), respectively. In addition, there were
significant reductions in systolic blood pressure by 6.08
and 3.59 mmHg and triglycerides by 0.3 mmol/L (for
both forms of exercise) respectively. Waist circumfer-
ence was significantly reduced by 3.1 cm (95% CI 210.3
to 21.2) with combined aerobic and resistance exercise,
although fewer studies and more heterogeneity of the
responses were observed in the latter two markers.

BOX 4.2

INTERPRETAT ION OF BM I
VALUES

,18.5 Underweight

18.5�24.9 Normal

25.0�29.9 Overweight

$30.0 Obese
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HOW MUCH EXERCISE IS ENOUGH? [36]

There are multiple recommendations from several
national bodies stipulating the amount of exercise that
should be undertaken daily to maintain health. The
current consensus is that 30 minutes of moderate-
intensity activity/day would provide substantial bene-
fits across a broad range of health outcomes for seden-
tary adults. However, this amount of exercise may be
inadequate and need to be revised upward, to prevent
weight gain in those who appear to be consuming an
appropriate number of calories in their diet. For per-
sons who are exercising 30 min/day and consuming
what appears to be an appropriate number of calories,
but are still having trouble controlling their weight,
additional exercise or caloric restriction is recom-
mended to reach energy balance and minimize the
likelihood of further weight gain. In addition to aero-
bic exercise, it is desirable that people engage in activi-
ties that build musculoskeletal fitness, such as
resistance training and flexibility exercises, at least
twice a week. The current recommendations of the
CDC are shown in Box 4.3 [37].

ARE THE BENEFITS OF EXERCISE
UNIVERSAL?

In a recent study Bouchard et al. [38] have suggested
that certain individuals may be genetically predisposed to
not benefit from exercise training. In support of this claim
they have provided a systematic analysis of six short-
term clinical trials (,6 months) in which certain factors
pertaining to cardiovascular risk were measured. The fac-
tors were blood pressure, HDL cholesterol concentration,
plasma insulin and plasma triglycerides. Using their defi-
nitions of “technical error” of the measurements, it was
found that 8.4%, 12.2%, 10.4%, and 13.3% of subjects had

adverse changes in plasma insulin, systolic blood pres-
sure, triglycerides, and HDL cholesterol, respectively.
However, the average changes in HDL cholesterol
(B0.04 mmol/L) and systolic blood pressure
(,4 mmHg) were probably too small to make an impres-
sion on conventional calculations of coronary heart dis-
ease risk (such as that based on the Framingham Score) in
a population in which almost 40% of the subjects were in
their early to mid-thirties.
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2 hours and 30 minutes (150 minutes) of moderate-
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and muscle-strengthening activities on 2 or more days a

week that work all major muscle groups (legs, hips,
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RESISTANCE TRAINING IN HUMAN
HEALTH

Evidence showing the relationship between aerobic
exercise and improvements in human health is abun-
dant. Aerobic exercise was the recommended mode of
exercise in the original physical activity recommenda-
tions for developing and maintaining fitness in healthy
adults published by the American College of Sports
Medicine in 1978 [1]. Through subsequent updates,
aerobic exercise continued to be the primary recom-
mendation for improving human health [2,3].
Resistance training (RT) was briefly discussed in the
original recommendation [1], but it was not a recom-
mended mode of activity until the second update in
1990 [3]. The addition of RT to the second update
stemmed from its effectiveness for the development
and maintenance of fat-free mass (FFM). The rationale
for the inclusion in the third update in 1998 [2] did not
change. However, the current recommendations [4]
move beyond the original rationale and emphasize the
role of RT in improving cardiovascular risk factors and
lowering all-cause mortality.

Resistance training involves the voluntary activation
of specific skeletal muscles against some form of external
resistance, which can be provided by a variety of modali-
ties such as machines or free weights. Traditionally, the
primary purpose of RT has been for increasing FFM
and/or increasing muscular strength and endurance [5].
Although RT is the most effective way to increase FFM
and muscular endurance, there is a growing body of evi-
dence supporting the importance of RT in overall human
health. There is now considerable evidence supporting
improvements in cardiovascular risk factors [5�7] fol-
lowing properly designed RT programs.

There are direct relationships between RT and
improvements in cardiovascular risk factors such as
blood pressure (BP), blood lipids, glucose manage-
ment, visceral adiposity, and weight management.
Weight loss and the prevention of weight gain also
have direct relationships with improvements in cardio-
vascular risk factors. Therefore, it is possible that RT
can directly and indirectly (through weight manage-
ment) improve many cardiovascular risk factors. This
chapter will focus on the improvements in cardiovas-
cular risk factors (BP, blood lipids, glucose manage-
ment, visceral adiposity, and weight management)
subsequent to RT. Weight management will be dis-
cussed in detail because weight loss and the preven-
tion of weight regain are both associated with
beneficial improvements in BP, blood lipids, and glu-
cose management [6].

Blood Pressure

Several meta-analyses have shown the beneficial
effect of RT on controlling BP [8�10]. In the most
recent meta-analysis, Cornelissen et al. [9] examined
randomized control trials that were $4 week in
length. The final analysis included 1012 participants
from 28 different trials. Overall, RT significantly
reduced systolic and diastolic BP by 3.9 and
3.6 mmHg, respectively. When participants were
grouped into prehypertensive, normohypertensive,
and hypeternsive, RT significantly reduced systolic
and diastolic BP by 3.9 and 3.9 mmHg in normotensive
and prehypertensive study groups but did not signifi-
cantly reduce systolic and diastolic BP in hypertensive
groups (2.8 and 3.8 mmHg, respectively). It should be
noted that although there were not significant
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reductions in BP in the hypertensive groups, there
were only four studies in the analysis that had hyper-
tensive subjects. Thus there is a need for further
research with this particular population.

Although these reductions in BP are relatively mod-
erate, they are clinically significant. Reductions in BP of
only 3 mmHg have been associated with a 4% decrease
in all-cause mortality, an 8�14% reduction in stroke,
and a 5�9% reduction in cardiac morbidity [11]. Since
there appears to be no lower threshold between BP and
cardiovascular risk, even minor reductions can have
clinical significance in individuals with optimal BP and
especially for those that are prehypertensive [12].

Research has also shown that RT can prevent the
development of hypertension. For example, a recent
study by Maslow et al. [13] examined the role of mus-
cular strength and the development of hypertension in
men. Using data from the Aerobics Center
Longitudinal Study, they compared muscular strength
(1-repetition maximal bench press and leg press) to the
incident rate of hypertension during the follow-up
period (avg. 19 years). The results showed that men
who were prehypertensive at baseline had a reduced
risk of developing hypertension if they had middle or
high levels of muscular strength. The authors reported
that they were the first to demonstrate an inverse rela-
tionship between muscular strength and the develop-
ment of hypertension.

Blood Lipids

Traditionally, aerobic exercise has been the recom-
mended mode of exercise for reducing elevated blood
lipid levels—total cholesterol (TC), low-density lipopro-
teins (LDL), and triglycerides (TG)—and for elevating
low levels of high-density lipoproteins (HDL) [14]. The
evidence supporting a positive role of RT on lipid mod-
ification has been questionable. One possible explana-
tion for the lack of support for RT’s role in lipid
management may be that many recent reviews have
been subjective reports rather than a more objective
meta-analytic approach [15]. Several recent narrative
reviews [7,16] reported no effect of RT on lipid manage-
ment whereas a recent meta-analysis reported clinically
significant changes in blood lipids following RT [8].

Kelley et al. [8] pooled data from 29 adult studies
which included 1329 participants (B50% exercise/con-
trol). All of the included studies were randomized
control trials that were a minimum of 4 weeks in dura-
tion. The results of this analysis showed significant
reductions in TC (5.5 mg/dL, 2.7%), LDL (6.1 mg/dL,
4.6%), TC/HDL (0.5 mg/dL, 11.6%), non-HDL (8.7 mg/
dL, 5.6%), and TG (8.1 mg/dL, 6.4%). There was an
increase in HDL (0.7 mg/dL, 1.4%) but this increase

was not statistically significant. The reduction in TC
and non-HDL represent reductions in coronary heart
disease risk of 5% [17,18]. The reduction in TG repre-
sents a 3% and 7% improvement in coronary heart dis-
ease risk in men and women, respectively [19]. The
reduction in TC/HDL represents a 21% improvement
in coronary heart disease risk in men [20].

It should be noted that all of the above changes
were evident despite non-significant changes in body
weight or body mass index (BMI). Despite no changes
in body weight or BMI, there were significant
improvements in percent body fat (2 1.8%) and FFM
(1 1.0 kg), suggesting that a decrease in body fat and
an increase in FFM may play an essential role in the
management of blood lipids.

Glucose Management

Similar to aerobic exercise, RT has been reported to
enhance insulin action [21]. RT has been shown to
increase muscular strength and power [22] and FFM
[23], which could improve glycemic control by aug-
menting the skeletal muscle storage of glucose and
assist in the prevention of sarcopenia. These findings
support the hypothesis that increases in skeletal muscle
mass are related to decreases in hemoglobin A1C
[24,25]. What is not clear, however, is whether the
improvement in A1C is due to an increase in the quali-
tative aspects of muscle function and/or skeletal mus-
cle size. Interestingly, research has indicated that
improvements in insulin action can occur without a
change in FFM [26], suggesting that qualitative changes
in skeletal muscle function play a key role in the RT-
induced improvements in insulin action. For example,
Holten et al. [27] reported that, in individuals with type
2 diabetes who performed one-legged RT, insulin action
improved independently of increased FFM. Even more
interesting is that the insulin receptor, glycogen
synthase, protein content of GLUT4, protein kinase
B-α/β, and total glycogen synthase activity were up-
regulated. Collectively, these findings suggest that RT
improves the insulin signaling pathway, which may
partly explain the improved insulin action with RT.

Visceral Adiposity

Obesity in general is associated with an increase in
cardiovascular and metabolic disorders. However, evi-
dence now supports the notion that location of excess
adiposity plays a significant factor in the health risks
associated with obesity. Specifically, visceral adipose
tissue (VAT) has been shown to be an independent
predictor of hypertension [28] and insulin resistance
[29�31].
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Both aerobic exercise and energy restriction result-
ing in a 4�10% decrease in body weight have been
shown to significantly decrease VAT [32,33]. Weight
loss of this magnitude is difficult to achieve and main-
tain [34,35] and requires very high exercise levels up
to 420 min/wk [35�37]. Weight loss and exercise
levels of these magnitudes are unrealistic for the vast
majority of the population, thus there is a need for
alternative strategies to decrease VAT.

Recent evidence suggests that exercise levels that
are less than the current exercise recommendations
and at lower energy expenditures can result in a
change in VAT in the absence of weight loss [33,38].
When compared with aerobic exercise, RT exercise
generally results in significantly lower energy expendi-
ture and is not generally associated with weight loss.
Thus, RT has the potential to reduce levels of VAT.

Several studies have examined changes in VAT fol-
lowing RT. In older adults (men and women),
decreases in VAT of 10�11% have been reported
[39,40]. There is evidence to suggest that RT may play
a role in preventing the accumulation of VAT during
weight regain. Hunter et al. [41] did a one year follow-
up on pre-menopausal women following a diet-
induced weight loss study. There was no significant
increase in VAT in either the aerobic or RT group, but
there was a 25% increase in the non-exercising control
group. There was no significant difference between the
aerobic or RT group despite the fact that the aerobic
group had a much higher level of exercise energy
expenditure. Schmitz et al. [42], using a similar design,
did a 2 year follow-up on post-menopausal women. In
the non-exercising control group, VAT increased by
21% versus only a 7% increase in VAT in the RT
group. To date, there is no evidence in men that sug-
gests RT can prevent the development of VAT during
weight regain.

A recent meta-analysis by Ismail et al. [43] com-
pared the role of aerobic and RT on VAT. A total of 35
studies were included and all were randomized con-
trol trials that included either aerobic exercise and/or
RT program for a minimum of 4 weeks. When com-
pared with a control group, RT did not result in any
significant decrease in VAT. When compared with aer-
obic exercise, the results favored aerobic exercise, but
there was no significant difference in the changes in
VAT between the two modes of exercise.

As VAT also has been linked to insulin resistance
[44], it is possible that RT-induced reduction in VAT
improves insulin sensitivity. Research has shown that
a diet-induced weight loss (15%) combined with RT
resulted in a 37% reduction in VAT and increased
insulin sensitivity by 49%. However, others have
shown [39] that, although RT reduced VAT by 11.2%
and improved insulin action by 46.3%, no significant

relationship between the improvements in insulin sen-
sitivity and the losses in VAT was found. Further
research is warranted to determine the link between
reduction in VAT and improvement in insulin action.

Weight Management

Research showing beneficial effects of RT on the
musculoskeletal systems has led to recommendations
that it be included in an overall fitness program for all
adults [4]. However, what has not been emphasized by
these recent public health guidelines is the research
demonstrating the potential benefits of RT as a weight
gain prevention strategy, a role generally ascribed to
aerobic exercise training. RT may also play an impor-
tant role in the prevention of weight gain. In fact, RT
may elicit changes in fat mass (FM) of a magnitude sim-
ilar to that induced by aerobic training while
simultaneously increasing FFM. For example, in a
meta-analysis of 53 papers published from the late
1960s through the mid-1980s on the effect of cycling,
running/jogging, and RT programs on changes in body
mass, FM and FFM, Ballor and Poehlman [45] noted
that, in men, the reductions in FM and percent fat were
not different between exercise modes. The report lacked
statistical power to report any differences among the
women. Resistance training may also play a role in pro-
moting free-living physical activity [46,47]. Resistance
training has been shown to improve strength, balance
and locomotion [46]. If overweight and obese indivi-
duals increase strength in response to RT, increases in
activities of daily living may occur. This in turn would
contribute to total energy expenditure and may pro-
mote weight maintenance or weight loss.

Resistance training has been associated with
increases in FFM and resting energy expenditure
(REE). It has been demonstrated that RT of 12�16
weeks increases FFM on average by 1.7 kg with no
changes in total body mass for both men and women
[48,49]. This compares with no increases in FFM for
either men or women when aerobic exercise is per-
formed [50]. Thus, RT could potentially increase FFM,
which normally does not occur with aerobic exercise.
FFM is highly correlated with REE, which may lead to
an increase in total energy expenditure. REE accounts
for the largest component (60�75%) of total daily
energy expenditure and therefore plays a significant
role in the regulation of energy balance.

Resistance Training and Resting Energy
Expenditure

An increase in REE can have a significant impact on
total energy expenditure and the creation of a negative
energy balance. Theoretically, even small changes in
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REE may significantly affect the regulation of body
weight and body composition. Results from interven-
tion studies [51,52] have found increases in REE of 150
to 350 kcal/day after 8 to 16 weeks of RT in both youn-
ger and older individuals. The investigators attributed
the increase in REE to a decrease in FM and increase
in FFM. However, several investigators have reported
increases in REE in the absence of increases in FFM in
normal weight individuals. Pratley and colleagues [53]
examined changes in REE following 16 weeks of RT in
13 normal weight men. REE increased by B120 kcal/
day. Although FFM increased during the training pro-
gram (1 1.6 kg), the increase in REE persisted after the
authors controlled for changes in FFM. This finding
suggests that REE may be increased even in the
absence of increased FFM. The investigators speculated
that the increase in REE may have been related to the
increase in plasma levels of norepinephrine. Similar
results have been found in overweight and obese indi-
viduals. For example, Byrne and Wilmore [54]
reported that in 20 sedentary, moderately obese
women (age 38 years), there was a significant increase
in REE (44 kcal/day) following RT for 20 weeks,
4 days per week. In addition, most RT protocols are of
high intensity and are composed of at least three sets
of 6�8 RM, performed 3�4 days per week, involving
12�14 different exercises. The higher intensity may not
induce a significantly greater difference than a more
moderate RT protocol involving only one set and may
lead to poor compliance in obese individuals [55].
Therefore, exercise modalities such as RT that increase
compliance and adherence could be advantageous in
preventing weight gain.

Resistance Training and 24-hour Energy
Expenditure

The accelerated increase in the development of
overweight and obesity, combined with the difficulty
in treating these conditions, suggests that innovative
strategies for obesity prevention need to be developed
and evaluated. Resistance exercise training offers an
innovative and time-efficient approach to obesity pre-
vention that differs in concept from that of traditional
aerobic exercise. Aerobic exercise results in significant
increases in energy expenditure during, and for a short
time following, cessation of the activity [56,57].
Although the energy expenditure of RT is relatively
low during the activity [58,59], the accumulated energy
expenditure across 24 hours may be substantial
enough to aid in weight management [47,60,61].
Additionally, the increased energy expenditure associ-
ated with aerobic exercise may increase energy intake
and decrease daily physical activity energy expendi-
ture [62] whereas the minimal energy expenditure
associated with RT is unlikely to alter energy intake.

RT also has great potential to increase functional abil-
ity, which may increase daily physical activity levels,
leading to an increase in 24-h EE beyond increases in
REE alone [46,47].

Resistance Training and Daily Physical Activity

Unlike aerobic exercise, which may actually lead to
a decrease in daily physical activity [62], RT has the
potential to increase daily physical activity through an
improved ability to complete activities of daily living
(ADL). With aging comes a decrease in the ability to
complete ADL [63�65]. Although improvements in
general physical fitness can attenuate this decline, the
decline will occur regardless of overall physical fitness
levels [63�65]. One possible explanation for the
decrease in ADL is a decrease in muscular strength,
which also is a side effect of aging [66]. If muscular
strength can be maintained or increased, it is possible
that ADL can be maintained and possibly increased.
Although ADL are generally very short in duration,
when summed up over the course of a day, they have
the potential to considerably increase 24-h EE, which
can play a significant role in weight management.

The decrease in muscular strength with aging is
accompanied by a decrease in cardiovascular fitness
which also will contribute to a decrease in ADL. It
could be argued that aerobic exercise and RT both
have the potential to increase ADL. When one consid-
ers that most ADL are short in duration and of a very
low intensity, it becomes apparent that muscular
strength may play a greater role in completing ADL
than does cardiovascular fitness. There is considerable
evidence in older adults showing that ADL are
improved following RT [46,67�70]. Currently, there is
little if any evidence to support this relationship in
young adults. Considering the decline in levels of
physical fitness and the increasing rates of obesity, it is
easy to speculate that an increase in muscular strength
in physically unfit, overweight/obese young and mid-
dle age adults would result in less fatigue when doing
ADL. As fatigue from doing ADL decreases, there is
the potential to increase daily physical activity, which
would lead to an increase in 24-h EE.

There is considerable evidence that shows an
increase in physical function measures such as 6-meter
walks, repeated chair stands, stair climbs, and walking
speed following RT [71�73]. In theory, similar to ADL,
as physical function improves and the fatigue associ-
ated with these simple tasks decreases, there is greater
opportunity for individuals to be more active over the
course of the day. Although these are simple tasks of
very low intensity, the accumulated daily energy
expenditure associated with these tasks can contribute
to an increase in 24-h EE. To date, no research has
been published that examines the relationship between
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increased ADL and/or physical function and changes
in 24-h EE subsequent to RT.

Resistance Training and Fat Free Mass

Results of recent investigations on RT and body com-
position, ranging in duration from 9 to 26 weeks (mean
duration5 15 weeks), have shown an average increase
in FFM of approximately 1.7 kg (range 0.7 to 3.6 kg),
with no change in total body mass [47,48,50,60,61,74]. It
appears that these changes may occur in both younger
[60,75�78] and older individuals [47,48,50,61,74,79],
men [60,61,75,80] as well as women [54,61,78], and in
both normal weight (BMI# 25 kg/m2) [47,48,
60,61,75,78] and overweight individuals [53,74,76,81].
The changes in FFM should be interpreted with caution,
as FFM was assessed by imprecise methods. For exam-
ple, most investigators report changes in FFM assessed
by using skinfolds or hydrostatic weighing, which may
not accurately assess FFM compared with other modali-
ties such as Dual Energy X-ray Absorptiometry (DXA).
DXA may reduce the error in measurement that is nor-
mally associated with hydrostatic weighing and could
provide different results [82].

The importance of an increase in FFM is its positive
association with REE (r. 0.85) [83]. For example,
Bosselaers and colleagues examined REE in 10 RT men
and women and 10 healthy controls matched for age,
sex and percent body fat in a cross-sectional study
[84]. They found a higher REE in the RT individuals
compared with untrained controls (1 354 kcal/day).
This difference was eliminated after the researchers
adjusted REE for differences in FFM assessed by
hydrostatic weighing (RT, 696 3.4 kg vs Controls,
60.06 2.6 kg). This finding suggests that the elevated
REE in RT subjects is attributable to their greater quan-
tity of FFM. Increases in FFM as a result of RT may
provide enough of an increase in REE to prevent
weight gain in young adults.

Resistance Training Without Energy Restriction
and Body Weight

RT without diet does not result in decreased body
weight. Short-term studies of less than 6 months
[85�88] and long-term studies of at least 6 months or
greater [26,47,67,86,89�92] in women [48,78,87,91,93]
and men [53,74,81,85,87,94�96], and younger
[60,76,78,85,86,93] and older [53,74,81,94,96,97] partici-
pants generally show no significant changes in BMI or
body weight, although they generally show changes
for body composition, i.e., FFM increases and FM
decreases. For example, Treuth et al. [81] compared
two groups of older men. One group completed a 16
wk RT protocol (age 60 y) and the other group acted as
a control group (age 62 y). Body weight and BMI did
not change in either group. The RT resulted in

significant decreases in percent body fat (1.8%) and
FM (1.7 kg) and a significant increase in FFM (1.7 kg).
In the control group, percent body fat increased by 1.4
%, FM increased by 1.4 kg, and FFM decreased by
0.4 kg, all of which were not significant. Cullinen and
Caldwell [98] have reported similar results in young
women (mean age5 26 y). After 12 weeks of RT, body
weight and BMI had not changed in either the RT or
the control group. In the RT group there were signifi-
cant decreases in percent body fat (2.6%) and FM
(1.6 kg), and a significant increase in FFM (2.0 kg).
There were no significant changes in the control group.
Results of the aforementioned studies suggest the
potential for using RT for the prevention of weight
gain.

Resistance Training During Energy Restriction

Resistance training may help maintain FFM and
REE during diet-induced weight loss [99]. During a
very low calorie diet (VLCD) of 500�800 kcal/day, sig-
nificant weight loss occurs. Dieting, without exercise,
results in the loss of both body fat and a substantial
quantity of FFM. The result of a significant loss of FFM
is a potential reduction in REE [45].

Participating in RT during caloric restriction may
maintain or even increase FFM while having a similar
reduction in body weight to that with diet alone. A
number of studies support this claim [99�101]. Ballor
et al. [99] examined the effects of diet alone
(1340 kcal/d) or diet combined with RT on body
weight in obese women. After 8 weeks there were no
significant differences in the amount of weight lost
between the diet-only group (2 4.47 kg) and diet plus
RT group (2 3.89 kg). However, FFM increased in the
diet plus RT group (1.07 kg) compared with the diet-
only group (2 0.91 kg). It was concluded that adding
RT to a caloric restriction program results in compa-
rable reductions in body weight and maintenance of
FFM compared with diet only. In a similar study by
Geliebter et al. [100] a moderate caloric deficit
(1248 kJ/d) alone or combined with moderate RT
resulted in no significant difference in the average
amount of weight loss between the diet-only group
(2 9.5 kg) compared with a diet plus RT group
(2 7.9 kg) in obese men and women. However, the
diet-only group lost a significantly greater amount of
FFM (2 2.7 kg) compared with the RT plus diet group
(2 1.1 kg), suggesting that RT may attenuate the loss
in FFM on a moderate restricted diet compared with
diet alone, with no significant difference in the
amount of weight lost. These investigations are lim-
ited by the short duration (less than 6 months) and
use of moderate restricted diet, whose effects may dif-
fer from those of a more severe caloric restricted diet.
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Resistance Training Versus Aerobic Exercise
During Energy Restriction

There is debate as to whether RT or aerobic exercise
during a VLCD is more effective in attenuating the loss
of FFM and promoting FM reduction. It would be desir-
able to attenuate the loss of FFM and promote FM reduc-
tion in order to minimize the loss of tissue with higher
energy restriction and removing excess body fat that is
associated with obesity and increased disease risk [102].
Bryner et al. [103] examined the effects on FFM in 20 par-
ticipants randomized to an 800-calorie per day diet plus
either resistance or aerobic training. The aerobic exercise
group lost a significant amount of FFM, but the RT
group maintained FFM following the 12 weeks of train-
ing. Consequently, REE decreased in the aerobic exercise
group but increased in the RT group. These results sug-
gest that RT may assist in preserving FFM during energy
restriction, which could assist in the management of
body weight. For example, Pronk et al. [104] compared
the effects a VLCD (520 kcal/day) combined with either
aerobic exercise or RT. Aerobic exercise was performed
for 4 d/wk at 75% of heart rate reserve for 45 min each
session, while RT individuals performed three sets of
seven repetitions at 75% of 1-RM on eight exercises for
4 d/wk. After 12 weeks there was no difference in
amounts of weight or FFM loss between groups, suggest-
ing that RT is no more effective at retaining FFM and
promoting weight loss than aerobic exercise in indivi-
duals on a VLCD. However, most investigations are of
short duration, usually only 8�12 weeks, which may
affect the outcomes of RT on body composition. In one
of the few long-term studies (48 weeks) Wadden et al.
[105] examined the effects of RT or aerobic exercise com-
bined with diets ranging from 900 to 1250 kcal/d on
body weight and FFM. They found that RT did not result
in significantly better preservation of FFM than did
diet alone. Similar findings were reported by Donnelly
et al. [106] using a VLCD combined with either aerobic
training performed for 4 d/wk, 45 min, at 70% of heart
rate reserve versus RT 4 d/wk, three sets of seven repeti-
tions at 75% of 1-RM in obese women. At the conclusion
of 12 weeks of training there was no difference in the
amount of weight loss (2 16.6 kg vs 216.1 kg), FFM
(2 4.8 kg vs 24.7 kg) or FM (2 9.0 kg vs 29.3 kg) for the
aerobic trained group compared with the RT group.
Thus, the evidence suggests that RT may not moderate
the declines in FFM or induce greater weight loss than
aerobic exercise alone in investigations lasting between
12 and 48 weeks when combined with energy restriction.

The Role of Resistance Training Versus Aerobic
Exercise and Weight Maintenance

There appear to be successful strategies for mainte-
nance of weight loss that may be essential to long-term

weight management success. In addition to behavioral
predictors, such as cognitive control of overeating,
increased physical activity has been associated with
successful weight maintenance in an observational
investigation [107]. Increased physical activity is often
advocated as a solution to improve weight maintenance
[108�110]. However, in controlled intervention trials
with prescribed exercise training, the beneficial effects
of physical activity on long-term weight maintenance
have not been demonstrated unequivocally [107].
Nevertheless, high levels of physical activity were com-
mon among individuals in the National Weight Control
Registry cohort, a group of individuals who maintained
at least a 30 pound weight loss for at least 1 year.
Twenty-four percent of men and 20% of women in this
cohort reported regular weight-lifting exercises, a much
higher percentage than expected in the general popula-
tion (20% men, 9% women) [111]. The reality of the dif-
ficulty in the maintenance of body weight provides a
strong rationale for the development and evaluation of
strategies to prevent or slow the rate of weight gain.

Despite the potential benefits of RT on weight main-
tenance, few investigations have been performed to
elucidate the role of RT on weight maintenance follow-
ing weight loss. If RT is effective in maintaining body
weight following weight loss it may also be effective
as a weight maintenance strategy. For example, Ballor
et al. evaluated the effects of 12 weeks of aerobic exer-
cise versus RT in obese men and women following a
10% weight loss [50]. Individuals were randomized to
either an aerobic exercise or RT group 3 days per
week. Aerobic exercise was performed at 50% of
VO2max for 60 min each session, while RT individuals
performed three sets of eight repetitions at 65% of
1-RM on seven exercises. After 12 weeks following the
10% reduction in initial body weight the aerobic train-
ing group lost more weight (2 2.56 3 kg) than the RT
group (1 0.56 2 kg). The increase in body weight for
the RT group may be attributable to the increase in
FFM (1 1.5 kg) compared with a decrease in FFM in
the aerobic trained group (2 0.6 kg). Interestingly, REE
did not change significantly in the aerobic exercise
group (2 12 kcal/day) but increased in the RT group
(1 79 kcal/day), which over the long-term may further
attenuate the increase in body weight. In a longer
study of 24 weeks following a 13% weight loss in
obese men, Borg et al. evaluated the effects of aerobic
exercise or RT combined with dietary counseling com-
pared with a control group who received dietary
counseling only [112]. Individuals performed either
aerobic exercise or RT 3 days per week. Aerobic exer-
cise was performed at 65% of VO2max for 45 min each
session, while the RT group performed three sets of
eight repetitions at 70% of 1-RM. After 24 weeks, nei-
ther aerobic exercise nor RT improved weight
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maintenance when compared with the control group.
However, both aerobic exercise and RT attenuated the
regain in body weight. It was concluded that the poor
adherence in the aerobic trained group may have con-
tributed to the lack of weight maintenance compared
with the control group. Thus, RT may be an important
therapeutic method of weight maintenance by increas-
ing exercise adherence compared with aerobic exercise.
However, both of the aforementioned investigations
did not supervise all of the exercise sessions, but relied
on self-report, making it difficult to determine if the
individuals performed all of the prescribed exercise.
These results may further substantiate the significant
role that RT may have on preventing weight gain.
However, although these studies involve the effects of
RT on weight maintenance following weight loss, col-
lectively they suggest that RT could be potentially
effective in the prevention of weight gain in young
overweight adults, due to the success of preventing
weight gain following weight loss.

SUMMARY

Traditionally, RT has been recommended for build-
ing and maintaining FFM and initially was not consid-
ered an important mode of physical activity for
improving or maintaining human health. As new evi-
dence emerged, it became apparent that RT may be
more important to human health beyond building and
maintaining FFM. Although aerobic exercise is still
considered the most important mode of physical activ-
ity for improving human health, it is quite apparent
that RT can be a valuable mode of physical activity for
improving health as well. The latest physical activity
recommendations emphasize the importance of RT in
building strength and FFM as well as the role of RT in
improving numerous cardiovascular risk factors. RT is
a growing field of research, and one can speculate that
RT’s role in human health will continue to expand as
it has since the original physical activity recommenda-
tions were published in 1978.
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ACUTE AND CHRONIC
PSYCHOLOGICAL EFFECTS OF EXERCISE

Research evidence reveals that physical activity
yields numerous health benefits [1�4]. There is also
scholastic evidence linking regular exercise and/or
sport with positive mental wellbeing [5�9], as well as
lower psychophysiological reactivity to mental stress
[10�13]. The acute psychological benefits of exercise on
various measures of affect and state anxiety are consis-
tently demonstrated in the literature [7,14�22]. Since a
single bout of acute exercise yields immediate psycho-
logical benefits, it may be seen as a suitable non-
pharmaceutical antidote to stress and various mood
disorders, in addition to its other health benefits. It is
therefore not surprising then that the American College
of Sports Medicine (ACSM) launched the ‘Exercise is
Medicine’ program initiative [23] to make physical
exercise part of both prevention and treatment of vari-
ous morbidities.

Research has confirmed that different forms of
exercise can trigger positive psychological changes
[16,24�27]. The mechanisms by which acute exercise
leads to improved wellbeing are primarily based on
the volume and/or the duration and intensity of
exercise (as a mediator of the psychological effect).
The most popular theories are the endorphin hypoth-
esis [28], the amine hypothesis [28], and the thermo-
genic hypothesis [29]. However, most of these
theories have been challenged, because it is now evi-
dent that the intensity of exercise has little or no role
in the acute psychological benefits of exercise on feel-
ings states [22,30,31]. A placebo mechanism, that
complements other mechanisms, has recently been
proposed [32].

Ekkekakis [30] reviewed over one hundred research
papers and concluded that exercise performed at self-
selected intensity triggers effects in wellbeing and may
be appropriate from a public health perspective. In con-
sidering the duration of exercise, research has shown
that a number of positive psychological changes occur
even after brief 10-minute bouts of physical exercise
[14,33,34]. Therefore, brief exercise bouts are sufficient
for experiencing psychological benefits, in contrast to
physiological effects that require greater volumes [35].
However, using a cluster randomized cross-over
design, Sjögren [36] found that an average of 5 minutes
training per working day decreased the prevalence of
headache, neck, shoulder and low back symptoms, and
alleviated the intensity of headaches, neck and low
back pain among symptomatic office workers. The
intervention also improved subjective physical wellbe-
ing. Therefore, physical benefits— despite the possibil-
ity that they may occur via placebo effects— also occur
after short bouts of exercise.

Long-term regular exercise also benefits one’s psy-
chological health. A recent review by Gogulla, Lemke,
and Hauer [37] showed that most research reports
claim that physical exercise results in a significant
reduction of depression and fear of falling in healthy
elderly participants. However, the evidence was not
convincing in elderly people with cognitive
impairment. The reviewed studies also suggested that
high-intensity aerobic or anaerobic exercise appears to
be the most effective in reducing depression, while
Tai-Chi and multimodal training are more effective in
reducing the fear of falling. Another recent study
showed that physical exercise training helps in reduc-
ing symptoms of worry among generalized anxiety
disordered patients [38]. In contrast to a waiting list
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control group, the symptoms of worry decreased after
6 weeks of bi-weekly interventions in female partici-
pants in both aerobic exercise and resistance training
exercise groups. Consequently, from a mental health
perspective, both aerobic (endurance) and anaerobic
(strength) exercises have beneficial long-term effects.

In an earlier review, Herring, Connor, and Dishman
[39] concluded that exercise training significantly
reduced anxiety symptoms when compared with no-
treatment conditions. The authors noted that the exer-
cise interventions that resulted in the largest anxiety
improvements were those that (i) lasted not longer than
12 weeks, (ii) used exercise sessions lasting at least 30
minutes, and (iii) measured persistent anxiety lasting
for more than 1 week. Milani and Lavie [40] showed
that, apart from the anxiety-mediating effects of exer-
cise, regular physical activity is also beneficial in the
management of stress-related illnesses. The authors
found that psychosocial stress is an independent risk
factor for mortality in patients with coronary artery dis-
ease, and regular exercise training could effectively
reduce its prevalence. In their study, the authors
claimed that exercise training reduced mortality in
patients with coronary artery disease, and that the
observed effect may be mediated (at least in part) by
the positive effects of exercise on psychosocial stress.

MOTIVATION FOR EXERCISE BEHAVIOR:
WHY DO PEOPLE EXERCISE?

Motivation for exercise could be physically or psy-
chologically oriented. Physical motives include (i)
being in better physical condition, (ii) having a better
looking and healthier body, (iii) having greater
strength and endurance, and/or (iv) facilitating weight
loss. However, the work-for and achievement of a
physical goal also inherently triggers psychological
rewards. Individuals participate in physical activity for
one or more specific reasons. The reason is often an
intangible social reward that itself stems from psycho-
logical needs of the person, like being with old bud-
dies or making new friends. The personal experience
of the anticipated reward strengthens the exercise
behavior. The key point here is that there is always an
anticipated reward, and the degree of fulfillment of
that reward strongly predicts the continuance of the
exercise behavior. Behaviorists, adhering to one of the
most influential schools of thought in the field of psy-
chology, postulate that most human behavior can be
understood and explained through reinforcement and
punishment. The gist of the theory is the operant
conditioning-based governance of behavior, which
involves positive reinforcement, negative reinforce-
ment, and punishment [41]. Positive reinforcement is a

motivational incentive for engaging in an activity to
gain a reward that is subjectively pleasant or desirable
(e.g., increased muscle tone). The reward then becomes
a motivational incentive that increases the likelihood
that the behavior will reoccur. In contrast, negative
reinforcement is a motivational incentive for doing
something to avoid a noxious or unpleasant event
(e.g., gaining weight). The avoidance or reduction of
the noxious stimulus is the reward, which then
increases the probability that the behavior will reoccur.
Here, the behavior is essentially used as a coping
mechanism by the individual. It should also be noted
that while both positive and negative reinforcers
increase the likelihood of engaging in the behavior
[41], their mechanisms are different because in positive
reinforcement there is a ‘gain’ following the action (e.
g., feeling revitalized), whereas in behaviors motivated
by negative reinforcement one attempts— for whatever
reason—to ‘avoid’ or prevent something bad, unpleas-
ant, and/or simply undesirable (e.g., feeling guilty or
fat if a planned exercise session is missed).
Punishment, on the other hand, refers to situations in
which the imposition of some noxious or unpleasant
stimulus or event (or alternately the removal of a
pleasant or desired stimulus or event) reduces the
probability of a given behavior reoccurring. In contrast
to reinforcers, punishers suppress the behavior and,
therefore, exercise or physical activity, reading or other
desirable behaviors should never be used (by teachers,
parents, or coaches) as punishment.

Habitual exercisers may be motivated by positive
reinforcement associated with muscle gain. However,
numerous exercisers are motivated by negative rein-
forcement (e.g., to avoid gaining weight). Every time a
person undertakes behavior to avoid something nega-
tive, bad, or unpleasant, the motive behind that behav-
ior is classified as negative reinforcement. In these
situations, the person involved has to do it in contrast
to wants to do it. In the punishment situation, the per-
son has to do it in a similar way to negative reinforce-
ment, with the difference that (unless we talk about
rare instances of self-punishment) the source of obliga-
tion (i.e., one has to do it) comes from an outside
source (e.g., a parent, a teacher, the law, etc.) rather
than from the inside. It is very important to differenti-
ate between imposed punishment and self-selected
negative reinforcement in exercise behavior.

There are many examples in other sport areas where
a behavior initially driven by positive reinforcement
may turn into negatively reinforced behavior. For
example, an outstanding football player who starts
playing the game for fun, after being discovered as a
talent and being offered a service contract in a team,
becomes a professional player who upon signing the
contract is expected to perform. Although the player
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may still enjoy playing (especially when all goes well),
the pressure or expectation to perform is the “has to
do” new facet of football playing and the negatively
reinforcing component of their sporting activity.

THEORIES AND MODELS ACCOUNTING
FOR THE PSYCHOLOGICAL BENEFITS OF

EXERCISE

The Sympathetic Arousal Hypothesis

Back in the 1980s, Thompson and Blanton [42]
developed the Sympathetic Arousal Hypothesis on the
basis of the factual information that regular exercise
(especially aerobic exercise like running) if performed
for a sustained period, resulted in decreased heart rate
at rest. While heart rate is only a rough measure of the
body’s sympathetic activity (which is directed by the
autonomic nervous system), it is, nevertheless, a sensi-
tive measure and it is often used to mirror sympathetic
activity. A lower resting heart rate after training results
from the adaptation of the person to exercise. With
repeated exercise, the person develops a more efficient
cardiovascular system characterized by lower basal
heart rate, lower sympathetic activity, and lesser
arousal at rest. This new state of lowered arousal may
induce relaxation, tranquility, and a positive engage-
ment in the habituated exerciser [43].

The Cognitive Appraisal Hypothesis

A psychological explanation based on negative rein-
forced behavior stems from Szabo [44]. According to
this model, some exercisers workout to escape from
their psychological hardship [45]. They use exercise as
a means of coping with stress. Once the person uses
exercise for coping with hardship, the affected individ-
ual starts to depend on the adopted form of exercise,
because every session brings the desired psychological
effect. Therefore, the person experiences a form of psy-
chological relief after exercise. When exercise is pre-
vented for some reason, the exerciser loses the means
of coping, and the lack of exercise triggers the opposite
effect, that is negative psychological feeling states like
irritability, guilt, anxiousness, sluggishness, etc. These
feelings collectively are known as withdrawal symp-
toms experienced because of no- or reduced exercise.
Avoidance of these symptoms is a negative reinforcer
for exercise behavior.

The Affect Regulation Hypothesis

The affect regulation hypothesis posits that exercise
has a dual effect on mood. First it increases the

positive affect (defined as momentary psychological
feeling states of somewhat longer duration than
momentary emotions) and therefore contributes to an
improved general mood state (defined as prolonged
psychological feeling states lasting for several hours or
even days). Second, exercise decreases the negative
affect or the transient state of guilt, irritability, slug-
gishness, anxiety, etc. and therefore contributes to an
improved general mood state [46].

The Thermogenic Regulation Hypothesis

This model is based on physiological evidence that
physical exercise increases body temperature. A warm
body temperature induces a relaxing state with con-
comitant reduction in anxiety (similar to sun-tanning,
Turkish or warm bath, and sauna effects). Therefore,
physical exercise reduces anxiety [47,48] via an
increased state of physical relaxation. Lower levels of
anxiety and states of relaxation are therefore positive
reinforcers in exercise behavior. A relaxed body
relaxes the mind and yields a positive subjective feel-
ing state.

The Catecholamine Hypothesis

This hypothesis is driven by the observation that
increased levels of catecholamines may be measured
(in the peripheral blood circulation) after exercise [49].
Catecholamines, among other functions, are involved
in the stress response and sympathetic responses to
exercise. In light of the catecholamine hypothesis, it is
speculated that central catecholaminergic activity is
altered by exercise. Because central catecholamine
levels are involved in regulating mood and affect and
play an important role in mental dysfunctions like
depression, the alteration of catecholamines by exercise
may be an attractive explanation. However, to date,
there is inconclusive evidence for this hypothesis.
Indeed, it is unclear whether the peripheral changes in
catecholamines have an effect on brain catecholamine
levels or vice versa. Furthermore, the changes in brain
catecholamine levels during exercise in humans are
unknown, because direct measurement in the human
brain is not possible.

The Endorphin Hypothesis

This model is attractive and popular in the literature
because it is connected to the “runner’s high” phenom-
enon (i.e., a pleasant feeling state associated with posi-
tive self-image, sense of vitality, control, and a sense of
fulfillment reported by runners as well as by other
exercisers after a certain amount and intensity of
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exercise). This feeling has been associated with
increased levels of endogenous opioids and catechola-
mines observed after exercise. The theory behind this
model is that exercise leads to increased levels of
endorphins in the brain, which act as internal psycho-
active agents yielding a sense of euphoria. In fact, this
hypothesis is analogous to substance or recreational
drug addiction (e.g., heroin, morphine, etc.) with the
exception that the psychoactive agent (beta endorphin)
is endogenously generated from within the body dur-
ing exercise rather than being exogenously generated
from a substance outside the body.

THE “RUNNERS’ HIGH” PHENOMENON
AND THE ACUTE PSYCHOLOGICAL

EFFECTS OF EXERCISE

“I believe in the runner’s high, and I believe that those
who are passionate about running are the ones who experi-
ence it to the fullest degree possible. To me, the runner’s high
is a sensational reaction to a great run! It’s an exhilarating
feeling of satisfaction and achievement. It’s like being on top
of the world, and truthfully . . . there’s nothing else quite like
it!” —Sasha Azevedo (http://www.runtheplanet.com/resources/
historical/runquotes.asp)

For many decades, marathon runners, long-distance
joggers, and even regular joggers have reported a feel-
ing state of strong euphoria masking the fatigue and
pain of physical exertion caused by very long sessions
of exercise. This euphoria triggers a sensation of “fly-
ing”, effortless movement, and has become a legend-
ary goal referred to as “the zone” [50]. The existence of
runner’s high is subject of heated debate in scholastic
circles. The question is whether a biochemical explana-
tion for the runner’s high exists, or it is a purely sub-
jectively (psychologically) conceptualized and
popularized terminology. Runners (and most if not all
habitual exercisers) experience withdrawal symptoms
when their exercise is prevented. The symptoms
include guilt, irritability, anxiety, and other unpleasant
feelings [44]. Research has shown that the human body
produces its own opiate-like peptides, called endor-
phins. Like morphine, these peptides can cause depen-
dence [51] and consequently may be the route of
withdrawal symptoms. In general, endorphins are
known to be responsible for pain and pleasure
responses in the central nervous system. Morphine
and other exogenous opiates bind to the same recep-
tors that the body intended for endogenous opioids or
endorphins, and since morphine’s analgesic and
euphoric effects are well documented, comparable
effects for endorphins can be anticipated [52].

Research has been conducted to examine the effects
of fitness levels, gender, and exercise intensity on

endogenous opioid—mainly beta-endorphin—produc-
tion during cycling, running on a treadmill, participat-
ing in aerobic dance, and running marathons. Research
by Biddle and Mutrie [53] reported that aerobic exer-
cise can cause beta-endorphin levels to increase five-
fold compared with baseline levels. Fitness level of the
research participants appears to be irrelevant as both
trained and untrained individuals experienced an
increase in beta-endorphin levels, although the meta-
bolism of beta-endorphins appeared to be more effi-
cient in trained athletes [54].

Goldfarb et al. [55] examined gender differences in
beta-endorphin production during exercise. Their
results did not show any gender differences in beta-
endorphin response to exercise. Other studies have
demonstrated that both exercise intensity and duration
are factors in increasing beta-endorphin concentra-
tions. For example, the exercise needs to be performed
at above 60% of the individual’s maximal oxygen
uptake (VO2max) [54] and for at least 3 minutes [56] to
detect changes in endogenous opioids.

Researchers have further examined the correlation
between exercise-induced increase in beta-endorphin
levels and mood changes, using the Profile of Mood
States (POMS) inventory [51]. Here, the POMS was
administered to all participants before and after their
exercise session. The participants gave numerical rat-
ings to five negative categories of mood (i.e., tension,
depression, anger, fatigue, and confusion) and one posi-
tive category (vigor). Adding the five negative affect
scores and then subtracting from the total, the vigor
score yields a “total mood disturbance” (TMD) score. In
Farrell’s study the TMD scores improved by 15 and 16
raw score units from the baseline, after participants
exercised at 60% and 80% VO2max. Quantitatively,
mood improved about 50%, which corresponds to clini-
cal observations that people’s moods are elevated after
vigorous exercise workouts. Using radioimmunoassay
techniques, Farrell et al. [51] also observed two- to five-
fold increase in plasma beta-endorphin concentrations
as measured before and after exercise.

However, Farrell et al.’s research is inconclusive.
First, only six well-trained endurance athletes were
studied, and the six showed large individual variations
in beta-endorphin response to submaximal treadmill
exercise. Second, the exercise-induced changes in
mood scores were not statistically significantly differ-
ent between pre- and post-exercise scores. Third, no
significant relationship between mood measures
obtained with the POMS inventory and plasma beta-
endorphin levels was found. Therefore, the obtained
results do not conclusively prove that beta-endorphins
cause mood elevations. However, a more questionable
issue—also recognized by Farrell et al.—is that the
beta-endorphin measure in the experiment comes from
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plasma, which means that this type of beta-endorphin
is located in the periphery. Because of its chemical
makeup, beta-endorphin cannot cross the blood brain
barrier (BBB). Hence, plasma beta-endorphin fluctua-
tions do not reflect beta-endorphin fluctuations in the
brain. Some researchers have speculated that endoge-
nous opiates in the plasma may act centrally and
therefore can be used to trace CNS activity [53]. At this
time, such models concerning beta-endorphins only
rely on circumstantial evidence that two opioids (i.e.,
met-enkephalin and dynorphin) show a modification
mechanism that might possibly transport them across
the BBB [52]. Unfortunately, direct measurement of
changes in brain beta-endorphins involves cutting
open the brain and employing radioimmunoassay
techniques on brain slices. Animal studies, using rats,
have been performed and they have shown an increase
in opioid receptor binding after exercise [57].

In humans, to work around this problem, research-
ers proposed that naloxone could be useful in testing
whether beta-endorphins play a role in CNS-mediated
responses like euphoria and analgesia. Since it is a
potent opioid receptor antagonist, it competes with
beta-endorphin to bind to the same receptor. Thus,
injection of naloxone into humans should negate the
euphoric and analgesic effects produced by exercise, if
indeed beta-endorphin facilitates such effects. Such
research has found that naloxone decreases the analge-
sic effect reportedly caused by runner’s high, but other
researchers who have conducted similar experiments
remain divided about these results. As for naloxone’s
effects on mood elevation, Markoff, Ryan, and Young
[58] observed that naloxone did not reverse the posi-
tive mood changes induced by exercise.

Mounting evidence demonstrates that beta-
endorphins are not necessary for the euphoria experi-
enced by exercisers. Harte, Eifert, and Smith [59] noted
that, although exercise produces both positive emo-
tions and a rise in beta-endorphin levels, the two are
not necessarily connected. Indeed, physically unde-
manding activities like watching comedy programs or
listening to music produce elevations in mood identi-
cal to those resulting from exercise [60,61], although
accompanying elevations in beta-endorphins were not
be observed after watching comedy programs [62] or
music [63]. Similarly, Harte et al. [59] found that both
running and meditation resulted in significant positive
changes in mood. In addition to taking mood mea-
sures, Harte et al. have also measured plasma beta-
endorphin levels of the participants. As expected,
those in the meditation group did not show a rise in
beta-endorphin levels, despite reported elevations in
mood. Such results seem to further question the link
between mood improvement and changes in beta-
endorphin levels following exercise.

Answering the improved mood and increased beta-
endorphin levels connection question inversely, experi-
ments were carried out in which beta-endorphin was
directly injected into the bloodstream of healthy parti-
cipants. The results failed to show any changes in
mood [53]. On the other hand, beta-endorphin injec-
tions had a positive effect on clinically depressed
patients [53]. Furthermore, electroconvulsive therapy,
used to treat patients with depression, also increased
plasma beta-endorphin levels.

The lack of beta-endorphin release during medita-
tion, and the lack of mood alteration after beta-
endorphin injection, call for attention on factors that
influence beta-endorphin levels. In an effort to consoli-
date peripheral beta-endorphin data with the central
nervous effects, researchers have realized that the
peripheral opioid system requires further investiga-
tion. Taylor et al. [64] proposed that, during exercise,
acidosis is the trigger of beta-endorphin secretion in
the bloodstream. Their results showed that blood pH
level strongly correlated with beta-endorphin level
(i.e., acidic conditions raise the concentration of beta-
endorphin; buffering the blood attenuates this
response). The explanation behind such observations is
that acidosis increases respiration and stimulates a
feedback inhibition mechanism in the form of beta-
endorphin. The latter interacts with neurons
responsible for respiratory control, and beta-endorphin
therefore serves the purpose of preventing hyperventi-
lation [64]. How then is this physiological mechanism
connected to CNS-mediated emotional responses?
Sforzo [52] noted that, since opioids have inhibitory
functions in the CNS, if a system is to be activated
through opioids, at least one other neural pathway
must be involved. Thus, instead of trying to establish
how peripheral amounts of beta-endorphin act on the
CNS, researchers could develop an alternate physio-
logical model demonstrating how the emotional effects
of opioids may be activated through the inhibition of
peripheral sympathetic activity [52].

While the “runner’s high” phenomenon has not
been empirically established as a fact, and beta-endor-
phins’ importance in this event is questionable, other
studies have shown how peripheral beta-endorphins
affect centrally-mediated behavior. Electro-
acupuncture used to treat morphine addiction by
diminishing cravings and relieving withdrawal symp-
toms, caused beta-endorphin levels to rise [65]. Since
exercise also increases beta-endorphin levels in the
plasma, McLachlan et al. [65] investigated whether
exercise could lower exogenous opiate intake. Rats
were fed morphine and methadone for several days
and then randomly divided into two groups of exerci-
sers and non-exercisers. At that time, voluntary exoge-
nous opiate intake was recorded to see if the exercise
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would affect the consumption of opiate in exercising
rats. The results showed that, while opiate consump-
tion had increased in both groups, exercising rats did
not consume as much as non-exercising animals, and
the difference was statistically significant [65]. These
findings suggest that exercise decreases craving.

In conclusion, the connection between beta-
endorphins and runner’s high is an elegant explana-
tion but without sufficient empirical support. It is
likely that the intense positive emotional experience, to
which athletes, runners, and scientists refer as the run-
ner’s high, is evoked by several mechanisms acting
jointly. Szabo [60] has shown that, while exercise and
experiencing humor are equally effective in decreasing
negative mood and increasing positive mood, the
effects of exercise last longer than those of humor.
These results are evidence for the involvement of more
than one mechanism in mood alterations after physi-
cally active and relatively passive interventions.

THE DARK SIDE OF PHYSICAL
ACTIVITY: EXERCISE ADDICTION

Beside the many advantageous effects of physical
training, excessive exercise also has the potential to
have adverse effects on both physical and mental
health, and to lead to exercise addiction. Currently,
exercise addiction is not cited within any officially rec-
ognized medical or psychological diagnostic frame-
works. However, it is important, on the basis of the
known and shared symptoms with related morbidities,
that the dysfunction receives attention in a miscella-
neous category of other or unclassified disorders. Based
on symptoms with diagnostic values, exercise addiction
could potentially be classified within the category of
behavioral addictions [66�69]. Despite increased usage of
the term ‘exercise addiction’, several incongruent termi-
nologies are still in use for this phenomenon [70]. The
most popular is arguably exercise dependence [71,72].
Others refer to the phenomenon as obligatory exercis-
ing [73] and exercise abuse [74], while in the media the
condition is often described as compulsive exercise [75].

The Symptoms of Exercise Addiction

Regarding the symptoms, exercise addiction is char-
acterized by six common symptoms of addiction:
salience, mood modification, tolerance, withdrawal
symptoms, personal conflict, and relapse [76�78].
However, it is important to clarify whether exaggerated
exercise behavior is a primary problem in the affected
person’s life or emerges as a secondary problem in con-
sequence of another psychological dysfunction. In the

former case, the dysfunction is classified as primary
exercise addiction because it manifests itself as a form
of behavioral addiction. In the latter case it is termed as
secondary exercise addiction because it co-occurs as a
consequence of another dysfunction, typically with
eating disorders such as anorexia nervosa or bulimia
nervosa [79�81]. In the former, the motive for over-
exercising is typically geared towards avoiding some-
thing negative [78], although the affected individual
may be totally unaware of their motivation. It is a form
of escape response to a source of disturbing, persistent,
and uncontrollable stress. However, in the latter, exces-
sive exercise is used as a means of achieving weight
loss (in addition to very strict dieting). Thus, secondary
exercise addiction can have a different etiology than
primary exercise addiction. Nevertheless, it should be
highlighted that many symptoms and consequences of
exercise addiction are similar whether it is a primary or
secondary exercise addiction. The distinguishing fea-
ture between the two is that in primary exercise addic-
tion the exercise is the objective, whereas in secondary
exercise addiction weight loss is the objective, while
exaggerated exercise is one of the primary means in
achieving the objective.

Measurement of Exercise Addiction

In measuring exercise addiction, two popular scales
are worth noting. The Exercise Dependence Scale
(EDS) [82�84] conceptualizes compulsive exercise on
the basis of the DSM-IV criteria for substance abuse or
addiction [85], and empirical research shows that it is
able to differentiate between at-risk, dependent, and
non-dependent athletes, and also between physiologi-
cal and non-physiological addiction. The EDS has
seven subscales: (i) tolerance, (ii) withdrawal, (iii)
intention effect, (iv) lack of control, (v) time, (vi) reduc-
tion of other activities, and (vii) continuance. To gener-
ate a quick and easily administrable tool for surface
screening of exercise addiction, Terry, Szabo and
Griffiths [86] developed the ‘Exercise Addiction
Inventory’ (EAI), a short six-item instrument aimed at
identifying the risk of exercise addiction. The EAI
assesses the six common symptoms of addictive beha-
viors mentioned above: (i) salience, (ii) mood modifica-
tion, (iii) tolerance, (iv) withdrawal symptoms, (v)
social conflict, and (vi) relapse. Both measures have
been psychometrically investigated and proved to be
reliable instruments [87].

Epidemiology of Exercise Addiction

Studies of exercise addiction prevalence have been
carried out almost exclusively on American and British
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samples of regular exercisers. In five studies carried out
among university students, Hausenblas and Downs
[84] reported that between 3.4% and 13.4% of their sam-
ples were at high risk of exercise addiction. Griffiths,
Szabo, and Terry [88], reported that 3.0% of a British
sample of sport science and psychology students were
identified as at-risk of exercise addiction. These
research-based estimates are in concordance with the
argument that exercise addiction is relatively rare [89,90]
especially when compared with other addictions [91].
Nevertheless, given the severity of the problem, even a
tenth of positive diagnoses among the high-risk cases
may be large (i.e., 0.3% is 30/10,000 cases).

Among those who are also professionally con-
nected to sport, the prevalence may be even higher.
For example, Szabo and Griffiths [92] found that 6.9%
of British sport science students were at risk of exer-
cise addiction. However, in other studies where
more-involved exercisers were studied, much higher
estimates have generally been found. Blaydon and
Lindner [93] reported that 30.4% of triathletes could
be diagnosed with primary exercise addiction, and a
further 21.6% with secondary exercise addiction. In
another study, 26% of 240 male and 25% of 84 female
runners were classified as “obligatory exercisers” [94].
Lejoyeux et al. [95] found that 42% of clients of a
Parisian fitness room could be identified as exercise
addicts. Recently, he reported lower rates of just
under 30% [96]. However, one study that surveyed 95
‘ultra-marathoners’ (who typically run 100 km races)
reported only three people (3.2%) as at-risk for exer-
cise addiction [97]. Gender, however, can have a
moderating effect on ideal-weight goals and exercise
dependence symptoms [98]. It is evident that, besides
differences in the applied measures and criteria, these
appreciable differences in the estimates may be
attributable to the sample selection, small sample size,
and the sampling method. With the exception of the
study by Lejoyeux et al. [95] that applied consecutive
sampling, all the aforementioned studies used conve-
nience sampling.

To date, the only national representative study is the
one carried out by Mónok et al. [87] on a Hungarian
adult population aged 18�64 years (N5 2,710), and
assessed by both the EAI and the EDS. According to
their results 6.2% (EDS) and 10.1% (EAI) of the popula-
tion were characterized as nondependent-symptomatic
exercisers, while the proportions of the at-risk exerci-
sers were 0.3% and 0.5%, respectively.

CONCLUSIONS

This chapter reviewed physical exercise (both acute
and chronic) and showed that it can have

advantageous and disadvantageous effects. Long-term
exercising at an optimal level can significantly contrib-
ute to physical and psychological health, whereas, in
some cases, excessive exercisers can develop exercise
addiction that can have various harmful effects.
Similarly to other behaviors that can also become
addictive, it was demonstrated that exercising also has
the potential to develop over-engagement that might
lead to negative consequences. The task and responsi-
bility of researchers and healthcare promoters is to
communicate clearly on these issues. More specifically,
they should promote exercising as a behavior to
improve health but also draw attention to the possible
harms related to over-exercising and addiction.
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INTRODUCTION

Bone is a living tissue with two main functions:
structural support and mineral storage. It must be
simultaneously stiff for protection of internal organs,
flexible to support deformations without breaking, and
light to allow movements. Bone is also a reservoir of
several ions, containing 99% of total body calcium [1].

Many factors can influence bone health: heredity, phys-
ical activity, food intake (especially related to calcium,
vitamin D and energy) and serum vitamin D sufficiency.
Physiological events such as pubertal age, menstrual
cycles, parity, breast-feeding, menopause, and aging also
interfere with the skeleton [2,3]. Incidence of bone dis-
eases is growing worldwide, and the complex interaction
of etiological factors requires greater research [1].

Physical activity seems to be the major influence in
bone mineral density (BMD) [4] as bone mass increases
in response to active and passive activities [2,5]. Exercise
is often recommended for both prevention and treatment
of low BMD, and athletes have higher BMD values than
non-athletes [6,7]. However, extreme exercises may be
detrimental to bone health, especially in the young [8].

Besides the progressive growing literature related to
bone health and performance, several doubts remain
and many topics must be addressed.

BONE HEALTH

Bone mass seems to be polygenic, and multiple genes
may be involved in both the attainment of bone mass

and in the control of bone turnover. Candidate genes
include the vitamin D receptor (VDR) gene [9,10], the
vitamin D promoter region of the osteocalcin gene [11],
as well as genes for type 1 collagen (COL1A1), the
estrogen receptor [12], and certain cytokines [1].

Food consumption is another important factor for
bone mineral accrual, especially related to calcium,
vitamin D and energy. The calcium requirement is ele-
vated, especially in adolescence (Recommended
Dietary Allowance 1300 mg/day) [13]. Studies in ado-
lescents showed that the consumption of foods rich in
calcium, such as milk and cheese, are usually insuffi-
cient in this period of life [14,15]. As an adaptive pro-
cess, there is an increase in the capacity of calcium
intestinal absorption during childhood and puberty
[16], but this adjustment is not sufficient to avoid a
negative balance when the long-term calcium intake is
400 mg/day or less [17].

During childhood and adolescence the skeleton
grows and changes its shape by bone modeling, a pro-
cess in which bone formation is not preceded by bone
resorption. After peak bone mass is achieved, skeleton
integrity depends on bone renewal, known as remo-
deling or turnover. This process, where bone formation
occurs only at sites previously resorbed, guarantees
the substitution of old packets of bone by new ones at
a rate of 10�15% annually on average. Bone remodel-
ing occurs at all bone surfaces and is more active
within the trabecular compartment than in cortical
bone [18].

Bone remodeling is also committed to calcium and
phosphorus homeostasis. Approximately 99% of the
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total body calcium is found in bone and teeth, 1% in
other tissues, and 0.1% in the extracellular space.
When calcium intake or absorption is inadequate,
parathyroid hormone (PTH) is secreted to avoid hypo-
calcemia by increasing the conversion of
25-hydroxyvitamin D into 1,25di-hydroxyvitamin D
and intestinal absorption, increasing the renal tubular
calcium reabsorption but also increasing bone resorp-
tion. If the stimulus persists, secondary hyperparathy-
roidism will cause a negative bone balance [1].

Another important nutrient to maintain mineral
equilibrium in the body is vitamin D, an essential ste-
roid hormone. The cholecalciferol vitamin D3 (of animal
origin) is synthesized in the skin through the action of
ultraviolet light on 7-dehydrocholesterol, a cholesterol
derivative distributed widely in the body [1]. The con-
sumption of food rich in this vitamin, such as fish liver
oil and saltwater fishes like sardine and herring, and
others with a small quantity such as egg, meat, milk
and butter, is extremely important to bone health [19].
As expected, unfortunately, vitamin D intake is insuffi-
cient in different regions of the world [20]. The earliest
manifestations of vitamin D deficiency are muscle
weakness and increased risk of infection. In children a
nonspecific symptom of hypovitaminosis D is
decreased appetite [14]. More severe and long-term
deficiencies cause accelerated bone loss due to second-
ary hyperparathyroidism and impair skeleton minerali-
zation, causing diffuse bone pain and osteomalacia
(corresponding to rickets in childhood) [1,21].

Energy availability is also extremely important to
bone and corresponds to the amount of energy that
remains available to the body after, for example, expen-
diture in exercise training. It is the energy used to sup-
port all other bodily functions, including reproductive
and endocrine system functions. Low energy availabil-
ity can result from an insufficient energy diet, inten-
tional restrictive or disordered eating (DE) behaviors,
or it can be related to extreme weight control measures
(fasting, diet pills, laxatives, diuretics, or enemas) [22].
When energy deficits reach a critical level, the functions
of the reproductive system can be disrupted [23].

Energy deficiency can suppress gonadotropin-
releasing hormone (GnRH) from the hypothalamus,
inhibiting the release and pulsatility of luteinizing hor-
mone (LH) [24] and follicle-stimulating hormone (FSH)
from the pituitary gland [25]. The inhibited release of
other hormones from the pituitary gland can cause
decreased circulating levels of thyroid hormones (espe-
cially triiodothyronine or T3), insulin, insulin-like
growth-factor-1 (IGF-1) and leptin [26], and increased
levels of other hormones, such as cortisol and growth
hormone (GH). All these alterations are important to
signal the body to increase food intake and return to
its normal body composition [27].

The risk of developing a fragility fracture is depen-
dent on the maximum amount and strength of bone
achieved in any person’s lifetime, and the rate at
which the bone is subsequently lost. Evidence indi-
cates that childhood and the adolescent years provide
a ‘window of opportunity’ to maximize bone mass and
strength [28]. Adolescence is characterized by an accel-
erated bone turnover, but formation must exceed
resorption to guarantee a progressive bone gain until
peak bone mass is reached. The amount of bone mass
acquired in youth will serve as a reservoir for the rest
of life and will be one of the major factors protecting
against osteopenia and osteoporosis in future life [29].
Peak bone mass is attained by the third decade of life
in both women and men [30,31]. Moreover, bone matu-
ration in females is reported to be complete at the end
of adolescence [32]. Although the general understand-
ing is that peak bone mass occurs by the end of the
second or early in the third decade of life [33], accu-
mulation is drastically reduced by 16 years of age in
both the lumbar spine and femoral neck [32]. During
pubertal development, bone mass is directly correlated
to age, height and weight [34]. Maximum BMD gain
depends on a lower rate of remodeling [2] and is
impaired in situations of irregular or insufficient pro-
duction of sex steroids.

After puberty initiation, sex steroids and GH will
act synergistically to increase IGF-1 production by the
liver and bone cells. This will lead to linear growth
and bone expansion in both genders [24,26,27].

In female adolescents, the rising level of estrogen
slows bone remodeling by inhibiting local production
of cytokines, favoring bone accretion and cortical thick-
ness [35]. A chronic inadequate food consumption is
relatively common in adolescents and can interfere in
this process. As a consequence of decrease in GnRH
and gonadotropins, the ovaries fail to secrete estrogen
and also to ovulate, leading to irregular menstrual
cycles (oligomenorrhea) or the cessation of menstrua-
tion (hypothalamic amenorrhea) [26,28]. Chronic estro-
gen deficiency will compromise peak bone mass and
cause low bone mass [29]. BMD declines as the num-
ber of missed menstrual cycles accumulates [36], and
the loss of BMD may not be fully reversible [37]. Girls
and young women with low BMD may be susceptible
to stress fractures, particularly if they participate in
high-impact sports (e.g., gymnastics) or sports in
which repetitive mechanical joint stresses are sustained
(e.g., running) [38].

In men, the pathogenesis of low BMD has not been
well investigated. As a consequence, prevention and
treatment are not well understood. Estrogen seems to
mediate sex steroid action in bone in males too.
Therefore, a similar sequence of events is expected: the
progressive rise in testosterone secretion by the testes will
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lead to a proportional increase in estrogen levels, stimu-
lating IGF-1 production and decreasing bone remodeling,
and consequently increasing bone mass. Bone mass
acquired by healthy young men is higher that that of
young women. However, there are data on a significant
progressive loss of bone beginning in the third decade
and continuing throughout life in male athletes [39].

Anthropometric characteristics have also been shown
to influence bone mass [40,41]. Low weight and percent
of body fat are critical for the maintenance of hormones
production (already described) and are directly corre-
lated with BMD [42]. Also fat-free mass seems to have a
mechanical impact on cortical bone, whereas trabecular
bone loss is more related to fat mass [43].

Because of this complexity, an increase in bone dis-
eases and even fractures is expected among all groups
not yet considered at risk, like children [2], adolescents
[31], men [7], and also in athletes [44,45]. Osteoporosis
is a systemic skeletal disease characterized by low
bone mass and microarchitecture deterioration of bone
tissue, with a consequent increase in bone fragility and
susceptibility to fractures [1,46]. It is oligosymptomatic
before fractures occur, and in elderly people half of the
vertebral fractures are silent (nonclinical). In this set-
ting, osteoporosis must be suspected, actively sought,
and treated to reduce risk of complications.

Osteoporosis is not only caused by accelerated bone
mineral loss in adulthood, but may also be associated
with not accumulating optimal BMD during childhood
and adolescence [47]. Chronic illnesses and prolonged
immobilization in the young may contribute to a lower
peak bone mass [48]. Also metabolic abnormalities
(e.g., diabetes mellitus, hyperthyroidism), gastrointesti-
nal disease (e.g., celiac disease), exposure to certain
drugs (e.g., glucocorticoid), cigarette consumption, and
excess of alcohol may contribute to bone loss [49].

BONE MINERAL DENSITY

Although BMD is only one aspect of bone strength,
this chapter focuses on BMD because screening and
diagnosis of osteoporosis are still based on bone densi-
tometry. Early BMD testing in elite athletes has impor-
tant clinical relevance, as it may detect the potential
risk for osteoporosis in the future [39]. A number of
techniques are available to evaluate bone density, and
these vary in both clinical and research utility and in
general availability. In order to be useful, such meth-
ods need to be accurate, precise, rapid, reliable, inex-
pensive, and expose patients to minimal radiation.
Furthermore, they should rely on adequate reference
data for the population studied [49]. These include
dual-energy X-ray absorptiometry (DXA), spine and
peripheral quantitative computed tomography, and

quantitative ultrasound, but the gold standard for clin-
ical evaluation of BMD is DXA. This exam has been
shown to predict fracture risk [50].

Definitions: Osteopenia, Osteoporosis and Low
Bone Mineral Density

Criteria for diagnosing osteopenia and osteoporosis
apply to postmenopausal women and men 50 years
and older. The difference between a patient’s BMD
and average peak BMD obtained in young adults of
the same gender is measured in standard deviations
and is called T-score. These criteria derive from epide-
miological data relating BMD to subsequent fractures
in Caucasian postmenopausal women. Current osteo-
penia and osteoporosis definitions according to DXA
results are [51,52]:

1. Osteoporosis: BMD at or below 22.5 standard
deviations (#2 2.5 SD) from peak bone mass;

2. Osteopenia (sometimes called “Low bone mass”): BMD
between 21 and 22.5 SD (,2 1 and.2 2.5 SD);

3. Normal: BMD at or above 21 SD ($2 1 SD) from
peak bone mass.

The current WHO definition of osteopenia and oste-
oporosis should not be applied to a younger popula-
tion. In growing children and adolescents, for
example, there is no agreement for adjusting BMD for
bone size, pubertal stage, skeletal maturity, or body
composition. Instead, the International Society for
Clinical Densitometry (ISCD) recommends that BMD
in these young populations should be compared with
age- and sex-matched controls and expressed as Z-
scores: values at or below 22.0 SD (#2 2.0 SD) iden-
tify “low bone mineral density for chronologic age”
[52�54]. Only in the presence of high risk for fractures
can a young patient be considered and treated as
“osteoporotic”. These conditions include chronic mal-
nutrition, eating disorders, hypogonadism, glucocorti-
coid exposure, and previous fractures [52,54]. Thus, in
the diagnosis and assessment of most disorders, the
patient’s history, physical and biochemical examina-
tions are important features for diagnostic and thera-
peutic considerations [55].

Athletes with a BMD Z-score below 21.0 SD
(,2 1.0 SD) warrant further investigation, even in the
absence of a prior fracture. The American College of
Sports Medicine (ACSM) defines the term “low bone
mineral density” in the presence of nutritional deficien-
cies, estrogen deficiency, stress fractures, and/or other
secondary clinical risk factors for fracture, together
with a BMD Z-score between 21.0 and 22.0 SD
(,2 1.0 SD and. 2 2.0 SD) [41]. Bone densitometry
may also be used to evaluate the response to treatment,
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and the current consensus is that bone mass should be
measured at least twice following initiation of treatment
at annual intervals or greater [55].

BONE AND PHYSICAL ACTIVITY

It is well known that mechanical loading, generated
by physical activities, plays an important role in bone
development [56�58]. The study of the human skeletal
response to exercise offers a potential means of explor-
ing the bone adaptive process. Exercise causes bone
remodeling through cell mechano-transduction, lead-
ing to a simultaneous increase in both resorption and
deposition of bone tissue [59,60]. In the long term,
there is an increase in bone mass [61], confirmed by
prospective studies [62]. This could also happen with a
shorter training period (14�15 wk training) [63,64].

The geometry and the long-axis distribution of bone
mass are key determinants of bone strength [65].
Changes in bone geometry with exercise have been
poorly studied, due in part to a paucity of appropriate
available technologies.

Studies investigating athletes and non-athletes and
studies comparing exercise type demonstrate that oste-
ogenic effects are greatest for activities associated with
high-strength, high-frequency loading distributed
unevenly over the skeleton [66]. Weight-bearing exer-
cise (e.g., gymnastics and running) improves BMD
whereas non-weight-bearing exercise (e.g., swimming
and water polo) does not have an equivalent beneficial
effect [67�70]. Athletes in weight-bearing sports usu-
ally have 5�15% higher BMD than non-athletes
[71�73]. Nonspecific resistance exercise does not
impact bone density, geometry, or microstructure in
young men [74�77].

Low BMD is found in almost 22% of athletes
depending on the modality studied [78,79]. The rela-
tively high prevalence in low BMD in athletes, together
with the high risk of trauma-related fractures caused
by falls or non-traumatic stress fractures induced by
overtraining (fatigue fractures), warrants a recommen-
dation that BMD be monitored [43].

Although it is weight-bearing, endurance running
exercise has been associated with deleterious effects on
bone in some populations, including reduced spinal
BMD in endurance runners [80], and stress fractures in
runners [38] and military recruits [81]. Both endurance
runners and recruits are regularly exposed to high-
intensity exercise, while military recruits also fre-
quently perform “common” physical training sessions
during which individual relative exercise intensities
range from 53% to 73% of heart rate reserve [82].
Recruits with the lowest aerobic fitness will experience
the highest relative exercise intensities during these

activities and have an increased risk of stress fractures
[83]. These findings suggest that high cardiovascular
intensity itself might, in part, contribute to a deleteri-
ous effect of exercise on bone. The ACSM recommends
three to five sessions of impact exercises a week and
two to three sessions of resistance exercises, with each
session lasting 30�60 min [84].

Bone and the Young Athlete

Pre- and early puberty may be the most opportune
time to strengthen the female skeleton [85,86].
Therefore, exercising during growth could represent a
primary prevention against the effects of aging on
bone. Although physical activity has been shown to
improve the BMD throughout the growing period,
there are few studies dealing with its effects on bone
geometry. A training program for 1 year in prepuber-
tal subjects seems not to influence hip structure [87,88].

Environmental and genetic factors influence an indi-
vidual’s ability to attain peak bone strength during ado-
lescence and young adulthood. Beyond growth, the
question of whether adolescent bone remains
responsive to exercise warrants attention. Despite
cross-sectional studies giving new information on the
long-term adaptation of bone to physical activity [89],
there are no relevant data on how bone geometry may
respond to short-term constraints during adolescence.
In the same way, whether such structural response can
be linked to the period of growth or the duration of
training stressors imposed on the skeleton is not clearly
identified. Tenforde and Fredericson [90] in a review
study conclude that high-impact exercises promote
peak bone mass and may help maintain bone geometry.

Frost and Schönau [89] proposed the concept of the
muscle-bone unit in children and adolescents, which
suggests that the development of optimal bone
strength relies primarily on muscle, because muscle
generates the largest mechanical load and strain on
bone. Thus sports that involve high acceleration and
that produce larger loads on bone (e.g., soccer) will
result in greater bone strength than do sports that
require submaximal muscle forces (e.g., long-distance
running). Duncan et al. [91] studied adolescent girls
aged 15�18 years and reported that runners experi-
enced greater BMD values in the femoral neck, legs,
and total body than swimmers and cyclists; these
results provide evidence supporting the hypothesis
that weight-bearing exercises promote bone health. No
differences in bone mass have been reported in male
adolescent cyclists compared with sedentary control
subjects [92]. Male athletes involved in martial arts
(judo and karate) have greater BMD in the legs and
total body than control subjects or those who
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participated in water polo [75]. These studies [75,91,92]
demonstrate that high impact and weight-bearing
activities enhance BMD, particularly in anatomic loca-
tions directly loaded by those sports.

Ferry et al. [93] evaluated regional BMD, body com-
position and hip geometry in elite female adolescent
soccer players and swimmers. Lean body mass was
higher in the lower extremities of the soccer players
and in the upper extremities of the swimmers.
However, when compared with the swimmers, the
soccer players had higher BMD values at nearly every
anatomic location. In the swimmers, no significant dif-
ferences to reference values were noted.

Participation in sports during the age range in which
growth and skeletal maturity occur may result in a
higher peak bone mass. For example, participating in
sports before menarche has been shown to produce the
greatest changes in BMD in the dominant as opposed to
the nondominant arm in squash and tennis players, but
those differences diminished as age increased at the
onset of sports participation [94]. Early puberty may be
the most critical time to participate in sports that empha-
size weight-bearing and high-impact exercises [86].

Delayed onset of menarche and menstrual dysfunc-
tion in young women has been associated with lower
BMD in athletes and non-athletes [45]. In swimmers,
younger ages of onset training were associated with
the presence of menstrual dysfunction [95]. The
delayed onset of amenorrhea does not cause osteopo-
rosis immediately, but skeletal demineralization begins
moving her BMD in that direction. Similarly, resuming
regular menses does not immediately restore optimal
bone health, but mineral accumulation favors the
improvement of BMD [41]. The impact of exercise
practice and bone formation in the maturity period
must be studied to a greater extent.

An elevated prevalence of low BMD for age, as well
as cross-sectional evidence of suppressed bone mineral
accumulation, was recently recognized in a sample of
adolescent endurance runners. Bone mass was lower
among adolescent runners who exhibited a history of
oligomenorrhea or amenorrhea, elevated dietary
restraint, lower body mass index (BMI) or lean tissue
mass levels, and in those with the longest history of
participation in an endurance running sport [85]. Each
of these factors may be associated with energy defi-
ciency and is therefore consistent with the results of
several controlled laboratory studies that demonstrate
a direct negative effect of low energy availability on
factors that promote bone formation [86,96]. It remains
to be determined whether low bone mass for age
among adolescents is irreversible or if bone can
undergo “catch-up” mineralization at the end of or
after the second decade of life. Several studies among
girls with anorexia nervosa have evaluated this

possibility, yet they have yielded inconclusive results
[97,98]. However, some evidence points to the possibil-
ity that girls who recover weight and menstrual func-
tion, or who have late pubertal onset, may increase
bone mass to near normal levels [99,100]. A study with
highly trained female runners reinforced that, at least
partially, low BMD is reversible before the age of 30
years, even when competitive running is continued.
This seems to be related to restored menses and an
increase in body fat [101].

It is important to emphasize that adolescent female
athletes may be at a greater risk of having inadequate
energy intake [102], and also the ones with DE may
have a lower calcium intake adequacy [103].

Bone and the Female Athlete Triad

The rise of the practice of sports by women, and their
predisposition to irregular food behaviors, are widely
documented [40,41]. Within this context, the number of
athletes who developed the Female Athlete Triad (FAT)
or presented partial symptoms of it has grown. The
term FAT refers to the simultaneous presence of DE,
amenorrhea, and osteopenia or osteoporosis [41].

The presence of both an energy deficiency and
estrogen deficiency exacerbate alterations of bone
metabolism in exercising women [104]. Although low
BMD has been associated with DE even in eumenor-
rheic athletes [105], BMD is lower in amenorrheic ath-
letes than in eumenorrheic athletes [106].

Athletes with menstrual disorders may present skele-
tal abnormalities, including difficulty in reaching peak
bone mass, a low BMD, scoliosis, and stress fractures
[107]. An athlete’s BMD reflects her cumulative history
of energy availability and menstrual status as well as her
genetic endowment and exposure to other nutritional,
behavioral, and environmental factors. Therefore, it is
important to consider both where her BMD is currently
and how it is moving along the BMD spectrum [41].

The prevalence of FAT in different sports varies
from 0% to 1.36%. In contrast, the isolated compo-
nents, i.e., DE, menstrual dysfunctions, and bone dys-
functions, vary from 16.8% to 60%, 9.8% to 40%, and
0% to 21.8%, respectively [40,78,79]. Sports that
emphasize leanness (e.g., gymnastics and running)
increase the risk of FAT [41].

Bone and the Male Athlete

Data about BMD and fracture risk in males, in par-
ticular elite male athletes, are limited [108]. However,
there is a growing literature on this group [39].

In a study with 63 healthy males (47 cyclists and 16
triathletes), 15 (23.8%) were classified as having low BMD
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[39]. Another study, of 23 professional male cyclists,
reported that 15 (65.2%) had low BMD values [43].

As in female athletes involved in weight-restricted
sports, professional jockeys have an elevated rate of
bone loss and reduced bone mass that appears to be
associated with disrupted hormonal activity. This may
have occurred in response to the chronic weight
cycling habitually experienced in competition period
as a response to low hormone levels [108].

CONCLUSIONS

Due to the complexity of factors influencing bone
mass, athletes should be routinely screened for low
BMD. It is important to monitor signs and symptoms
and to study the causes of bone disorders. This will
allow early diagnosis and interventions on skeletal
alterations, thus preserving the athletes’ health.
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INTRODUCTION

The immune system protects the body against not
only ectogenetic factors (e.g., bacilli and viruses) but
also internal factors (e.g., cancer) via non-specific
(innate) and specific (acquired or adaptive) mechan-
isms. Physiological and psychological stresses can
alter immune function. Growing evidence has shown
that physical exercise modifies both innate and
acquired immune systems (Figure 8.1). The effect is

closely associated with changes in the number and
function of circulating leukocytes, which are mediated
via the neuro-immune-endocrine system. Stress hor-
mones and inflammatory cytokines as well as oxida-
tive stress, which can be induced by acute exercise,
alter the number and activity of T lymphocytes, natu-
ral killer (NK) cells, neutrophils, and macrophages.
Regular exercise decreases circulating levels of inflam-
matory cytokines and oxidative stress and also
enhances the function of immune cells in the resting
state. In contrast, strenuous exercise increases the pro-
duction of inflammatory cytokines in muscle tissues
and causes delayed-onset muscle damage. In addition,
growing evidence suggests that exercise-induced
mechanical stress induces the secretion of certain
immunoregulatory proteins, including myokines.
Myokines are secreted from skeletal muscle cells into
the circulation without inducing inflammation. In
contrast, the secretion of inflammatory adipokines is
reduced by the reduction in body fat that accompa-
nies exercise. These changes in the level of cytokine
secretion from metabolic organs affect levels of circu-
lating leukocytes and directly regulate immune func-
tion in other organs. Immune function changes in
response to acute and chronic exercise and regulates
physiological and pathological states such as fatigue,
exercise performance, the etiology and development
of common diseases, and infection risk (Figure 8.2).
These various aspects of the immune response can be
affected by the individual’s dietary habits. In addition
to major nutrients, phytochemicals may also attenuate
immune suppression and excess inflammation after
high-intensity exercise, thus some factors may have
therapeutic efficacy.

FIGURE 8.1 Exercise modifies immune systems. The immune
function is regulated by various factors such as the number and
activity of leukocytes, hormones, cytokines, oxidative stress, and
metabolic factors. Acute exercise transiently changes the level of
these immune-related factors. In addition, chronic exercise can adap-
tively change these factors in the resting state.
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EXERCISE AND UPPER RESPIRATORY
TRACT INFECTION

From a clinical point of view, the most useful index of
immune function is the incidence of upper respiratory
tract infection (URTI). Several studies have reported that
moderate-intensity exercise reduces the incidence of
URTI. Matthews et al. [1] reported that healthy adults
aged 20�70 years who performed regular moderate-
intensity exercise (above 3 metabolic equivalents [METS]
for ,2 h per day) lowered the risk of URTI by 20% com-
pared with that in inactive subjects. Recent larger scale
studies [2,3] also showed that perceived physical fitness
and the frequency of aerobic exercise are associated with
a decrease in the number of days spent suffering from a
URTI as well as the severity of symptoms during cold
season. In addition, a study in over 20,000 adults
showed that habitual exercise at a low to moderate fre-
quency is beneficial in lowering influenza-associated
mortality [4]. Even among elderly people, more active
subjects develop fewer URTI symptoms [5]. A random-
ized control study showed that 8 weeks of moderate-
intensity exercise were effective in reducing a given
patient’s illness burden [6].

Various mechanisms have been proposed to explain
the immune activation triggered by moderate regular
exercise. Measurements of salivary immunoglobulin A
(IgA) levels are widely used as a noninvasive tool to
evaluate immune function in athletes. IgA is secreted
by plasma cells in the mucous membranes of the intes-
tines and respiratory tract, saliva, urine, tears, and
mother’s milk. Salivary IgA plays an important role in

intraoral specific immunity—it deactivates antigen
infectiousness by: preventing adhesion to the mucous
membrane epithelium in the upper respiratory tract;
creating a barrier to antigen transcytosis; and extrud-
ing antigens that have invaded the lamina propria of
the mucous membrane. Levels of salivary IgA and
URTI prevalence are inversely correlated. A cross-
sectional study [7] demonstrated that elderly people
who took .7,000 steps per day and engaged in a free-
living level of daily physical activity had higher levels
of IgA in their saliva. Similarly, several intervention
studies [8,9] showed that long-term, moderate regular
exercise increases salivary IgA levels in both elderly
and young subjects, which likely contributes to the
reduced susceptibility to URTI. Moderate regular exer-
cise affects not only salivary levels of IgA but also the
circulating leukocyte population profile. Fairey et al.
[10] reported that 15 weeks of moderate exercise train-
ing increased NK cell activity. Although NK cell activ-
ity is suppressed by dietary restriction and the
associated weight loss, a combined program of light-
to moderate-intensity aerobic and resistance exercise
prevents the reduction in NK cell activity observed in
obese women [11]. Other intervention studies [12,13]
in elderly subjects revealed that long-term commit-
ment to an exercise regimen increases the absolute
number of T cells and Th cells; it also enhances the
activity of CD28-expressing Th cells and Th1 cells,
leading to up-regulated cytokine activity and Th-cell
proliferation and differentiation. These changes in the
profile of the leukocyte population would contribute to
the prevention of infection.

A number of studies have suggested that acute,
strenuous, and prolonged exercise increases URTI sus-
ceptibility. The symptoms of URTI are increased by
2�6-fold for several weeks following participation in
marathon or ultramarathon events [14,15]. Susceptibility
to infections following excessive physical activity is
associated with an increase in the production of immu-
nosuppressive factors such as adrenocortical hormones
and anti-inflammatory cytokines, leading to a decrease
in the number and activity of circulating NK cells and T
cells as well as a lower IgA concentration in the saliva
[16]. Therefore, individuals performing strenuous exer-
cise may exhibit impaired immunocompetence. This
period of impaired immunocompetence is referred to as
an “open window” [17]—a period when reduced resis-
tance to viral infections allows infectious microorgan-
isms to gain access to the body more easily.

Cross-sectional studies have reported that regular,
high-intensity exercise also leads to immunosuppres-
sion in the resting state. High-performance endurance
athletes are more easily affected by URTI than are sed-
entary individuals. This typically occurs when athletes

FIGURE 8.2 Physical activity level and immune function.

Moderate-intensity exercise improves immune function compared
with inactive state, which decreases the incidence of upper respira-
tory tract infections, cancer, and inflammation-related diseases. On
the other hand, strenuous exercise transiently suppresses immune
function and can increase the risk of upper respiratory infection and
delayed-onset muscle damage.
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are over-training or training heavily prior to a competi-
tion. Longitudinal studies of high-level athletes also
revealed that the incidence of URTI increases during
intense training. These findings indicate an association
between increased URTI risk and lower concentrations
of salivary IgA as well as systemic immune parameters
such as NK cell activity [18�21]. Furthermore, subjects
who engaged in a more rigorous exercise program
(.11 h/week) had approximately threefold higher
levels of interleukin (IL)-2, IL-4, and IL-10 production
(as determined by antigen-stimulated whole blood
culture) than subjects who engaged in low
(3�6 h/week) or moderate (7�10 h/week) levels of
exercise [22]. These data suggest that an enhanced
anti-inflammatory cytokine response to antigen chal-
lenge is associated with an increased risk of URTI.

EXERCISE AND CANCER

Cancer is a heterogeneous group of diseases with
multiple causes, and immune dysfunction is closely
associated with cancer progression. The tissues and
blood of cancer patients exhibit increased levels of
inflammatory cytokines, including IL-1, IL-6, and
tumor necrosis factor (TNF)-α released from the mac-
rophage or monocyte lineage; reduced levels of IL-2,
interferon (IFN)-γ, and class-II MHC molecules, and
reduced NK cell activity [23�25]. The treatment of can-
cer patients often requires the use of a therapeutic
method to enhance immunity [26].

Numerous epidemiological investigations have
reported on the average individual’s level of physical
activity and its relationship with the incidence of can-
cer in Europe, the United States, and Japan. The gen-
eral consensus among the authors of these studies is
that physical activity can prevent cancer in the colon,
breast, uterus, pancreas, and lungs. Not only overall
physical activity but also occupational and recreational
physical activity levels have been shown to reduce the
individual’s cancer risk [27�30]. Davey Smith et al.
[31] showed that men who walk at a slow pace have a
greater cancer risk than those who walk at a fast pace,
which suggests a connection between exercise intensity
and cancer prevention. This relationship is also
affected by the frequency of exercise as well as exercise
conditions [32]. The World Cancer Research Fund/
American Institute for Cancer Research (WCRF/AICR)
funded a review of these epidemiological studies. The
results were presented in a report entitled “Food,
Nutrition, Physical Activity, and the Prevention of
Cancer: a Global Perspective [33]”. This report stated
that physical activity was the only lifestyle change that
was sure to reduce an individual’s risk of colon

cancer. There is no evidence that strenuous exercise
increases cancer risk. On the contrary, the mortality of
elite athletes is lower than that of the general popula-
tion [34,35].

Although the exact mechanism underlying the bene-
ficial results reported in epidemiological studies
remains unclear, various potential mechanisms have
been suggested. Because NK cells destroy carcinoma
cells [36], exercise is considered to suppress tumorigen-
esis by regulating the activation and proliferation of cir-
culating NK cells. NK cells recognize carcinoma cells
by identifying mutations of the tumor histocompatibil-
ity antigen [37], which means that many tumor cells go
undetected. Tumor suppression may also involve anti-
oxidants. In addition, antioxidant action may be
involved in antitumorigenesis because gene mutations
result from oxidative damage [38], although it is not
clear whether exercise leads to prevention of the tumor-
igenesis via activation of antioxidant enzymes. Other
factors such as anti-inflammatory factors, improved
insulin sensitivity, and exercise-induced increases in
gastrointestinal transit speed have been suggested, but
there is no related evidence. Research has suggested
that exercise-induced anti-tumorigenesis may be medi-
ated by muscle-secreted myokines. We have recently
reported a myokine (secreted protein acidic and rich in
cysteine [SPARC]) that is secreted from skeletal muscle
into the circulation in response to a single bout of exer-
cise and can prevent colon tumorigenesis [39]. Regular
exercise prevented the formation of aberrant crypt foci,
which are the precursor lesions of colon adenocarci-
noma, on the mucosal surface of the colon in a colon
cancer animal model. However, the inhibitory effect of
exercise on foci formation was not observed in SPARC-
null mice. Cell culture experiments revealed that
SPARC secretion from myocytes was induced by cyclic
stretch. SPARC inhibited proliferation in this model. In
addition, Hojman et al. [40] reported that serum
obtained from exercised mice inhibited caspase activa-
tion and proliferation in breast cancer cells. Further
experiments will be necessary to elucidate the mecha-
nism of exercise-induced cancer prevention.

EXERCISE AND INFLAMMATION

Metabolic disorders and cardiovascular diseases are
associated with low-grade continuous inflammation
[41,42]. When aging individuals lead a sedentary life-
style, they increase chronic inflammation and oxidative
stress in skeletal muscle, blood, and other tissues. The
primary sources of cytokine production are not clear,
but it is assumed that certain adipokines, such as TNF-
α and IL-6, which are secreted from accumulated
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visceral adipose tissue, can induce inflammation.
These pro-inflammatory cytokines impair glucose
transport via the inhibition of insulin signal transduc-
tion, which involves activation of the insulin receptor,
phosphatidylinositol 3-kinase (PI3-K), and Akt, fol-
lowed by IκB kinase activation and degradation [43].
Growing evidence suggests that additional adipokines,
including resistin, fatty acid binding protein (FABP),
and visfatin, can also induce insulin resistance during
inflammation [44�46]. In addition, a reduction of cir-
culating adiponectin, an adipokine with anti-
inflammatory properties, occurs with obesity and leads
to insulin resistance in skeletal muscle and liver
[47,48]. Indeed, insulin resistance is associated with
elevated TNF-α expression in human skeletal muscle
[49]. This indicates that the TNF-α generated by myo-
cytes and other cell types disturbs insulin signaling.

Inflammatory cytokines induce protein degradation
through activation of the ubiquitin-proteasome path-
way. This is one of the major causes of protein degrada-
tion. In vitro studies have revealed that the addition of
oxidants and TNF-α to myotubes increases protein deg-
radation rates, the ubiquitination of proteins such as
myosin, and expression of the main components of the
ubiquitin-proteasome pathway [50,51]. Muscle ring fin-
ger 1 (MuRF1) and atrogin-1 have been identified as
ubiquitin ligases with increased activation during
atrophy [52,53]. NF-κB can regulate the ubiquitin-
proteasome proteolytic pathway through the induction
of MuRF1 and proteasome expression [54,55].
Furthermore, it has been shown that the 20S protea-
some can selectively degrade oxidatively-modified pro-
teins without the need for ubiquitination [56]. These
observations suggest that protein degradation could be
the link among oxidative stress, the inflammatory cas-
cade, and muscle atrophy. Hyperactivity of NF-κB and
ubiquitin-proteasome pathway has been identified as a
major cause of age-related muscle atrophy [57].

Low- to moderate-intensity training in healthy
elderly persons can reduce resting levels of pro-
inflammatory markers such as monocytes, C-reactive
protein, and IL-6 [58,59]. Regular exercise reduces cir-
culating levels of adipokines such as resistin, visfatin,
and FABP, which are involved in metabolic disorders
and inflammation [60�62]. The effect of exercise on
circulating adiponectin remains to be elucidated.
Several studies have suggested that the improvement
in insulin sensitivity induced by regular exercise is not
mediated by changes in plasma adiponectin [63,64].
However, the ratio of high-molecular-weight proteins
to total adiponectin was increased by regular exercise;
there was a positive correlation between the increase
in the adiponectin ratio and the improvement of insu-
lin sensitivity in older insulin-resistant adults [65]. In
addition, it has been shown that a receptor for

adiponectin in muscle is elevated in response to physi-
cal exercise [66], which potentiates adiponectin’s meta-
bolic signal transduction and thus improves aerobic
metabolism. IL-6 (a myokine) is transiently secreted
from muscle cells in response to a single bout of exer-
cise. IL-6 is considered to reduce inflammation [67].
The level of TNF-α is markedly elevated in anti-IL-
6-treated mice and in IL-6-null mice. Recombinant IL-6
infusion inhibits the endotoxin-induced increase in
circulating levels of TNF-α in healthy humans [68].
The exercise-induced elevation of IL-6 increases circu-
lating levels of anti-inflammatory cytokines such as IL-
1 receptor antagonist and IL-10 [69]. Therefore, the reg-
ulation of these adipokines and myokines likely contri-
butes to the prevention of metabolic syndrome by
daily exercise.

Appropriate daily exercise increases the antioxidant
capacity of skeletal muscle and other tissues through
the expression and activation of related enzymes (e.g.,
superoxide dismutase [SOD] and glutathione peroxi-
dase) [70,71]. There is growing evidence that stimula-
tion by a low concentration of ROS induces the
expression of antioxidant enzymes such as SOD and
glutathione peroxidase, and other defense systems [72].
The phenomenon is denoted as “hormesis”. Namely,
ROS generated by regular, moderate exercise can act as
signaling factors for upregulation of the defense sys-
tem. Regular exercise blunts TNF-α expression in mus-
cle and blood [73,74], which results partly from the
increase in antioxidant enzymes: TNF-α expression is
induced by NF-κB signaling. Furthermore, the inhibi-
tion of TNF-α and oxidative stress would lead to an
improvement in age-related muscle dysfunction,
including protein degradation, muscle fiber apoptosis,
and impaired glucose uptake.

DELAYED-ONSET MUSCLE DAMAGE

Unaccustomed and strenuous exercise causes mus-
cle damage that presents clinically as muscular pain
and involves protein degradation and ultrastructural
changes (delayed-onset muscle damage). Previous
studies have shown that delayed-onset muscle damage
is mainly induced by mechanical stress, especially
eccentric muscle contraction [75], and disturbances of
calcium homeostasis [76]. Strenuous exercise leads to
phagocyte infiltration into the damaged muscle; this
inflammatory response induces delayed-onset muscle
damage [77]. In response, certain redox-sensitive tran-
scription factors are relocated to the nucleus; they reg-
ulate inflammatory mediators, such as cytokines,
chemokines, and adhesion molecules. The infiltration
of phagocytes into the tissues expressing these media-
tors results in proteolysis and ultrastructural damage.
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Damaged muscle tissue also exhibits increased oxida-
tive damage to cellular components such as lipids, pro-
teins, and DNA [78].

It is well-known that a single bout of exercise
improves glucose uptake into skeletal muscle via
insulin-dependent and -independent signal transduc-
tion mechanisms. This effect is observed for several
hours after exercise and often persists until the next
day. Elevated glucose uptake requires translocation of
glucose transporter 4 (GLUT4) to the plasma mem-
brane after activation of insulin-sensitive signaling
[79]. Insulin-stimulated glucose uptake in skeletal mus-
cle decreases after strenuous exercise, partly due to
elevated levels of inflammatory cytokines. In
particular, TNF-α is well known to impair insulin
transduction in muscle tissue. This cytokine blocks
insulin-induced glucose uptake and GLUT4 transloca-
tion by blocking IR activation and PI3-K/Akt signaling
[80]. Oxidative stress also blocks insulin signal trans-
duction in damaged muscle [81]. Recently, we reported
that 4-hydroxy-2-nonenal modification of insulin
receptor substrate-1 was elevated in the muscle from
exercised mice [82]. This finding led to the conclusion
that insulin-sensitive glucose transport into muscle can
be diminished in damaged muscle after exercise due
to oxidative modification of insulin-signaling proteins.
In addition to glucose metabolic dysfunction, elevated
arterial stiffness and reduced force generation are also
observed in subjects with delayed-onset muscle dam-
age [83,84]. These observations suggest that muscle-
damaging exercise may be inappropriate for health
promotion in patients with metabolic diseases. In addi-
tion, the transient reduction in glucose metabolism
may represent a disadvantage during pre-game condi-
tioning among athletes.

NUTRITION AND EXERCISE-INDUCED
IMMUNE CHANGES

It is important to maintain immune function in
order to avoid deficiencies in the levels of nutrients
that play an essential role in the activation, interaction,
and differentiation of immune cells. Malnutrition
decreases immune defenses against invading patho-
gens and makes the individual more susceptible to
infection. Proper nutrition attenuates the inflammation
induced by intense exercise. A number of studies have
investigated the effect of macro- and micronutrients on
exercise-induced immune suppression and excess
inflammation (Table 8.1).

Carbohydrates

Prolonged heavy exercise after several days on a
very low carbohydrate diet (,10% of dietary energy
intake from carbohydrates) increases levels of stress
hormones (e.g., adrenaline and cortisol) and cytokines
(e.g., IL-6, IL-1 receptor antagonist, and IL-10) [85,86].
Athletes with a carbohydrate-deficient diet are
vulnerable to the immunosuppressive effects of corti-
sol, including the suppression of antibody production,
lymphocyte proliferation, and NK cell cytotoxic
activity. In contrast, the consumption of carbohydrates
(about 1 L/h of a 6% carbohydrate beverage) during
exercise attenuates the elevation in plasma catechola-
mines, cortisol, and cytokines [87]. Carbohydrate
ingestion also suppresses IFN-γ production by stimu-
lated T lymphocytes, IL-6, IL-10, and an IL-1-receptor
antagonist found in the plasma. Carbohydrate inges-
tion thus attenuates the pro-inflammatory cascade

TABLE 8.1 Potential Beneficial Nutrients for Exercise-Induced Immune Response

Nutrient Suggested Immune Regulatory Function

Carbohydrates Energy substrate of leukocyte; insulin signaling; regulation of stress hormones and pro-inflammatory cytokines

Antioxidant Vitamins Antioxidant; regulation of stress hormones and pro-inflammatory cytokines

Protein/Amino Acids
Glutamine
BCAA
Protein hydrolysate
Fermented milk

Energy substrate of leukocytes and intestine
Protein metabolism; anti-inflammation; maintenance of glutamine level
Anti-inflammation
Antioxidant; anti-inflammation

Other Phytochemicals
Probiotics
Astaxanthin
Quercetin
Curcumin
β-glucan

Regulation of intestinal immunity
Antioxidant; anti-inflammation; metabolic improvement
Antioxidant; metabolic improvement
Antioxidant; anti-inflammation
Antioxidant; anti-inflammation

BCAA, branched-chain amino acids
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[88,89]. Ingestion during exercise has little effect on sal-
ivary IgA levels. One study showed that triathletes
with a diet high in carbohydrates (12 g-CHO
kgbm21 day21) exhibited higher salivary IgA concen-
trations after training for 6 days than did the self-
selected intake group [90]. Diet appears to have no
effect on NK cell activity [91]. The immune changes
induced by carbohydrate intake may contribute to the
prevention of URTI following prolonged heavy exer-
cise. The underlying mechanism remains unclear but
likely involves the endocrine system (e.g., insulin or
glucagon), glucose metabolism, and the energy sub-
strate supply to leukocytes and metabolic organs.

Antioxidant Vitamins

Several vitamins are essential for normal immune
function. Low levels of lipid-soluble vitamins A and E
and the water-soluble vitamins, folic acid, vitamin B6,
vitamin B12, and vitamin C, impair immune function
and decrease the resistance to infection. Oxidative
stress can reduce levels of circulating leukocytes
through apoptosis [92] and is therefore though to con-
tribute to the immune suppression induced by exercise.
Vitamins C and E are major antioxidants that are effec-
tive in scavenging reactive oxygen species in both intra-
cellular and extracellular fluids, which may inhibit the
leukocyte apoptosis induced by oxidative stress.
Leukocytes contain high levels of vitamin C, which has
been reported to have a variety of anti-infective func-
tions, including the promotion of T-lymphocyte prolif-
eration, the prevention of corticosteroid-induced
suppression of neutrophil activity, and the inhibition of
virus replication [93]. Several randomized, double-
blind, placebo-controlled studies have demonstrated
that daily supplementation of a high-dose
(600�1500 mg) of vitamin C reduced the incidence of
URTI symptoms among high-intensity athletes who
competed in ultramarathons [94,95]. The combined
intake of vitamins C and E significantly suppressed the
elevation in cortisol concentration induced by pro-
longed exercise [96]. The influence of vitamin C and E
supplementation on the URTI has not been reproduc-
ible. Vitamin E does not appear to contribute to the
increases in plasma cytokines, perturbations in other
measures of immunity, or oxidative stress.

The enhancement of antioxidant capacity is one
way to attenuate delayed-onset muscle damage by
regulating oxidative stress. It has been reported that a
short- or long-term intake of antioxidant vitamins lim-
its the accumulation of oxidative products and the
expression of inflammatory factors in damaged mus-
cle [78,97,98]. These factors may prevent the damage
induced by muscle contraction that involves excess

mechanical stress (e.g., resistance exercise). The inges-
tion of antioxidant vitamins may counteract the
energy metabolism improvement and antioxidant
action associated with regular exercise [99,100], which
would counteract benefits such as improved perfor-
mance and disease prevention. Antioxidants would
counteract the oxidative stress that induces healthy
adaptations in skeletal muscle. Levels of PPAR
gamma coactivator-1 alpha, a key factor regulating
metabolic pathways are tightly correlated with intra-
cellular redox levels [101]. On the other hand, some
antioxidants (e.g., astaxanthin), some polyphenols,
and α-lipoic acid enhance the metabolic improve-
ments induced by exercise [102�105]. Each antioxi-
dant must be considered separately.

Amino Acids

Glutamine is the most abundant free amino acid in
human muscle and plasma and is utilized by leuko-
cytes, the gut mucosa, and bone marrow stem cells.
Prolonged exercise is associated with a fall in the
plasma concentration of glutamine, which can suppress
immune function [106,107]. Thus, dietary glutamine
supplements may be beneficial in maintaining plasma
glutamine concentrations and preventing immune sup-
pression following prolonged exercise. Castell et al.
[108] showed that glutamine supplementation (5 g in
330 mL water) immediately after and 2 h after a mara-
thon reduced the incidence of URTI (in the 7 days fol-
lowing the race). Furthermore, glutamine had a
beneficial effect on gut function, morbidity and mortal-
ity, and on some aspects of immune cell function in
clinical studies of diseased or traumatized patients
[109,110]. Most studies, however, have not been able to
demonstrate that exercise-induced reductions in
plasma glutamine levels cause impaired immunity or
reduce host protection against viruses in athletes.

Branched-chain amino acids (BCAA), leucine, iso-
leucine, and valine, account for 35�40% of the dietary
essential amino acids in body protein and 14�18% of
the total amino acids in muscle proteins [111]. It is
well-known that BCAA supplementation before exer-
cise attenuates the breakdown of muscle proteins dur-
ing exercise and promotes protein synthesis in skeletal
muscle. A few studies have suggested that BCAA may
mediate immune regulation. Bassit et al. [112] reported
that supplementation with BCAA (6 g/day for 15
days) prior to a race in triathletes and marathoners
prevented the decline in mitogen-stimulated lympho-
cyte proliferation after the race as compared with treat-
ment with a placebo. Although the related mechanism
is unclear, BCAA may maintain the plasma glutamine
concentration. Recent studies showed that a BCAA
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supplement can attenuate the muscle damage induced
by exercise and promote subsequent recovery.
Shimomura et al. [113] reported that ingestion of 5 g of
BCAAs before exercise can reduce muscle soreness
and muscle fatigue for several days after exercise.
More recently, a randomized, double-blind, placebo-
controlled study demonstrated that BCAA supplemen-
tation before and following resistance exercise reduces
plasma creatine kinase levels and muscle soreness in
male athletes [114].

Probiotics

Exercise also induces mechanical changes in gastro-
intestinal (GI) barrier function. Exercise increases GI
permeability through several mechanisms related to
reduced blood flow and hyperthermia in the gut. One
study has reported that GI permeability increases after
treadmill running at 80% VO2max, which is associated
with core temperature [115]. Many kinds of bacteria
are used as probiotics, with the most common strains
belonging to the Lactobacilli and Bifidobacteria genuses.
A number of studies have shown the beneficial effects
in humans, but few have focused on athletes. A dou-
ble-blind, placebo-controlled cross-over trial investi-
gated the use of L. fermentum in elite runners over the
4-month winter training season [116]. Athletes taking
the probiotic supplement reported a 50% reduction in
the days plagued by respiratory symptoms during the
supplementation period (30 days) as compared with
the placebo group (72 days). Illness severity was also
lower for episodes occurring during the supplementa-
tion period. Another study also demonstrated benefi-
cial effect of L. fermentum against gastrointestinal and
respiratory-tract illness symptoms [117]. In contrast, a
randomized double-blind intervention study in which
runners took either a placebo or L. rhamnosus for
3 months leading up to a marathon reported no signifi-
cant difference in either URTI or GI symptom episodes
in the 2 weeks after the marathon [118], although a ten-
dency toward shorter episodes of GI disturbance was
reported in the probiotic group. Probiotic supplemen-
tation with L. casei DN-114001 by commando cadets
during a 3-week training course, followed by a 5-day
combat course, had little effect on the incidence of
URTI [119]. In addition, a recent double-blind study
showed that regular ingestion of L. salivarius does not
protect against URTI or affect blood leukocyte counts
or levels of salivary IgA among endurance athletes
[120]. The benefits of probiotics for highly active indi-
viduals may vary according to the species of bacteria
used. Further research will be necessary to elucidate
the effect of probiotics on exercise-induced immune
suppression.

Other Nutrients

Several phytochemicals are useful for promoting the
health effects of exercise, maintaining homeostasis,
and preventing muscle aging. Human or animal stud-
ies have shown that caffeine, quercetin, and β-glucan
are effective against URTI and changes in cytokine and
hormone levels after exercise [121�125]. A double-
blind, placebo-controlled study with 40 cyclists
showed that ingestion of quercetin (1000 mg) for
3 weeks significantly reduced URTI incidence during
the 2-week period following 3 days of exhaustive exer-
cise [122]. However, a single ingestion of quercetin
increases plasma quercetin levels but did not suppress
post-exercise inflammation or immune changes rela-
tive to treatment with a placebo [123]. Recently, it has
been shown that β-glucan from mushroom pleurotus
ostreatus reduced the incidence of URTI symptoms
and increased the number of circulating NK cells dur-
ing heavy physical training in athletes [125].

Several factors reduce muscle inflammation follow-
ing exercise. The carotenoid astaxanthin can attenuate
exercise-induced damage in mouse skeletal muscle and
heart, including associated neutrophil infiltration that
induces further damage [126]. In a randomized, double-
blind study in soccer players, the astaxanthin group
exhibited significantly lower post-exercise levels of cre-
atine kinase and AST than the placebo group [127]. The
treatment had no effect on resistance exercise-induced
muscle damage [128]. In addition, we have shown that
L. helveticus�fermented milk prevents the muscle dam-
age induced by acute exercise through the activation of
antioxidative enzymes including Mn-SOD and
glutathione-S-transferase in skeletal muscle [129].
Fermented milk contains small peptides, which are
more easily absorbed by the intestines than are amino
acids or large oligopeptides, which may lead to physio-
logical benefits. Peptide-rich wheat gluten hydrolysate
also reduces the elevation of creatine kinase after races
in athletes [130], which supports the anti-inflammatory
properties of small peptides in muscle tissue.

CONCLUSION

Moderate habitual exercise improves immune func-
tion and thus reduces URTI risk, the severity of
inflammation-related diseases, and the incidence of
cancer. On the other hand, acute and habitual strenu-
ous exercise increases URTI risk. Strenuous exercise
elevates the inflammatory response in skeletal muscle,
leading to delayed-onset muscle damage. Many nutri-
tional programs have been designed to prevent URTI
risk and the muscle damage induced by strenuous
exercise. A general consensus remains elusive. The
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effects of exercise likely vary according to environmen-
tal conditions, patient age, and the individual’s body
characteristics. Further research should help in the
elaboration of nutritional guidelines to improve
immune function.
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The Immune Response to Exercise: Effects on
Cellular Mobilization, Immune Function and

Muscle Regeneration
Daniel J. Freidenreich and Jeff S. Volek

Human Performance Laboratory, Department of Kinesiology, University of Connecticut, Storrs, CT, USA

At any given time, millions of leukocytes travel
through the circulation. However, this represents less
than half of the total white blood cells in the body
[1,2]. The rest of the leukocytes temporarily reside in
what is known as the marginated pool of leukocytes.
This “pool” acts like a storage depot, ready to release
leukocytes when needed. For example, increases in
catecholamines and cortisol in response to exercise can
induce the release of leukocytes from the marginated
pool. Indeed, after acute bouts of exercise, changes in
the concentration and proportion of leukocyte subpo-
pulations are observed. This chapter strives to answer
the following questions: To what extent does endur-
ance and resistance exercise affect circulating leuko-
cytes? What functional changes in these cells, if any,
occur after they are called from the marginated pool?
Why are they called to the circulation in the first
place?

THE EFFECTS OF ACUTE EXERCISE ON
CIRCULATING LEUKOCYTE COUNTS

During the two decades from the late 1980s to the
early 2000s several different research groups documen-
ted changes in circulating leukocyte counts after exer-
cise. During the post exercise (PE) period, changes in
leukocyte subpopulations follow a distinguishable
temporal pattern. While it is acknowledged that vari-
ous factors can impact the magnitude and time course
of the exercise-induced leukocyte response, some fac-
tors have a greater impact (acute program variables

and age) while others have a lesser influence (e.g.,
nutrition and sex) [1,3�5].

Endurance Exercise

Monocytes

Monocytes generally increase during exercise and
remain elevated during the early PE period for up to
15 min [1,4�12]. From 30 min to about 4 h post exer-
cise, monocytes appear to return and remain at base-
line values [1,4,6,7,9,12]. Thereafter a second surge of
monocytes in the circulation appears between 5 h and
11 h PE, peaking at 6 h before returning to baseline by
12 h [4,8,9,13].

Neutrophils

The predominant pattern for neutrophils is a contin-
uous increase beginning during exercise and continu-
ing up to 9 h PE with a peak occurring between 2 to
2.5 h [1,5,7,9,10,12,14]. Neutrophils then appear to
return and remain at baseline for the next several days
[9,12�14,19�21]. However, some studies show no
change in neutrophils during the first 1 h post exercise
[1,4�7,9,10,12,14�18].

CD4 T Helper Cells

CD4 T helper cells increase during exercise and
remain elevated during the PE period for up to 15 min
[5�7,12,13,19�21]. Thereafter CD4 T cells return and
remain at baseline from 30 min to 24 h PE
[5�7,10,12,14,22].
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CD8 Cytotoxic T Cells

CD8 T cells remain at pre-exercise values during
exercise and reach peak values immediately PE
[4�7,10,12,14,22]. Between 30 min and 2 h PE they then
either return to baseline or drop below
[4�7,10,12,14,22]. From 3.5 to 24 h PE they return to
and remain at baseline [4,7,12]. Reports are evenly split
regarding the period from 30 min to 2 h PE as to
whether CD8 T cells return to baseline or decrease
below it. The cause for this disparity may be due to
the intensity and/or duration of exercise. CD8 T cells
remain at baseline when the exercise is light to moder-
ate (50�65% VO2max) and of moderate duration
(45�60 min) [4,7,14,22] but drop below baseline when
the exercise intensity is moderate to high (85% to 150%
individual anaerobic threshold (IAT) [5,6,10,12].

CD19 B Cells

CD19 B cells appear to increase immediately PE
[4�6]. Between 5 min and 2.5 h PE, B cells either return
to baseline or remain elevated [4�7,12]. Thereafter B
cells remain at baseline for the duration of the recovery
period up to 24 h [5,12].

Natural Killer Cells

Natural killer (NK) cells generally increase during
exercise and remain elevated for 15 minutes PE
[4,5,7,14,22]. NK cells then return to baseline by 30 min
PE and generally remain at baseline for the remainder
of the recovery period, except for a potential but tran-
sient decrease at 1 h PE [4,5,7,14,22].

Resistance Exercise

Monocytes

Monocytes increase during exercise and show a sus-
tained increase for 2 h PE [3,8,23,24]. Peak levels occur
either immediately PE or at 2 h PE [8,23,24].

Neutrophils

Neutrophils increase immediately PE and remain
elevated for 2 h PE [3,8,23�26]. The exact peak time is
unclear as studies have shown neutrophils peaking
immediately PE or at the final measured time points
(90 or 120 min) after exercise [8,23�26].

CD4 T Helper Cells

CD4 T Helper cells have shown either no change
during and after exercise, or they increase between the
immediate post and 15 min post time points prior to
returning to baseline by 30 min PE [3,24,26,27].

CD8 Cytotoxic T Cells

CD8 cytotoxic T cells increase immediately PE, fol-
lowed by a return to baseline 15�45 min after exercise
[26,27].

CD19 B Cells

CD19 B cells increase immediately after exercise and
return to baseline sometime before 2 h after exercise
[3,8,28,29]. Unfortunately a more refined timeframe for
their return to baseline has not yet been resolved.

Natural Killer Cells

Natural killer cells increase during exercise through
15 min PE [3,8,26,27]. NK cells then either return to
baseline 30�45 min after exercise or decrease below
baseline until 2 h after exercise [3,24,26,27]. NK cells
may then return to baseline by 4 h PE [3,30].

EXERCISE AND IMMUNE FUNCTION

Chronic participation in moderate exercise as pre-
scribed by the ACSM guidelines has shown decreases
in the number of incidences of upper respiratory tract
infections (URTI) [31,32]. In an attempt to explain the
reduction in illness that appears to be associated with
chronic moderate exercise, components of immune cell
function have been examined after acute bouts of both
endurance and resistance exercise. Although only
acute benefits of exercise are covered here, there is a
great deal of work concerning the effects of chronic
exercise on immune function [33,34]. In this section we
discuss immune functional changes after endurance
and resistance exercise.

Endurance Exercise

An excellent review of endurance exercise and
changes in immune function has been previously
authored by Rowbottom [1]. This section contains key
points summarized below with additional supporting
information.

T Cell Proliferation

Early research indicated that exercise causes a tem-
porary reduction in T cell proliferation after both high
and moderate intensity as well as long and short dura-
tion [1]. However, this theory may not be entirely true.
The proliferation assay used to determine changes in
T cell proliferation is a whole blood assay which uses
a constant number of cells. However, due to a large
increase in the number of NK cells, the proportion of
lymphocytes consisting of T cells can decrease, reduc-
ing the number of T cells in the cell culture for the
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assay [1,4,5,8,11]. In order to combat this dilemma,
changes in T cell proliferation can be calculated on a
per T cell basis [1]. When T cell proliferation is
expressed on a per T cell basis, high intensity exercise
of short duration does not affect T cell proliferation,
while high intensity long duration exercise still results
in a decrease [4,8,13].

B Cells and Ig

B cells secrete immunoglobulins, and in vivo assess-
ments of Ig production show that Ig do not signifi-
cantly change in the blood after exercise [1]. Even high
intensity exercise of long duration does not increase
circulating Igs, and those studies that have seen
increases have shown them to be negligible [1,15�17].

Natural Killer Cell Cytotoxic Activity

It is commonly found that during and immediately
after exercise, NK cell cytotoxic activity (NKCA)
increases, with higher intensity endurance exercise
resulting in greater increases in NKCA [13,19�21].
However during the recovery period after long dura-
tion endurance exercise, NKCA can be depressed
[13,19�21]. Changes in NKCA may be an artifact
attributed to changes in the number of NK cells.
During and immediately after endurance exercise, NK
cell numbers increase markedly. Thus, during whole
blood assays, the proportion of NK cells is higher and
so the NKCA at these times could appear to be ele-
vated, due to a change in the proportion of NK cells.
In a similar fashion to T cell proliferation, NKCA can
be reported on a per NK cell basis. When this correc-
tion is performed, moderate exercise has been shown
to not change NKCA whereas more intense exercise
can increase NKCA [1,2,13,35].

Neutrophil Function

Neutrophil function can be assessed by measuring
their phagocytic and degranulation capabilities. The
phagocytic ability of neutrophils has been shown to
remain unchanged or to increase after acute endurance
exercise [3�5,36�40]. Degranulation assessed by an
increase in circulating proteases shows increases in
neutrophil function after long duration moderate
intensity exercise and high intensity exercise until
fatigue [6,7,9,10,12,41]. Chemotaxis has been shown to
increase after both moderate and intense endurance
exercise [4,6,7,9,12,36,39].

Resistance Exercise

Compared with endurance exercise, there is signifi-
cantly less information on the function of immune cells
after resistance exercise.

Natural Killer Cell Cytotoxic Activity

In one study NKCA was not affected immediately
PE, but 2 h after exercise NKCA decreased below base-
line levels [8,9]. NKCA was measured and corrected
on a per NK cell basis. These changes in NKCA were
observed when NK cells increased by 225% immedi-
ately after exercise and at 2 h when NK cells had
decreased below baseline, demonstrating that changes
in NKCA do not mirror changes in NK cell number
[5,7�10,12,14].

T Cell Proliferation

T cell proliferation has demonstrated inconsistent
findings during the PE period whereby they either
increase, decrease, or do not change following resis-
tance exercise [4�10,12,14,18,29,42,43]. These discre-
pancies could be due to methodological differences or
differences in the resistance exercise protocol used.

MUSCLE DAMAGE AND
LEUKOCYTE INFILTRATION

Muscle actions have two components: a shortening
phase known as the concentric contraction and a mus-
cle lengthening phase known as the eccentric contrac-
tion. The eccentric contraction can be thought of as a
brake or a shock absorber [9,12,14,44]. It is the eccentric
phase that is primarily responsible for the mechanical
muscle damage that elicits an immune response dur-
ing the post exercise period. Mechanically, muscle
damage has been described by the popping sarcomere
hypothesis [5�7,12,45]. During the eccentric contrac-
tion sarcomeres are not stretched uniformly, resulting
in some sarcomeres that are stretched beyond their
optimum length [5�7,10,12,14,22,44]. Sarcomeres that
are excessively stretched become weak and stretch fas-
ter than other sarcomeres, weakening further and
potentially reaching a point where thin and thick fila-
ments no longer overlap [4�7,10,12,14,22,44]. This
leads to shearing of myofibrils and potential architec-
tural deformations in the muscle fiber, leading to fur-
ther damage [4�7,10,12,14,22,44]. The myofiber itself
can display z-disk streaming, loss of structural pro-
teins, sarcolemmal rupture, widening and detachment
of the endomysium and perimysium and even necrosis
[4,7,12,46�48]. Muscle cells can also leak enzymes
such as creatine kinase and lactate dehydrogenase and
proteins such as myosin heavy chain and myoglobin
[4,7,14,22,49�51]. In addition, if the muscle damage is
significant, then leukocytes can infiltrate into the endo-
mysium and perimysium and even into the muscle
fiber itself [5,6,10,12,47,52]. Phagocytes such as macro-
phages/monocytes and neutrophils are the major
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subsets of leukocytes that infiltrate the muscle tissue
[4�6,52].

Muscle Damage and Endurance Sports

Muscle damage with concomitant leukocyte infiltra-
tion into the skeletal muscle after endurance sports has
been controversial [4�7,12,48,53�55]. The reason for
this is most likely the mode of endurance exercise and
the variable amount of muscle damage accrued after
the exercise bout. The eccentric component of muscle
movement is the primary cause of muscle damage dur-
ing activity, but many endurance activities do not
cause ample eccentric stress. Endurance activities such
as cycling, rowing and swimming provide little eccen-
tric strain, and even running may not provide a great
deal of eccentric muscle disruption unless downhill
segments are part of the running course [5,12,44,49,53].
As an example of the differences in muscle damage
based on the incorporation of eccentric strain, a 230 km
cycle race, a 67 km marathon (with a 30 km downhill
component) and a 3.8 km run (entirely downhill) were
compared for markers of muscle damage after exercise.
Plasma concentrations of CK and Type I MHC in
order from greatest to least in the circulation were
67 km marathon. 3.8 km run. 230 km cycling race
[4,5,7,14,22,49]. Therefore when assessing leukocyte
infiltration into the skeletal muscle, modes of exercise
that stress the eccentric component, such as downhill
running or eccentric cycling, are often used in the exer-
cise protocol to determine if leukocyte infiltration
occurs after endurance exercise.

The few studies that have looked specifically at
endurance exercise have found mixed results
[4,5,7,14,22,48,53�55]. When infiltrating leukocytes
were observed, it was in the presence of ultrastructural
muscle damage such as z-disk streaming, focal dam-
age, and either elevated plasma CK or significant
decreases in isokinetic strength of the quadriceps
[3,8,23,24,48,53]. When infiltrating leukocytes were not
observed, no markers of ultrastuctural damage were
assessed, plasma CK increases were modest, and isoki-
netic force was not significantly decreased
[8,23,24,54,55]. In order to classify the severity of mus-
cle damage, Paulsen created three distinct levels of
muscle damage as gauged by the decrease in maximal
voluntary contraction force-generating capacity during
an isokinetic movement [3,8,23�26,56]. According to
this classification system mild exercise-induced muscle
damage is characterized by a decrease in force-
generating capacity of ,20%, no necrosis, possible leu-
kocyte accumulation, plasma/serum CK activity below
B1,000 IU/L and quick recovery from exercise.
Moderate exercise-induced muscle damage is characterized

by a decrease in force-generating capacity of 20�50%,
possible necrosis, a great likelihood of leukocyte accu-
mulation and a recovery time of 2�7 days. Severe
exercise-induced muscle damage is characterized by a
decrease in force-generating capacity of $ 50%, necro-
sis, leukocyte accumulation, plasma/serum CK activity
.10,000 IU/L and a recovery time of .1 week
[8,23�26,56].

According to this classification scheme and based
on the reported CK values, the studies which did not
observe a significant increase in leukocyte accumula-
tion after eccentrically biased exercise fit into the mild
exercise-induced muscle damage category. On the
other hand, the studies which found a significant
increase in infiltrating leukocytes fit into the moderate
and mild categories. Muscle damage that falls into the
mild category has a small chance of observing leuko-
cyte infiltration, therefore the lack of observation of
leukocyte infiltration in some studies may be because
the protocols in these studies did not induce enough
muscle damage to warrant the efflux of circulating leu-
kocytes out of the circulation and into the muscle tis-
sue to aid in the repair and regeneration process.
Leukocytes such as neutrophils and monocytes/
macrophages enter the muscle tissue to phagocytose
particles and organelles (such as mitochondria)
released from damaged muscle fibers and to release
growth factors to aid in the repair of damaged tissue
[3,24,26,27,48,57�59]. In addition, their presence in
necrotic muscle fibers indicates they may mediate the
process of muscle fiber death [26,27,52]. Therefore if
muscle damage is mild, the signal to leukocytes to
leave the circulation and to penetrate the muscle tis-
sue may not be strong enough and so leukocyte
accumulation in muscle tissue may not be observed.
The timeline of leukocyte infiltration into damaged
muscle tissue is not well documented in the endur-
ance exercise literature, but is well documented in
the resistance training and eccentrically biased exer-
cise literature.

Muscle Damage Following Resistance Training
and Eccentrically Biased Exercise

Although a few studies have determined the extent
of muscle damage and leukocyte infiltration into the
skeletal muscle after resistance exercise, most literature
on damage and leukocyte accumulation in the skeletal
muscle describes studies using eccentrically biased
exercise. Eccentrically biased protocols such as 300
eccentric repetitions of the quadriceps on an isokinetic
dynamometer are used to assess muscle damage and
leukocyte infiltration much more commonly than are
either endurance or resistance training protocols. The
reason for this is that protocols which place more
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stress on the eccentric contraction will most likely pro-
duce the greatest muscle damage and so act as a better
exercise stimulus to study muscle damage and leuko-
cyte infiltration. The greater number of studies which
use either resistance training or eccentrically biased
protocols allows for the distinction of a timeline of
muscle damage and leukocyte accumulation after
exercise.

There is little to no increase in leukocyte infiltration
in the first 3�8 h after exercise [3,8,28,29,60�62]. A sig-
nificant increase in intramuscular (in the muscle tissue)
leukocytes is observed beginning 20�24 h after exer-
cise and this increase is maintained 48 h later
[3,8,26,27,60�62]. In contrast to this commonly
observed pattern, sedentary individuals have demon-
strated an increase in intramuscular leukocytes as early
as 30 min post exercise, and the increased leukocyte
accumulation continued for 168 h after exercise, peak-
ing at 4 and 7 days post exercise [3,24,26,27,52]. Not
only did these sedentary individuals show an acceler-
ated timeline of increase in the skeletal muscle, but the
number of intramuscular leukocytes was also much
greater [3,30,52]. Therefore, training status may impact
the timing and magnitude of increase in intramuscular
leukocytes after exercise. In addition, it has also been
shown that the timing of intramuscular leukocyte infil-
tration may occur simultaneously, or close to the tim-
ing of ultrastructural muscle damage [31,32,62],
although more research is required to show this defini-
tively. Ordinarily intramuscular leukocytes such as
macrophages surround damaged muscle fibers in the
endomysium and perimysium, but when muscle fibers
become necrotic, leukocytes can penetrate into the
muscle fiber [33,34,47,52].

CHAPTER SUMMARY

Exercise can change the number of circulating cells
during recovery, modify various functional attributes
of these cells, and leukocytes can infiltrate the muscle
tissue to aid in the repair and regeneration process.
Although endurance and resistance exercise appear to
display unique leukocyte temporal patterns and func-
tional changes, the shortage of studies concerning
resistance exercise limits direct comparisons between
these exercise types. In general, monocytes, neutro-
phils and natural killer cells increase to the greatest
extent in the circulation after exercise, but monocytes
and neutrophils remain elevated for a longer duration
than do natural killer cells. The reason for this may be
that monocytes and neutrophils can infiltrate the mus-
cle tissue if muscle fibers become damaged. Once in
the muscle tissue monocytes can mature into macro-
phages and, along with neutrophils, aid in repair and

regeneration. These phagocytic cells accomplish their
tasks by moving through the endomysium and peri-
mysium to find damaged muscle fibers, phagocytose
particles and mitochondria released from the damaged
muscle fibers and then release growth factors to aid in
the regeneration of the damaged muscle fibers. In
order to determine how exercise may impact immune
health, changes in the functional capabilities of various
leukocyte subpopulations have been studied. Changes
have been seen in lymphocyte proliferation, cytotoxic
activity, phagocytic and chemotactic capabilities. The
relationship between these functional changes and
immune health is a topic of research for future studies.
In summary, exercise induces several acute changes in
the cells of the immune system, and these changes can
affect the recovery after exercise and potentially our
health.
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[55] Malm C, Sjödin TLB, Sjöberg B, et al. Leukocytes, cytokines,
growth factors and hormones in human skeletal muscle and blood
after uphill or downhill running. J Physiol 2004;556: 983�1000.

[56] Paulsen G, Mikkelsen UR, Raastad T, Peake JM. Leucocytes,
cytokines and satellite cells: what role do they play in muscle
damage and regeneration following eccentric exercise? Exerc
Immunol Rev 2012;18:42�97.

[57] Lu H, Huang D, Saederup N, Charo IF, Ransohoff RM, Zhou L.
Macrophages recruited via CCR2 produce insulin-like growth
factor-1 to repair acute skeletal muscle injury. FASEB J 2011;25:
358�69.

[58] Tidball JG, Wehling-Henricks M. Macrophages promote muscle
membrane repair and muscle fibre growth and regeneration

during modified muscle loading in mice in vivo. J Physiol
2006;578:327�36.

[59] Broek Ten RW, Grefte S, den Hoff Von JW. Regulatory factors
and cell populations involved in skeletal muscle regeneration.
J Cell Physiol 2010;224:7�16.

[60] MacIntyre DL, Reid WD, Lyster DM, Szasz IJ, McKenzie DC.
Presence of WBC, decreased strength, and delayed soreness
in muscle after eccentric exercise. J Appl Physiol 1996;80:
1006�13.

[61] Raastad T, Risoy BA, Benestad HB, Fjeld JG, Hallén J. Temporal
relation between leukocyte accumulation in muscles and halted
recovery 10�20 h after strength exercise. J Appl Physiol
2003;95:2503�9.

[62] Mahoney DJ, Safdar A, Parise G, et al. Gene expression profil-
ing in human skeletal muscle during recovery from eccentric
exercise. Am J Physiol Regul Integr Comp Physiol 2008;294:
R1901�10.

101REFERENCES

2. EXERCISE AND HUMAN HEALTH

http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref56
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref57
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref57
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref57
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref57
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref57
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref58
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref58
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref58
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref58
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref59
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref59
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref59
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref59
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref59
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref60
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref61
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref61
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref61
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref61
http://refhub.elsevier.com/B978-0-12-396454-0.00009-6/sbref61


This page intentionally left blank



S E C T I O N 3

SPORTS AND NUTRITION



This page intentionally left blank



C H A P T E R

10

Vegetarian Athletes
Jing Zhou, Jia Li and Wayne W. Campbell

Department of Nutrition Science, Purdue University, West Lafayette, IN, USA

Vegetarianism is the dietary practice of not consum-
ing meat and possibly other animal-derived foods and
beverages. Vegetarian diets can be divided into, but not
limited to, four categories: lacto-ovo-vegetarian (with
dairy and eggs), lacto-vegetarian (with dairy), ovo-
vegetarian (with eggs), and vegan diets (devoid of all
animal products). Based on a 2012 national poll,
approximately 4% of the adult population in the United
States is vegetarian [1]. Factors for choosing a vegetar-
ian diet include environmental concerns, ethical issues,
and avoidance of animal-borne diseases [2]. Vegetarian
diets are rich in fiber, antioxidants, phytochemicals,
fruits, vegetables, and carbohydrate, while lower in
protein, saturated fat, cholesterol, and processed foods.
The benefits of consuming vegetarian diets are impli-
cated in the prevention of chronic diseases, such as type
2 diabetes, obesity, hypertension, and cancer [2].

The Position of the American Dietetic Association
(ADA) and Dietitians of Canada (DC) on Vegetarian
Diets states that well-planned vegetarian diets can meet
the nutritional needs of competitive athletes [3]. The
impact of vegetarian diets on athletic performance is
not extensively studied, although several elite vegetar-
ian athletes have risen to the top of the sports world [4].
This chapter will focus on the risks of developing cer-
tain nutrient inadequacies among vegetarian athletes
and their potential impact on performance. We will also
summarize and discuss current studies on vegetarian
diets and athlete performance. Recommendations for
successfully planning a vegetarian diet will also be
discussed.

NUTRITIONAL CONSIDERATIONS
FORVEGETARIAN ATHLETES

Athletes consuming a vegetarian diet may be at a
greater risk of developing insufficiencies for the

following nutrients: proteins, essential fatty acids, iron,
zinc, calcium, vitamin D, and vitamin B12 [5]. The
higher risks may be the result of increased needs and
losses during training, lowered absorption and diges-
tion rates of vegetarian foods, the uneven distribution
of nutrients in meat and plant products, and poorly
planned meals. Thus, it is recommended for vegetarian
athletes to consider both their exercise training and
dietary practices for health and performance, and to
regularly monitor their nutrition status. Major func-
tions of these nutrients regarding athletic performance
and potential consequences when insufficient or defi-
cient are listed in Table 10.1. Related research articles
are cited for further reading.

Energy

Inadequate energy intake is one of the major nutri-
tional concerns among vegetarian athletes.
Vegetarians tend to have lower energy intake com-
pared with non-vegetarians [6,7]. Athletes have an
increased energy need, and it is more challenging for
vegetarian athletes to consume adequate energy from
their diet, because vegetarian diets have lower energy
density and higher fiber content. Inadequate energy
intake may result in inferior performance, undesirable
weight loss and body composition, as well as inade-
quacies of certain macro- and micronutrients. For
example, more proteins and amino acids in the body
will be metabolized for energy when energy intake is
insufficient. This is especially detrimental when essen-
tial amino acids are metabolized with inadequate
intake. However, well-planned vegetarian diets can
meet the increased energy needs of athletes. Inclusion
of a wide variety of food choices and frequent meals
are two strategies for vegetarian athletes to increase
energy intake [2]. Vegetarian athletes need to
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routinely monitor their weight to ensure that they are
consuming adequate energy.

Macronutrients

Protein and Essential Amino Acids

Protein is an essential macronutrient required for
muscle synthesis and recovery. The Recommended
Dietary Allowance (RDA) for protein intake is

0.8 g kg21 d21 for adults older than 18 years.
Generally, athletes, even vegetarian athletes, tend to
consume more proteins than the RDA [8,9]. However,
some plant protein sources are of poor quality and low
digestibility, such as cereals. Vegetarian athletes con-
suming vegan diets or poorly planned meals may not
be consuming enough proteins or certain essential
amino acids, i.e., lysine, threonine, tryptophan, or
sulfur-containing amino acids [9,10]. Thus, even with
an adequate total protein intake, vegetarian athletes

TABLE 10.1 Potential Risk of Nutrient Inadequacies and Impact on Performance for Vegetarian Athletes

Nutrients Nutrient Functions Related to Performance Impact on Performance when

Inadequate

Primary Food Sources Suggested

Readings

Proteins &
essential amino
acids

Maintenance, repair, and synthesis of
skeletal muscle

Reduced muscle mass Soy products, beans and
legumes, eggs, tofu, dairy
products

a

Essential fatty
acids (n-3 fatty
acids)

Attenuate tissue inflammatory process and
oxidative stress

Muscle fatigue, pain, and
swelling as a result of
inflammation

Fish, eggs, canola oil,
flaxseed, nuts, soybeans

b, [17]

Iron Oxygen-carrying capacity and energy
production; synthesis of hemoglobin and
myoglobin

Impaired muscle function and
limited work capacity; lowered
oxygen uptake; lactate buildup;
muscle fatigue

Fortified foods, legumes,
dried beans, soy foods, nuts,
dried fruits, and green leafy
vegetables

c�f

Zinc Growth, building, and repair of muscle
tissue; energy production; immune status

Decreases in cardiorespiratory
function, muscle strength, and
endurance

Legumes, whole grains,
cereals, nuts and seeds, soy
and dairy products

g,h

Vitamin B12 Proper nervous system function;
homocysteine metabolism; production of
red blood cells; protein synthesis; tissue
repair and maintenance

Anemia; reduced endurance and
aerobic performance; neurological
symptoms

Dairy products, eggs,
fortified foods and beverages

i

Vitamin D Calcium metabolism; bone health;
development and homeostasis of the
nervous system and skeletal muscle;
cardiovascular fitness

Lower muscle strength and
muscle mass; inflammatory
disease; increased incidence
of bone fracture

Dairy products, eggs,
fortified foods and beverages

j,k, [59]

Calcium Growth, maintenance, and repair of bone
tissue; maintenance of blood calcium
concentration; regulation of muscle
contraction; normal blood clotting; nerve
transmission

Increased risk of low bone-
mineral density and stress
fractures; menstrual dysfunction
among female athletes

Dairy products, calcium-
fortified tofu, calcium-
fortified foods and beverages

[28,59]

aPhillips SM. The science of muscle hypertrophy: making dietary protein count. Proc Nutr Soc. 2011; 70(1): 100�3.
bMickleborough TD. Omega-3 Polyunsaturated Fatty Acids in Physical Performance Optimization. Int J Sport Nutr Exerc Metab. 2012.
cLukaski HC, Hall CB, Siders WA. Altered metabolic response of iron-deficient women during graded, maximal exercise. Eur J Appl Physiol Occup Physiol. 1991; 63(2): 140�5.
dFriedmann B, Weller E, Mairbaurl H, Bartsch P. Effects of iron repletion on blood volume and performance capacity in young athletes. Med Sci Sports Exerc. 2001; 33(5):
741�6.
eHinton PS, Giordano C, Brownlie T, Haas JD. Iron supplementation improves endurance after training in iron-depleted, nonanemic women. J Appl Physiol. 2000; 88(3):
1103�11.
fBrownlie Tt, Utermohlen V, Hinton PS, Giordano C, Haas JD. Marginal iron deficiency without anemia impairs aerobic adaptation among previously untrained women. Am J
Clin Nutr. 2002; 75(4): 734�42.
gLukaski HC. Low dietary zinc decreases erythrocyte carbonic anhydrase activities and impairs cardiorespiratory function in men during exercise. Am J Clin Nutr. 2005; 81(5):
1045�51.
hLukaski HC, Bolonchuk WW, Klevay LM, Milne DB, Sandstead HH. Maximal oxygen consumption as related to magnesium, copper, and zinc nutriture. Am J Clin Nutr.

1983; 37(3): 407�15.
iHerrmann W, Obeid R, Schorr H, Hubner U, Geisel J, Sand-Hill M, et al. Enhanced bone metabolism in vegetarians�the role of vitamin B12 deficiency. Clin Chem Lab Med.
2009; 47(11): 1381�7.
jVitamin d and athletic performance: the potential role of muscle. Asian J Sports Med. 2011; 2(4): 211�9.
kVitamin D, muscle function, and exercise performance. Pediatr Clin North Am. 2010; 57(3): 849�61.
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may not meet their essential amino acids needs [9].
This could lead to sub-optimal health, as well as infe-
rior performance. The RDA of 0.8 g kg21 d21 for pro-
tein applies equally to healthy vegetarians and
omnivores, provided the vegetarians consume a vari-
ety of complementary plant proteins [11].

The ADA, DC, and American College of Sports
Medicine position recommends higher protein intakes
for omnivorous endurance and strength athletes,
at 1.2�1.4 g kg21 d21 and 1.2�1.7 g kg21 d21, respec-
tively [5]. A further 10% increase in protein intake is
advised for vegetarians, to achieve approximately
1.3�1.8 g kg21 d21[8]. Soy and bean products included
in vegetarian diets can help provide essential amino
acids which other plant protein sources may be lack-
ing. Other good sources of plant proteins include
beans, legumes, peas, nuts and seeds. Protein or amino
acid supplementation is not necessary provided that
adequate energy intake and a variety of plant protein
sources are consumed when planning a vegetarian diet
for athletes. Adequate energy intake, especially from
carbohydrate, can spare amino acids from energy pro-
duction versus protein synthesis [12].

Carbohydrate

The recommended carbohydrate intake for athletes
ranges from 6 to 10 g kg21 d21[5]. Adequate carbohy-
drate intake optimizes glycogen stores and provides
readily available energy. It is well accepted that opti-
mal carbohydrate intake helps sustain physical perfor-
mance [13], especially endurance performance [14]
Several cohort studies have confirmed that vegetarians
consume a higher percentage of energy from carbohy-
drate than omnivores [6,15]. It is less likely for vegetar-
ian athletes to have inadequate carbohydrate intake
provided that adequate energy intake is achieved.

Fat and Essential Fatty Acids

Fat is the macronutrient that provides energy and
aids the absorption of fat-soluble vitamins A, D, E, and
K [5,16]. Hormone production and maintenance of cell
membranes also utilize fatty acids. Research has
shown that vegetarians tend to consume less fat—
especially vegans, who exclude all animal products
[6,15]. Intakes of n-3 fatty acids are marginal among
vegetarians, including essential fatty acids eicosapen-
taenoic acid (EPA), docosahexaenoic acid (DHA)
[6,17]. EPA and DHA are important for cardiovascular
health, eye and brain development, as well as control-
ling exercise-induced inflammation. Good sources of
fat in a vegetarian diet include walnuts, flaxseed,
canola oil, and soy. Foods or drinks fortified with
DHA or EPA are also available in the market now and
can be consumed to ensure adequate intake.

Micronutrients

Iron

Iron functions in the delivery of oxygen to tissues
and energy production at the cellular level. Athletes,
especially female athletes, are at greater risk for devel-
oping depletion of iron stores, with or without anemia
[5]. Hemolysis, increased iron loss, low iron intake,
and poor absorption due to inflammation of the intes-
tine resulting from training may compromise iron bal-
ance [18].

Vegetarians and omnivores may consume an equal
amount of total iron from their diets [6]. However,
vegetarian diets contain mainly non-heme iron that
has lower availability than heme iron from animal pro-
ducts. Even though both inhibitors and enhancers of
iron absorption are present in plant food sources, such
as phytates and organic acids, respectively, iron diges-
tion and absorption efficiency are lower for vegetarian
diets. Studies found that iron stores in vegetarians are
lower than in omnivores, while no significant differ-
ence in the incidence of iron-deficient anemia between
the two populations [19]. Since it is a slow process
(3�6 months) to reverse iron-deficient anemia, preven-
tative measures should be taken. An approximately
two-fold higher iron intake, at 14 mg d21 and
32 mg d21 for adult men and adult premenopausal
women, respectively, is advised for nonathletic vege-
tarians [20]. Considering that athletes have a higher
iron loss associated with their training regimen, vege-
tarian athletes may benefit from an iron intake greater
than these amounts. Female vegetarians who do not
have adequate energy intake are at a greater risk for
developing iron-deficient anemia. It is strongly recom-
mended that vegetarian athletes monitor iron status on
a regular basis to prevent iron deficiency.

Vitamin B12

Similar to iron, animal products are the major
sources of vitamin B12. Physiological processes includ-
ing red blood cell production, protein synthesis, tissue
repair, and maintenance of the central nervous system
all depend on availability of vitamin B12 in the body.
The RDA for Vitamin B12 is 2.4 μg d21 for adults.
Vegetarians tend to have inadequate intake and low
serum vitamin B12 concentrations. Strict vegetarians
(vegans) have lower serum B12 concentrations than
those in lacto-ovo-vegetarians and omnivores [21] and
are at increased risk for vitamin B12 depletion [9].
Deficiency of vitamin B12 may result in macrocytic ane-
mia with lowered oxygen transport, which conse-
quently leads to inferior athletic performance.
Prolonged vitamin B12 deficiency may cause irrevers-
ible neurological damage. It is recommended that
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vegetarians regularly consume reliable vitamin B12

sources, such as fortified foods and supplements.

Zinc

Zinc is required for a broad range of cellular and
physiological functions. Specific performance-related
functions of zinc include building and repair of muscle
tissue, energy production, glucose metabolism, regula-
tion of thyroid hormone, and protein use [22]. Zinc
deficiency will not only result in poor exercise perfor-
mance, but also overall health problems. Animal pro-
ducts contribute 50�70% of dietary zinc in an
omnivorous diet [23]. Legumes, whole grains, nuts,
seeds, soy and dairy products, which are abundant in
vegetarian diets, may provide adequate total zinc
intake. But zinc bioavailability in these foods is lower,
possibly due to the high phytate content [24]. Research
has shown that zinc intakes are near or below the
recommended levels among vegetarians [25]. With the
lowered dietary zinc absorption and increased zinc
loss in sweat and urine associated with training [26],
vegetarian athletes are more prone to develop zinc
insufficiency even though overt zinc deficiency among
western vegetarians is rare [3].

Vitamin D

Vitamin D plays an important role in calcium
absorption, regulation of serum calcium concentration,
and maintenance of bone health. It is also involved in
the development and homeostasis of the nervous sys-
tem and skeletal muscle, reducing inflammation, and
lowering the risks of chronic diseases [5,27]. Vitamin D
status depends on cutaneous production of vitamin D3

upon sunlight exposure and dietary intake. The RDA
of vitamin D is 15 μg d21 for people aged 19�50 years
old. Vegetarians have a lower vitamin D intake than
non-vegetarians, even though both groups have an
intake below the RDA [25]. Vegans who avoid dairy
products have the lowest vitamin D intake and low
serum 25-hydroxyvitamin D concentrations [15,25].
Reduced bone mass and increased incidences of bone
fractures are reported in vegans [28]. It is recom-
mended that vegetarians include vitamin D fortified
foods in their diets or vitamin D supplements to
ensure adequate intake and prevention of bone frac-
tures [28,29]. Vitamin D-fortified juice, soymilk, and
cereals are commercially available for vegans in place
of milk products for increasing vitamin D intake.

Calcium

Calcium is especially important for athletes. It is
involved in the growth, maintenance, and repair of
bone tissue, regulation of muscle contraction, nerve
conduction, and normal blood clotting [5]. Adequate
calcium and vitamin D intakes improve bone mineral

density and prevent fractures. Vegetarians, except for
vegans, have similar or higher calcium intake than
those of non-vegetarians [15,25]. Vegans who avoid all
dairy products have the lowest calcium intake, which
falls below the RDA [15,25]. A 30% higher risk of frac-
ture is also observed among vegans, compared with
lacto-ovo-vegetarians or omnivores [28]. Other dietary
factors associated with vegetarian diets may affect cal-
cium status, including sodium, phosphate, and potas-
sium [30]. Athletes tend to consume sport drinks in
order to maintain electrolyte balance. This is poten-
tially problematic for vegan athletes with low calcium
intake, because high sodium intake increases urinary
calcium excretion. On the other hand, fruits and
vegetables are high in potassium and magnesium,
which produce a high renal alkaline load, reducing
urinary calcium losses and bone resorption [31].
Calcium absorption may be inhibited by oxalates and
phytates that are abundant in a vegetarian diet. Some
good sources of calcium include green-leafy
vegetables (e.g., bok choy, broccoli, Chinese cabbage,
collards, and kale), calcium-set tofu, and calcium forti-
fied fruit juices.

The Female Athlete Triad

Vegetarianism may be adopted by some athletes in
order to achieve an ideal body composition or weight.
With constant monitoring and nutrient assessment, an
athlete can achieve their goal safely and effectively
following a well-planned vegetarian diet. However,
female vegetarians, especially vegans, may be at a
greater risk for the female athlete triad, which encom-
passes disordered eating, amenorrhea, and osteoporo-
sis [32]. There is no causal relationship shown between
vegetarianism and disordered eating, but young
women with anorexia nervosa more frequently adopt a
vegetarian diet [9,33]. With the lower intake of iron,
calcium, dietary fat, and energy associated with vege-
tarian diet, female vegetarian athletes may have a
higher risk of developing the female athlete triad [5].

Recommended Practices when Consuming
a Vegetarian Diet

Vegetarian diets can meet the needs of competitive
athletes, provided the meals are well planned and
wise food choices are made [3]. There are several strat-
egies that can help ensure adequate nutrient intake,
such as consumption of supplementation and fortified
foods and beverages. Constant assessment of dietary
adequacy and blood work analyses are recommended
to monitor diet and health of vegetarian athletes [3].
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VEGETARIAN DIET AND
ATHLETIC PERFORMANCE

Vegetarian diets are considered by endurance ath-
letes for higher carbohydrate intake, improvements in
body composition, and weight control to enhance ath-
letic performance.

High Carbohydrate Content of Vegetarian Diet

In 1988, Nieman [34] reported consistency among
several studies performed in the 1900s that found
endurance performance was enhanced in vegetarian
athletes compared with their omnivorous counterparts.
One study measured the maximum number of times
that 25 students could lift a weight on a pulley by
squeezing a handle [35]. The vegetarian group per-
formed 69 contractions while the omnivore group per-
formed 38. Another study engaged athletes trained on
a full-flesh diet, athletes who abstained from meat, and
sedentary vegetarians [36]. The maximum length of
time that their arms could be held out horizontally
was measured. Only 2 of the 15 omnivores were able
to maintain longer than 15 minutes, while 22 of 32
vegetarians exceeded 15 minutes, with one surpassing
3 hours. Nieman suggested that the superior perfor-
mance was partly due to the vegetarians’ motivation to
perform and partly due to higher carbohydrate intake
[34]. He pointed out that the proportion of carbohy-
drate utilized for energy production increases with
increasing exercise intensity. Since vegan or lacto-ovo-
vegetarian diets typically contain a greater proportion
of carbohydrate than non-vegetarian diets, the result-
ing increased glycogen storage may be beneficial dur-
ing prolonged endurance exercise [2].

The 2003 consensus of the International Olympic
Committee on nutrition for athletes [37] indicated that:
“A high carbohydrate diet in the days before competi-
tion will help enhance performance, particularly when
exercise lasts longer than about 60 minutes” and
“Athletes should aim to achieve carbohydrate intakes
that meet the fuel requirements of their training pro-
grams and also adequately replace their carbohydrate
stores during recovery between training sessions and
competition. This can be achieved when athletes con-
sume carbohydrate-rich snacks and meals that also
provide a good source of protein and other nutrients”.

While most studies promoting higher carbohydrate
intake for athletes have focused on the effect of carbo-
hydrate intake during or at the period immediately
before exercise, the long-term benefit of higher dietary
carbohydrate intake has not been addressed. The con-
cept of reduced carbohydrate intake (train low) during
chronic endurance training was highlighted by recent

findings demonstrating that the transcription of a
number of metabolic genes involved in training adap-
tations are enhanced when exercise is undertaken with
low muscle glycogen content [38,39]. There is no clear
evidence that consuming a diet low in carbohydrate
during training enhances exercise performance [40].
The effects of high carbohydrate intake on athletic per-
formance are not likely due to consuming a vegetarian
diet per se.

Vegetarian Diets and Athletic Performance

In contrast to the results of studies done in the
1900s that showed an improved performance of vege-
tarian athletes [34], Hanne et al. found no differences
in aerobic or anaerobic capacities between habitual
vegetarians and non-vegetarians [41]. In this study,
researchers did a series of cross-sectional comparisons
between 49 vegetarians (29 men and 20 women), all of
whom consumed a vegetarian diet for at least 2 years,
and 49 age, sex, body size and athletic activities
matched non-vegetarian athletes. Anthropometric,
metabolic, and fitness parameters tested include: pul-
monary functions, heart rate, blood pressure, physical
working capacity at a heart rate of 170, predicted maxi-
mum oxygen uptake (VO2max), perceived rate of effort
from a cycle ergometer stress test, and total power,
peak power, and percent fatigue from a Wingate
anaerobic test. The authors concluded that habitual
consumption of vegetarian diets does not influence
athletic performance. However, as pointed out by
Venderley and Campbell [2], the variety of vegetarian
diets the subjects followed, the different sports they
performed, and the large age range of subjects are
each potential confounders of the data.

To control for the macronutrient distribution of
diets, two reports were published based on a study
that investigated endurance performance and immune
parameters in 8 male athletes after a lacto-ovo-
vegetarian diet and a mixed western diet were con-
sumed for 6 weeks [42,43]. Both diets consisted of 57%
energy from carbohydrate, 14% from protein, and 29%
from fat. No differences were observed between the
intervention and control diet for VO2max, maximal vol-
untary contraction, and isometric endurance at 35% of
maximal voluntary contraction on quadriceps muscle
and elbow flexors. Despite that, the researchers
observed a decrease in serum testosterone concentra-
tion in the athletes only after they consumed the lacto-
ovo-vegetarian diet for 6 weeks. This was inferred to
be a result of increased fiber intake in the lacto-ovo-
vegetarian diet because fiber binds to steroid hor-
mones in vitro. Since testosterone augments muscle
protein synthesis and muscle mass more quickly than
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performance, the short duration of this intervention
study could be a reason why the authors did not see
any changes in performance.

Immune parameters were also tested in the same
study [42]. The concentration and proliferation of
blood mononuclear cells, spontaneous or stimulated
natural killer cell activity, were not different whether
the subjects consumed the mixed western diet or the
vegetarian diet. As the authors mentioned, another
inconsistency between the two diets was fat composi-
tion. The polyunsaturated fatty acid/saturated fatty
acid ratio was 1.24 for the vegetarian diet and 0.5 for
the mixed western diet. Since diets rich in polyunsatu-
rated fats may suppress lymphocyte blastogenesis, the
potential beneficial effect of vegetarian diets might be
masked by the high polyunsaturated fatty acid
content.

Similarly, differences in dietary fiber and lipid con-
tents existed in endurance runners who consumed
vegetarian versus regular western diets [44]. During
the study, both diets had the same ratio of carbohy-
drate: fat: protein, 60:30:10 percent of total energy
intake. One hundred ten runners freely chose the
amounts and types of food to consume daily within
their dietary groups. Among the 55 athletes who fin-
ished a 1000 km run in 20 days, 30 were from the
regular western diet group and 25 from the lacto-
ovo-vegetarian group. The diets didn’t influence the
percentage of the subjects finishing the run in each
group (50% in both groups). The researchers con-
cluded that the lacto-ovo-vegetarian diet served to
the runners “fulfilled the demands of sport nutri-
tion”. However, they also reported lower iron stores
measured by serum ferritin level before the race,
despite a higher iron intake, in the lacto-ovo-
vegetarian group compared with the regular western
diet group.

Reduced iron storage was also reported by Snyder
et al. [45] when they cross-sectionally compared female
runners who consumed a modified vegetarian diet
(,100 g red meat per week) with those who consumed
a diet which included red meat. Athletes in the modi-
fied vegetarian group had lower serum ferritin, but
higher total iron binding capacity compared with ath-
letes in the red meat group. Serum iron concentration
and percentage transferrin saturation were not differ-
ent between groups. These results suggest that the
female runners who consumed a modified vegetarian
diet had non-anemic iron deficiency, which could
reduce endurance capacity. While female athletes, the
group most vulnerable to iron deficiency, were investi-
gated in this study, the iron status of male athletes has
not been addressed, yet. The effect of iron status on
endurance or resistance performance among vegetar-
ian athletes remains to be clarified.

To summarize the studies discussed above, no
apparent differences in athletic performance between
vegetarian and non-vegetarian athletes were observed.
In their 2006 review of the nutritional considerations
for vegetarian athletes, Venderley and Campbell [2]
proposed that “better research is needed to directly
compare athletic performance of vegetarian and non-
vegetarians since few well conducted studies exist”.
Thus, future research needs to focus on properly con-
trolling energy and macronutrient contents of diets,
standardizing the sports athletes are engaged in, and
directly evaluating various endurance or resistance
performance parameters of vegetarian and non-
vegetarian athletes.

Vegetarian Diets and Physical Performance
of the General Population

While data from studies conducted with vegetarian
athletes are limited, research conducted with non-
athletes can provide important information about how
vegetarian diets influence physical performance of the
general population. In 1970, Cotes et al. did a cross-
sectional comparison between 14 healthy women who
had consumed a vegan diet with a vitamin B12 supple-
ment, 66 non-vegan housewives with comparable
social background, and 20 office cleaners who had a
comparable level of customary activity [46]. No differ-
ences were found among the three groups in forced
expiratory volume and forced vital capacity by spirom-
etry; cardiovascular response to submaximal exercise
on a cycle ergometer; or estimates of thigh muscle
width from circumference and skinfold measurement.
The authors concluded that dietary deficiency of ani-
mal protein did not impair the physiological responses
to submaximal exercise.

In 1999, Campbell et al. [47] reported that older men
who consumed a lacto-ovo-vegetarian diet containing
marginal total protein for 12 weeks experienced
declines in whole-body density, fat-free mass, and
whole-body muscle mass, despite performing resis-
tance exercise thrice weekly. In contrast, older men
who consumed an omnivorous diet with sufficient
total protein experienced increases in these body com-
position parameters after performing the same resis-
tance exercise program for 12 weeks. While these
findings might suggest that an omnivorous diet is
superior to a lacto-ovo-vegetarian diet to promote ana-
bolic body composition responses to resistance training
among older men, this conclusion is not appropriate
because both the quantity and predominant sources of
protein differed between groups. It is of interest to
note that the only dietary advice the men in the lacto-
ovo-vegetarian group were provided was to avoid
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consuming any flesh foods (meats, poultry, and fish).
The resulting marginal total protein intake reinforces
the need for careful consideration of food and nutri-
ent intakes when adopting a vegetarian diet pattern.
Simply omitting meats from the diet may inadver-
tently result in unintended nutrient insufficiencies
and compromised physiological responses to exercise
training.

Subsequent research by Haub et al. [48] indicates
that resistance-training-induced improvements in mus-
cle strength and size were comparable between groups
of older men who consumed lacto-ovo-vegetarian vs
omnivore diets with sufficient total protein for 12
weeks. Maximal dynamic strength of all the muscle
groups trained and cross-sectional muscle area of the
vastus lateralis improved with no significant difference
between groups. Body composition, resting energy
expenditure, and concentration of muscle creatine,
phosphocreatine and total creatine were not different
between groups or changed over time. The findings
from these two studies [47,48] suggest that body com-
position and physical performance are not compro-
mised (or enhanced) by consumption of a vegetarian
diet with sufficient total protein.

The Australian Longitudinal Study on Women’s
Health cross-sectionally compared the health and well-
being of a total of 9113 women defined as young
vegetarian, semi-vegetarian, or non-vegetarian [49].
Vegetarians and semi-vegetarians had lower BMIs
than non-vegetarians and tended to exercise more.
Lord et al. investigated the relationship between pre-
dominant source of protein consumed and muscle
mass index of older women (age 57�75 yrs) [50] and
reported that animal protein intake was the only inde-
pendent predictor of muscle mass index. The observa-
tional study by Aubertin-Leheudre et al. confirmed
Lord et al.’s finding by examining muscle mass in
participants classified as omnivorous (n5 20, age
436 13 yrs) and vegetarians (n5 19, age 486 12 yrs)
[51]. Total protein ingested exceeded the RDA for both
groups while the vegetarian group had significantly
lower muscle mass index. These results indicated that
vegetarian athletes need to be cautious about their
body composition when choosing dietary protein
sources. Since certain amino acids are lacking in most
plant foods, decreased muscle hypertrophy is possible
without careful diet planning. However, there’s no
clear evidence to prove a lowered muscle hypertrophy
in vegetarian athletes.

Baguet et al. [52] compared carnosine content and
buffering capacity in sprint-trained omnivorous ath-
letes who were assigned to consume either vegetarian
or omnivorous diets for 5 weeks. Soleus carnosine con-
tent non-significantly increased (111%) with the
omnivorous diet but non-significantly decreased

(2 9%) in the vegetarian diet group. Carnosine
synthase mRNA expression decreased in the vegetar-
ian group. Since muscle carnosine content is consid-
ered to be an indicator of muscle buffering capacity
in vitro [53] and muscle buffering capacity was posi-
tively correlated with high-intensity exercises perfor-
mance [12,54], vegetarian athletes may be at risk of
decreased performance. The researchers pointed out
that beta-alanine, the rate-limiting precursor of carno-
sine synthesis, is naturally present in meat, fish and
poultry, as well as trace quantities in vegetable oils.
Vegetarian athletes who are engaged in high-intensity
exercises were recommended to take beta-alanine into
consideration when planning their diets.

Finally, vegetarian diets typically contain higher
amounts of antioxidant nutrients than omnivorous
diets, which may help athletes reduce exercise-induced
oxidative stress. However, Szeto et al. [55] upon inves-
tigating the long-term effects of vegetarian diets on
biomarkers of antioxidant status, concluded that while
vegetarians consume more antioxidants (including
vitamin C), they did not have better antioxidant status.
In their 2010 review, Trapp et al. [56] indicated that
most of the literature on this topic focused on supple-
mentations rather than antioxidant-rich diets.
Therefore “further research is required to assess the
antioxidant status of vegetarians, and whether vegetar-
ian athletes have an advantage in overcoming exercise-
induced oxidative stress”.

TAKE-HOME MESSAGES

During the past 25 years, research on vegetarian
diets and athletes has mainly focused on three areas:
(i) nutrient adequacy; (ii) oxidative stress and health;
and (iii) performance. The following statements sum-
marize the predominant views and opinions from sci-
entific reviews [2,9,34,56�59] and position statements
from professional societies [3,8].

Nutrient Adequacy

• The energy and nutrient needs of athletes can be
met by a vegetarian diet.

• Consuming adequate energy to meet requirements
from a wide variety of predominantly or exclusively
plant-based sources is central to helping vegetarian
athletes obtain sufficient protein and micronutrients.

• While vegetarian diets typically have lower protein
density, the dairy and eggs in lacto-ovo-vegetarian
diets provide athletes with high-quality sources of
complete proteins.
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• Vegetarian diets generally provide ample
carbohydrate to maximize body glycogen stores and
support endurance performance.

• Athletes and non-athletes who consume vegetarian
diets may be at higher risk of inadequate intake of
iron for body stores, which could lead to iron
deficiency. Omnivorous diets help maintain
sufficient iron stores.

• Athletes who are strict vegetarians (vegans) are
especially advised to carefully monitor their diet to
ensure that their energy, protein, and micronutrient
needs are met.

Oxidative Stress and Health

• Limited research indicates that immune function is
comparable in athletes who consume vegetarian vs
omnivorous diets.

• Consumption of a vegetarian diet may help reduce
exercise-induced oxidative stress, due to higher
antioxidant intake and status.

• Vegetarian diets are considered heart-healthy and
improve metabolic and physiological coronary risk
factors.

Performance

• Research consistently indicates that habitually
consuming a vegetarian diet does not positively
or negatively impact physical performance of
athletes.
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INTRODUCTION

Combat sports refer to a group of individual
sports that are very relevant to the world sportive
scenario. Altogether, the Olympic disciplines of com-
bat sports (i.e., judo, wrestling, taekwon-do and box-
ing) account for almost 25% of the total medals
disputed in the Olympic games. In addition, profes-
sional boxing and mixed martial arts (MMA) are two
non-Olympic sports that gather millions of spectators
from all over the world and constitute a billion dollar
industry [1].

Each specific combat sport has a unique combina-
tion of rules that confers singular characteristics to
each one (e.g., grappling-based techniques or striking-
based techniques; scoring system; number of rounds;
recovery time between rounds; time duration of each
round). Despite those differences, studies have shown
that most combat sports can be characterized as high-
intensity, intermittent sports [2�6] and consequential
adaptations have been consistently found in these ath-
letes [7,8]. Nonetheless, it seems that grappling com-
bat sports rely more on the anaerobic lactic
metabolism [4,9] whilst the striking combat sports are
more dependent on the alactic anaerobic metabolism
[2], although in both types of combat sports the
actions used to score are often mantained by the
anaerobic alactic metabolism. For all combat disci-
plines, however, aerobic metabolism is predominant
during low-intensity efforts and recovery periods, as
it is responsible for ATP and PCr resynthesis.
Another important characteristic of all combat sports
is the long duration of a competitive event. While a

professional MMA fight may last up to five 5-minute
rounds or a professional boxing fight may last twelve
3-minute rounds, Olympic judo, wrestling and taek-
wondo athletes may perform up to seven matches in
the same day.

A common characteristic of all combat sports is
that competitions are disputed in weight divisions.
Although the weight classes promote more even
matches in terms of body size, strength, speed and
agility, most athletes tend to reduce significant
amounts of body weight in short periods of time in
order to qualify for a lighter weight division [10�12].
By doing so, athletes believe they will gain competi-
tive advantage as they will compete against lighter,
smaller and weaker opponents. Indeed, rapid weight
loss practices are harmful to health and have great
potential to impair performance [13], hence, successful
management of body weight and body composition is
crucial for any nutritional program for combat
athletes.

Based on the characteristics of combat sports (i.e.,
high-intensity, intermittent and long-duration events)
the major factors causing fatigue can be identified. In
light of results from both in vitro and in vivo studies, it
is possible to affirm that fatigue is caused, among
other factors, by muscle acidosis [14,15], increased
extracellular K1 concentration [16], depletion of phos-
phocreatine [17] and depletion of muscle glycogen
[18]. Dehydration and consequential thermal and elec-
trolyte imbalance are also important factors related to
fatigue in combat sports [19�21]. Knowledge of the
causes of fatigue during both training and competition
situations is essential for designing nutritional
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strategies aiming to delay performance decrements
and maximize training adaptations as well as competi-
tive performance. In this chapter, the aspects of sports
nutrition relevant to combat sports will be discussed,
including micro- and macronutrients, hydration, sup-
plements and weight management.

ROLE OF NUTRIENTS

The human body obtains nutrients from the diges-
tion and absorption of food, and they are needed for
virtually all bodily functions. While the macronutrients
(i.e., carbohydrates, fats and proteins) provide energy,
the micronutrients (i.e., vitamins and minerals) are
essential for a number of specific metabolic functions.
A healthy and balanced diet must supply all nutrients
to fulfil the requirements for energy and the other ele-
ments that support metabolism, including water. The
individual need for each nutrient varies depending on
age, gender, presence of medical conditions and level
of physical activity [22]. In comparison with non-ath-
letes, athletes generally have greater needs in terms of
macronutrients and, in some specific cases, micronutri-
ents. The success in supplying these extra needs is a
key factor for any nutritional plan to support intensive
training regimens and maximize competitive perfor-
mance. This will discussed in the present section and,
whenever applicable, the concepts will be extended to
the specificities of combat sports.

Macronutrients

Carbohydrates

The most important role played by carbohydrates
(CHO) is energy supply for cell functions. CHO act as
energy substrates and can be either oxidized via aero-
bic metabolism (i.e., glycolytic pathway coupled with
Krebs cycle and respiratory chain) or converted into
lactate via anaerobic metabolism (i.e., anaerobic glycol-
ysis). In both cases, energy is transferred and ATP is
synthesized. Whereas the aerobic metabolism is more
efficient (i.e., more ATP is synthesized) and the energy
transferred is less readily available (i.e., the rate of ATP
synthesis is lower), the anaerobic metabolism produces
lower amounts of ATP per glucose molecule, but at
very high rates, which is crucial for high-intensity exer-
cises. In the context of sports nutrition, the energetic
role of carbohydrates is even more evident because
they will provide energy for muscle contraction and for
sustaining the exercise.

Muscle glycogen content has been classically related
to the ability to sustain exercise [23]. Although glycogen
depletion has been consistently related as a major cause

of fatigue in endurance exercise [24], data from both
human [25] and animal [18] studies suggest that glyco-
gen depletion also occurs in high-intensity exercises.
That means that glycogen availability plays, at least, a
permissive role in high-intensity performance [26] and
may even be a limiting factor in competitive perfor-
mance in many combat sports, especially when multiple
bouts are performed.

Studies have shown that the acute ingestion of high-
glycemic-index CHO is beneficial for performance in
high-intensity intermittent exercises [27]. The ingestion
of B40 g of dextrose (e.g., 600 mL of a 6.5% dextrose
beverage) immediately before a long-term high-inten-
sity intermittent exercise accompanied by the ingestion
of 200 mL of a 6.5% dextrose beverage at every 15 min-
utes has proven effective in enhancing exercise toler-
ance [27]. Other studies have also shown similar
ergogenic effects of CHO ingestion before and during
high-intensity exercises in a broad variety of exercise
models [28].

According to some authors, approximately 40�60 g
of high-glycemic index CHO should be consumed
every hour during a continuous exercise [29]. Similar
quantities are very likely to be beneficial to combat ath-
letes during their training routines or during competi-
tive events. Other recommendations state that athletes
engaged in high-intensity sports, such as combat sports,
should consume 10�12 g/kg/day of CHO [26]. The
timing of CHO intake has to be individually adjusted,
taking into account food preferences, training schedule
and other activities performed by each athlete. A well
planned diet should comprise the intake of appropriate
amounts of CHO well suited with the training times.
This will allow the athlete to perform better in the train-
ing sessions, which will improve training quality and
maximize training adaptations. The ingestion of CHO-
rich meals containing 200�300 g of high-glycemic-
index CHO 3�4 hours before the exercise is another
effective strategy to improve performance [30].
Whether the CHO is consumed in liquid solutions (e.g.,
carbohydrates-electrolytes beverages or in the form of
supplements) or in solid food is irrelevant for exercise
performance, as both liquid and solid carbohydrates
are equally beneficial to performance [28].

The ingestion of CHO increases the availability of
exogenous glucose for the muscle cells, which
diminishes the rate of muscle glycogen usage by active
muscles, sparing muscle glycogen and delaying its
depletion [31]. Such an effect likely explains the
ergogenic effect of CHO ingested immediately and
during exercise. In addition, the ability of CHO to
increase glycemia and prevent the fall in blood glucose
concentration may also play a role in delaying fatigue
and, at least in part, explain the ergogenic effects of
CHO [28,29].
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Because muscle glycogen depletion is a major cause
of fatigue [18,24] and exercise tolerance is directly
related to pre-exercise muscle glycogen content [23],
pre-competition nutritional strategies must ensure
maximal glycogen accumulation before competitive
events. A classical study by Bergstrom and colleagues
in 1967 [23] was the first to describe a protocol capable
of markedly increasing muscle glycogen content and
improving exercise capacity, as compared with a regu-
lar mixed diet. The so-called supercompensation diet
consists in a 3-day period of CHO deprivation com-
bined with high-intensity/high-volume endurance
exercise followed by a 3-day period of high-CHO
intake. In the first 3-day period, muscle glycogen is
severely depleted, which stimulates insulin action and
glycogen accumulation [32] over the following 3-day
period of high-CHO availability. Although effective,
this glycogen supercompensation protocol is some-
what aggressive as it requires a relatively long period
of CHO deprivation and exhaustive exercise sessions,
which may result in low adherence by athletes. Some
investigations have found similar results of increased
muscle glycogen content after less extreme regimens.
The study by Arnall et al. [33], for example, has shown
that a single bout of exercise that depletes muscle gly-
cogen, when followed by 3 days of an extremely high-
CHO diet (i.e., 85% of the total calories from CHO),
can successfully increase muscle glycogen levels above
baseline values. Moreover, this elevated muscle glyco-
gen content can be maintained for 5 days if the athlete
keeps his/her exercise levels at a minimum and con-
sumes a CHO-rich diet (i.e., B60% of the total calories
from CHO) [33]. Other studies have also shown that
even simpler procedures can maximize muscle
glycogen. Sherman et al. [34] have observed supercom-
pensated muscle glycogen after a 3-day period of a
high-CHO diet (i.e., 70% from total calories) following
a glycogen-depleting protocol (i.e., 5 days of exercises
and 3 days of diet containing 50% of CHO).
Interestingly, high-intensity exercises, such as those
usually performed in combat sports’ training sessions,
seem to elicit faster responses of glycogen accumula-
tion during the recovery from exercise. In combination
with a high-CHO diet, this may result in muscle glyco-
gen above normal levels after several hours. In fact,
data from Fairchild et al. [35] has confirmed that short
bouts of high-intensity exercise and subsequent intake
of a CHO-rich diet (B10 g/kg/day) is an effective
stimulus for faster muscle glycogen supercompensa-
tion, which occurs in less than 24 hours [35].

After the exercise, CHO also play fundamental roles
in the recovery process, especially in the restoration of
the muscle glycogen depleted during the exercise [26].
Therefore, it is necessary to consume adequate
amounts of CHO not only before and during, but also

after the exercise. In fact, studies have demonstrated
that there is a close relationship between the amount
of CHO consumed in the 24 hours after an exercise
session and the amount of muscle glycogen replen-
ished [26]. However, it seems to have a saturation
point from which further increases in CHO intake do
not result in further glycogen accrual. Interestingly,
this saturation point matches quite well with the daily
amount of carbohydrates recommended for athletes
involved with high-intensity activities (i.e., 10�12 g/
kg/day). Importantly, the highest rates of glycogen
synthesis seem to occur at the early stages of post-
exercise recovery (i.e., the first hours after the training
session) [36,37], which means that the earlier an athlete
consumes a CHO-rich meal after the exercise, the ear-
lier he/she will be recovered and ready to perform at
his/her best in the next training session. Furthermore,
some evidence indicates that ingesting smaller
amounts of CHO at every B30 min is more effective in
restoring muscle glycogen during the early phase of
recovery than taking a high amount of CHO in a single
bolus [26], probably due to a more sustained glucose
and insulin availability. Thus, it is important for any
athlete who is training at high intensities, as is the case
of most combat athletes, to keep consuming high-CHO
diets because they will provide not only the energy
necessary for the training sessions, but they will also
provide the substrates needed for restoring the glyco-
gen depleted during the previous training sessions.

To summarize, combat sports athletes are recom-
mended to consume CHO-rich diets containing
10�12 g/kg/day of CHO. The timing of the intake
must ensure appropriate supply of energy for all train-
ing sessions throughout the day, which can be achieved
by consuming a meal containing 200�300 g of CHO
3�4 h before any training session and smaller amounts
immediately before and during the exercise (i.e., B40 g
before and 10�15 g every 15 min during the exercise).
Although the form of CHO (liquid beverages/supple-
ments or solid meals) has no influence on the ergogenic
effects of CHO, the gastric discomfort related to the
ingestion of solid meals immediately before or during
strenuous exercise may hamper the use of solid meals
at some specific times. Thus, the use of liquid bev-
erages/supplements may help athletes to consume the
recommended amounts of CHO at the most appropri-
ate times. After a training session, the immediate intake
of a CHO-rich meal will maximize glycogen restoration
rates. Most important, the total amount consumed in
the 24 hours following a training session will determine
the amount of glycogen that will be restored, until a
saturation point of 12 g/kg/day is reached. However,
for short recovery periods between sessions (i.e., 8
hours or shorter), it is important to speed up glycogen
recovery and consume large amounts of CHO straight
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after the training and keep ingesting 20�30 g of CHO
by snacking every 30 minutes. For the competition day,
all these strategies can be summed with any other strat-
egy that results in muscle glycogen supercompensation.

Proteins

Skeletal muscle is the major deposit of protein mole-
cules (about 40% of body weight in young males [38])
and it is in a constant balance between anabolism and
catabolism, known as “protein turnover”. Skeletal
muscle protein turnover is the ratio between protein
synthesis and protein breakdown rates [39]. Thus, pro-
tein balance could be: (a) neutral � protein synthesis
and breakdown are equal, which results in muscle
mass maintenance; (b) positive � protein synthesis is
higher than breakdown, which results in muscle mass
gain; or (c) negative � protein breakdown rate is
greater than the rate of protein synthesis, which results
in muscle mass loss.

In sports, it is well established that muscle mass loss
can significantly change an athlete’s performance,
strength and power capacity. In this context, it is impor-
tant to avoid muscle mass losses, guaranteeing neutral
or positive protein balance. This is of special impor-
tance for combat sports athletes, as competitive perfor-
mance is strongly dependent on strength and power.

Negative protein balance and muscle loss occur
under catabolic conditions such as malnutrition, fast-
ing state, cancer, AIDS, sepsis, burns, disuse and aging
[40]. Rapid weight loss, a commonly practiced strategy
for weight adjustment in combat sports, is another con-
dition that results in negative protein balance and
muscle loss [41]. Conversely, positive protein balance
leading to muscle hypertrophy could be increased by
physical training, stimulating protein synthesis and
controlling protein breakdown [42,43]. Likewise, pro-
tein and essential amino acids consumption via food
intake have a direct influence on protein synthesis [44].
Both amino acids intake and physical training are
indepent factors that contribute to positive protein bal-
ance [45,46]. Therefore, gain of muscle mass (or muscle
hypertrophy) is the result of the accumulation of suc-
cessive periods of positive protein balance after exer-
cise and protein consumption. Based on it, a combat
sport athlete aiming to maximize his/her body compo-
sition and preserve muscle mass must be aware that
resistance training and adequate protein consumption
(i.e., proper amounts of high-quality protein ingested
at the best times throughout a day) are key aspects for
success.

In order to investigate the ideal amount of protein
intake, Tarnopolsky and co-workers [44] conducted
studies of strength-trained athletes and sedentary sub-
jects taking three protein regimens: low protein (0.86 g
protein/kg/day), moderate protein (1.40 g protein/kg/

day) or high protein (2.40 g protein/kg/day).
According to the protein synthesis, strength athletes’
protein requirements were higher than those of seden-
tary subjects. For the sedentary population, low protein
(0.86 g protein/kg/day) is sufficient to maintain protein
balance. However, for strength athletes the low-protein
diet did not provide adequate protein, suggesting that
the moderate- and high-protein diets fit better with
their needs. In addition to these results, it is interesting
to observe that current dietary reference intakes (DRIs)
recommend a low-protein diet (0.8 g protein/kg/day)
for all individuals, with no recommendation for con-
sumption of extra protein when combined with exercise
[22]. Indeed, combat athletes’ daily requirements for
proteins are very similar to those of strength athletes
because training regimens are quite intense and also
involve resistance/power training sessions. However, it
is important to highlight that excessive intake of protein
might result in decreased protein synthesis rate, as
demonstrated by Bolster et al. [46a]. In this study, the
ingestion of 3.6 g/kg/day of protein reduced protein
synthesis when compared with 1.8 g/kg/day.
Although this was done in endurance-trained athletes,
this result supports the concept that excessively high
protein diets do not provide any further benefit to ath-
letes and, in fact, may even be detrimental.

Considering the specific amount of daily protein
intake, it is suggested that the total amount should be
divided in four or five single doses to be taken
throughout the day, giving priority to the periods fol-
lowing exercise bouts [46a,46b]. The timing of protein
intake is another important point to be considered for
muscle hypertrophy. Several studies have shown that
carbohydrate alone is not capable of increasing pro-
tein synthesis or diminishing protein breakdown after
exercise. However, carbohydrates ingested together
with protein before and/or after resistance exercise
promote a better anabolic response and a positive
protein balance [43,47]. Cribb and Hayes [48] demon-
strated that protein (0.1 g protein/kg/day) combined
with CHO ingested immediately before and/or after an
exercise training was capable of significantly increasing
cross-sectional area of the type II fibers, contractile pro-
tein content, strength and lean body mass, when com-
pared with the same amount of protein and CHO taken
5 hours before or after the workout.

Additionally, the amount of protein intake just after
an exercise bout seems to be relevant. A study using 0,
5, 10, 20, or 40 g of whole-egg protein after an intense
bout of resistance exercise demonstrated that muscle
protein synthesis exhibits a dose-dependent response
to dietary protein until a plateau is reached at 20 g.
Therefore, the maximal anabolic response after the
exercise is achieved with 20 g of protein. Ingesting
higher amounts of protein will not further improve the
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anabolic response of the muscle but only increase
amino acid oxidation, which indicates an excess of pro-
tein intake [49].

In respect of quality, milk, whey, casein and soy
protein have proven effective in stimulating muscle
protein synthesis when consumed after an exercise ses-
sion [50�52]. However, not all high-quality protein
influences the protein turnover to the same extent, as
each protein elicits different physiological responses
and possesses different digestibility and muscle reten-
tion [53]. Casein, for instance, coagulates and precipi-
tates in stomach acid, which results in low rates of
digestion and absorption [54]. Hence, casein promotes
slower but more sustained rise in plasma amino acid.
On the other hand, soy, milk and whey protein are
considered “fast” proteins because they have rapid
digestion, which leads to a large but transient rise in
aminoacidemia (amount of amino acids in the blood).
Evidence indicates that milk and whey protein are able
to promote superior muscle mass accretion than casein
and soy protein, but all four strategies are superior to
carbohydrates alone [48,55]. These responses are prob-
ably related to the hyper-aminoacidemia provoked by
milk and whey protein.

Considering the aforementioned, it is important to
keep in mind that protein consumption plays a key
role in maintaining muscle mass, although excessive
ingestion will be not translated into more muscle
mass. Protein intake should be adjusted per athlete’s
body weight. For combat athletes, a range between
1.8 and 2.4 g/kg/day should be achieved. Also,
daily protein must be ingested four to five times
throughout a day. Straight after exercise bouts, the
doses should be of approximately 20 g of high-
quality protein. Larger quantities of protein can be
ingested in meals if this is necessary to achieve the
recommended daily amounts. Protein quality and
digestibility should be considered. That means that,
after the training sessions, milk or whey proteins
are preferable as they result in rapidly increased
aminoacidemia. On the other hand, evidence sug-
gests that consuming casein before bedtime may
attenuate muscle catabolism during overnight sleep
because of its slower absorption rates [56].

Micronutrients

Micronutrients (i.e., vitamins and minerals) are so
named because the daily intake requirements for these
nutrients are low. As they cannot be endogenously
produced in sufficient amounts, adequate intake
through diet is of great importance. Micronutrients do
not provide energy and, therefore, they do not play
any role in fattening or weight-gaining processes.

Vitamins exert a large number of different functions in
the human body, such as acting as coenzymes in sev-
eral metabolic reactions, hormonal function, calcium
metabolism, antioxidant, coagulation, and structure of
tissues, among others. Unlike vitamins, minerals are
inorganic compounds. Minerals are also essential to
several metabolic pathways, cell signaling, synthesis
and maintenance of tissues.

In theory, athletes involved with high-volume inten-
sive training regimens could have increased require-
ments for daily vitamins and minerals intake. This
would be due to increased rates of synthesis, mainte-
nance and repair of muscle tissue, as well as to losses
of some micronutrients in sweat. In addition, exercise
stimulates metabolic pathways in which micronutri-
ents are involved and can produce biochemical adapta-
tions in muscle tissue that would increase the
requirements of vitamins and minerals [57].

However, studies have shown that a balanced diet
that adequately supplies the needs for energy will also
adequately supply the needs for micronutrients, which
is true for both non-athletic and athletic populations
[57,58]. Hence, athletes in general do not benefit from
supplementation with vitamins and minerals, unless
some specific micronutrient deficiency is present. In
these cases, it is important to make all necessary
changes in the diet in order to ensure that all micronu-
trients will be eaten in adequate amounts. Also, in the
event of micronutrient deficiency, supplementation
with vitamins or minerals may be indicated until that
specific deficiency is circumvented [59]. The counter-
measures for vitamin or mineral deficiency are espe-
cially important for athletes because physical
performance is impaired by micronutrient deficiency
[60,61].

It is worthy to note that some specific athletic
groups are at increased risk of vitamins and minerals
deficiency, such as those who constantly restrict food
intake, exclude specific groups of foods from the diet,
or constantly cycle their body weight. This is quite
common in some sports, especially in combat sports
because of the weight classes issue. Thus, many com-
bat sports athletes are at high risk for inadequate
intake of vitamins and minerals. This is of greater con-
cern for women during menstrual periods as they may
lose a significant amount of micronutrients, especially
iron, in the menses, which may result in anemia and
negatively affect performance [62,63]. Besides iron, cal-
cium and zinc deficiency are also relatively common
among athletes, especially among female athletes and
vegetarians. Calcium deficiency can decrease bone
mineral density, making the bone structures more frag-
ile and susceptible to fractures. In these cases, there
may be an indication for supplementation [57].
Another group at risk for micronutrient deficiency is
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vegetarian athletes, to whom special attention in this
regard must be given.

Finally, it is important to emphasize that maintain-
ing healthy eating habits, such as preventing severe
food restriction and refraining from the exclusion of
particular groups of foods, is the most appropriate
way to avoid micronutrients-related problems.
Supplementation would be necessary only to overcome
any eventual deficiency caused by unbalanced diets.

ROLE OF HYDRATION

Combat sports’ training routines are often pro-
longed and intensive. Frequently, training rooms are
not adequately ventilated or cooled and, in many com-
bat sports, athletes use thick and heavy clothes, such
as the traditional martial arts’ “Gi”. Altogether, these
conditions lead to elevated sweating rates, which may
cause loss of large amounts of body fluids throughout
a prolonged session [64]. If an athlete fails to properly
replace fluid and electrolytes, dehydration and electro-
lyte unbalance will probably occur and physical per-
formance is most likely to be hampered.

Thirst is the main mechanism that drives voluntary
fluid intake during exercise. However, voluntary rehy-
dration usually does not fully replace sweat loss, and
the consequence is a phenomenon known as voluntary
dehydration [65]. It is well established that hypohydra-
tion has relevant health consequences, such as hyper-
thermia, impaired cardiovascular [66] and cognitive
functions [67,68], among other deleterious effects.
Compelling evidence also indicates that hypohydration
is detrimental to exercise performance [69�71] and
that high-intensity exercise capacity may be reduced
even when hypohydration levels are as low as 2% of
body weight [20]. Although maximal strength and
short-term sprint capacity seem to be minimally or not
affected by hypohydration [72,73], prolonged repeated
sprint ability is negatively affected by moderate and
high levels of dehydration [73], which means that
almost all combat sports training and competitive
situations are limited by dehydration. That is espe-
cially true if one takes into account that performance
in combat sports is complex and multifactorial, being
not limited only by physical capacities such as
strength, power and endurance. In fact, performance
in combat sports relies on a variety of physical (e.g.,
strength and anaerobic capacity), motor (e.g., specific
skills), cognitive (e.g., ability to make fast decisions
and to keep focused), and psychological (e.g., mood
state and motivation) factors, so “field performance”
may be more severely compromised by dehydration
than is suggested by laboratory tests that assess only
isolated physical attributes [73]. Therefore, nutritional

plans for training and competition days should never
neglect fluid and electrolyte replacement.

During a combat, adequate rehydration strategies
may not be feasible. Nonetheless, athletes should
ensure that their pre-combat hydration status is nor-
mal, so that performance decrements due to fluid loss
during the fight will not be extreme. In some combat
sports in which multiple combats are performed in the
same day, rehydration between combats is essential
for replacing water and electrolytes lost in the previous
match. In others, such as boxing and MMA, rehydra-
tion strategies between rounds may be important in
preventing hypohydration-induced fatigue. Athletes
are advised not to let thirst drive the amount of fluid
replaced during exercise, as it usually does not com-
pensate for the amount lost in sweat [73].

Although some guidelines recommend fixed
amounts of fluid to be replaced during exercise, some
authors argue that it is not possible to determine how
much fluid every athlete must intake, since water and
electrolyte losses are largely variable depending on
environmental conditions (e.g., temperature and
humidity) and individual characteristics (e.g., acclima-
tization and electrolyte content in sweat) [73].

According to the American College of Sports
Medicine [74], water and electrolyte replacement strat-
egies should aim to eliminate water losses greater than
2% of body weight. This general recommendation is
useful regardless of environmental conditions and
individual characteristics because it is automatically
adjusted to the rate of water loss during all types of
exercise. The same guideline also states that athletes
should avoid excessive fluid ingestion capable of
increasing body weight during exercise [74]. However,
caution must be used when extrapolating this last rec-
ommendation to athletes who start the exercise in
hypohydrated state [73]. As previously mentioned, it is
fundamental to ensure that athletes start their training
sessions or competitive events in euhydrated state.

Evidence indicates that beverage temperature and
flavor influence the amount of fluid ingested during
exercise. Thus, these characteristics may facilitate vol-
untary fluid replacement and contribute to perfor-
mance [75]. In fact, it has been shown that cold
beverages (i.e., with temperature below 22�C) are more
palatable, resulting in increased voluntary consump-
tion of fluid during exercise [75]. Cold beverages also
seem to play a role in cooling the body and controlling
the rise in body temperature [75]. Because beverages
containing CHO plus electrolytes are more efficient in
delaying fatigue than water alone [76] and because
carbohydrates per se clearly have ergogenic effects, as
previously discussed in this chapter, athletes are
recommended to consume cold CHO plus electrolytes
drinks during exercise as a strategy to replace fluid,
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electrolytes and carbohydrates. Again, the volume to
be replaced has to be individualized according to the
amount of water lost in sweat, so that losses are less
than 2% of body weight.

RAPID WEIGHT LOSS

Because most combat sports and martial arts compe-
titions are divided into weight classes, the great major-
ity of competitors undergo a number of aggressive
methods to significantly reduce body weight in a short
period of time. It is assumed that athletes believe that,
by competing in a lighter weight class, they will get
some competitive advantage against lighter, smaller
and weaker opponents. In fact, several surveys have
shown that rapid weight loss is probably the most
remarkable common feature of all combat sports, as
60�90% of athletes from different countries have been
engaged in rapid weight loss for the last 45 years at
least � a tradition that does not seem to have changed
over these years [11,12,77�88].

With regards to the methods commonly used to
quickly reduce weight, athletes report restricting fluid
and food intake in the week preceding the competition
[12,81]. As competition approaches, athletes tend to
restrict even more the intake of food and fluid. Hence,
many athletes weigh-in without having had any meal
of drink for 24 to 48 hours. This restricted pattern is
usually combined with methods that induce water loss
and leads to dehydration, such as: saunas, exercise in
hot environments, exercise with winter clothing, plas-
tic or rubberized suits, and spitting, among others
[11,12,81,89,90]. Of greater concern, a considerable per-
centage of athletes uses more extreme and harmful
methods, such as vomiting, using diet pills, laxatives
and diuretics [12,81,90]. Athletes start reducing weight
before competitions very young, many of them youn-
ger than 15 years of age [81]. A disturbing reported
was of a 5-year-old wrestler who was encouraged to
cut 10% of his body weight, which suggests that some
athletes may be reducing weight at very early ages.

The negative impact of rapid weight loss and
weight cycling on health is undisputed. Among other
effects, it has been shown that rapid weight loss affects
the cardiovascular system [91], suppresses the immune
response [92�94], impairs hydroelectrolytic balance
and thermal regulation [95], increases bone loss [96],
and induces hormonal imbalance such as decreased
serum testosterone and increased cortisol and GH
levels [97,98]. Moreover, weight cycling may be associ-
ated with some eating disorders [90,99] and, during
childhood and adolescence, it can lead athletes to a
borderline undernourished state, putting growth and
development at risk [100�102]. Once the competitive

career is finished, retired athletes who used to cycle
their body weight have greater chance of becoming
overweight or obese than do athletes who did not
cycle weight [103], being subject to all health problems
related to obesity.

In light of these negative effects for a range of
health-related outcomes, it is reasonable to assume
that athletes who are engaged in rapid weight loss
procedures are at risk. Obviously, those athletes who
cut more weight, in shorter periods of time, more
times per season and through more aggressive and
extreme methods are at higher risk. Not surprisingly,
the deaths of a few wrestlers [104] and judo players
[1] have been attributed to rapid weight loss and con-
sequential severe hyperthermia, dehydration and elec-
trolyte imbalance. Because of the widespread use of
rapid weight loss strategies among athletes and due
to its potential to harm athlete’s health, the American
National Collegiate Athletic Association (NCAA) has
launched a program aiming to control the abusive
weight management practices among collegiate wres-
tlers. Despite some criticisms, the minimum weight
program has proven effective in improving weight
loss management behaviors among collegiate wres-
tlers [87,105]. Interestingly, the same wrestlers who
were moderate in managing their body weight for
NCAA-regulated competitions presented much more
aggressive behaviors in international-style wrestling
competitions, which are not under the NCAA mini-
mum weight regulations [78]. These data suggest that
athletes will probably not voluntarily adhere to less
harmful behaviors unless a set of rules compels them
to do so. Therefore, institutional regulations are war-
ranted for all weight-classed sports, like those under-
taken by NCAA for collegiate wrestling and proposed
for judo [13].

Rapid weight loss generally results in reduced fat
mass as well reduced lean body mass [106]. It seems
possible to maximize fat loss during weight reduction
by supplementing with BCAA [107], which could be
explained by the reduced muscle catabolism triggered
by the anti-catabolic effect that leucine exerts on skele-
tal muscle under atrophic conditions [40,108].

Despite the reduction on lean body mass, it seems
consensual that rapid weight loss has minimal detri-
mental effect on maximal strength, muscle power,
aerobic and anaerobic capacities if athletes have at
least 3 hours to rehydrate and recover after weight
loss [106,109�111]. If athletes do not have a minimum
of 3 hours to rehydrate and/or refeed after rapid
weight loss, both aerobic and anaerobic performance
will probably be impaired [71,112�114]. However, if
the weight reduction is gradual rather than rapid and
achieved by a high-CHO diet, performance is less
likely to be reduced [112]. Thus, in any combat sport

121RAPID WEIGHT LOSS

3. SPORTS AND NUTRITION



where the period between weigh-in and competition
varies from a few hours to a few days, the impact of
weight loss can be largely minimized if the weight
loss regimen is gradual, a high-CHO diet is adopted
during weight loss period, and if the recovery period
after weigh-in is used to fully replenish fluid, electro-
lytes and carbohydrates [97,106,115].

Although scientific evidence indicates that rapid
weight loss, if followed by 3 h or longer “reload”
period, has negligible effect on performance, it is
important to emphasize that almost all studies have
assessed performance after a B5% of body weight
reduction. Thus, there is currently no information
available on the effects of larger weight reductions on
physical capacity. In fact, studies have shown that a
considerable percentage of athletes frequently reduces
more than 5% of body weight; some of them reduce
more than 10% of body weight [12,81]! It is quite possi-
ble that these athletes are competing below their physi-
cal, psychological and cognitive capacity as a
consequence of the severe weight reduction.

Despite the lack of effect of acute weight loss on
strength, a longitudinal study has demonstrated
reduced strength after a wrestling season, during
which athletes cycled their body weight [101], suggest-
ing that weight loss has relevant long-term effects on
muscle strength capacity. Besides physical capacities,
competitive performance in combat sports is depen-
dent on psychological aspects, such as mood state and
cognitive function. Studies have shown that rapid
weight loss negatively affects the profile of mood state
and cognitive function, decreasing short-term memory,
vigor, concentration and self-esteem as well as increas-
ing confusion, rage, fatigue, depression and isolation
[12,116,117]. According to Franchini et al. [1], lack of
concentration can affect the ability to deal with distrac-
tions during high-level competitions; low self-esteem
may result in difficulty in envisioning winning a
match, especially against high-level opponents; confu-
sion can impair the capacity to make decisions during
the combat; and rage may result in lack of self-control.
Although aggressiveness is relevant for combat sports,
excessive rage may increase the possibility of illegal
actions. Depression and isolation, in turn, can result in
low adherence to training sessions. Obviously, all these
changes can be detrimental for training and competi-
tive performance [1].

In short, athletes are not recommended to cut
weight before competitions. If strictly necessary,
rapid weight loss should never exceed 5% of the body
weight. Preferably, weight adjustments have to be
done in a gradual fashion (i.e., no more than 1 kg per
week) and include body fat reduction and muscle
mass maximization, rather than acute dehydration.
During the weight reduction period, a high-CHO diet

is highly recommended. After the weigh-in, a carbohy-
drate load (i.e., meal containing 200�300 g of CHO) is
also recommended. Despite the slight impact on physi-
cal capacity, rapid weight loss has negative effects on
several health parameters. In addition, competitive
performance may be impaired, since other factors (e.g.,
mood profile and cognition) associated with competi-
tive performance are impaired. Rapid weight loss
should especially be avoided if the athlete will know-
ingly have less than 3 hours to refeed and rehydrate
after the weigh-in.

SUPPLEMENTS FOR COMBATATHLETES

As previously discussed in this chapter, data from
literature suggest that the major causes of fatigue
in most combat sports are: (i) muscle acidosis; (ii) mus-
cle glycogen depletion; (iii) muscle phosphocreatine
depletion; (iv) increased extracellular K1 concentra-
tion; (v) dehydration and hydroelectrolytic imbalance.
Based on that, it is conceivable that some specific sup-
plements may be especially beneficial for the combat
sport athlete, as they could delay the onset of fatigue
or allow the athlete to perform at higher exercise inten-
sity, therefore maximizing performance in competi-
tions or in training sessions. Because dehydration and
strategies to maximize glycogen and to minimize gly-
cogen depletion have already been comprehensively
discussed in this chapter, this section will focus on
supplements capable of acting on the other three major
causes of fatigue listed above.

With regards to the decrease in intramuscular pH
observed during high-intensity exercises, studies have
shown that nutritional interventions able to increase
extracellular buffering capacity (e.g., sodium bicarbon-
ate or sodium citrate ingestion [118,119]) or intramus-
cular buffering capacity (e.g., increase in muscle
carnosine content via beta-alanine supplementation
[15,120]) possess ergogenic effects and therefore have
great potential to benefit combat sport athletes. In fact,
Artioli et al. [121] have demonstrated that the acute
ingestion of 300 mg/kg of body mass of sodium bicar-
bonate 120 min prior to exercise significantly improves
performance in judo-specific and judo-related tests.
Other studies indicate that similar effects can be
achieved if a chronic (i.e., B500 mg/kg of body mass
split in four or five smaller single doses) rather than
acute ingestion protocol is used [122]. The chronic
loading protocol seems to be preferable because it is
less likely to cause gastrointestinal side effects and it
promotes a more sustained and prolonged effect on
anaerobic performance than does acute ingestion.
Chronic ingestion of sodium bicarbonate can improve
performance up to 2 days after the cessation of
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ingestion [122] whereas acute ingestion will improve
performance for no longer than 3�4 hours after
ingestion.

While sodium bicarbonate and sodium citrate aug-
ment extracellular buffering capacity, beta-alanine sup-
plementation was consistently shown to increase the
concentration of carnosine in muscle cells [123]. Of
note, carnosine is an intracellular cytoplasmic dipep-
tide, abundantly found in skeletal muscle, which exerts
a relevant acid-base regulation function [124].
Carnosine is not taken up into the muscle cells, but it
is synthesized inside muscle fibers from the amino
acid histidine and beta-alanine [125]. The rate-limiting
step for intramuscular carnosine synthesis is the avail-
ability of beta-alanine [124], an amino acid poorly
found in diet. Therefore, supplementation with
1.6�6.4 g/day is the best way to significantly increase
muscle carnosine content (doses are to be taken for 4
weeks or longer, and the expected increase in carno-
sine is .40%) [123]. Beta-alanine supplementation can
elicit significant performance improvements in contin-
uous and high-intensity intermittent exercises [15,126].
Clearly, the effects of beta-alanine supplementation are
most likely to benefit combat sport athletes as well, as
indicated by a study by Tobias and colleagues [127]. In
this study, highly trained judo and jiu-jitsu athletes
were randomly assigned to one of four groups: beta-
alanine, sodium bicarbonate, beta-alanine plus sodium
bicarbonate, and placebo. Athletes were assessed for
intermittent anaerobic performance before and after
supplementation. Interestingly, beta-alanine and
sodium bicarbonate resulted in almost identical perfor-
mance enhancements, indicating that one supplement
is not superior to the other. Moreover, they appear to
have additive effects, as the combination of both sup-
plements yielded a twofold greater increase in perfor-
mance in comparison with beta-alanine or sodium
bicarbonate alone [127]. Hence, the use of beta-alanine
at least 1 month before a major competition in addition
to the use of sodium bicarbonate at least 5 days before
the same competition will probably be highly benefi-
cial for physical performance in most combat sports.

Muscle phosphorylcreatine (PCr) depletion during
intensive exercise is another relevant factor causing
fatigue. Increasing resting intramuscular PCr emerges,
therefore, as an appealing way to delay PCr depletion
and improve anaerobic performance. In fact, since 1992
studies with humans have consistently shown that cre-
atine supplementation (B20 g for 5 days or longer)
augments muscle PCr content at rest [128]. This
increased muscle PCr is related to improved anaerobic
performance, especially in high-intensity intermittent
exercises [129], which highlights the potential ergo-
genic effects of creatine supplementation in combat
sports. However, not every athlete will respond

positively to creatine supplementation since the
increase in muscle PCr is dependent on the initial con-
centration of muscle PCr which, in turn, is dependent
on dietary patterns [128]. More precisely, athletes who
normally eat high amounts of creatine-rich foods (e.g.,
red meat and fish) present high muscle PCr concentra-
tion and do not respond to creatine supplementation,
neither increasing muscle PCr content nor improving
performance. On the other hand, athletes who don’t
eat creatine sources in their diets (e.g., vegetarians)
present low muscle PCr concentration and respond
quite well to supplementation.

In those athletes who respond to creatine supple-
mentation, there is a notable retention of water in mus-
cle, which is due to an osmotic effect of creatine and
leads to increased total body water [130]. Although
such effect is completely harmless, it results in a mod-
est increase in body mass. Even though only modest,
the increase in body mass may represent an enormous
obstacle for most combat athletes, as they normally
weigh more than their weight classes’ limit [81,84]. If
an athlete does not need to make weight, then creatine
supplementation is probably an effective supplement.
On the other hand, if an athlete is usually above
his/her weight class, creatine supplementation will
probably worsen the weight-cutting problem, and
alternative supplementation strategies would be pre-
ferred. In these cases, creatine may be taken during
training periods (e.g., preparation or competitive
phases) in order to maximize training adaptations and
ceased approximately 4 weeks before the weigh-in, as
this is the average wash-out time for creatine in
humans [131]. This procedure will ensure that muscle
creatine and, consequently, total body water and body
mass return to pre-supplementation levels before the
weigh-in. Alternatively, if the athlete will compete in
an event where the weigh-in occurs .48 hours prior to
the matches, the use of creatine (20 g/day taken in
four 5 g single doses) may help in performance, as the
first 48 hours of supplementation are those with the
highest increase in muscle PCr [128]. High doses of
creatine ingested after the weigh-in may benefit perfor-
mance even when the time between weigh-in and the
first match is shorter (B15 h or longer) [132].

Caffeine supplementation seems to be another use-
ful ergogenic aid in combat sports. Interestingly, acute
ingestion of 6 mg/kg body mass of caffeine decreases
extracellular potassium concentration [133], which is
one of the underlying mechanisms that explains the
ergogenic effects of caffeine on high-intensity perfor-
mance. As a matter of fact, several studies have dem-
onstrated the ergogenic potential of caffeine ingestion
(3�6 mg/kg of body mass 1�3 h prior to exercise) on
high-intensity intermittent performance [129]. Besides
the local effects on skeletal muscle, caffeine also
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increases plasma catecholamines concentration [134],
which helps to explain its ergogenic properties.

In addition to beta-alanine, sodium bicarbonate or
citrate, creatine and caffeine, a few other supple-
ments may help to support combat athletes’ training
regimens. High-quality proteins and carbohydrates,
for example, may be useful if an athlete is unable to
ingest the recommended amounts, as previously dis-
cussed in this chapter. Similarly, vitamins or miner-
als may be valuable if a specific deficiency is
detected, and electrolyte-carbohydrate beverages
may help to prevent performance decrements during
training and competition. Based on current literature,
other supplements are less likely to benefit combat
athletes, although new promising supplements may
emerge in the near future. Nonetheless, the conscien-
tious athlete will make his/her diet as healthy and
complete as possible, leaving supplement to a mini-
mum. Finally, an important caveat about the purity
of some supplements found over the counters should
be made: a considerable percentage of supplements
may be contaminated with illegal substances [135].
Although such contamination is usually very small,
it may be just enough to cause an athlete to fail anti-
doping tests [136].
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INTRODUCTION

The winner of Sumo wrestling is decided on the inner
circle, the “Dohyo” (diameter 4.55 m). Two wrestlers
fight to push or throw the opponent out of the Dohyo or
make any part of his body other than feet touch the
ground [1]. Hence, Sumo wrestlers have to acquire a mix
of power, agility, balance ability and aerobic capacity—
although Sumo wrestlers have a relatively low VO2max

/body weight kg [2]—from participating in regular
training (termed “Kei-ko”), which normally consists of
wrestling exercises (e.g., pushing and throwing other
Sumo wrestlers) and additional technical drills [3]. In
addition, since there are no weight limits as in boxing or
western wrestling, Sumo wrestlers who have greater
body mass possess one of the most effective ways to
win. Therefore, Sumo wrestlers are a group of athletes
who have high levels of fat mass and fat-free mass, not
often observed in most other forms of competitive sports
[1]. Research on Sumo wrestlers may provide insight
into weight gain to enhance sports performance.

ENERGY BALANCE

The large amounts of fat mass and fat-free mass in
Sumo wrestlers is greatly influenced by energy intake
and energy expenditure or physical activity levels dur-
ing exercise training. Sumo wrestlers basically have
two meals per day at about 1230 h and 1730 h and take
a nap between the two meals. They start regular train-
ing from around 0600 h to 1000 h [4]. During the
remaining time periods, Sumo wrestlers are permitted

to spend time freely, such as in reading, writing, view-
ing television, cleaning and household chores.

A Sumo wrestler’s meals (termed “Chanko-ryori”) are
abundant in calories, protein and carbohydrate [4]. A
study of the diets of Sumo wrestlers in the 1970s found
that the estimated daily energy intake for Sumo wres-
tlers was 5122�5586 kcal/day [4]. Moreover, according
to a dietary survey (2 days of two meals/day) of 10 pro-
fessional sumo wrestlers (standing height 186.06 8.3 cm,
body weight 152.06 39.5 kg), the average estimated
daily energy intake was 3939 kcal/day, and the diet of
Sumo wrestlers was well balanced (the PFC ratio was
16.0% for protein, 28.2% for fat and 55.8% for carbohy-
drate) except for slightly inadequate calcium intake [5].
Based on these previous studies, Sumo wrestlers get an
energy intake of about 4000 kcal/day to more than
5000 kcal/day in two meals per day.

In contrast, no studies on total energy expenditure or
physical activity level are available for Sumo wrestlers.
However, there are a few reports about resting energy
expenditure (which constitutes 60�70% of total energy
expenditure) for Sumo wrestlers. According to relatively
recent studies using the Douglas bag technique, the
measured resting energy expenditure was
29526 302 kcal/day for 15 male college Sumo wrestlers
(standing height 176.86 3.5 cm, body weight
125.16 12.9 kg) [6] and 22866 350 kcal/day for 10 male
college Sumo wrestlers (standing height 172.96 8.4 cm,
body weight 109.16 14.7 kg) [7]. Even if calculated from
the resting energy expenditure (2500 kcal/day) and
physical activity level (1.75; the lowest limit physical
activity level by [6]), the predicted total energy expendi-
ture for Sumo wrestlers would be 4375 kcal/day. On the
energy balance of Sumo wrestlers, the energy intake
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exceeds energy expenditure over a considerable period,
for gaining weight. Sumo wrestlers simply have an
energy imbalance, but it is important to point out that
the weight gain is directly related to an enhancement of
Sumo performance.

Because there is presently no information on energy
expenditure during Sumo wrestling, future research
will measure total energy expenditure for Sumo wres-
tlers with high accuracy using a doubly labeled water
method. Moreover, since information about energy
intake for Sumo wrestlers has only been reported from
the diet survey of two meals/day, future research will
also focus on a more realistic energy intake by observ-
ing all of what is eaten and drunk (i.e., including eat-
ing between meals).

FAT MASS AND FAT-FREE MASS FOR TOP
LEAGUE (“SEKITORI”)

Sumo wrestlers were found to have body weights in
excess of 100 kg, with fat mass in excess of 30 kg and fat-
free mass greater than 80 kg, which was larger than fat-
free mass for bodybuilders [3]. The large amounts of fat
and fat-free mass coupled with regular exercise training
allowed Sumo wrestlers to be considered “obese athletes”
[8]. Can Sumo wrestlers be considered “obese” or “obese
athletes”?

The first scientific report on the physique of Sumo
wrestlers was published more than a century ago [9].
Since then, more than 10 studies have reported the
body composition of Sumo wrestlers (Table 12.1). As
the first major finding in Table 12.1, the average value
of BMI both in professional and college Sumo wres-
tlers is categorized as obese using the conventional
WHO criteria (i.e., BMI.30 kg/m2), but the mean
value of percent fat using the methods of underwater
weighing, air displacement plethysmography, and
dual-energy X-ray absorptiometry is less than 30%.
Because of their high fat-free mass, Sumo wrestlers can
be misclassified as obese based on the BMI [6]. In fact,
most Sumo wrestlers are able to maintain normal
serum glucose and triglyceride levels despite a very
large visceral adipose tissue area (1516 58 cm2); how-
ever, daily exercise training does not reduce all cardio-
vascular disease risk factors such as insulin resistance
[14]. Another point is that Sumo wrestlers in most pub-
lished data have more than 80 kg of fat-free mass.
According to the first study for Sumo wrestlers using
the underwater weighing method, the average fat-free
mass of wrestlers in the top league (“Sekitori”) was
109 kg, including the largest one of 121.3 kg (standing
height 186 cm, body weight 181 kg, percent fat 33.0%
[3]). Since some Sumo wrestlers have a body mass
above 200 kg, the upper limit of fat-free mass might

approach 150 kg or a fat-free mass/standing height
ratio of 0.7 kg/cm [3].

Sumo wrestlers are, according to their abilities,
divided into the upper leagues (Sekitori), including the
“Makuuchi” headed by the grand champion and
“Juryo” division, and the lower leagues, which include
“Makushita”, “Sandanme”, “Jonidan”, and “Jonokuchi”
division [4]. According to a report about the hierarchical
differences in body composition of professional Sumo
wrestlers, Sekitori division Sumo wrestlers were found
to have larger fat-free mass than those who belong to the
lower leagues, although adiposity level for the Sekitori
division was equal to that in the lower divisions [11].
The cut-off point of fat-free mass index (i.e., fat-free mass
[kg] /height [m]2) which separated Sekitori wrestlers
from other wrestlers was approximately 30 [11].
Additionally, force generation capability was higher in
the upper-leagues’ wrestlers than those in the lower-
leagues [10]. Based on these previous studies, Sumo
wrestlers, especially Sekitori wrestlers, can be considered
to be “athletes”.

ORGAN-TISSUE LEVEL BODY
COMPOSITION

Although body composition studies for Sumo wres-
tlers have been developed over about 20 years based
on a two-compartment model which classifies body
weight as fat mass and fat-free mass, there is limited
information about body composition at the organ-
tissue level. Recently, the method of magnetic reso-
nance imaging (MRI) has provided precise, reliable,
and safe measurements of whole-body skeletal muscle
mass and internal organs in adults [15], and does so in
a relatively short period of time (i.e., it takes about
30 min to scan from the top of the head to the ankle
joints with 1.0-cm slice thickness and 0-cm interslice
gap in adults). According to the only published
research on organ-tissue level composition for Sumo
wrestlers, they were found to have greater skeletal
muscle (36.96 5.9 kg; max value 43.4 kg) than controls
(24.56 3.4 kg) (Table 12.2) [7]. Even if calculated
from the skeletal muscle mass equation using fat-free
mass [15],

skeletal muscle mass5 0:563 fat2free mass2 9:1;

the predicted skeletal muscle mass for Sumo wrestlers
with 150 kg fat-free mass would be 74.9 kg. The upper
limit of skeletal muscle mass in humans might be
about 75 kg.

In addition, it was reported that Sumo wrestlers
had greater liver and kidney masses, but not brain
mass, compared with controls (Table 12.2) [7].
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Moreover, the ratios of kidney mass to fat-free mass
(0.6% vs 0.6%) were similar between Sumo wrestlers
and controls, and the ratio of liver mass to fat-free
mass was higher in Sumo wrestlers (3.1%) than in con-
trols (2.6%) (Table 12.2) [7]. Previous studies have
found that a reduction in the proportion of internal
organ-tissue mass to fat-free mass was coupled with
an increase in that of skeletal muscle mass in untrained
individuals [16,18]. Furthermore, in a recent
study comparing the body composition of untrained
obese subjects (body weight 105.46 10.8 kg) with that
of intermediate-weight subjects (body weight
70.96 11.6 kg), there were no differences of liver and

kidney masses between groups (obese subjects 1.64
and 0.32 kg, intermediate-weight subjects 1.64 and
0.36 kg, respectively) even though obese subjects have
a greater fat-free mass (i.e., liver mass and kidney
mass/FFM ratios: obese subjects 2.5% and 0.5%, inter-
mediate weight subjects 3.0% and 0.7%, respectively)
[19]. However, the Sumo wrestlers had greater abso-
lute liver and kidney masses in comparison with
untrained controls. Additionally, the present study
found that the ratio of internal organ mass to fat-free
mass for Sumo wrestlers does not decline with greater
FFM, unlike untrained individuals. Although the cause
of the phenomenon for Sumo wrestlers has not yet

TABLE 12.1 Fat and Fat-Free Mass of Professional and College Sumo Wrestlers

Subjects n Age

(year)

Standing

Height
(cm)

Body

Weight (kg)

BMI

(kg/m2)

%Fat (%) Method Fat Mass

(kg)

Fat-free

Mass (kg)

Reference

Professional Sumo Wrestlers

Top league
(Sekitori)

12 20.6 182.26 4.4 109.56 20.9 33.0a 17.96 5.1 Skinfold thickness 19.6a 89.9a Nishizawa
et al., [4]

Lower league 84 178.26 5.1 99.16 17.3 31.2a 20.76 6.4 Skinfold thickness 20.5a 78.6a Nishizawa
et al., [4]

Mixed 37 21.16 3.6 178.96 5.2 115.96 27.4 36.26 8.1 26.16 6.4 Underwater
weighing

31.46 13.5 84.66 15.8 Kondo et al.,
[3]

Mixed 23 22.06 1.2 178.76 1.1 115.16 4.2 36.06 1.3 27.36 1.1 Underwater
weighing

31.96 2.1 83.26 2.8 Kanehisa
et al., [10]

Top league
(Sekitori)

7 25.66 2.9 180.16 6.1 154.26 24.9 47.56 6.7 28.66 5.1 Underwater
weighing

45.46 14.6 109.06 10.7 Hattori
et al., [11]

Middle league
(Makushita)

12 20.76 2.2 178.86 5.8 105.76 17.5 32.96 4.4 22.26 5.4 Underwater
weighing

24.06 8.8 81.76 11.3 Hattori
et al., [11]

Low league
(Sandanme)

12 19.86 3.5 179.46 4.4 109.36 18.2 34.06 5.8 28.26 4.2 Underwater
weighing

31.36 9.6 78.06 9.2 Hattori
et al., [11]

Mixed 10 23.26 3.0 186.06 8.3 152.06 39.5 43.56 8.2 39.16 9.5 Bioelectrical
impedance
analysis

59.3a 90.36 18.8 Tsukahara
et al., [5]

Mixed 331 21.66 3.7 179.26 5.3 117.96 21.5 36.66 6.2 29.66 6.6 Air displacement
plethysmography

35.96 13.5 81.96 10.2 Kinoshita
et al., [12]

College Sumo Wrestlers

13 19.86 0.3 178.56 1.6 111.26 3.8 35.06 1.2 24.86 1.0 Underwater
weighing

27.96 2.0 83.36 2.0 Kanehisa
et al., [1]

24 19.76 1.2 177.86 5.3 111.26 21.9 35.26 6.4 24.16 7.3 Underwater
weighing

28.06 13.3 83.16 10.1 Saito et al.,
[13]

15 20.56 0.5 176.86 3.5 125.16 12.9 40.06 20.8 25.66 3.6 B-mode
ultrasound

32.46 7.9 92.76 6.0 Yamauchi
et al., [6]

10 19.46 1.5 172.96 8.4 109.16 14.7 36.56 4.3 27.76 4.5 Underwater
weighing

30.56 7.6 78.66 9.7 Midorikawa
et al., [7]

18 196 1 177.26 6.6 125.46 15.0 40.06 4.8 29.66 4.2 Dual-energy X-ray
absorptiometry

37.66 9.3 87.86 7.5 Midorikawa
et al., [14]

aBMI, fat mass and fat-free mass were calculated from mean standing height, body weight and %fat, respectively.
Values are the means and standard deviations except for Kanehisa et al [1,10], which show standard error.
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been clarified, the increase in liver and kidney mass
may be attributed to an increase in protein intake and
to high metabolic stress of exercise training. Sumo
wrestlers have a large skeletal muscle mass and inter-
nal organ mass during fat-free mass accumulation [7].

CONCLUSION

When an athlete with body weight in excess of
100 kg tries to increase fat-free mass or skeletal muscle
mass to enhance sports performance, there is a simul-
taneous increase in fat mass. Although this type of
phenomenon was observed for Sumo wrestlers, per-
cent fat of upper-leagues wrestlers remained at about
25%. Therefore, the balance between an effective
increase of fat-free mass or skeletal muscle mass and
decrease of fat mass is an important and key point for
the sport performance of heavyweight athletes.
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TABLE 12.2 Organ-Tissue Level Body Composition [7]

Sumo Wrestlers Controls

n5 10 n5 11

Organ-Tissue Mass (kg)

Skeletal muscle 36.96 5.9** 24.56 3.4

Adipose tissuea 35.96 8.9** 10.26 3.5

Liver 2.406 0.52** 1.406 0.20

Brain 1.446 0.07 1.466 0.10

Heartb 0.606 0.08** 0.346 0.03

Kidney 0.496 0.08** 0.336 0.04

Residualc 31.46 5.1** 23.76 2.6

Organ-Tissue Mass/FFM (%)

Skeletal muscle 46.96 3.9 45.96 3.0

Brain 1.96 0.2** 2.86 0.3

Heart 0.86 0.0** 0.66 0.0

Liver 3.16 0.6* 2.66 0.3

Kidney 0.66 0.1 0.66 0.1

aIt was assumed that 85% of adipose tissue was fat and 15% of adipose tissue was the

remaining calculated fat-free component [16].
b0.0063Weight0.98[17].
cResidual mass was calculated as body mass minus sum of other measured mass
components.
FFM, fat-free mass.

Sumo wrestlers vs Controls: * p, 0.05, ** p, 0.01 on unpaired t-test using

SPSS 10.0.
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Bioenergetics of Cyclic Sports Activities on
Land

Walking, Running and Cycling

Paola Zamparo, Carlo Capelli and Silvia Pogliaghi
Department of Neurological and Movement Sciences, School of Exercise and Sport Sciences, University of Verona,

Verona, Italy

ENERGY EXPENDITURE OF HUMAN
LOCOMOTION

To determine the physical activity energy expendi-
ture (PAEE) of various forms of human locomotion
has a practical relevance for maintaining or regaining
optimal body mass and composition, for developing
optimal nutrition strategies in competitive athletes, as
well as for improving their performance.

For competitive athletes, the knowledge of the
PAEE of their specific locomotion mode allows an
accurate quantification of the energy requirements of
their diet [1]; moreover, the knowledge of the exercise
intensity (elicited by a specific form of locomotion at a
specific speed) relative to the individual’s maximal
exercise capacity, determines the relative contribution
of fat and carbohydrates to energy production during
exercise [2]. In turn, this is important for the determi-
nation of the optimal diet composition (nutrients) to
reduce or postpone fatigue, to optimize recovery and
to sustain muscle repair and hypertrophy [1].

Regarding the general population, physical exercise
is commonly prescribed in association with a weight-
reducing diet to favor short-term weight loss and to
reduce long-term weight regain [3]. The choice of the
type of exercise is normally based on personal prefer-
ences and opportunities, within the limitations of indi-
vidual functional capacity and possible medical
conditions, but the knowledge of the PAEE of different
activities is essential to select the appropriate exercise

intensity and duration, to generate an adequate energy
deficit and to favour the utilization of fat deposits for
energy production during exercise [3].

The energy expenditure of physical activity can be
“roughly” estimated based on predictive equations
and on “activity factors” (which take into account the
exercise intensity) or by using the metabolic equiva-
lents (METs), e.g., according to the ACSM guidelines
[4]. However, for cyclic sport activities (on land and in
water), PAEE can be accurately calculated when the
energy cost (C) of that form of locomotion is known.

THE ENERGY COST OF LOCOMOTION

The energy cost (C) of human locomotion can be cal-
culated as:

C5E0v21 ð13:1Þ
where E0 is the metabolic power (the energy expen-

diture per unit of time) and v is the speed of progres-
sion [5]. If the speed is expressed in m s21 and E0 in
kJ s21, C results in kJ m21; it thus represents the energy
expended to cover one unit of distance (the cost of
transport) in analogy with the liters of gasoline needed
to cover a km for a car: the larger this value, the less
economical the car.

The importance of C in determining performance
(for cyclic sports activities, on land and in water), can
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be appreciated by rearranging Eq. 13.1 and applying it
to maximal conditions [5]:

vmax 5E0
max C

21 ð13:2Þ
Equation 13.2 indicates that maximal speed (vmax)

depends on the ratio of maximal metabolic power
(E0

max) to C; hence, for a given athlete (for a given
value of E0

max), the maximal speed he/she can attain in
different forms of land/water locomotion is set essen-
tially by the value of C of that form of locomotion.

It must be pointed out that this analysis can be
applied only to those forms of locomotion (on land or
in water) in which the speed of progression is the only
determinant of performance, that are sufficiently stan-
dardized so as to make the use of a single value of C
meaningful, and in which the driving energy is meta-
bolic (e.g., it cannot be applied to alpine skiing, where
one major driving force is that of gravity, or to sailing,
where the driving force is that of wind). The forms of
locomotion to which the analysis may be applied are
the so-called “cyclic sports activities”: e.g., walking,
running and cycling (land locomotion), swimming,
rowing and kayaking (water locomotion).

It goes without saying that an athlete can improve
performance (can increase his/her vmax) by increasing
his/her maximal metabolic power (E0

max, “physiologi-
cal” parameters, the numerator of Eq. 13.2) and/or by
decreasing his/her energy cost per unit distance (C,
“technical” parameters, the denominator of Eq. 13.2).
In the next section the physiological determinants of
vmax (the contribution of the different energy sources
to E0

max) will be briefly described, whereas the follow-
ing sections will be devoted to an analysis of the deter-
minants of C in land locomotion. In Chapter 14 this
analysis will be extended to water locomotion.

ENERGY SOURCES

The energy expenditure of locomotion at a constant,
submaximal speed is based on “aerobic energy sources”;
in these conditions the energy required to resynthesize
ATP is completely derived from the oxidation of a mix-
ture of carbohydrates (CHO) and fat substrates in the
Krebs cycle. In these conditions, in Eq. 13.1,

E0 5E0
aer 5V0O2

where V0O2 is oxygen uptake.
The moles of ATP obtained per mole of oxygen con-

sumed (the P/O2 ratio) ranges from 5.6 (for lipids) to
6.2 (for CHO) and the substrates selection is a function
of the relative exercise intensity [2]: the relative contri-
bution of CHO to total energy production ranges from
25% at rest to 80�100% at high exercise intensities
(100% for a respiratory exchange rate [RER]5 1).

Especially in short-term, high-intensity bouts, CHO
constitutes the main fuel for ATP production, and this
causes rapid CHO depletion and consequent fatigue.

The exercise intensity that maximizes fat oxidation
during exercise is called “Fatmax” and corresponds to a
value of roughly 50�60% of V0O2max. Fatmax is used as
landmark intensity for exercise prescription for over-
weight subjects and in cases of obesity [6].

At a given submaximal exercise intensity, substrates
selection is also influenced by substrates availability:
the relative contribution of CHO to oxidative ATP pro-
duction can be reduced after prolonged exercise ses-
sions, during fasting, in low CHO diets, or as a
consequence of a suboptimal replenishment of CHO
stores following training or competition. For the above
reasons, fat oxidation during a constant-intensity exer-
cise will progressively increase with exercise durations
exceeding 30 min; this is the reason to prescribe train-
ing sessions above 30 min, at least 5 days per week,
when weight loss is desired [3].

At maximal speeds (all-out tests) the contribution of
anaerobic energy sources to E0

max (see Eq. 13.2) could
play an important role, the more so the shorter the dis-
tance. In these conditions E0

max can be calculated as
the sum of three terms, as originally proposed by [7]
and later applied to running [8], cycling [9,10], kayak-
ing [11] and swimming [12,13] (see also Chapter 14):

E0
max 5E0

AnL 1E0
AnAl 1E0

Aer ð13:3Þ
where the term E0

AnL depends on the anaerobic lactic
energy sources (which can be calculated based on mea-
sured blood lactate concentration at the end of exer-
cise) and the term E0

AnAl depends on the anaerobic
alactic energy sources (which depend on the concen-
tration of high energy substrates in the working mus-
cles); for further details see the papers cited above.
This approach allows estimation of the energy
demands of human locomotion (E0

max) in “square
wave” exercises of intensity close or above maximal
aerobic power where a true steady state of oxygen
uptake cannot be attained and where energy contribu-
tions other than the aerobic one cannot be neglected.
As also indicated in Chapter 14, in these conditions,
the percentage contribution of the aerobic and anaero-
bic energy sources is independent of the mode of loco-
motion (e.g., running, skating or cycling) and depends
essentially upon the duration of the exercise (see
Figure 13.1).

AERODYNAMIC AND NON-
AERODYNAMIC COST OF LOCOMOTION

Values of C as a function of v are reported in the lit-
erature for several forms of human locomotion (on land
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and in water). In walking, the relationship between C
and v has a characteristic “U shaped” curve: C attains a
minimum at a speed of about 1�1.3 m s21 (depending
on gender and age), which is very close to the speed of
spontaneous walking (sws); at this speed the energy
cost of walking is about half that of running (see, e.g.,
[15,16]). At speeds lower and/or larger than the sws the
C of walking increases; it even exceeds that of running
at high walking speeds. The energy cost of running is
almost constant and independent of the speed when
assessed indoors (on a treadmill), but outdoors (on
track) air resistance affects C, the more so the higher
the speed; this can be generalized for all “outdoor cyclic
sport activities”.

In his review of the energetics of locomotion on
land and in water, di Prampero [5] reports the follow-
ing relationships between C (J m21) and v (m s21):

• for running, C5 2701 0.72 v2;
• for speed skating on ice (“dropped posture”),

C5 701 0.79 v2;
• for cycling (standard racing bike, “dropped

posture”), C5 131 0.77 v2.

These data refer to a 70 kg body mass and 1.75 m
stature subject, to flat and firm terrain, to sea level and
in the absence of wind (see Figure 13.2).

In these forms of locomotion, it is thus sufficient to
measure v in order to obtain an accurate estimate of
the physical activity energy expenditure (PAEE) using
the appropriate C vs v relationship. This allows us to
prescribe physical activity as scientifically based “ther-
apy”, as we know the metabolic power elicited by the
exercise at stake. As an example, when walking at the
sws, net energy cost is about 2 J m21 kg21 whereas, in
running, C (which is almost independent of the speed)
amounts to about 4 J m21 kg21 (see, e.g., [15,16]). Thus,
a subject of 70 kg body mass who covers 1 km by
walking at his/her sws (about 1�1.3 m s21 in healthy
adults) will consume 140 kJ of energy, which corre-
sponds to a PAEE of 33.5 kcal (1 kJ5 0.239 kcal); if he
were covering the same distance by running, he would
consume 67 kcal (see Table 13.1).

As an example, this approach, in connection with
the use of GPS tracking of speed and altitude, has
been successfully utilized to estimate the daily energy
expenditure of a runner during an ultra-marathon
event (LANY footrace 2011) [17].
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FIGURE 13.1 Percentage contribution of aerobic (Aer, trian-

gles), anaerobic lactic (Al, squares) and anaerobic alactic (AnAl, cir-
cles) energy sources to overall energy expenditure during maximal

trials in running (black symbols) and cycling (grey symbols, track

bicycle; open symbols, four-wheels recumbent bicycle). Data refer-
ring to a four-wheel recumbent bike are taken from [10]; data referring to
cycling and running were calculated based on data reported by [9] and
[14], respectively; since in the latter study [14] blood lactate concentration
(Lab) at the end of the maximal trials was not assessed, it was assumed to
amount to 11 mM, which is the average Lab value reported by [9] in maxi-
mal cycling trials over similar distances.
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FIGURE 13.2 The energy cost C (J m21) to cover a given dis-

tance as a function of speed v (m s21) in land locomotion. Open
dots, walking; filled dots, running; open squares, speed skating;
filled squares, cycling. Upper curves represent the total energy cost
and continuous lines the “non-aerodynamic” cost for each of these
forms of locomotion (these two curves coincide for walking). Thin
dotted descending lines represent iso-metabolic power hyperbolae of
2, 1 and 0.5 kW (from top to bottom). With a metabolic power input
of 1 kW (a PAEE of 860 kcal/h, central dotted line), a subject can run
at 4 m/s, skate at 8 m/s and cycle at 10 m/s. Adapted from [5].
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The first term of the above-reported C vs v rela-
tionships represents the so-called “non-aerodynamic”
energy cost of locomotion (Cna); it does not change
as a function of speed and differs greatly across dif-
ferent forms of locomotion (it amounts to about 90%
of C at top speeds in race walking and running and
to less than 10% at top speeds in speed skating and
cycling).

The last term of the above-reported C vs v rela-
tionships represents the so-called “aerodynamic”
energy cost of locomotion (Ca), i.e., the energy that
is expended to overcome air resistance (Wa5 k v2);
Ca increases with the square of speed and, for a
given speed, is similar for all forms of land locomo-
tion. This component of C is negligible in walking
and running (less than 10% at top running speeds);
its importance increases with the speed of

locomotion (90% or greater at top cycling speeds).
On land locomotion, therefore:

C5Cna 1Ca 5Cna 1 k0 v2 ð13:4Þ
Equation 13.4 can be considered a “general equa-

tion” for the C vs v relationship in land locomotion
and indicates that C is given by the sum of a term
that is dependent on the speed and a term that is
independent on it, the latter being the “specific deter-
minant” of C for each locomotion mode. For instance,
in aquatic locomotion the “general equation” for the
C vs v relationship is: C5 k vn (with n� 2), indicating
that the energy needed to overcome water resistance
is the most important component of C, in that envi-
ronment (see Chapter 14).

Even if these considerations could not be applied to
all forms of locomotion (e.g., they do not hold for

TABLE 13.1 Values of C for Different Modes of Land Locomotion and in Different Conditions

Condition/speed C (J m21 kg21) PAEE (kcal) Reference

Walking (Cna) at the sws Flat, firm terrain 2.0 33 16

Flat, soft sand 5.4 90 16

Incline (110%) 4.9 82 41

Incline (210%) 1.1 19 41

Children (3�4 yr) 3.0 50 31

Elderly (70 yr) 3.0 50 32

Running (Cna) at speeds of 2�4 m s21 Flat, firm terrain 4.0 67 16

Flat, soft sand 6.4 107 16

Incline (110%) 6.0 100 41

Incline (210%) 2.2 36 41

Skipping (Cna) flat, firm terrain 2�3 m s21 5.5 92 27

Track cycling (Cna1Ca) flat, firm terrain 3 m s21 0.4 7 9

6 m s21 0.7 11 9

9 m s21 1.1 19 9

12 m s21 1.8 30 9

15 m s21 2.6 44 9

Cycling, 1820 Hobby Horse (Cna) 2 m s21 1.7 29 52

Cycling, 1860 Bone Shaker (Cna) 3 m s21 1.6 27 52

Ice skating, modern skates (Cna) 4�10 m s21 1.4 24 51

Ice skating, 1800 BC (Cna) 1.13 m s21 4.6 77 51

Cross country skiing, skating technique (Cna) 4�6 m s21 1.9 32 50

Cross country skiing, 542 AD (Cna) 1�2 m s21 4.8 81 50

Physical activity energy expenditure (PAEE) was calculated over a distance of 1 km for a 70 kg subject (in the absence of wind).

sws, self-selected walking speed; Cna, non-aerodynamic energy cost; Ca, aerodynamic energy cost.
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walking), this generalization could help in understand-
ing the importance of resistive forces (i.e., air and/or
water resistance) in determining C in the two
environments.

THE DETERMINANTS OF C IN LAND
LOCOMOTION

The determinants of the cost of transport, in human
locomotion, are the total work per unit distance (Wtot,
k J m21) and the “locomotion efficiency” (ηL):

C5Wtot=ηL ð13:5Þ
C will then be larger the larger Wtot and the smaller

ηL. A detailed description of the determinants of ηL is
given in the section on efficiencies in land locomotion
at the end of this Chapter.

In analogy with Eq. 13.4, Wtot can also be considered
as the sum of two terms: the work to overcome aero-
dynamic forces (Wa5 k v2) and the work needed to
overcome “non-aerodynamic” forces (Wna) (see, e.g.,
[9,10,18,19]); hence:

Wtot 5Wna 1Wa 5 ðCna ηLÞ1 k v2 ð13:6Þ
(therefore, in Eq. 13.4, k0 5 k/η).

The “aerodynamic” component of Wtot (Wa)
depends, besides the speed, on frontal area (A), on the
coefficient of air resistance (Cd) and on air density (ρ).
As indicated above, Wa is negligible in walking and
running whereas its importance is pivotal in cycling.
The determinants of Wa will thus be described in detail
in the section about cycling.

The “non-aerodynamic” component of Wtot (Wna)
can be considered as the sum of two terms (see, e.g.,
[15,20�22]):

Wna 5Wext 1Wint ð13:7Þ
where Wext (the external work) is the work needed to
raise and accelerate the body center of mass (BCoM)
within the environment and Wint the work associated
with the acceleration/deceleration of the limbs relative
to the BCoM. Wext can be calculated based on the
changes in potential and kinetic energy of BCoM dur-
ing a step/stride/cycle whereas Wint can be calculated
based on the linear and rotational kinetic energy of the
body segments.

While there is still a debate about considering these
two components as two separate entities, most of the
studies reported so far in the literature about human
locomotion utilize this partitioning, and the reader is
referred to specific papers for further details about this
topic (e.g., [15,22�24]).

The Determinants of the External Work in
Walking and Running

Legged locomotion is the result of the coordination
of several muscles, exerting forces via tendons and
producing the movement of several bones and body
segments; however, the complex movements of the
two basic gaits of land locomotion (walking and run-
ning) can be described by using two simple models: an
inverted pendulum for walking and a spring (or a
pogo stick) for running (see, e.g., [15]). These models
(paradigms) explain the interplay among the three fun-
damental energies associated with BCoM: in walking
the work done by the muscles to sustain locomotion is
in part relieved by the exchange of potential
(Ep5m g h) and kinetic (Ek5

1/2 m v2) energy, whereas
in running these two forms of energy change in phase
during the stride, and the work to sustain locomotion
is in part relieved by the recoil of elastic energy (Eel).

In walking, Ep and Ek change in opposition of
phase, as in a (inverted) pendulum, but losses are asso-
ciated with the deviation from an ideal system (e.g.,
through friction) and with the transition from one
“inverted swing” to the other [15,25]. The percent
energy recovery (a parameter introduced by [26] to
quantify the ability to save mechanical energy by using
a “pendulum like motion”) can be as high as 60�70%
at the self-preferred walking speed (where the
exchange between potential and kinetic energy is max-
imized), thus explaining why C is minimal at a this
speed. At larger and smaller speeds the percent energy
recovery decreases so that the work to sustain locomo-
tion is bound to increase, as well as C.

In running, Ep and Ek change in phase so that no
recovery between these two forms of energy is possi-
ble. In this gait, elastic energy has a crucial role since
part of the energy of the system (Ep1Ek, in the flight
phase) is transformed into elastic energy during the
first half of the contact phase, via tendon stretch; a
consistent part of this energy is then given back to the
system in the second half of the contact phase via ten-
don recoil (see, e.g., [15]). This explains why Cna does
not change as a function of speed in running: with
increasing speed the ground reaction forces increase
and, in proportion, the stretch of tendons and the
recoil of Eel increase, thus reducing the need of muscle
contraction and hence the increase in Cna that would
otherwise occur.

Skipping is a gait that children display when they
are about 4�5 years old, and it is also the gait of choice
in low-gravity conditions. Skipping is a combination of
walking and running in a single stride; it differs from
walking because it has a flight phase (the duration of
which is longer the higher the speed) and from run-
ning because a double support phase often occurs. In
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this form of locomotion (similar to horse gallop) Ep, Ek

and Eel exchange during the stride in a combination
of a pendulum-like and an elastic energy saving
mechanism. The energy expenditure of this “mode of
locomotion” is about 5�6 J m21 kg21 at a speed of
1�3 m s21[27].

To summarize: in walking and running, Wext (and
thus C) will be larger:

• the larger Ep (the larger the subject’s body mass and
the vertical displacement of the BCoM),

• the larger Ek (the larger the subject’s body mass and
the vertical and horizontal speeds of the BCoM),

• the lower the percent recovery between Ep and Ek

(in walking)
• and the lower the recoil of elastic energy (in

running).

Since some of these factors depend on environmen-
tal constraints (e.g., opposing winds, track stiffness
and slope) these will be considered in the following
paragraphs.

Body Mass, Gender and Age

Since the cost of transport depends on the mass of
the subject (and on his/her resting metabolic rate), in
land locomotion C is generally expressed per kg of
body mass (e.g., in J m21 kg21) and above resting
values. In young children (3�4 years old) the thus cal-
culated cost of transport (walking) could be as much
as 70% larger than in adults [28]; the differences in C
are lower the older the children, and C becomes simi-
lar to that of adults at an age of 9�10 years [28]. The
mechanical determinants of these differences are dis-
cussed by [29�31]. The energy cost of walking is about
30% larger in the elderly (70 years of age) compared
with young adults (see, e.g., [32]); the mechanical
determinants of these differences are discussed in [32].
Moreover, the C of walking is affected by several path-
ological conditions (neurological or orthopedic disabil-
ities), as reviewed by [33].

In “healthy young adults”, when C is expressed per
unit body mass and above resting values, inter-
individual differences in the energy cost of walking
and running (between genders and across ages and fit-
ness levels) are negligible (see, e.g., [5,34]); this allows
for a proper prescription of PAEE (at variance with
water locomotion, see Chapter 14) in “standardized
conditions” (e.g., on flat and firm terrain, at sea level
and in the absence of wind).

Aerodynamic Resistance

In “non-standard conditions” several factors could
affect C and this should be taken into account for a
proper prescription of PAEE. As indicated by Eq. 13.6,
one of these factors is air resistance. Even if the

aerodynamic component of C is rather small in run-
ning (and altogether negligible in walking), it has been
shown that shielding (running on a treadmill 1 m
behind another runner with induced winds of
10�14 m s21) can reduce the C of running alone by
about 6% [35]. This example indicates:

1. that indoor values of C (e.g., assessed on a
treadmill) could be lower than those assessed in
“ecological” conditions (outdoor); and

2. that C increases in the presence of wind.

These considerations, of course, hold for all forms of
land locomotion.

Track Stiffness

The type of surface may affect the energy cost of
walking and running. As an example, C is about
2.0�2.7 times larger when walking on soft sand than
on firm terrain and 1.2�1.6 times larger in running
[16,36]. The cost of walking on even more compliant
surfaces—e.g., on soft snow—depends on the depth at
which the feet sink and could be as high as
6 J m21 kg21 at a speed of 0.67 m s21 and for a foot-
print depth of about 10 cm [37].

These differences in C could be attributed to the
combined effect of the stiffness of the leg and that of
track. The former is kept constant by a reflex control
[38,39] so that the contact time (and hence the recoil of
Eel) depends only on the latter, decreasing as the track
stiffness increases. On soft terrains the efficiency of
running is thus decreased [16] because the muscles
must replace the energy that could not be recoiled by
tendon and muscle elasticity. In walking the external
mechanical work increases, on soft terrains, because
the foot moves (sinks) on the surface: the recoil
between Ek and Ep is thus bound to decrease, and this
leads to an increase of Wext and thus of C [16,36].

Gradient Locomotion

The energy cost of walking and running on a
upward slope is larger than on flat terrain; however,
the energy required to cover one unit of distance when
going downhill is not a decreasing function of the
slope. As shown by several authors (e.g., [15,40,41]) C
increases when going uphill and decreases when going
downhill, up to a slope of about 210�15%, to further
increase at larger downhill slopes. As indicated by
Minetti et al. [41] this state of affairs can be explained
by differences in positive and negative work (these two
quantities are equal on the level) and in efficiency (up
to 25% uphill and 2125% downhill) across gradients,
the internal work of walking and running being almost
unaffected by the slope. The relationship between C
(J m21 kg21) and gradient (i, from 20.45 downhill to
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0.45 uphill) for walking (at sws) and running is well
described by the following equations (41):

inwalking:C5280:5i5258:7i4276:8i3151:9i2119:6i12:5

in running:C5155:4i5230:4i4243:3i3146:3i2119:5i13:6:

The Determinants of the Internal Work in
Walking and Running

In walking and running, the internal work (Wint,
J m21 kg21) can be estimated by using the following
equation (42):

Wint 5 q f vð11 fd=ð12dÞg2Þ ð13:8Þ
where f is the stride frequency (Hz), v is the forward
speed (m s21) and q is a parameter which takes into
account the inertial proprieties of the limbs and the
mass partitioning between the limbs and the rest of the
body; q is about 0.08 in walking and running on flat
terrain and about 0.10 on gradient locomotion [43].
The term d is the duty factor, i.e., the fraction of the
stride duration at which a single limb is in contact
with the ground [44]; d is larger than 0.5 in walking
(from 0.6 at 1 m s21 to 0.5 at 2 m s21 on flat terrain)
and lower than 0.5 in running (from 0.45 at 2 m s21 to
0.3 at 3 m s21 on flat terrain). In walking and running,
Wint constitutes 25�40% of Wna and ranges from 0.2 to
0.6 J m21 kg21 [43].

The Effects of Fatigue on the Energy Cost of
Running

The energy cost of running increases in fatiguing
conditions, the more so the longer the duration of the
run and the higher the exercise intensity (see, e.g.,
[45�48]). The “deterioration” of C varies among indivi-
duals (i.e., augmenters and non-augmenters) and has
been attributed, among others, to changes in neuro-
muscular coordination, in biomechanical variables
(such as stride length and frequency), to a reduced
ability to store and release mechanical energy (e.g., to
changes in muscle stiffness), as well as to metabolic
factors (such as muscle glycogen depletion, thermal
stress and dehydration).

PASSIVE LOCOMOTORY TOOLS ON
LAND

The relationship between C, Wtot and ηL (Eq. 13.5) is
also useful in understanding how locomotory passive
tools “work”. As indicated in Figure 13.2, compared

with walking and running, locomotory tools such as
skates and bicycles allow for a reduction in C; in land
locomotion, these tools mainly reduce Wtot (whereas in
water locomotion they mainly allow for an increase in
ηL) compared with walking and running (i.e., land
locomotion without passive aids).

Passive locomotory tools do not supply any addi-
tional energy to the body but provide effective compen-
sation for the limitations of our biological actuators
(muscles and tendons) [49]. As an example, all skating
techniques (ice skating, cross country skiing, roller skat-
ing) allow for an increase in speed (the 1 hour record in
roller skating is about twice that for running) because
they allow for a reduction in Wna (and hence of Cna):
this occurs because of a decrease in friction with the
medium, because the contraction speed can be reduced
(due to the presence of a gliding phase), because the
vertical excursion of the body center of mass can be
reduced, and so on [49]. Passive locomotory tools are
often the result of a long evolution in their design, last-
ing hundreds and hundreds of years: for skates and
skis, see [50,51]; for bicycles, see [52�54].

The Determinants of C in Cycling (the External
Work)

The external mechanical work per unit distance in
cycling can be considered as the sum of three terms
[5]:

Wext 5Wa 1Wr 1Wi ð13:9Þ
Wa is the work needed to overcome air resistance:

Wa 5 k v2 5 1/2 A Cd ρ v2 ð13:10Þ
where, A is frontal area (of cyclist1 bike), Cd is the
coefficient of air resistance, ρ is air density and v is the
speed. As shown by Wilson [54], A can vary from
0.55 m2 (traditional bike, upright posture) to 0.36 m2

(racing bike, dropped posture) whereas Cd can range
from 1.15 to 0.88 (in these two cases). Lower values of
A and especially of Cd (down to 0.10) can be observed
for aerodynamic bikes [18] and for human powered
vehicles (HPV) such as faired recumbent bicycles [54].

Wa can be reduced by up to about 30% by moving
in the wake of someone else, depending on the dis-
tance from the leading cyclist and on the cycling speed
(see, e.g., [55]), and significant reductions in Wa can
also be obtained by reducing the air resistance of the
equipment (clothing, helmets and shoes): as an exam-
ple, loose clothing can increase Wa by 30% at speeds
higher than 10 m s21 (see, e.g., [54,55]).

Finally Wa can be reduced by moving to altitude
since air density (ρ) depends on pressure and tempera-
ture; considering that maximal metabolic power
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decreases with altitude, and that this effect opposes
the decrease in Wa, it has been calculated that the
1 hour world record could be attained at an altitude of
about 2500 m (see, e.g., [5,56]). This altitude corre-
sponds to that of Mexico City (2300 m) where indeed
several cycling records were attained between 1968
and 1984 on an outdoor track. The following, most
recent, records were attained on indoor tracks, at near
sea level, by using “aerodynamic bicycles” (with aero
bars and disk wheels) now banned by the UCI (Union
Cycliste Internationale) [57].

Wr is the work needed to overcome rolling
resistance:

Wr 5M g Cr ð13:11Þ
where M is the mass (of cyclist1 bike), g is the accel-
eration of gravity and Cr is the coefficient of rolling
resistance. Cr ranges from 0.002 to 0.010, depending
on the roughness of the surface and on the character-
istics of the wheels: the larger their diameter and the
inflation pressure of the tires, the lower Cr (see, e.g.,
[54,55]). Wr can be reduced by reducing the mass of
the bicycle (e.g., by using materials such as carbon
fiber): the mass of a traditional bike (15�18 kg) is
twice that of a racing bike (about 6�8 kg) and thus its
Wr is double [54].

In this component of Wna are generally considered
all friction forces (not only rolling resistance), such as
bearing friction, dynamic tire deformations and gear
energy losses; the contribution of these resistive forces
(at least in modern bikes) is, however, negligible when
compared with the friction at the wheel-to-ground
contact.

Wi is the work against gravity:

Wi 5M g sin θ ð13:12Þ
where M is the mass (of cyclist1 bike), g is the acceler-
ation of gravity and θ is the road incline. Thus, when a
cyclist is climbing uphill, gravity slows the rate of
ascent, whereas downhill, gravity speeds up the bike;
since high downhill speeds do not compensate for the
slower climbing rate the average speed on hills is less
than that on the level. Lowering M will increase the
climbing rate, improving the average speed on a hill
course [55].

The internal work in cycling

This component of total mechanical work can be con-
sidered as the metabolic equivalent of additional work
due to pedaling frequency [24,58]; this additional work
seems to be attributable to “viscous internal work” (due
to dissipation of internal energy that reduces the effi-
ciency of movement) rather than to “kinematic work”

due to the changes in linear and rotational kinetic
energy of the limbs in respect to the center of mass.
According to Minetti [24,52] this work (Wint,
J m21 kg21) can be estimated based on the following
equation:

Wint 5 q f3 v21 ð13:13Þ
where f is the pedaling frequency (Hz), v is the speed
(m s21) and q is a term that accounts for the inertial
parameters of the moving limbs. Therefore in cycling,
as in walking and running, the internal work is larger
the larger the forward speed and the larger the fre-
quency of the moving limbs (Eqs. 13.8 and 13.13). On a
stationary bike, the internal mechanical work rate per
unit body mass (W kg21) can be calculated according
to this general equation (52):

W0
int 5 0:153 f3

Thus, for a 70 kg cyclist, W0
int corresponds to about

11 W at 60 rpm (1 Hz) and 86 W at 120 rpm (2 Hz).

EFFICIENCY IN LAND LOCOMOTION

The general term “efficiency” refers to the ratio
between “energy output and energy input”. It can thus
be defined as the ratio of mechanical work (W) to met-
abolic energy needed to cover a unit distance (W/C,
where both terms are expressed in J m21 kg21) or as
the ratio of mechanical work and metabolic energy per
unit of time (W0/E0 where both terms are expressed in
J s21 kg21, i.e., W kg21, or in W).

When the whole mechanical energy flux is known
and when the metabolism is aerobic, this efficiency
cannot exceed a value of 0.25�0.30 [59]. This limit is
set by the product of the efficiency related to the phos-
phorylation of metabolic substrates to ATP molecules
(0.60) and of the efficiency related to muscle contrac-
tion itself (from ATP to force/displacement generation:
0.50); this efficiency is defined as muscular efficiency
(ηm) and depends on the fiber’s type composition, on
contraction length and speed and on the type of con-
traction (concentric or eccentric) (see, e.g., [49]).

The “locomotion” efficiency of a given form of loco-
motion is defined as the ability to transform metabolic
energy into the “minimum” external work necessary to
move [60]. As an example, in cycling on flat terrain,
one has at least to overcome air and rolling resistance.
Indeed, at constant speed, the sum of the resistive
forces has to be equal to the sum of the propulsive
forces. Since the cyclic motion implies a certain move-
ment frequency, Wint has also to be accounted for, and
thus, for this form of locomotion, ηL is well described
by Eq. 13.5: ηL5Wtot/C.
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From another point of view, ηL can be considered as
the product of two main components: muscle efficiency
(ηm) and the so-called “transmission efficiency” (ηT):

ηL 5 ηm ηT ð13:14Þ
Transmission efficiency ηT (in aquatic locomotion

this is known as propelling efficiency, ηP) is the ratio
between the “minimum” work for locomotion and
Wtot and accounts for all the energy dissipation “out-
side” the involved muscles. Transmission efficiency
could range from 0 (no “external work” production,
such as in isometric contractions) to 1 (when all the
work generated by the muscles is utilized for produc-
ing “external work”). Thus, ηL will range from 0 to
about 0.3. In cycling, ηL is close to 0.25 (provided that
all components of Wtot are taken in due consideration),
and this indicates that in this form of locomotion ηm is
nearly maximal and ηT is close to 1 (see Chapter 14 for
a further discussion on this point).

Passive locomotory tools, such as bicycles, do
indeed optimize both ηm (e.g., by allowing the muscles
to work in the optimal region of the force/velocity
relationship by using gears) and ηT (e.g., by reducing
the work needed for locomotion, such as the vertical
excursion of the BCoM) [49,52].

The values of ηL range from 0.2 to 0.4 in walking
and from 0.4 to 0.7 in running (see, e.g., [16,20,22]);
this indicates that, for these forms of locomotion, the
nominator of Eq. 13.5 is “overestimated” (ηL could be
at most 0.30). Indeed, in these forms of locomotion,
Wext is calculated based on the changes in kinetic and
potential energy of the BCoM (see above) but these
changes cannot be attributable to “muscular work”
only, since they also depend on the recoil of elastic
energy; the latter is difficult to measure, and hence to
be taken into account; it increases with increasing
speed and is larger in running than in walking. This
state of affairs indicates that is difficult to estimate the
contribution of ηm and ηT for these forms of locomo-
tion and that more research is needed to better define
the values of Wext (and Wtot) in “legged” locomotion.

CONCLUSIONS

Walking and running are cyclic movements requir-
ing limited skills and low-cost equipment. Locomotion
with passive tools such as skis, skates or bicycles
requires specific skills and adequate equipment; the
cost of transport for these forms of locomotion is lower
than for running or walking, and so is the impact load
on the lower limbs.

Compared with walking, running is a high-impact
activity and it has the highest cost of transport of all

forms of land locomotion; this, for unfit subjects, could
prevent the continuation of exercise for more than a
few minutes. For this reason, walking is the first-choice
activity prescribed for weight loss programs, especially
so in relatively unfit and/or obese individuals.

In “healthy young adults” inter-individual differ-
ences in the energy cost of walking, running and
cycling are negligible. This allows for a proper pre-
scription of physical activity energy expenditure (by
contrast with water locomotion, see Chapter 14) in
“standardized conditions” (e.g., on flat and firm ter-
rain, at sea level and in the absence of wind).
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[32] Mian OS, Thom JM, Ardigò LP, Narici MV, Minetti AE.
Metanolic cost, mechanical work and efficiency during walking
in young and older men. Acta Physiol 2006;186:127�39.

[33] Waters RL, Mulroy S. Energy expenditure of normal and patho-
logical gait. Gait Posture 1999;9:207�31.
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ENERGETICS AND BIOMECHANICS OF
AQUATIC LOCOMOTION

To determine the physical activity energy expendi-
ture (PAEE) of various forms of human locomotion
has a practical relevance for maintaining or regaining
optimal body mass and composition, for developing
optimal nutrition strategies for competitive athletes,
as well as for improving their performance (see
Chapter 13). As is the case for land locomotion, in the
water environment PAEE can be accurately calculated
when the energy cost (C) of that form of locomotion is
known.

The energy cost per unit distance (C) is defined as:

C5E0 v21 ð14:1Þ
where E0 is the metabolic power (the energy expendi-
ture per unit of time) and v is the speed of progression
[1]. If the speed is expressed in m s21 and E0 in kJ s21,
C results in kJ m21; it thus represents the energy
expended to cover one unit of distance while moving
in water at a given speed (see Chapter 13 for refer-
ences and more detailed information).

The contribution of the aerobic and anaerobic energy
sources to total metabolic energy expenditure (E0)
depends on the intensity and the duration of the exercise
(see Chapter 13) and, for all-out efforts, is independent of
the mode of aquatic locomotion. As an example, for all-
out efforts of the same duration (about 1 min, e.g., over a
distance of 100 m in swimming and 250 m in kayaking),

the aerobic and anaerobic metabolism respectively con-
tribute about 40% and 20% of the total metabolic energy
expenditure in both activities (Table 14.1); for more
details see [1�3].

In analogy with land locomotion (see Chapter 13),
the total mechanical power of aquatic locomotion
(W 0

tot) can be considered as the sum of two terms: the
power needed to accelerate and decelerate the limbs
with respect to the centre of mass (the internal power,
W 0

int) and the power needed to overcome external
forces (the external power, W 0

ext):

W 0
tot 5W 0

ext 1W 0
int ð14:2Þ

The internal power in aquatic locomotion (swim-
ming) was investigated in only a few studies [4�6]; in
analogy with land locomotion W 0

int (W) was found to
depend on the frequency of the limb’s motion (f, Hz):

Wint 5 q f3 ð14:3Þ

where q is a term that accounts for the inertial para-
meters of the moving limbs; q5 6.9 for the leg kick and
38.2 for the arm stroke [4,5]. W 0

int represents a larger
fraction of W’tot in the leg kick, compared to the arm
stroke, due to the higher frequency of movement in
the former compared to the latter. For the whole stroke
(front crawl) W 0

int ranges from 10 to 40 W at speeds of
1.0�1.4 m s21[5]. Passive locomotory tools that can
decrease f have thus a direct influence on W 0

int; as an
example, the use of fins reduces W 0

int compared with
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barefoot leg kicking by about 60�90%, depending on
the type of fins utilized (see, e.g., 4, 6).

The external power in aquatic locomotion can be
further partitioned into: the power to overcome drag
that contributes to useful thrust (W 0

d) and the power
that does not contribute to thrust (W 0

k):

W 0
ext 5W 0

d 1W 0
k ð14:4Þ

Both W 0
d and W 0

k give water kinetic energy, but
only W 0

d effectively contributes to propulsion (see,
e.g., [7,8]). The efficiency with which the overall
mechanical power produced by the swimmer/kay-
aker/rower is transformed into useful mechanical
power (i.e., the “minimum” power needed for propul-
sion, see Chapter 13) is termed propelling efficiency
(ηP) and it is calculated as:

ηP 5W 0
d=W

0
tot ð14:5Þ

This parameter is of utmost importance in water
locomotion since it indicates the capability of the
swimmer/kayaker/rower to best transform his/her
muscular power into power useful for propulsion.
Propelling efficiency corresponds to the transmission
efficiency (ηT) of land locomotion; it accounts for all
the energy degradation “outside” the involved muscles
(see Chapter 13); ηP could range from 0 (none of the
power provided by the muscles is useful for propul-
sion) to 1 (all power is utilized for propulsion). In elite
swimmers ηP could be as high as 0.35�0.40 (see, e.g.,
[5,9]) but this value is reduced in children, masters
and unskilled swimmers (e.g., as low as 0.10�0.20; see
[10,11]). These data indicate that, in swimming, far
more than 50% of the mechanical power output is
wasted in giving water kinetic energy that is not useful
for propulsion. In rowing and kayaking ηP is larger: it
could be as high as 0.65�0.75, depending on the speed
and on the level of skill (see, e.g., [12]).

The efficiency with which the total mechanical
power produced by the swimmer is transformed into

external power is termed hydraulic efficiency (ηH) and
is given by W 0

ext/W
0
tot. The efficiency with which the

external mechanical power is transformed into useful
mechanical power is termed Froude (theoretical) effi-
ciency (ηF) and is given by W 0

d/W
0
ext. It follows that

ηP5 ηFηH. Hence, if the internal power is nil or negligi-
ble (and if the hydraulic efficiency is close to 1)
ηP5 ηF. Thus, propelling efficiency will be lower than
Froude efficiency the higher the internal mechanical
power and the lower the hydraulic efficiency (see, e.g.,
[4,7,8]). A similar description of the power partitioning
and of the efficiencies in human swimming is reported
in the literature by other authors (e.g., [13,14]); these
authors, however, do not take into account the contri-
bution of internal power to total power production;
therefore, in their calculations the implicit assumption
is also made that hydraulic efficiency is 100% and
hence that ηF5 ηP.

Whereas the propelling, hydraulic and Froude effi-
ciencies refer to the mechanical partitioning only, the
performance (drag) efficiency (ηD) takes into account
also the metabolic expenditure: it is the efficiency with
which the metabolic power input (E0) is transformed
into useful mechanical power output (W 0

d):

ηD 5W 0
d=E

0 ð14:6Þ
Drag efficiency corresponds to the locomotion effi-

ciency (ηL) of land locomotion (see Chapter 13) since
the numerator of (Eq. 14.6) takes into account only the
“minimum” (useful) work (rate) to move in water
(e.g., the power to overcome drag). This efficiency is of
about 0.03�0.09 (see, e.g., [5,15,16]).

Since ηL5 ηmηP (see Chapter 13), in water locomotion
it is possible to estimate ηm based on measured ηD (ηL)
and ηP. As shown by Zamparo [17] the efficiency so
calculated turns out to be of about 0.20�0.25 and corre-
sponds to the efficiency (sometimes indicated as gross,
overall, or mechanical efficiency, ηO) that can be calcu-
lated by measuring all components of W 0

tot by means of

TABLE 14.1 Percentage Contribution of Aerobic (Aer), Anaerobic Lactic (Anl) and Anaerobic Alactic (Anal) Energy Sources to
Overall Energy Expenditure During Maximal Swimming Trials (Average for All Strokes) And Maximal Trials On The Olympic Kayak

Distance (m) Time (s) Speed (m s21) EAer (%) EAl (%) EAnAl (%)

Swimming 50 25.9 1.76 19.2 54.8 26.0

Swimming 100 57.5 1.59 37.4 44.2 19.4

Swimming 200 126.6 1.45 62.4 25.3 12.3

Kayaking 250 61.9 4.04 40.5 37.3 22.2

Kayaking 500 134.8 3.71 60.4 26.9 13.4

Kayaking 1000 289.0 3.46 83.3 8.8 7.9

Kayaking 2000 568.2 3.52 89.5 6.1 4.4

Adapted from [2,3].
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land-based swimming ergometers (see, e.g., [18]) or by
direct calculation of W 0

int, W
0
k and W 0

d (see, e.g., [5]):

ηO 5W 0
tot=E

0 ð14:7Þ
Combining Equations (14.5), (14.6) and (14.7) one

obtains:

E0 5W 0
d=ðηP ηOÞ ð14:8Þ

which, at any given speed, relates the metabolic power
input (E0) with the power needed to overcome hydro-
dynamic resistance (W 0

d) and with propelling (ηP) and
overall (ηO) efficiency; since, for any given speed,
C5E0/v and W 0

d5Wd v, it follows that:

C5Wd=ðηP ηOÞ ð14:9Þ
which, at any given speed, relates C with hydrody-
namic resistance (Wd) and with propelling (ηP) and
overall (ηO) efficiency. For further details see [1,19].

Equation 14.9 indicates that at any given speed and
for a specific ηO, an increase in ηP and/or a decrease in
Wd lead to a decrease in C (e.g., allowing the swimmer/
rower/kayaker to spend less energy to cover a given dis-
tance, or to cover the same distance at a higher speed).

ENERGETICS OF SWIMMING

Effects of Speed and Stroke on C

In swimming, C increases (nonlinearly) as a function
of the speed (see Figure 14.1).

The energy cost of swimming, for a given speed, is
lowest for the front crawl, followed by the backstroke and
the butterfly; the breaststroke being the most demanding
stroke [2,15]. In young elite swimmers the relationships
between C and v for the four strokes are well described
by the following equations (adapted from [2]):

• front crawl: C5 0.670 v1.614

• backstroke: C5 0.799 v1.624

• breaststroke: C5 1.275 v0.878

• butterfly: C5 0.784 v1.809.

Therefore, a swimmer who covers 1 km by swim-
ming at 1 m s21 will consume from 670 (front crawl) to
1275 (breaststroke) kJ of energy, which corresponds to a
PAEE (the energy expenditure related to physical activ-
ity, see Chapter 13) of 160�305 kcal (1 kJ5 0.239 kcal).

When compared with data of C for land locomotion
at similar speeds of progression (as an example with
walking at the self-selected speed where v is about
1�1.3 m s21, see Chapter 13), it is apparent that locomo-
tion in water is more energy demanding (about ten
times larger at this speed in swimming compared with
walking). This is essentially because hydrodynamic
resistance (Wd) is much larger than air resistance (water

density is about 800 times higher than air density) and
to the fact that for land locomotion (e.g., cycling) ηT� 1
whereas, in water locomotion, propelling efficiency is
much lower than that (see above); thus, as indicated by
Eq. 14.9, in water locomotion, C is larger than on land
becauseWd is larger and ηP is lower.

Differences in C, in swimming, could be expected
not only based on differences in speed and stroke, but
also based on differences in skill level, hydrodynamic
position, gender and age, as discussed below.

Effects of Training and Skill Level on C

According to Eq. 14.9, we can expect differences in
C based on differences in Wd, ηP and ηO among swim-
mers. This is very much the case, and the ACSM
guideline tables [20] indicate this by warning the read-
ers that PAEE “can vary substantially from person to
person during swimming as a result of different
strokes and skill levels”. Indeed, technical skill in
swimming deeply influences C because of its effects on
ηP (and, to a lesser extent, also on Wd). As indicated by

0,0
0,0

0,5

1,0

2,0

2,5

1,5

1,0 2,0 3,0

v (m · s–1)

C
 (

kJ
 · 

m
–1

)

4,0 5,0

FIGURE 14.1 The energy cost (C) to cover a given distance as a

function of the speed (v) in the front crawl (for subjects with dif-

ferent technical skills) and in boat locomotion. Open squares, recre-
ational swimmers; full circles, good swimmers; open circles, elite
swimmers; full triangles, slalom kayak; full squares, rowing shell;
open triangles, flat water K1 kayak. Thin descending lines represent
iso-metabolic power hyperbolae of 2, 1 and 0.5 kW (from top to bot-
tom). With a metabolic power input of 1 kW (a PAEE of 860 kcal h21,
central dotted line), a good swimmer can reach 0.85 m s21, and a
competitive swimmer about 1.1 m s21, whereas a recreational swim-
mer can sustain a speed of only 0.6 m s21. At the same PAEE the
speed attained with boat locomotion is much larger: about 2.3 m s21

with a slalom canoe, and about 3.5 m s21 with a rowing shell or a flat
water K1 kayak. Adapted from [3,15,41,42].
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Holmer [15], a recreational swimmer can spend as
much as twice the energy that a good swimmer uses to
proceed in water at the same speed, and the latter con-
sumes about 20�30% more energy than an elite swim-
mer at comparable speeds (see Figure 14.1).

Training is expected to improve technical skills. As
shown by Termin and Pendergast [21], 4 years of
“high-velocity training” resulted in a 20% decrease in
C and in a proportional (16%) improvement in the dis-
tance travelled per stroke (DS, an index of propelling
efficiency). On the other hand, training could lead to a
15�35% decrease in water resistance (Wd, as reported
by [22]); according to Eq. 14.9 this reduction contri-
butes to the decrease in the energy cost of swimming
observed after a training period.

Effects of Frontal Area and Underwater Torque
on C

In analogy with aerodynamic resistance, hydrody-
namic resistance (pressure drag) is defined as:

Wd 5
1/2 ρ A Cx v2 ð14:10Þ

where ρ is water density, A is wetted frontal area and
Cx is the coefficient of drag. Cx is generally calculated
when all other terms of Eq. 14.10 are known; in front
crawl swimming it amounts to about 0.3, with no dif-
ferences as a function of speed or gender (see, e.g.,
[23]). The wetted frontal area (A) is thus, besides the
speed, the major determinant of pressure drag (which,
in turn, is the major determinant of drag, at least up to
speeds of 1.2�1.4 m s21) (see, e.g., [23]). In turn,
A depends on several factors:

1. on the overall surface area of the body (e.g., it is
larger in heavier and taller swimmers);

2. on the fraction of the body that is submerged
(which is larger the larger the “underwater weight”
of the swimmer);

3. on the body incline (see, e.g., [23�26]).

The body incline can be measured/estimated in
static (by means of an underwater balance) or dynamic
(by kinematic analysis during swimming) conditions.

The effect of the “static position in water” on the
energy cost of swimming can be described quantitatively
by measuring the underwater torque (T), which is a quan-
titative measure of “the tendency of the legs to sink”: the
greater T the higher the energy required to cover a given
distance at a given speed. While the function relating C
and T is the same for both genders, men spend more
energy per unit distance than women, as they have
greater values of T[25�29]. At low swimming speeds
(0.9�1.1 m s21), about 70% of the variability of C is
explained by the variability of T, regardless of the gender,

age and technical level of a swimmer. At high swimming
speeds (. 1.2�1.4 m s21) the hydrodynamic lift counter-
acts the tendency of the legs to sink and, at least in the
front crawl, the body remains horizontal, whatever the
static position would be; at these speeds no relationship
between T and C could be observed any more [26].

The relationship between the static and dynamic
position in water (e.g., assessed by measuring the incli-
nation of the body relative to the waterline) depends
thus on the speed; at high swimming speeds, A is
essentially determined by body surface and by the
fraction of the body that is submerged.

The Effect of Age and Gender on C

Both ηP and Wd depend on the anthropometric char-
acteristics of the swimmer, and both change during
growth (along with body development and training).
Therefore C is expected to differ between children and
adults and between males and females (see Table 14.2).

Females have indeed a lower C than males (C is
about 20�30% lower in females than in males at sub-
maximal swimming speeds) (see, e.g., [16,26,30,31]); the
higher economy of female swimmers is traditionally
attributed to a smaller hydrodynamic resistance (Wd)
due to their smaller size, larger percentage of body fat,
and more horizontal position (lower A) in comparison
with male swimmers (see, e.g., [16,27,29]). Only a few
studies have so far investigated the determinants of
swimming economy in children and adolescents. These
studies indicate that, at comparable speed, C is indeed
lower in children than in adults (see, e.g., [32�34]), the
more so the younger the subjects [29]. Also in this case
the higher economy of children is attributed to a smaller
hydrodynamic resistance due to their smaller size and
more horizontal position in water [29,32]. No differ-
ences in C are observed between male and female
swimmers before puberty [29].

TABLE 14.2 Variation in the Major Parameters that Affect
Swimming Performance

Parameter Changes with

Increasing

Speed

Females vs

Males (at a

given
speed)

Children vs

Adults (at a

given
speed)

Masters vs

Young (at a

given
speed)

C m k m m

Wd m k k m

A k k k m

ηp k 5 k k

DS k k k k

C, energy cost of locomotion; Wd, hydrodynamic resistance; A, wetted frontal

area; ηP, propelling efficiency; DS, distance covered per stroke.
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Regarding propelling efficiency, no differences are
observed between male and female swimmers of the
same age and technical skill even if differences can be
observed in the distance covered per stroke (an index
of propelling efficiency) [10]; young (pre-pubertal)
swimmers are instead characterized by lower ηP values
than adults, the more so the younger the age [10,29].

Master swimmers are characterized by a lower econ-
omy (higher energy cost of swimming) in comparison
with young swimmers, the more so the older the age [11];
the decrease in maximal metabolic power (E0) that occurs
with age forces these swimmers to reduce their speed
[36�38]; this, in turn, is associated with an unfavorable
alignment of the body (an increase in A, and thus in Wd).
More importantly, though, with age a deterioration in
propelling efficiency occurs so that C increases due both
to an increase inWd and to a decrease in ηP [10,11].

These data indicate that, at variance with locomo-
tion on land, the energy cost of swimming is depen-
dent on so many factors (speed, stroke, age, gender
and technical skill) that it is rather difficult to precisely
quantify PAEE in swimming unless all these factors
are taken into due consideration. In Table 14.3 the con-
siderations reported above are summarized in an
attempt to provide a rough estimation of C (and
PAEE) in different populations of swimmers (and in
boat locomotion, see below).

Nutrition Requirements and Substrate
Utilization in Swimming

Dietary surveys of elite male swimmers (who
undertake high-volume training programs) typically
find self-reported daily energy intakes of
4000�6000 kcal day21[26]. These large energy require-
ments and the tight schedules can pose exceptional
challenges to adequate nutrition in swimmers, espe-
cially at a young age when the dietary challenges of
adolescence add to their training nutrition needs [39].

In the recent Olympic Games in London, the male
winner of the endurance swimming race covered the
10-km distance in about 110 minutes, i.e., at an average
speed of 1.52 m s21. This speed corresponds to an
average value of C of 1.31 kJ m21 (which can be calcu-
lated based on the C vs v relationship reported by [2]
in elite front crawl male swimmers) and hence to an
overall energy expenditure of about 13 106 kJ
(3132 kcal). Assuming that the totality of ATP is re-
synthesized via oxidative metabolism and that an aver-
age RER of about 0.85 can be maintained in swimming
at “self-selected speed” for 2 hours, the contributions
of carbohydrates (FG) and fats (FL) used as fuel during
a 10-km swimming race are about 49% (6396 kJ) and
51% (6709 kJ), respectively (FG5 {RER20.707}/0.293;
FL5 12FG). The absolute amounts of carbohydrates

TABLE 14.3 Ratio of C in Different Populations/Modes of Aquatic Locomotion to C in Young Elite Male Swimmers

C ratio C (kJ m21) PAEE (kcal) Reference

YEMS front crawl 1.00 0.67 160 [2]

YEMS backstroke 1.19 0.80 291 [2]

YEMS breaststroke 1.90 1.28 305 [2]

YEMS butterfly 1.17 0.78 187 [2]

GTSMS front crawl 1.62 1.09 260 [16]

GTSFS front crawl 1.15 0.77 185 [16]

Children (F, 12 yr) front crawl 1.22 0.82 196 [29]

Children (M, 13 yr) front crawl 1.46 0.98 234 [29]

Master (M, 30�40 yr) front crawl) 1.85 1.24 296 [11]

Master (M, 40�50 yr) front crawl 2.22 1.49 359 [11]

YEMS front crawl with fins 0.9 0.60 151 [5]

Kayaking (flat water K1 scull) at 1 (3) m s21 0.03 0.02 (0.24) 5 (57) [3]

Kayaking (slalom canoe) at 1 (3) m s21 0.15 0.10 (0.68) 23 (162) [41]

Rowing (two-oared shell) at 1 (3) m s21 0.13 0.09 (0.28) 21 (67) [42]

Waterbike (double hull catamaran) at 1 (3) m s21 0.09 0.06 (0.35) 15 (84) [43]

Paddle wheel boat at 1 (3) m s21 0.27 0.18 (1.13) 43 (270) [43]

Data were calculated for a speed of 1 m s21 (and for an additional speed of 3 m s21 for boat locomotion). Physical activity energy expenditure (PAEE) is calculated

over a distance of 1 km.

YEMS, young elite male swimmers; GTSMS, good technical skill male swimmers; GTSFS, good technical skill female swimmers.
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(CHO) and fats used as fuel during a 10-km swimming
race are hence of about 370 g and 170 g, respectively
(38.9 kJ g21 for fat and 17.2 kJ g21 for CHO). Even if
these calculations are based on a simplified approach,
they indicate quantitative guidelines for re-feeding
strategies and caloric supplementation during actual
competitions for elite long-distance swimmers.

Of course this method can be utilized to estimate
the amounts of CHO and fat used as fuel for any form
of locomotion (on land and in water) for which the C
vs v relationship is known and for which the RER can
be estimated with sufficient accuracy.

PASSIVE LOCOMOTORY TOOLS
IN WATER

Changes in the energy cost of aquatic locomotion
can be observed when passive locomotory tools, such
as fins and hand paddles, are used for moving in
water. As an example, as shown by [5], at any given
speed, fins reduce C of front crawl swimming by about
10% due to an increase in ηp of about 20% (with no
changes in Wd). When swimming with the leg kick
only, the decrease in C is about 50�55% when “double
fins” are used and up to 60�70% when using a mono-
fin [4,6], the reduction in C being associated with an
increase in ηp that is larger the larger the surface area
of the fin.

Besides these “small tools”, aimed at improving the
energy expenditure of swimming freely at the surface
(or underwater), humans have learnt to use a variety
of passive locomotory tools (such as human powered
boats and watercrafts) in the attempt to improve the
economy and/or the speed of locomotion in water. In
analogy with locomotion on land, these tools do not
supply any additional mechanical energy to the body
but provide effective compensation for limitations in
the anatomical design and for inadequacy in muscle
performance (see, e.g., [40]); in other words these tools
can improve either ηm or ηT (see Chapter 13).

ROWING AND KAYAKING (BOAT
LOCOMOTION)

Propulsion, in boat locomotion, can be sustained by
upper or lower limbs action. In the first case oars/pad-
dles are used to propel the boat (e.g., with synchro-
nous movements for rowing, or with alternate
movements for canoeing or kayaking); in the second
case propulsion is sustained by leg cycling (water-
bikes and paddle wheel boats).

Compared with swimming, boat locomotion is char-
acterized by far lower values of drag and far larger

values of propelling efficiency; this means that, accord-
ing to Eq. 14.3, C is much lower than in swimming
(see below and Figure 14.1).

As is the case for swimming, however, the energy
cost of boat locomotion increases (nonlinearly) as a
function of the speed and depends on the type of boat
(and on the skill level of the athlete). For kayaking
with a flat-water sprint K1 scull, C5 0.020 v2.26 [3] and
with a slalom canoe C5 0.098 v1.76 [41]; for rowing
(two-oared shell with coxswain, for one rower)
C5 0.088 v1.05 [42]; for pedalling with a water bike
(a double hulled catamaran) C5 0.063 v1.57 [43], or
with a paddle wheel boat (used on lakes and beaches
for recreational purposes) C5 0.179 v2.66 [43]; in all
these examples C is in kJ m21 and v in m s21.

Data reported in Figure 14.1 indicate that, for a
given metabolic power input (E0) of 1 kW (correspond-
ing to a PAEE of 860 kcal h21), the speed attained in
boat locomotion is much larger than that attained in
swimming: about 2.3 m s21 with a slalom canoe and
about 3.5 m s21 with a rowing shell or a flat water K1
kayak compared with 0.6�1 m s21 in swimming. Of
course, these differences in speed (at a given E0) have
to be attributed to differences in C (see Eq. 14.1) that,
in turn, have to be attributed to differences in Wd, ηP
and ηO (see Eq. 14.9).

Propelling efficiency in boat locomotion ranges from
0.4 (for paddle wheel boats, a value similar to that of
front crawl swimming), to 0.70 (in rowing and kayak-
ing) and is proportional to the distance covered by the
hull for each cycle (D/c: m cycle21, a parameter that
corresponds to the “distance covered per stroke” in
swimming) (see, e.g., [12,22]). D/c is larger the longer
the propulsive tool (arms, oars, paddles): in the “aero-
bic speed range” D/c is about 8 m cycle21 in rowing,
4 m cycle21 in kayaking and 2.5 m cycle21 in front
crawl swimming [12]. As shown by [22], the maximal
speeds of different forms of locomotion in water are
related to their maximal D/c (vmax5 0.89 D/cmax1 0.31,
R5 0.98) and inversely related to cycle frequency (CF,
cycles min21) (vmax520.06 CF1 0.78, R5 0.89).

Hydrodynamic resistance in boat locomotion is
largely reduced, compared with swimming, because
the boats/shells float on the surface; this reduces wet-
ted area (A, see Eq. 14.10) and hence pressure and
wave drag. Since wetted area depends on weight (e.g.,
of rower1 shell), changes in drag could be expected
when weight increases: e.g., in rowing, Wd increases
by about 10% for a 20% increase in weight [44]. As pre-
viously indicated for swimming, training decreases the
energy cost of boat locomotion (by about 25�33% in
rowing and 6�10% in kayaking) due to both an
increase in ηp and a decrease in active drag (e.g., after
4 years of training, active drag can be reduced by
18�50% in kayaking) [22].
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CONCLUSIONS

Swimming is characterized by a high energy cost,
requires confidence with water, and it is a specific skill
that is preferably acquired at a young age. In the gen-
eral population, the specific skill requirements of
swimming may limit the utilization of this type of
activity for weight management. Yet, the high PAEE of
swimming makes this activity a valuable option com-
pared with low-impact (walking) and high-impact
(running) weight-bearing and non-weight-bearing
(cycling, kayaking and rowing) activities. Indeed, even
at a speed of 1 m s21 (3.6 km h21) front crawl generates
a PAEE of 260 kcal km21 in good-level male swim-
mers. The above implies that with a 30 min exercise
session, a 470 kcal expenditure can be generated (kcal
km213 km h215 kcal h21). To generate a similar
energy expenditure would require about 40 min of
running or rowing at 3 m s21 (10.5 km h21), 45 min of
cycling at 9 m s21 (32 km h21), 50 min of cross country
skiing at 5 m s21 (18 km h21), or 50 min of kayaking at
3 m s21 (10.5 km h21).
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PERFORMANCE-ENHANCING DRUGS

Introduction

For the past 25 years, the abuse of performance-
enhancing drugs (PEDs), followed by the cat and
mouse chase between athletes using illicit PEDs and
anti-doping agencies responsible for drug monitoring,
has captivated the sports-going public around the
world [1]. No sport or competition escaped the scan-
dals, controversies, and heated debates generated by
PED use, nor the anti-doping laboratory sleuthing of
the PED abusers [2]. Although sports leagues and sport-
ing events almost universally implemented anti-doping
rules and regulations over time, the abuse of the past
reverberates almost daily. The era is referred to as
‘Baseball’s Steroid Era’ in Cooperstown Hall of Fame
voting. Tour de France winners over about ten years
have been stripped of their championship titles. The
Lance Armstrong doping saga proved the most vitriolic
saga of PED abuse, playing out over years. Armstrong’s
duplicitous deceptions resulted in libel and defamation
legal actions against accusers, who turned out to be cor-
rect. Armstrong may yet face serious fraud charges
from the United States government, as the US Postal
Service sponsored his doped-up cycling team. Olympic
gold medals were recalled as competitors at the most
elite level admitted they doped and thereby cheated the
competition.

So what drugs or substances constitute PED abuse
or sport doping when used by athletes to enhance per-
formance? And how do such doping agents enhance
performance? Why would the theoretical edge given to
competitors drive them to elaborate schemes to cheat
their competitors and deceive the fans who support

their sport? How powerful are the ergogenic effects of
these drugs?

Answers to these questions must always be consid-
ered putative, because the rigorous burden of proof for
medical drug efficacy does not exist for PEDs and may
never exist [3�6]. There are no double blind, placebo-
controlled, cross-over clinical trials of a PED in actual
sports competition using elite level or professional ath-
letes who make up the high-profile doping cases.
Therefore the rigorous studies and analyses considered
necessary for medical grade clinical trials are lacking
to prove the ergogenic benefits of PED use. Read
reports of PED effectiveness with this in mind: no
completely universally accepted rigorous scientific evi-
dence exists for the efficacy of a drug enhancing per-
formance at an Olympic or elite level. Nonetheless, a
body of evidence exists for robust effects when ergo-
genic drugs target fundamental athletic dimensions:
strength, power, endurance, focus, recovery.

PEDs may be grouped into several broad categories
(Table 15.1):

1. improving concentration and alertness;
2. enhancing strength, power and explosiveness;
3. improving the oxygen-carrying capacity of blood;
4. augmenting recovery, recuperation, and

reconstitution of the athlete;
5. ameliorating inflammation and pain.

Improving Concentration and Focus

Most elite athletes develop incredible powers of
concentration over years of training and competition,
as well as unparalleled motivation and drive. Skill,
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strength and power athletes may improve performance
with the use of pharmacologic agents to heighten the
mental concentration involved in their sport. The sti-
mulants, or analeptics, such as amphetamine com-
pounds (Dexedrine, Adderall), or methylphenidate
(Ritalin or Concerta), are powerful, rapid-onset agents
that enhance mental focus [7,8]. These drugs improve
concentration when prescribed for patients with
ADHD; however the effect is nonspecific, also enhanc-
ing concentration of non-ADHD people. Studies find
that adequately dosed stimulants also improve motor
coordination, and reduce fatigue [7�9]. Side effects
include anorexia, insomnia, rebound moodiness and
dysphoria/irritability, and in high doses even psycho-
sis. Without a Therapeutic Use Exemption (TUE)
allowing an athlete to legally use the drugs, the stimu-
lants are universally banned form sports competition.

Black-market modafinil—a nonstimulant cognitive
enhancement drug—has also been employed by
unscrupulous trainers to take advantage of
concentration-enhancing effects [1]. This drug is
approved for the treatment of narcolepsy; however
there are preliminary results that strongly suggest it
may improve concentration. Side effects appear to be
minor. Modafinil is banned in sport without a doctor’s
prescription and TUE.

Legal supplements may enhance an athlete’s focus
on competition too. Caffeine in moderate doses
appears to enhance concentration somewhat; in mod-
erate doses the compound is legal in sports competi-
tion. Caffeine is often the psychoactive ingredient that
matters in many of the sports energy drinks. Side
effects can include insomnia, and possibly brief diure-
sis. In large super-pharmacologic doses, caffeine can
result in a positive doping test.

A contemporary label for these drugs is ‘cognitive-
enhancers’ or ‘nootropic’ [9]. Just as the majority of
anabolic drugs are most likely used for ‘appearance
enhancement’ and not performance enhancement,
drugs like modafinil may find their way into the black
market for those wishing to tip the academic scales in
their favor, rather than increase cognitive performance
during sports competition.

Enhancing Strength, Power, and Explosiveness:
Anabolic Steroids and Peptide Hormones

Muscle mass and performance strength impress
fans, intimidate opponents, and offer huge advantages
to athletes with natural well-trained strength and
power. Heavily muscled aggressive athletes dominate

TABLE 15.1 Performance Enhancing Drugs—Benefits Estimated on a 1(1) to 4(1111) Scale

Class of Drug Examples Actions Benefits Effectiveness Side Effects

Anabolic
androgenic
steroids

Testosterone,
nandrolone

Enhance anabolic
and androgenic
characteristic

In medical uses, benefits
include increased muscle
mass, red blood cell mass

1111 Multitude of side effects including
virilizing and feminizing of tissues,
edema, mood changes, and even
tumor generation

Peptide
growth
hormones

HGH, insulin,
IGFs

Part of physiological
growth stimulation
for bone, muscle,
and organs

Obvious physiological
benefit; pharmacological use
remains controversial in
medicine and illicit use

Exogenous HGH
1 ; exogenous
insulin11

Serious side effects depending on
drug: from cardiac enlargement to
death

Blood-
stimulating
drugs and
procedures

EPO, blood
doping, blood
transfusions

Increase red blood
cell mass thus
increasing oxygen
delivery to tissues

Improvement of endurance
and overall enhancement of
performance

1111 Serious side effects including heart
attack, stroke, and death

Stimulants
and ‘cognitive
enhancers’

Dexedrine,
methylphenidate

Improve alertness,
concentration, motor
coordination and
reduce fatigue

Enhanced cognitive and
motor performance

1111 Anorexia, irritability, insomnia; in
high doses, mood changes and
psychosis

Anti-
inflammatory
drugs and
analgesics

Acetaminophen,
ibuprofen,
narcotics,
cortisone

Reduce pain and
inflammation

Pain and inflammation
management

Reduce pain,
help recovery
and
rehabilitation
from injury

Depending on drug, from slight
(edema, ulcers) to serious (liver
poisoning, kidney damage)

Diuretics Lasix Enhance kidney
function

Reduced weight, may mask
PED use

As a PED, none Electrolyte imbalance depending
on drug; fatigue

Hormone-
masking
agents

Tamoxifen Block estrogen
receptors

Reduce side effects of
testosterone, or mask illicit
PEDs

May reduce
annoying side
effects of AASs

Edema, feminizing
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competition, although guile, skill, and motivation obvi-
ously remain components of a winning athletic perfor-
mance [2]. Therefore, it was only a matter of time
before strength athletes discovered the benefits of
pharmacologic anabolic drugs that appear to enhance
strength and power [2]. Dr. John Zeigler the team phy-
sician for Olympic Weightlifting, on a tip from a
Russian physician, introduced first testosterone, then
Dianabol (methandrostenolone). Zeigler, it is said, later
regretted his pharmacological tinkering with perfor-
mance enhancement.

Anabolic/androgenic steroids (AASs) are the most
well-known of the anabolic agents (anabolic refers to
the building of muscle tissue; androgenic refers to the
development of male characteristics such as beard,
male genitals, deep voice) [4,5]. Anabolic steroids fall
into one of three categories, depending on side chains
of the drug, off the main steroid ring—the classic four-
ring structure of steroids found in corticosteroids
(cortisol) and sex steroids (testosterone, estrogen, pro-
gesterone). AASs can be classified as:

• Class A: 17-beta ester AASs (nandrolone,
stenbolone);

• Class B: 17-alpha alkyl AASs (stanozolol);
• Class C: testosterone alterations alkylated in A, B, or

C steroids rings.

Some of the compounds are oral, most are paren-
teral (injected). Oral active anabolic steroids tend to be
more toxic to organs such as liver.

These compounds exhibit differential effects on
muscle building (anabolic effects) and masculinity
(androgenic effects) [6]. The drugs have differences in
pharmacokinetics, androgen receptor activity, and met-
abolic pathways in the body [10]. AAS compounds are
often used in conjunction with each other (stacked) or
rotated (cycled) according to street knowledge.
Anabolic steroids most often are combined with other
reputed PED classes to enhance the anabolic effects. To
summarize, the evidence is strong that AASs in high
pharmacological doses enhance strength, power, mus-
cle size, and competition endurance [11]. The drugs
also account for aggressiveness in competitors both on
and off the field [1,2].

Side effects of the anabolic steroids include a host of
deleterious effects depending on the age and sex of the
user [11�16]. Males might expect muscle gain, as well
as acne, water retention, gynecomastia, testicular atro-
phy and decreased sperm count, irritability, insomnia,
and increased aggressiveness. Males may become infer-
tile [17]. Females experience even more risks, including
masculinity of the female genitalia, breast tissue loss,
deepening voice, blood clotting irregularities, men-
strual dysfunction, and (there is some evidence) birth
defects in future children [10,18�20]. Lastly there can

be liver tumors resulting from AAS use, although these
tumors are reversible with cessation of the exogenous
androgens [2]. Side effects likely result from high doses
during long exposure times [14].

AAS use in adolescents presents particularly discon-
certing problems; there is evidence that exposing the
juvenile central nervous system to anabolic-androgenic
drugs leads to abnormal brain development and subse-
quent increased aggressiveness [21,22].

As mentioned, there appear to be ergogenic benefits
from anabolic steroids to enhance muscle size, perfor-
mance, power and recovery. Recent reviews discuss
the problems with elucidating conclusions on the
research literature of the drugs. It is almost impossible
to replicate the actual street use of these drugs because
of excess doses, polypharmacy practices, and quirky
exercise regiments of various disciplines of athletes
and appearance-enhancing users. AASs increase the
red blood cell mass. There is also strong evidence that
aggressiveness increases, leading to focus and asser-
tiveness in competition.

AAS users appear to use multiple drugs in enhanc-
ing athlete performance. Furthermore recent reports
suggest that anabolic steroids can lead to dependence
[5,16,23,24]. Although abuse of AASs is of great con-
cern in athletes and strength performers, there is evi-
dence that the highest percentage of use is for
appearance-enhancing properties and that those who
do so resort to polypharmacy with multiple PEDs [5].

Peptide Hormone Anabolic Drugs

The natural homeostatic system for muscle develop-
ment in the body consists of a balance between many
interacting neural-endocrine systems. The endocrine
systems consist of steroid (testosterone, cortisone) and
protein hormones. The anabolic steroids like testoster-
one stimulate muscle growth and repair as well as
stimulating blood volume and aggressiveness.
However, the protein hormones exert profound ana-
bolic and metabolic effects too. Protein hormones
include human growth hormone (HGH), insulin, and
insulin-like growth hormones (IGFs), and have now
been reported to be widely abused as illicit ergogenic
PEDs [12,24�27].

Human growth hormone is a basic anabolic/meta-
bolic protein hormone (as opposed to the steroid struc-
ture of the AASs). HGH is needed for proper growth
and development of all organs. Lack of endogenous
HGH causes dwarfism; physiological excess produces
acromegaly or giantism.

In athletes, high doses of HGH may enhance muscle
development, improve recovery and repair from com-
petition, although the data are not totally clear [12].
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Most users of HGH will stack the drug with other
PEDs such as thyroid hormones or AASs. Side effects
of HGH use are serious, and appear to be long term;
the most serious is hypertrophy of myocardial (heart)
musculature, leading to cardiac ischemia. It is sus-
pected that many athletes who experience cardiac pro-
blems such as myocardial infarction or angina suffer
from past abuse of HGH [26].

Insulin and the insulin-like compounds (IGF-1) are
powerful anabolic hormones in biology [27,28]. Insulin
insufficiency or insulin unresponsiveness leads to one
of many forms of diabetes. Excess insulin leads to
blood sugar irregularities. When administered to ath-
letes (mostly body builders, but also used by other
athletes, most famously by Victor Comte who recom-
mended insulin to baseball, track and American foot-
ball athletes), the hormone can increase muscle mass
by its potent anabolic effects, in concert with other
growth factors. Insulin is one of the most deadly drugs
an athlete can use. Overdose can induce seizures, stu-
por, coma and can be rapidly fatal.

Often HGH users continue with significant use of
AASs, as well as other street drugs, compounding pro-
blems with side effects [24]. Substance abuse treatment
centers must now deal with AAS abuse and
withdrawal.

PEDs to Enhance Oxygen Delivery

Various procedures improve the effectiveness and
capacity of blood to deliver oxygen to the tissues
[1,29�31]. Obviously, endurance athletes will be
focused on improving the effectiveness of nourish-
ment, recovery and regeneration of tissues, which is
much dependent on oxygen delivery. However,
strength athletes also know that recovery and regener-
ation in competition may be enhanced by increasing
the oxygen-carrying capacity of blood.

Increasing the number of red blood cells (RBCs)
by storing fresh blood then re-infusing into athletes
later is the most straightforward method of blood
doping. Variations of this method include using only
one’s own (autologous) packed RBCs, or even
another person’s (heterologous) blood transfusion.
Anabolic steroids increase RBC mass. However the
most successful method of enhancing RBCs and oxy-
gen delivery was found with the use of erythropoie-
tin, or EPO.

EPO is a natural hormone regulating RBC mass.
Natural EPO is produced in the kidney. Because
patients with kidney failure fail in EPO production,
which produces dangerous anemia, EPO has been syn-
thesized by recombinant DNA for medical uses. As
with other medical advances, EPO was diverted into

doping by athletes seeking a competitive edge [29].
There is a concern that a significant proportion of the
EPO produced by drug companies is diverted to
PED use.

It now appears almost universal that champion
cyclists abused EPO over the past twenty years. The
drug appears to be abused in marathons and in dis-
tance events to give the athlete an edge in endurance
and recovery. However, even strength and skill ath-
letes abuse EPO, as part of the anabolic chain.

EPO side effects are particularly deadly: increased
blood mass may cause the blood to clot, producing
heart attacks, stroke, or pulmonary embolism [32].
Many young trained endurance athletes who suffered
early deaths likely abused EPO.

Drugs that Enhance Recovery from Training and
Competition

Most PEDs will directly or indirectly lead to
enhanced recovery from training or competition; this
allows the athlete to train harder and longer without
experiencing symptoms of over-training. Anabolic ster-
oids, HGH, EPO and others are obvious doping
agents; however, other drugs, including antidepres-
sants, have been used to enhance recovery from stress.

Hormones such as cortisone and syndactin (ACTH)
are used by some endurance athletes to enhance recov-
ery and repair [33].

Anti-inflammatory Drugs and Analgesics

Athletes push their bodies to extremes in training
and competition. Competitors suffer injuries. Rapid
recovery from injury using rest, nutrition, analgesic
drugs, and anti-inflammatory agents constitutes a part
of the athlete’s preparation for competition.
Conditioning and proper techniques help to prevent
injuries; however, sooner or later all athletes will suffer
minor or major injuries.

Most analgesics and anti-inflammatory drugs are
legal, often over the counter. However, the most pow-
erful painkillers are highly regulated narcotics and
steroids. These powerful drugs have been notoriously
controversial and will remain that way because the
drugs lead to abuse, dependence, addiction, and street
value. Therefore, as with any highly regulated entity,
there will be uses of the drug outside the accepted ave-
nues of medical practice.

There are a multitude of analgesic drugs and narco-
tics. Effective and easily available agents include acet-
aminophen and non-steroid anti-inflammatory drugs
(NSAIDs) such as ibuprofen. When used properly,
these medications will reduce swelling and pain and
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enhance recovery from injury. However, even these
widely available drugs carry serious side effects: for
acetaminophen, severe liver damage, and for NSAIDs
kidney and cardiac effects.

The narcotic drugs, when used properly in recovery
from injury, are safe and beneficial. The athlete needs a
TUE to compete while on these medications; otherwise
s/he will test positive for a banned substance. Although
the pain relief is dramatic, the side effects—sedation,
constipation, GI upset, tolerance (requiring higher doses
of the drug for the same effect), and withdrawal—are
serious. Overuse of narcotic painkillers may mask the
pain of a serious injury, leading to complications [34].

The corticosteroids (cortisol and cortisone and deri-
vatives) act as powerful anti-inflammatory agents.
These drugs can produce almost miraculous short-term
effects which may be of benefit in short-term injury.
Unfortunately, long-term use of the drugs causes pro-
blems with the immune system, water retention, mood
changes and even psychosis. Even physicians underes-
timate the serious side effects of these powerful drugs.

When used correctly and judiciously, anti-
inflammatory drugs will benefit the athlete during
injury and recovery; when abused, the side effects can
cause serious permanent injury and even death.

Masking Agents and Fluid Retention Drugs

To ether mask the anabolic drugs or treat the side
effects of PEDs, other drugs have been used to defeat
anti-doping measures. Diuretics increase urine volume;
probenecid reduces concentration of acidic PED com-
pounds; plasma expanders also dilute PED excretion
[4,35].

To deal with side effects, diuretics reduce edema
caused by AASs. Anti-estrogens, such as tamoxifen
[36] block the estrogen effects of AASs such as
gynecomastia.

Novel Drugs

There are several newer drugs that may offer bene-
fits for athletes in some capacity. The Selective andro-
gen receptor modulators (SARMs) may be orally active
[36]. Therapeutically, such agents could be useful for
conditions such as osteoporosis or severe androgen
deficiency in older men. Undoubtedly these agents
will be used by the black market if any advantage in
building muscle mass or power is demonstrated.

Drug Testing

Drug testing at schools, workplaces, and in profes-
sional sports remains controversial. The issues differ

between drug-free environments at work, in relation-
ship to individual rights, and the issue of ensuring
fair, illicit-drug-free sports competition. The apex of
PED use appears to have occurred in sports in the late
1980s and 90s, depending on the sport. Baseball, pro-
fessional cycling and the Olympics all struggled with
PED use during the home run days of Mark McGwire
and Barry Bonds, the Tour de France years of Lance
Armstrong and Floyd Landis, and the Olympic taint of
the East German doping machine, especially among
women’s swimming. Because the unethical use of
these drugs appeared at the highest level (i.e., Ben
Johnson at the 1988 Olympics), anti-doping agencies
such as the World Anti-doping Agency (WADA)
developed to combat sports doping [36].

The use of PEDs appears to be highly dependent on
the sports culture. For instance, PED use is rampant in
weightlifting, where power is of paramount impor-
tance, or sprinting where explosiveness separates win-
ners from losers. Baseball, football, and other sports lie
somewhere in between. Other sports such as profes-
sional basketball appear to be avoiding major contami-
nation with PEDs, despite no paucity of recreational
drug use.

Drug testing is unsavory, humiliating at times,
expensive, and obviously challenged in courts.
However, it is necessary to ensure fairness in competi-
tion, and to avoid a nuclear PED race among competi-
tors which would expose all athletes to unwanted
deleterious side effects. Considering the horrible side
effects the German swimmers appear to have suffered
(depression, gender ambiguity, birth defects), prevent-
ing illicit PED use is worth the efforts [10].

PERFORMANCE-ENHANCING
SUPPLEMENTS

A supplement is defined by the 1994 Dietary
Supplement Health and Education Act as a special cat-
egory of ‘food’: “product taken by mouth that contains
a dietary ingredient intended to supplement the diet”
[37]. These ingredients may include vitamins, minerals,
herbs, amino acids and proteins, and other substances
such as enzymes, glands, and organ tissues. The prod-
uct labeling must clearly indicate that the product is
sold to supplement the diet.

Dietary supplements are not considered drugs, and
therefore do not fall under the full regulatory responsi-
bilities of the Food and Drug Administration (FDA).
The FDA concentrates on good manufacturing prac-
tices, and ensures accuracy of supplement labeling.
Supplement Manufacturers and marketers do not sub-
mit the large quantity of data that pharmaceutics com-
panies submit to ensure the effectiveness and safety of
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legal drugs. However, if the supplement is new with-
out a history of safe use over years of routine use then
the FDA may regulate the supplement safety.

The FDA is particularly concerned about the toxic
effects of supplements, and therefore their safe use in
humans. The Federal Trade Commission (FTC) may
require that the product demonstrate or substantiate
claims of effectiveness, i.e., the product is not marketed
in a misleading manner. However, there is a required
disclaimer on supplement labels: “this statement has
not been evaluated by the FDA. This product is not
intended to diagnose, treat, cure, or prevent disease”.

Despite the precautions and regulations noted above,
reports indicate that many new supplement products
have been introduced into the marketplace ignoring the
regulations put in place by the Dietary Supplement
Health and Education Act (DSHEA). Furthermore, the
FDA has reviewed only a few of the numerous dietary
supplements on the market. Although supplement
claims of benefits should be backed up by scientific
study, that goal remains distant.

Quality and Purity

Safeguards are employed by the most reputable of the
supplement companies to ensure the safety of their pro-
ducts. The high-quality companies often employ
research directors who either direct an active research
effort for the company or review the available scientific
literature and databases. Supplement companies
can involve the FDA and FTC to review manufacturing
processes for good manufacturing practices. Companies
may also employ third-party testers to ensure their pro-
ducts are free of banned substances that may expose a
user to rule-violations of his or her professional organi-
zation (e.g., the NFL). Nonetheless, the supplement user
is responsible for dietary supplements that do not violate
PED regulations of the sports regulatory agency.

When evaluating a dietary supplement, the user
should consider the safety track record of the sub-
stance, the evidence for the supplement’s intended
ergogenic effect, and the quality control and profes-
sional practices of the manufacturer. Even with pre-
scription medications, there is usually no definitive
evidence of efficacy in all aspects of the drug’s use;
therefore the supplement user should always be vigi-
lant for new safety warnings and new scientific devel-
opments on supplement efficacy.

The following categories of dietary ergogenic sup-
plements will be considered in this chapter (Table
15.2):

1. Vitamins
2. Minerals
3. Pro-hormones

4. Dietary supplementation with protein compounds
5. Ergogenic aids
6. Weight control supplements
7. Endurance supplements.

Vitamins and Minerals

Long a staple of dietary supplements, the market
for vitamin and mineral supplementation may have
reached 11 billion dollars as 150 million Americans
supplement their diet with vitamins and minerals [38].
For what benefit at this expense?

Vitamins can be classified into fat- and nonfat-
soluble compounds. The fat-soluble vitamins include
A, D, E and K. These vitamins are stored in body lipid
tissues, which means in extreme cases toxicity can
occur over time, notably for vitamin D.

Water-soluble vitamins include B and C. These vita-
mins are excreted in urine, thus preventing their build-
up in the body.

For athletes with a balanced adequate diet, a once a
day vitamin is an expensive supplementation strategy.
There is scant evidence for the performance-enhancing
effects of large doses of vitamins, with some excep-
tions. Vitamins E and C may serve as antioxidants; evi-
dence suggests that increased doses of these vitamins
may increase athletes’ tolerance of heavy exercise, thus
possibly improving performance [39].

On the other hand there is more evidence that min-
eral supplementation enhances athletic performance,
with qualifications [39]. Calcium appears to benefit
female athletes who are prone to osteoporosis.
Calcium supplementation may manage body composi-
tion. Iron likewise appears to maintain a noncontrover-
sial role in supplementation in part due to the role of
iron in hemoglobin, the oxygen-carrying molecule in
blood. Heavy exercise stresses the ability of the body
to replenish the red blood cells needed for optimal
oxygen-carrying capacity. For athletes, especially those
prone to anemia, iron supplementation is necessary.

Maintenance of body electrolytes (salt or sodium
chloride) improves oxygen uptake, endurance and
maximal oxygen uptake. Zinc appears to reinforce the
immune system in athletes. The role of electrolytes
depends on adequate hydration; often overlooked, but
water itself is an extremely important ergogenic aid for
athletes who must maintain proper hydration for opti-
mal performance [39].

Ergogenic Performance-Enhancing Supplements:
Proteins, Pro-hormones and Creatine

Several classes of supplements are marketed as per-
formance enhancing; scientific study data endorse the

156 15. PERFORMANCE ENHANCEMENT DRUGS AND SPORTS SUPPLEMENTS: A REVIEW OF THE EVIDENCE

3. SPORTS AND NUTRITION



effectiveness of a few of these supplements. The pro-
tein and amino acid supplements are generally safe for
athletes with normally functioning kidneys, and when
used in appropriate training regimens promote a sig-
nificant measure of enhanced performance. Although
none of these supplements will provide ergogenic
enhancement as powerful as do pharmaceutical grade
PEDs, the compounds do offer some benefits to
athletes.

Protein supplements, protein powders, and amino
acids increase the amount of protein precursors of
muscle tissue. Under rigorous training demands, ath-
letes utilize a high level of protein to repair and build
muscle fibers. Protein supplementation supplies the
basic demands of developing new muscle structure or
repairing stressed or injured muscle fibers.
Recommended daily protein requirements of athletes
currently are considered to be 1.4�2.0 g/kg of body
weight. Although a quality diet is foremost in develop-
ing muscle growth following training, protein supple-
mentation augments the diet. Protein supplementation
appears to be most optimal when taken before
exercise.

Essential amino acids also have been found to
enhance protein synthesis in athletes. The branched-
chain amino acids may be the most potent ergogenic
enhancers.

Creatine monohydrate is a nitrous organic acid
product of amino acid metabolism. Creatine remains
the most effective non-drug ergonomic supplement
available to athletes [40]. Evidence suggests that an
athlete can engage in higher intensity exercise while
taking the supplement, thus allowing more intense

stimulation of the musculature, and thus greater mus-
cle adaptions and hypertrophy; the gain is small, but
significant. The most commonly reported side effect of
creatine is weight gain. Further, there is evidence that
creatine supplementation may lesson injury to the
athlete.

Beta-hydroxy beta-methyl butyrate (HMB) once was
a hot topic among athletes. Supplementation with
HMB may prevent muscle breakdown and produce
small gains in muscle mass; however, most studies do
not present impressive positive results [41].
Theoretically, HMB slows muscle degradation and cat-
abolic processes through a leucine mechanism.
However, the final word on its effectiveness has yet to
be spoken.

Several other amino acid supplements are marketed
as performance enhancing: alpha-ketoglutarate, alpha-
ketoisocaproate, and GH-releasing peptide analogs.
Companies adopt a number of theoretical strategies to
market these supplements; unfortunately the empirical
evidence is thus far unimpressive.

There are several amino acid / protein supplements
marketed as ergogenic, without proven scientific
results backing claims: glutamine, similax, isoflavones,
and myostatin inhibitors (sulfa-polysaccharides).
Again, the marketing rhetoric exceeds the empirical
evidence for effectiveness of these compounds.

Minerals such as chromate and borate have been
marketed as effective ergogenic aids, or effective in
weight loss; there is scant evidence of the effectiveness
of these substances.

Testosterone pro-hormones and Tribulus terrestris
are taken to either increase androgen levels in the

TABLE 15.2 Effective Performance-Enhancing Supplements—Effectiveness Estimated on a 1(1) to 4(1111) Scale

Class of

Supplement

Actions Benefits Effectiveness Side Effects

Vitamins Supplementation with E and
C may enhance antioxidant
effects

Improve recovery from
training

11 In excess may be toxic. Water-
soluble vitamins rapidly excreted
by kidneys

Minerals Calcium in females Involved in bone
development and
maintenance

111 (important in
females prone to
osteoporosis)

Electrolytes Maintain physiological
homeostasis

Critical for body
physiological homeostasis

1111

Amino acid and
protein
supplementation

Basic building blocks of
muscle fibers

Ensure adequate foundation
for exercise adaptation and
repair

1111 (for basic
muscle hypertrophy)

Creatine Enhances metabolism Modestly increases muscle
strength and recovery

11 Bloating, GI upset

Androgen
pro-hormones

Putatively stimulate
androgen (testosterone)
receptors

Little Little Positive in Anti-doping testing
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athlete or to stimulate the release of testosterone-
stimulating proteins from the pituitary.
Dehydroepiandrosterone (DHEA) is the best known,
although there are several other androgen precursors
on the market. Although the story is long and involved
with testosterone pro-hormones, it appears that these
supplements offer little advantage to young athletes
[42], who are releasing testosterone anyway in reaction
to the stress of exercise. The amount of testosterone
boost from pro-hormones appears to be trivial com-
pared with physiological androgen. Tribulus supple-
mentation is ineffective as a PED.

Weight Loss Supplements

In the past, weight loss supplements contained three
major ingredients: ephedra, caffeine and aspirin/sali-
cin. Ephedra is now banned by the FDA because of the
risk of cardiac and psychiatric complications. The ECA
supplements (or EC alone) did demonstrate effective
weight loss in studies.

Green tea, and conjugated linoleic acids show prom-
ise in weight loss regimens [43]. Effects of most other
supplements to increase metabolism or reduce appetite
are unproven.

When looking at enhancing performance in athletic
competition, athletes should understand that basic tal-
ent, hard work, and smart training and diet form the
foundation of success. If there are medical conditions,
such as anemia, asthma or ADHD, schedule the appro-
priate medical evaluation, and then ascertain the TUE
to use medical treatments for legitimate medical pro-
blems. PEDs offer a quick pathway to ‘success’, but at
the cost of ethical integrity, serious medical complica-
tions, and discipline from sports governing bodies.
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INTRODUCTION

Ultra-endurance performance is defined as an
endurance performance lasting for 6 hours or longer
[1]. Ultra-endurance athletes compete for hours, days,
or even weeks, and face different nutritional problems
which may occur singly or in combination. The contin-
uous physical stress consumes energy, and an energy
deficit occurs. Furthermore, ultra-endurance perfor-
mances may lead to dehydration due to sweating.

We may separate these two problems into (i) energy
deficit with corresponding loss in solid body masses
such as fat mass and skeletal muscle mass; and (ii)
dysregulation of fluid metabolism through dehydra-
tion or fluid overload, with the risk of exercise-
associated hyponatremia (EAH).

Before considering potential aspects of nutrition
during ultra-endurance races, we need to review the
existing literature regarding the above-mentioned pro-
blems. The findings may help us to give recommenda-
tions or prescriptions for nutrition in ultra-endurance
performances.

PROBLEMS ASSOCIATED WITH ULTRA-
ENDURANCE PERFORMANCE

Energy Turnover and Energy Deficit in Ultra-
Endurance

An ultra-endurance athlete competing for hours or
days with or without breaks expends energy [2�22].
Meeting the energy demands of ultra-endurance ath-
letes requires careful planning and monitoring of food
and fluid intake [10,23]. Numerous controlled-case

reports [2,10,13�19,24] and field studies [4,9,25�28] in
ultra-endurance performances showed, however, that
ultra-endurance athletes were unable to self-regulate
diet or exercise intensity to prevent negative energy.
Furthermore, the insufficient energy intake is also
associated with malnutrition such as a low intake of
antioxidant vitamins [29].

Generally, an adequate food and fluid intake is
related to a successful finish in an ultra-endurance race
[9,30,31]. An important key to a successful finish in an
ultra-endurance race seems to be an appropriate nutri-
tion strategy during the race [31]. An energy deficit
impairs ultra-endurance performance. In ultra-cyclists, a
significant negative relationship between energy intake
and finish time in a 384-km cycle race has been demon-
strated [28]. An ultra-endurance performance leads to an
energy deficit [2,4�16,19,21�24,32�39]. In Table 16.1,
results from literature are summarized and grouped by
discipline (i.e., swimming, cycling, running, and the
combination as triathlon). Regarding the single disci-
plines, the energy deficit seems higher in swimming
than in cycling or running. This might be explained by
the different environment (water) compared to cycling
and running. For events lasting 24 hours or longer, the
energy deficit is highest in multi-sports disciplines and
cycling. In running, the energy deficit is around three
times lower than in both triathlon and cycling.

Change in Body Mass During an Ultra-
Endurance Performance

An ultra-endurance performance leads to a loss in
body mass (Table 16.2) [2,6�8,10,12,13,16,18,20�22,32,33,
36,38�51]. The loss in body mass occurs preferentially in
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the lower trunk [6,22,43]. Depending upon the length of
an endurance performance and the discipline, the
decrease in body mass corresponds to a decrease in fat
mass [2,8,11,18,19,39,40,45�50] and/or skeletal muscle
mass [2,8,17,39�42,44,45,49]. It seems that a concentric
performance such as cycling rather leads to a decrease in
fat mass [19,48] whereas an eccentric performance such
as running rather leads to a decrease in muscle mass

[42]. In runners, a decrease in both fat mass and skeletal
muscle mass has been observed [41,42]. For swimmers,
no change in body mass, fat mass, or skeletal muscle
mass has been reported for 12-hour indoor pool swim-
mers [52]. In male open-water ultra-swimmers, however,
a decrease in skeletal muscle mass was observed [53].

In some instances, an increase in body mass has
been reported during ultra-endurance performances

TABLE 16.1 Energy Balance in Ultra-Endurance Athletes in Swimming, Cycling, Running and Triathlon

Distance and/or Time Subjects

Total Energy

Intake (kcal)

Total Energy

Expenditure (kcal)

Total Energy

Deficit (kcal)

Energy Deficit in

24 hours (kcal)

Energy Deficit

per hour (kcal) Reference

Swimming

26.6 km 1 male 2105 5540 23435 � 2429 [15]

26.6 km 1 male � � � � 2500 [32]

24-h swim 1 male 3900 11 460 27480 27480 2311 [33]

Mean6 SD 24136 95

Cycling

12 hours indoor-cycling 1 male 2750 5400 22647 � 2220 [19]

557 km in 24 h 1 male 5571 15 533 29915 29915 2413 [24]

617 km in 24 h 1 male 10 000 13 800 23800 23800 2158 [13]

694 km in 24 h 1 male 10 576 19 748 29172 29172 2382 [10]

24 h cycling 6 males 8450 18 000 29590 29590 2399 [11]

1,000 km in 48 h 1 male 12 120 16 772 24650 22325 296 [21]

1,126 km in 48 h 1 male 11 098 14 486 23290 21645 265 [34]

2,272 km in 5 d 7 h 1 male 51 246 80 800 229 554 25585 2232 [2]

4,701 km in 9 d 16 h 1 male 96 124 179 650 283 526 28352 2360 [7]

Mean6 SD 262986 3392 22586 134

Running

160 km in 20 h 1 male 9600 8480 21120 � 256 [35]

320 km in 54 h 1 male 14 760 18 120 23360 21493 262 [8]

501 km in 6 days 1 male 39 666 54 078 214 412 22402 2100 [6]

Atacama crossing 1 male 37 191 101 157 263 966 23046 2127 [22]

100 km 11 female 570 6310 25750 � 2452 [36]

100 km 27 male 760 7420 26660 � 2580 [37]

Mean6 SD 223136 780 22296 227

Triathlon

Triple Iron ultra-triathlon 1 male 15 750 27 485 211 735 26869 2286 [38]

Triple Iron ultra-triathlon 1 male 22 500 28 600 26100 23404 2141 [16]

Gigathlon multi-stage
triathlon

1 male 38 676 59 622 220 646 29937 2414 [14]

103 Ironman triathlon 1 male 77 640 89 112 211 480 27544 2314 [39]

Mean6 SD 269386 2699 22886 112
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[13,16,18,21,43] (Table 16.2) where also an increase in
skeletal muscle mass was found [13,16,18,19,21,38,43]
(Table 16.2). The increase in body mass was most
probably due to fluid overload, which will be dis-
cussed in the next section. An increase in skeletal
muscle mass might occur in cases where anthropo-
metric methods were used and an increase in skin-
fold thicknesses and limb circumferences might
occur. This will also be discussed in the next section.
Overall, ultra-endurance athletes seem to lose
B0.5 kg in body mass and B1.4 kg in fat mass where
skeletal muscle mass seems to remain unchanged.

However, total body water seems to increase by
B1.5 L [18,20,21,36,38�41] (Table 16.2).

Dehydration, Fluid Intake and Fluid Overload

Most endurance athletes are concerned with dehy-
dration during an ultra-endurance performance. Body
mass was found to decrease in a 24-hour ultra-mara-
thon [54]. However, body mass reduction in ultra-
endurance athletes seems rather to be due to a decrease
in sold mass and not due to dehydration [45,47,55].

TABLE 16.2 Change in Body Composition in Ultra-Endurance Athletes Competing in Swimming, Cycling, Running and Triathlon

Distance and/or Time Subjects

Change in Body

Mass (kg)

Change in Fat

Mass (kg)

Change in Muscle

Mass (kg)

Change in Body

Water (L) Reference

Swimming

24-h swim 1 male 21.6 22.4 21.5 23.9 [33]

12-h swim 1 male 21.1 � 21.1 � [32]

Cycling

12-h indoor cycling 1 male 20.4 20.9 10.2 � [19]

617 km in 24 h 1 male 14.0 10.9 12.9 � [13]

1,000 km within 48 h 1 male 12.5 21 10.4 11.8 [21]

2,272 km in 5 d 7 h 1 male 22.0 20.79 21.21 � [2]

4,701 km in 9 d 16 h 1 male 25 � � � [7]

Running

12-h run 1 male 11.5 24.4 11.0 14.9 [18]

320 km in 54 h 1 male 20.4 20.3 21.0 � [8]

501 km in 6 days 1 male 23.0 26.8 � � [6]

100 km in 762 min 11 females 21.5 � � 12.2 [36]

100 km in 11 h 49 min 39 males 21.6 20.4 20.7 10.8 [40]

338 km in 5 days 21 males � � 20.6 � [42]

1,200 km in 17 days 10 males � 23.9 22.0 12.3 [41]

Triathlon

Triple Iron ultra-triathlon 1 male 21.1 20.4 11.4 12.0 [38]

Triple Iron ultra-triathlon 1 male 12.1 10.4 14.4 � [16]

Deca Iron ultra-triathlon 1 male 13.2 12.4 12.4 � [43]

Quintuple Iron ultra-triathlon 1 male 20.3 21.9 � 11.5 [20]

103 Ironman triathlon 1 male 21.0 20.8 20.9 12.8 [39]

Ironman triathlon 27 males 21.8 � 21.0 � [44]

Triple Iron ultra-triathlon 31 males 21.7 20.6 21.0 � [45]

103 Ironman triathlon 8 males � 23 � � [46]

Mean6 SD 20.456 2.5 21.416 2.31 10.086 1.94 11.516 1.30
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Dehydration refers both to hypohydration (i.e., dehy-
dration induced prior to exercise) and to exercise-
induced dehydration (i.e., dehydration that develops
during exercise). The latter reduces aerobic endurance
performance and results in increased body temperature,
heart rate, perceived exertion, and possibly increased
reliance on carbohydrate as a fuel source [56]. Fluid
replacement is considered to prevent dehydration, and
hypohydration has been shown to impair endurance
performance [57]. Adequate fluid intake helps to prevent
loss in body mass [26,58]. However, fluid overload may
lead to an increase in body mass [59] and a decrease in
plasma sodium [59], with the risk of developing
exercise-associated hyponatremia [59�61].

Fluid overload may lead to a considerable increase
in body mass [59]. For example, one athlete competing
in a Deca Iron ultra-triathlon covering 38 km swim-
ming, 1800 km cycling and 422 km running within 12 d
20 h showed an increase in body mass of 8 kg within
the first 3 days [43]. In athletes with a post-race
increase in body mass, an increase in skin-fold thick-
nesses and limb circumferences of the lower limb has
been recorded [21,43]. In another athlete with an
increase in body mass, an increase in skin-fold thick-
nesses at four skin-fold sites has been shown [13]. Both
these races were held in rather hot environments where
most probably fluid intake was rather high. However,
in athletes with a decrease in body mass, an increase in
skin-fold thicknesses at the lower limb has also been
reported [2,39,50]. In one athlete with a decrease in
body mass after a Triple Iron ultra-triathlon, a consid-
erable swelling of the feet was described [38].

Most probably, the increase in body mass, skin-fold
thicknesses and limb circumferences was due to an
increase in body water [21,39,62] (Table 16.2). In several
studies, an increase in total body water in ultra-
endurance athletes has been reported [18,20,21,36,38�41,
46,63,64]. One might now argue about the potential rea-
sons for the increase in both the skin-fold thicknesses
and total body water. The increase in total body water
might result from an increase in plasma volume
[20,63�66], which might be due to sodium retention
[63,65] caused by increased activity of aldosterone
[20,67]. An association between an increase in plasma
volume and an increase in the potassium-to-sodium ratio
in urine might suggest that increased activity of aldoste-
rone [68] may lead to retention of both sodium and fluid
during an ultra-endurance performance [37]. In a multi-
stage race over 7 days, total mean plasma sodium con-
tent increased and was the major factor in the increase in
plasma volume [63].

Apart from these pathophysiological aspects, fluid
overload might also lead to an increase in limb vol-
ume. A recent study showed an association between
changes in limb volumes and fluid intake [69]. Since

neither renal function nor fluid-regulating hormones
were associated with the changes in limb volumes,
fluid overload is the most likely reason for increase in
both body mass and limb volumes. A study showed
an association between increased fluid intake and
swelling of the feet in ultra-marathoners [70].

Fluid Overload and Exercise-Associated
Hyponatremia

Fluid overload might lead to exercise-associated
hyponatremia (EAH), defined as a serum sodium con-
centration ([Na1]), 135 mmol/L during or within 24 h
of exercise [71]. EAH was first described in the scien-
tific literature in 1985 by Noakes et al. [72] in ultra-
marathoners in South Africa as being due to ‘water
intoxication’.

Three main factors are responsible for the occurrence
of EAH in endurance athletes: (i) overdrinking due to
biological or psychological factors; (ii) inappropriate
secretion of the antidiuretic hormone (ADH), in partic-
ular, the failure to suppress ADH-secretion in the face
of an increase in total body water; and (iii) a failure to
mobilize Na1 from the osmotically inactive sodium
stores or, alternatively, inappropriate osmotic inactiva-
tion of circulating Na1 [71]. Because the mechanisms
causing factors (i) and (iii) are unknown, it follows that
the prevention of EAH requires that athletes be encour-
aged to avoid overdrinking during exercise.

EAH is the most common medical complication of
ultra-distance exercise and is usually caused by exces-
sive intake of hypotonic fluids [73,74]. The main reason
for developing EAH is the behavior of overdrinking
during an endurance performance by excessive fluid
consumption [60] and/or inadequate sodium intake
[75]. Subjects suffering EAH during an ultra-
endurance performance consumed double the fluids
compared with subjects without EAH [60]. Generally,
fluid overload is reported for slower athletes [76].
However, in ultra-endurance athletes, faster athletes
drink more than slower athletes but seem not to
develop EAH [77,78].

The environmental conditions seem to influence the
prevalence of EAH. Often, EAH is a common finding in
ultra-endurance races held in extreme cold [75,79] or
extreme heat [59,80]. In temperate climates, EAH is rel-
atively uncommon [67,81�94]. There seems to be a gen-
der difference whereby females seem to be at higher
risk of developing EAH [79]. Compared with marath-
oners [76,95�97], the prevalence of EAH in ultra-
marathoners is, however, not higher [85,94,98].

The prevalence of EAH seems also to be dependent
upon the discipline (Table 16.3). While EAH was highly
prevalent in ultra-swimming [79] and ultra-running [80],
the prevalence of EAH was low [83,99] or even absent
[82,84] in ultra-cycling. An explanation could be that
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cyclists can individually drink by using their drink bot-
tles on the bicycle. In addition, the length of an ultra-
endurance race seems to increase the risk for EAH. The
highest prevalence of EAH has been found in Ironman
triathlons [90,92], Triple Iron ultra-triathlons [93] and
ultra-marathons covering 161 km [59,80].

NUTRITIONAL ASPECTS IN ULTRA-
ENDURANCE ATHLETES

Adequate energy and fluid intake is needed to suc-
cessfully compete in an ultra-endurance race
[100�108]. Most studies are descriptive in nature,
reporting the distribution of carbohydrates, fat and
protein the athletes ingested [2,6,7,13,14,16,100,103,104]
(Table 16.4). Some studies report the kind of food

[105�107]. Also, some studies investigated the aspect
of supplements [109�112].

Intake of Carbohydrates

Carbohydrates are the main source of energy intake
in ultra-endurance athletes [2,23,39,102]. When the
intake of carbohydrates, fat and protein was analysed
for ultra-endurance athletes, the highest percentage
was found for carbohydrates. Ultra-endurance athletes
consume B68% of ingested energy as carbohydrates
(Table 16.4).

Intake of Fat

An increased pre-race fat intake leads to an increase
in intramyocellular lipids in ultra-endurance athletes

TABLE 16.3 Prevalence of Exercise-Associated Hyponatremia in Ultra-Endurance Athletes Competing in Swimming, Cycling, Running
and Multi-Sports Disciplines

Distance and/or Time Conditions Subjects Prevalence of EAH Reference

Swimming

26-km open-water ultra-swim Moderate 25 males and 11 females 8% in males and 36% in females [79]

Cycling

665-km mountain bike race Moderate 25 cyclists 0% [82]

109-km cycle race Moderate 196 cyclists 0.5% [83]

720-km ultra-cycling race Moderate 65 males 0% [84]

Running

161-km mountain trail run Hot 45 runners 51% [59]

161-km mountain trail run Hot 47 runners 30% [80]

60-km mountain run Moderate 123 runners 4% [85]

100-km ultra-marathon Moderate 50 male runners 0% [67]

100-km ultra-marathon Moderate 145 male runners 4.8% [78]

24-hour ultra-run Moderate 15 males 0% [86]

90-km ultra-marathon Moderate 626 runners 0.3% [72]

160-km trail race Hot 13 runners 0% [26]

Multi-disciplines

100-mile Iditasport ultra-marathon Cold 8 cyclists and 8 runners 44% [75]

161-km race Cold 20 athletes 0% [87]

Kayak, cycling and running Moderate 48 triathletes 2% [88]

Ironman triathlon Moderate 330 triathletes 1.8% [89]

Ironman triathlon Moderate 330 triathletes 18% [90]

Ironman triathlon Moderate 95 triathletes 9% [91]

Ironman triathlon Moderate 18 triathletes 28% [92]

Triple Iron ultra-triathlon Moderate 31 triathletes 26% [93]
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[16]. Increased intramyocellular lipids might improve
ultra-endurance performance; however, there are no
controlled data in field studies of whether fat loading
improves ultra-endurance performance. In a case
report, ultra-endurance performance in a rower was
enhanced following a high-fat diet for 14 days [113].
An increased fat intake during an ultra-endurance
competition might improve performance. However,
also for this aspect, no controlled data of field studies
exist. In a case report on an ultra-marathoner compet-
ing in a 6-day ultra-marathon, the athlete consumed
34.6% of fat in his daily food intake [6]. Nonetheless,
body fat decreased within the first 2 days and
remained unchanged until the end of the race. In addi-
tion, performance slowed down after the first 2 days.
Ultra-endurance athletes consume B19% of ingested
energy as fat, which is higher than energy consumed
in the form of protein (Table 16.4).

Intake of Protein

Regarding protein intake, athletes consume B19%
of ingested energy as protein during racing. An obser-
vational field study at the ‘Race across America’
showed that ultra-endurance cyclists ingest rather
large amounts of protein [105]. One might assume that
athletes experienced a loss in skeletal muscle mass and
try to prevent this loss by the use of amino acids. A
recent study tried to investigate whether an increase in
amino acids during an ultra-marathon may prevent

skeletal muscle damage [114]. However, the intake of
amino acids showed no effect on parameters related to
skeletal muscle damage.

Intake of Ergogenic Supplements, Vitamins and
Minerals

Vitamin and mineral supplements are frequently
used by competitive and recreational ultra-endurance
athletes during training [106,107,110,111] and competi-
tion [104�107]. In some studies, the intake of ergogenic
supplements, vitamins and minerals in ultra-endurance
athletes and its effect on performance have been inves-
tigated [109,110,112]. In long-distance triathletes, over
60% of the athletes reported using vitamin supple-
ments, of which vitamin C (97.5%), vitamin E (78.3%),
and multivitamins (52.2%) were the most commonly
used supplements during training. Almost half (47.8%)
the athletes who used supplements did so to prevent or
reduce cold symptoms [112]. The regular intake of vita-
mins and minerals seems, however, not to enhance
ultra-endurance performance [109,110]. In the
‘Deutschlandlauf 2006’ of over 1200 km within 17 con-
secutive stages, athletes with a regular intake of vita-
min and mineral supplements in the 4 weeks before the
race finished the competition no faster than athletes
without an intake of vitamins and minerals [108]. Also
in a Triple Iron ultra-triathlon, athletes with a regular
intake of vitamin and mineral supplements prior to the
race were not faster [110].

TABLE 16.4 Intake of Energy in Ultra-Endurance Athletes in Different Disciplines

Distance and/or Time Subjects Intake of Carbohydrates (%) Intake of Fat (%) Intake of Protein (%) Reference

Cyclists

617 km in 24 h 1 male 64.2 27 8.8 [13]

2272 km in 5 d 7 h 1 male 75.4 14.6 10.0 [2]

4,701 km in 9 d 16 h 1 male 75.2 16.2 8.6 [7]

Runners

100 km 7 males 88.6 6.7 4.7 [103]

501 km in 6 days 1 male 40.0 34.6 25.4 [6]

1005 km in 9 days 1 male 62 27 11 [106]

Triathletes

Deca Iron ultra-triathlon 1 male 67.4 15.6 17.0 [104]

Gigathlon 1 male 72 14 13 [14]

Triple Iron ultra-triathlon 1 male 72 20 8 [16]

Mean6 SD 68.56 13.2 19.56 8.5 11.86 6.1
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Fluid Intake During Endurance Performance

Ad libitum fluid intake seems to be the best strategy
to prevent EAH and to maintain plasma sodium con-
centration [36,67,78,115�118]. A rather low fluid intake
of 300�400 mL/h seems to prevent EAH [36,90,115]. A
mean ad libitum fluid intake of B400 mL/h maintained
serum sodium concentration in a 4-h march [115], and
fluid consumption of B400 mL/h prevented EAH in a
161-km race in the cold [87].

Sodium Supplementation During Endurance
Performance

One might argue that the supplementation with
sodium during an endurance race might prevent EAH.
However, two studies on Ironman triathletes showed
that ad libitum sodium supplementation was not neces-
sary to preserve serum sodium concentrations in ath-
letes competing for about 12 h in an Ironman [119,120].

CONCLUSIONS AND IMPLICATIONS FOR
FUTURE RESEARCH

Regarding these findings we see that ultra-
endurance athletes face a decrease in body mass most
probably due to a decrease in both fat mass and skeletal
muscle mass. During racing, the athletes are not able to
recover the energy deficit. Athletes tend with increas-
ing length of an ultra-endurance performance to
increase fluid intake, which seems to lead to both an
increased risk for exercise-associated hyponatremia
and limb swelling. In summary, an energy deficit seems
to be unavoidable in ultra-endurance performances.
Potential strategies might be to increase body mass by a
pre-race diet to increase fat mass, and strength training
to increase skeletal muscle mass. Another possibility
could be to increase energy intake during racing by
consuming a fat-rich diet. However, future studies are
needed to investigate these aspects. Regarding fluid
metabolism, the best strategy to prevent both exercise-
associated hyponatremia and limb swelling is to mini-
mize fluid intake to B300�400 mL per hour.
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Rosemann T. Maintained serum sodium in male ultra-marath-
oners—the role of fluid intake, vasopressin, and aldosterone in
fluid and electrolyte regulation.HormMetab Res 2011;43:646�52.

[68] Keul J, Kohler B, von Glutz G, Lüthi U, Berg A, Howald H.
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Exercise and Nutritional Benefits for Individuals
with a Spinal Cord Injury or Amputation
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PARALYMPIC SPORTAND
CLASSIFICATION SYSTEMS

Individuals with a disability (IWD) have often been
viewed as ‘patients’ by medical practitioners and
members of the public. However, many more IWD are
now engaging in organized sports and other recrea-
tional activities, with a number of these individuals
striving to become elite athletes and compete in the
Paralympic Games.

A wide variety of athletes with a disability (AWD)
currently compete in the Paralympic Games. At the
2008 Beijing Paralympic Games, AWD were grouped
into five general classifications, these being spinal
injury, amputee, visually impaired, cerebral palsy, and
les autres, which literally means “and others” [1]. From
2010, athletes with an intellectual disability also became
eligible to compete in Paralympic events [2]. In an
attempt to ensure fairness within all Paralympic sports,
AWD are classified according to: (i) the anatomical
extent of their disability, e.g., degree of visual or intel-
lectual impairment or location of amputation; or (ii) the
functional consequence of their disability, e.g., physio-
logical effects resulting from a spinal cord lesion.

It is acknowledged that each class of athletes who can
participate in Paralympic competitions, as well as those
IWD who are sedentary or recreationally active, have
their own unique challenges in performing activities of
daily living and in engaging in exercise, sporting and
recreational activities. However, this chapter will focus
on those with spinal cord injuries (SCI) and amputations
because: (i) these individuals make up a large proportion
of those who compete in Paralympic competitions;
(ii) they may have significantly different body composi-
tion and reduced energy expenditure than able bodied

individuals; and (iii) considerable research (especially
for those with SCI) has been conducted in this area.

The general purpose of this chapter is to provide a
framework for the benefits of exercise and nutrition in
improving physical function and sporting performance
for IWD and specifically for those with a SCI or ampu-
tation. To do this, some background information on
body composition, energy expenditure and nutritional
profile of these populations will also be given to better
place in context the benefits of exercise and nutrition.

REVIEW METHODOLOGY

In order to systematically review the literature for
the effects of exercise and nutrition as well as the nutri-
tional profiles and knowledge of IWD, the following
keywords and their derivatives were used: strength or
resistance training; nutrition or diet or supplement; spi-
nal cord injured or amputee or Paralympic. Database
searches were performed in PubMed, SportDiscus,
CINAHL, Health Source: Nursing/Academic, along
with Google Scholar via the “cited by” function. The
reference list of all articles found in the primary search
was also searched in order to identify other relevant
studies. To be eligible to be included in the review, all
the studies had to be in English (or have results
reported in English) and to be peer-reviewed.

ENERGY EXPENDITURE AND BODY
COMPOSITION

Spinal cord injury and amputation can result in
reductions in body, fat-free and muscle mass and also
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indirectly increase body fat percentage. For individuals
with a SCI, these effects are typically more pronounced
the higher the spinal cord lesion. For those with an
amputation, these effects are more pronounced on the
side of the body with the amputation (residual) rather
than the intact side [3,4] and for proximal vs distal
amputations [5].

There are, however, many issues with assessing the
body composition of Paralympic athletes and compar-
ing these values to those of able-bodied individuals
[6]. As body composition cannot be directly deter-
mined in a non-invasive manner, a variety of indirect
(Level 2) and doubly indirect (Level 3) methods are
used in research and practice [6]. The Level 2 methods,
which include hydrodensitometry (underwater weigh-
ing), air displacement plethysmography and dual
X-ray absorptiometry (DEXA), are the most accurate
methods for able-bodied individuals. The doubly indi-
rect (Level 3) methods, which include surface anthro-
pometry and bioelectrical impedance (BIA), are much
less expensive and more practical for use in the field
and the clinic but are somewhat less accurate than the
Level 2 methods.

Beyond the issues that all of these indirect and dou-
bly indirect methods have in determining body com-
position in able-bodied individuals, there appear many
more issues when applied to those with a disability.
This reflects the fact that the assumptions on which
many of these methods are based may be either invalid
or of unknown validity in this population. For exam-
ple, Ven de Vliet et al. [6] stated that differences
between able-bodied individuals and IWD in bone
density may affect the validity of two of the three
Level 2 techniques (underwater weighing and air
displacement plethysmography). The issues for the
Level 3 methods may be even greater, as surface

anthropometry and BIA may require the development
of specific prediction equations for a variety of disabil-
ity groups, including athletes [6]. Empirical support
for this view is provided by Mojtahedi et al. [7] who
assessed the body composition of 16 SCI athletes using
DEXA, sum of 3 and 7 skinfolds, and BIA using gener-
alized SCI and athletic-specific equations. Results indi-
cated that although the Level 3 methods were
moderately to strongly correlated to the DEXA values,
errors of body fat percentage were relatively large,
being 5�15 percentage points [7]. Ven de Vliet et al.
[6] therefore currently recommends that the sum of
skinfolds from body sites not affected by the disability
might be used as a monitoring tool to detect changes
in body composition, even if such values may not be
easily converted to a body fat percentage.

The negative changes in body composition often
seen in those with a SCI or amputation reflect an
imbalance between energy expenditure and energy
intake. Any reductions in energy expenditure may
indirectly result in a cascade of effects that may further
reduce physical fitness and function, physical indepen-
dence and increase the risk of metabolic syndrome [8].
This sequence of events and their potential interactions
is highlighted in Figure 17.1, which is adapted from
Buchholz and Pencharz [9].

The greatest contributor to energy expenditure is
resting metabolic rate (RMR), accounting for up to 65%
[9]. The reductions in RMR for IWD was initially
thought to reflect the loss of fat-free mass alone, but
reduced sympathetic nervous system drive resulting
from the lesion may also reduce RMR, with such an
effect even observed after adjusting for differences in
body composition between SCI and able-bodied
individuals [9]. Individuals with a disability have
also been shown to be less physically active than their

Reduced energy expenditure

Reduced physical
activity

Reduced resting
metabolic rate

Reduced thermic
effect of food

Adjusted for
fat-free mass
differences

Unadjusted for
fat-free mass
differences

Reduced
intensity of

physical activity

Reduced levels
of physical

activity

Adjusted for
energy intake

differences

Unadjusted for
energy intake

differences

FIGURE 17.1 Potential factors contributing to the reduced energy expenditure of individuals with a disability compared with able-
bodied individuals. Adapted from Bucholz and Pencharz (2004) [9].
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able-bodied peers [10]. As physical activity may
account for 25�30% of total energy expenditure, any
significant reduction in the level or intensity of physi-
cal activity could further reduce the energy expendi-
ture of IWD. The thermic effect of food (TEF), which
reflects the energy expenditure of eating, swallowing
and digestion, is the smallest contributor to energy
expenditure, accounting for only 5�10% [9]. A reduced
TEF could also contribute to the reduced energy
expenditure of IWD [11], although only one of the
three studies conducted to date has demonstrated a
significantly reduced TEF in IWD when normalized to
energy intake [9].

Although the review of Buchholz and Pencharz [9]
adds much to our understanding, the exact contribu-
tion of differences in RMR, physical activity levels
and TEF to the reduced energy expenditure and func-
tional performance of individuals with SCI (and per-
haps amputation) is not completely understood.
Nevertheless, it appears important to develop a greater
evidence basis for strategies that can safely and effec-
tively increase fat-free, muscle and bone mass and
reduce fat mass and improve physical fitness and
function in these individuals. Two such interventions
are exercise and dietary modifications.

EXERCISE ADAPTATIONS

Many studies over the last few decades have exam-
ined the physiological and functional adaptations that
people with disabilities, especially spinal cord injuries,
can obtain from physical exercise, with a number of
recent reviews published in this area [12,13]. The vast
majority of the studies in this area have had a rehabili-
tative focus and/or investigated the benefits of aerobic
exercise, generally arm-cranking on physiological func-
tion. In a systematic review, Valent et al. [13] reported
that of 14 studies of acceptable quality, the effects of
training were quite variable, with B186 11% increases
in VO2 peak and 266 16% increases in peak aerobic
power output during maximal exercise. The variability
in these responses would appear to reflect a variety of
factors relating to the exercise prescription as well as
the characteristics of the participants.

More recently, a greater number of studies have
examined the benefits of higher intensity exercise for
IWD. These studies have examined combined resis-
tance (strength), endurance and/or flexibility training
[14�16], resistance training [17�20] and combined
technical and strength and conditioning training for
AWD [21]. Two studies have also examined the bene-
fits of wheelchair rugby training, which could be con-
sidered a form of resistance training for this
population [22,23]. Resistance training would appear

ideal for this population as the mechanical stimuli pro-
vided by this form of exercise constitute a potent stim-
ulus for improving muscle mass, strength, power and
improving functional performance [24,25]. A summary
of the resistance training studies involving a gym-
based training program is provided in Table 17.1.

Consistent with the review of Hicks et al. [12] for
those with SCI, the results of the studies summarized in
Table 17.1 reveal that resistance training offers many
benefits for inactive and athletic IWD. Specifically, 8�16
weeks of resistance or combined resistance and aerobic
training performed 2�3 times per week resulted in sig-
nificant increases in strength (6�167%), mean power
during 30 s Wingate tests (8�67%), peak power during
30 s Wingate tests (6�77%), maximal rate of force devel-
opment (MRFD) (70%), and even aerobic power
(10�30%). Although few studies measured changes in
functional performance, these increases in strength,
power and MRFD could improve mobility in transfer
tasks (e.g., getting in and out of a wheelchair) and push-
ing up hills in a wheelchair. The potential for these pro-
posed improvements in muscular function to improve
athletic wheelchair performance was partially supported
by the non-significant (p5 0.058) 6.2% increase in 10 m
wheelchair sprinting speed after 8 weeks of bench press
training [17]. Similarly, in a Paralympic swimmer with a
SCI, 15 months of swimming and strength and condi-
tioning training resulted in an increase in her mean and
peak 30 s Wingate test power output by 67% and 77%,
respectively [21]. Although it is impossible to determine
the contribution of the strength vs swimming training,
such improvements coincided with her setting Polish
records in the 50 m, 100 m and 200 m freestyle events
and winning four gold medals at the European
Swimming Championships [21]. However, too few of
these exercise studies have assessed changes in func-
tional performance for a clear understanding of the mag-
nitude of performance response that Paralympic athletes
may gain, and whether such responses differ in magni-
tude to those of able-bodied athletes [12].

The significant increases in aerobic fitness in the
three studies was also of substantial interest, with the
magnitude of these changes lying within the ranges
reported in the review of the literature for similar
length aerobic training studies [13]. Additionally,
Jacobs et al. [18],who used a matched pair design to
compare the benefits of resistance and aerobic training
for non-athletic SCI individuals, found significant
increases in aerobic power for both groups, with the
change in aerobic power for the resistance training
(15%) comparable to that in the aerobic training group
(12%). As aerobic training does not produce significant
increases in muscular strength and power performance
[18], it would appear that resistance training is the most
effective exercise mode for this population, in that it
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TABLE 17.1 Training-Related Changes in Body Composition and Physical Function of Individuals with a Disability

Study Subjects

Training Program Descriptors Training-Related Changes

Duration Frequency Training Loading Body Composition Strength
Anaerobic
Power

Aerobic
Power

Inactive/Non-athletes

Jacobs et al. [14] 10 SCI R non-athletes
T5�T12 396 6 yr

12 wk 3/wk RT1AT circuit 13 10 @ 50�60%
1RM

112�30%* 130% VO2 peak*

Jacobs [18] 6 SCI R & 3 Q
non-athletes T6�T10
346 8 yr

12 wk 3/wk RT
6 exercises

33 6�10 @ 60�70%
1RM

134�55%* 18% MP-30 s*
1 16% PP-30 s*

115% VO2 peak*

Klingenstierna
et al. [19]

8 BKA R non-athletes
61 yr

8�12 wk 2�3/wk Isokinetic RT
exercises

23 10 at each of 2
speeds

14�18% Quad
mean fiber area
(amputated leg)*
119�40% Quad
mean fiber area
(intact leg)*

140�79%
(amputated leg)*
16�27%
(intact leg)*

Nash et al. [15] 7 SCI R non-athletes
T5�T12 39�58 yr

16 wk 3/wk RT1AT circuit 13 10 at 50�60%
1RM

139�60%* 19% MP-30 s*
1 6% PP-30 s*

110% VO2 peak*

Nolan [20] 8 amputees (4 TT,
3 TF, 1 BL) 6 R & 2 Q
non-athletes 416 8 yr

10 wk 2/wk RT1AT1 balance 23 10�15 at each
of 2 speeds

117�42%
intact limb*,a

1 22�36%
amputated limb*,a

Rodgers et al.
[16]

15 SCI T3�L5 & 3
others 446 11 yr

6 wk 3/wk RT1AT1 stretching 53 75% 1RM
30 min @ 60% HRR

145�167%* 17% VO2 peak
111% TTE

Athletes

Tabecki et al.
[21]

4 SCI
C4�C6

15 month 3/wk RT Not stated 167% MP-30 sa

1 77% 1PP-30 sa

Turbanski &
Schmidtbleicher
[17]

8 SCI R athletes
(2 tetra- & 6
paraplegic) 336 11 yrs

8 wk 2/wk RT
Bench press

53 10�12 @ B80%
1RM

139%* 170% MRFD*

aPercent change estimated from graphs and not including data for the BL amputee.
*Significant increase.
AT, aerobic training; BKA, below knee amputee; BL, bilateral; HRR, heart rate reserve; MP-30 s, mean power in 30 s Wingate test; MRFD, maximum rate of force development; PP-30 s, peak power in 30 s Wingate test; RT,

resistance training; SCI, spinal cord injured; TF, transfemoral; TT, transtibial; TTE, time to exhaustion; VO2 peak, peak volume of oxygen consumption during exercise test; wk, week(s); yr, year(s).



can produce both anaerobic and aerobic benefits. Such
a finding would appear consistent with recent reviews
for other populations with reduced muscle mass, and
reduced strength and functional performance such as
cancer patients [26,27] and older adults [28,29].
Resistance training is therefore now being acknowl-
edged as a key form of exercise in these populations.

Consistent with the review of Hicks et al. [12], very
few of these high-intensity exercise studies examined
the potential benefits of such training on body composi-
tion. This was surprising for two reasons. The first was
the negative changes in body composition observed in
many IWD and their increased risk of chronic condi-
tions such as osteoporosis and metabolic syndrome
[3,8,30]. The second reason was that these forms of
exercise have been shown to significantly improve
many aspects of body composition, particularly increas-
ing fat-free or muscle mass in young adults and at least
maintaining this in able-bodied older individuals or
patients with cancer. The lack of such studies involving
IWD may, however, reflect the previously described
difficulties in accurately measuring body composition
in these populations, since many of the assumptions
underlying common body composition assessment
techniques may not apply to these individuals.

Even though IWD now have more opportunities to
participate in exercise, sport and recreation activities
[31], most of the published exercise studies, including
the resistance training studies summarized in Table 17.1,
still have involved inactive, non-athletic individuals,
many of whom were middle aged or older.
Extrapolating the results of this literature to Paralympic
athletes might be challenging, as it is well known in the
able-bodied literature that only very small increases (if
any) in strength, power and body composition occur
over the course of a year for elite athletes [32]. The
results of Dallmeijer et al. [22] support this contention,
since they found that, whereas novice players signifi-
cantly increased muscular strength by 26% and tended
to increase aerobic power (10%) from one session of
wheelchair rugby per week for 12 weeks, experienced
AWD had no significant change in strength (6%) or aero-
bic power (2 8%).

NUTRITIONAL PRACTICES

Although nutrition and supplementation play
important roles in elite able-bodied and Paralympic
sports performance, relatively little is known regarding
the nutrition practices and knowledge of non-athletic
IWD or AWD compared with their able-bodied peers.
Adequate nutrition intake is very important for IWD,
especially those with a SCI injury, as they may be at
higher risk of developing chronic metabolic syndrome

and osteoporosis because of the reduced energy expen-
diture and muscle mass [3,8,30]. For AWD, nutrition
and supplementation (especially electrolyte and fluid
replacement) may be particularly important as they
have many challenges in regulating their core tempera-
ture during exercising in hot humid conditions.

A number of studies have assessed the nutritional
intakes of inactive individuals with SCI [33�37]. These
studies, as well as those involving AWD [38�45], have
utilized a variety of approaches to obtain nutritional
data. The most common method appears to be a 3�7
day food recall, with many of these studies allowing
the participants to use a simple method of approximat-
ing the weight of foods eaten via the use of common
household measures which the researchers then con-
verted to an approximate mass in grams. Results of
these studies involving non-athletic IWD suggest that
mean daily energy intakes may be greater in males
than females with SCI [33,35] and that no significant
differences occur in those with tetraplegia compared
with paraplegia [33,35]. Proportional macronutrient
intake indicates that non-athletic individuals with SCI
consume sufficient carbohydrates (although this often
consisted of too many simple sugars) and protein, but
too much fat and too little fiber. Inadequate intakes of
many vitamins and minerals were also reported [33,35].

A number of studies have also examined the nutri-
tional intake of AWD. A summary of these studies is
provided in Table 17.2. Most of these studies involved
wheelchair athletes with a SCI or polio, although one
study examined soccer players with an amputation
[39]. These soccer players had substantially greater
energy intakes (B3800 calories per day) than did the
subjects of all the other studies involving wheelchair
athletes, who consumed B1500�2200 calories per day
[39]. Such large differences in daily energy intake
appear reasonable as the soccer players with amputa-
tions had greater levels of muscle mass and walked
and ran during everyday activities, training and com-
petition compared with wheelchair athletes in the
other studies.

Inspection of the proportional macronutrient intakes
revealed that the carbohydrate (48�54%), protein
(17�20%) and fat (25�32%) intakes for AWD typically
fell within the recommended ranges and had very little
between-study group differences. However, when
macronutrient intake was expressed in absolute
amounts, some anomalies were observed. For example,
soccer players with an amputation were found to have
an average intake of 3.1 g protein per kg body mass
per day, which is considerably higher than recom-
mended [39]. Innocencio da Silva Gomes et al. [39]
suggested that a reduction in the absolute protein
intake of the soccer players would be beneficial, as it
would allow greater carbohydrate intake (to allow
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TABLE 17.2 Nutritional Intake of Athletes with a Disability

Study Subjects Data Collection Method
Daily Energy
Intake

Daily CHO
Intake

Daily Fat
Intake

Daily Protein
Intake

Deficiencies in Fiber,
Vitamins & Minerals

Goosey-Tolfrey & Crosland
[38]

14 Q mixed AWD 256 8 yr 7 days weighed food intake 1520 cal
24 cal/kg

218 g
3.4 g/kg
54%

49 g
1 g/kg
29%

64 g
1 g/kg
17%

Fiber and iron

Goosey-Tolfrey & Crosland
[38]

9 R mixed AWD 286 7 yr 7 days weighed food intake 2060 cal
32 cal/kg

283 g
4.3 g/kg
53%

60 g
1 g/kg
27%

90 g
1.4 g/kg
19%

Fiber

Innocencio da Silva Gomes
et al. [39]

15 R amputee soccer players
326 6 yr

6 day food recalls at training
camp

3830 cal
58 cal/kg

482 g
7.3 g/kg
50%

Not stated
Not stated
29%

203 g
3.1 g/kg
21%

Vitamin E and calcium
(forwards only)

Krempien & Barr [40] 24 R & 8 Q SCI (12 para & 20
tetra) 316 6 yr

3 day food recalls at home
and training camps

2115 cal
33 cal/kg

285 g
4.4 g/kg
54%

68 g
1 g/kg
29%

93 g
1.4 g/kg
18%

Fiber, vitamin D,
folate, calcium,
magnesium and zinc

Krempien & Barr [41] 24 R & 8 Q SCI (12 para & 20
tetra) 316 6 yr

3 day food recalls at home
and training camps

2115 cal
33 cal/kg

285 g
4.4 g/kg
54%

68 g
1 g/kg
29%

93 g
1.4 g/kg
18%

Potvin et al. [42] 10 R SCI 316 8 yr 3 days weighed food intake 2139 cal
35 cal/kg

256 g
48%

76 g
32%

105 g
20%

Vitamin E and zinc

Rastmanesh et al. [43] 13 amputees and 59 SCI
gender not stated 306 8 yr

3 day food recalls at home 1690 cal Fiber, vitamin C, D, E
and calcium

Ribeiro et al. [44] 28 R wheelchair rugby players
with SCI 18�40 yr

3 day food recall at home 25 cal/kg 50% 31% 20% Calcium

Ribeiro et al. [44] 32 R wheelchair rugby players
with polio 18�40 yr

3 day food recall at home 26 cal/kg 50% 29% 20% Calcium

Wang et al. [45] 15 R & 1 Q American
wheelchair marathon athletes
366 2 yr

Typical training day food
recall

30 cal/kg 54% 26% 20% Fiber

Wang et al. [45] 12 R & 1 Q Japanese
wheelchair marathon athletes
346 3 yr

Typical training day food
recall

28 cal/kg 52% 25% 22%

cal, calories; SCI, spinal cord injured; yr, year(s).



better training and recovery at the training camp) and
reduced fat intake (which was borderline high).

Although not all of these studies conducted a compre-
hensive assessment of fiber and micronutrient intakes,
most reported only a few group mean intakes that were
less than recommendations, with such deficiencies dis-
playing no real patterns of difference between the types
of AWD. The most commonly reported deficiencies for
these athletes were seen for fiber, vitamin E and calcium.
Further, some studies also reported the prevalence of
athletes who were deficient in fiber and selected micro-
nutrients [38,40,43].

To date, only one study has appeared to assess the
nutritional strategies of AWD during competition [46].
This study used a 31-item questionnaire to obtain data
from a group of 14 female and 12 male swimmers at the
2004 Paralympics Games. Pelly et al. [46] reported that
81% of all athletes stated receiving dietary advice prior
to the competition, that most athletes (57�76%) made
some adjustments to the composition of their diets—e.g.,
increased carbohydrate and fluid intake and reduced fat
intake within the final 72 hours before competition—and
that 88.5% had a high carbohydrate snack within the
hour after competing. Although such dietary habits
appeared quite consistent with nutritional guidelines,
73% of the swimmers felt that they lacked energy on
competition day, with 69% feeling flat [46].

NUTRITIONAL KNOWLEDGE AND
EDUCATION PROGRAMS

It has been hypothesized that the inadequacies of the
nutritional intakes of AWD found in the literature may
be a result of their relative lack of nutritional knowl-
edge. As a result, Rastmanesh et al. [43] examined the
nutritional knowledge of 72 AWD and assessed the
effects of a nutrition education program on their nutri-
tional knowledge and habits. Prior to the education
program, results indicated a poor understanding of
nutrition, with mean scores of B40% for the AWD.
Sub-scales relating to nutrition for AWD (13%), protein
(30�31%), vitamins and minerals (33%) and calcium
(35%) were particularly poorly answered across the
education and control groups.

After completing the baseline knowledge question-
naire, the 42 AWD in the education group and their
coaches were given a nutrition education booklet and
attended four nutrition courses led by a dietician, with
each course lasting 3 hours and separated by a period
of a week. Over this time, the 30 control subjects were
asked to maintain their regular nutritional habits.
After completing the education program, the 42 AWD
significantly improved their mean nutrition knowledge
score from 42% to 81% correct, with the greatest

improvements seen in sub-scales of nutrition for AWD
(1 61%), calcium (1 57%) and carbohydrate (1 54%).
Over this period, no significant change in the nutrition
knowledge occurred in the control group. More impor-
tantly, some improvements were observed in the die-
tary habits of the education group, with the 42 athletes
significantly increasing their daily calcium intake from
715 mg to 840 mg post program, translating to a reduc-
tion from 70% to 47% who did not meet the recom-
mended daily allowance of 800 mg. Similar significant
reductions in the prevalence of those with inadequate
intakes of vitamin C, vitamin D and fiber were also
reported, although no numerical data were provided.
There was also a non-significant trend for a reduction
in adiposity for the education group as assessed via
BMI, with mean group scores falling from 31.5 to 29.9
over the 4-week program.

SUPPLEMENT USAGE

Like many able-bodied athletes, AWD may use a
variety of nutritional supplements, even if such use
may not achieve the desired result or even be counter-
productive. However, very little research has examined
the supplementation usage by AWD. A small-scale
study of 32 elite AWD found that 44% used a vitamin
supplement when training at home, although this
decreased to 34% when in a training camp [40].
Krempien and Barr [40] observed that vitamin supple-
mentation increased the mean male athletes’ intake of
most micronutrients in which a deficiency was initially
reported, although it had no effect on female athletes.

Tsitsimpikou et al. [47] examined the supplementa-
tion and medication practices of AWD competing in
the 2004 Paralympic Games via self-reported declara-
tions from the athletes (n5 680) as well as their applica-
tion forms for the use of therapeutic good exemptions
(n5 493). Primary results indicated that 64% of the
AWD reporting using medications or supplements
within the final 3 days before competition, with over
80% reporting the use of fewer than four such items.
The primary nutritional supplements used were vita-
mins (44%), minerals/electrolytes (16%), amino acids/
proteins (11%) and creatine (9%). Unsurprisingly, ath-
letics and powerlifting accounted for 62% of total
amino acid/protein consumption.

EFFECTS OF NUTRITION ON BODY
COMPOSITION AND PERFORMANCE

A small number of studies have assessed the effect
of nutritional interventions on aspects of performance
in IWD. These studies have assessed the effect of
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carbohydrate [48�50], carbohydrate and protein [51]
and creatine [52,53] supplementation.

Carbohydrate supplementation is a relatively com-
mon practice used by endurance athletes in the lead-up
to competition. This supplementation/loading may be
performed in the last few days prior to competition,
immediately prior (,30 minutes) and during exercise.
The general premise of this approach is to cause a tem-
porary increase in glycogen stores and/or blood glu-
cose concentration so that the athlete can maintain a
higher average power output/velocity during the
event, thus improving their time to complete the dis-
tance. To date, four studies have examined the effect of
carbohydrate supplementation during or just prior to
performing aerobic exercise in AWD, with the results
of this literature somewhat mixed (see Table 17.3).

These studies typically utilized a cross-over design
whereby each IWD completed the performance proto-
col with and without the carbohydrate-supplemented
fluid in a placebo-controlled, randomized order.
Spendiff and Campbell [48] and Temesi et al. [50] uti-
lized a protocol whereby they compared the benefits
of carbohydrate supplementation to a zero carbohy-
drate fluid. In these studies, improvements in perfor-
mance of 5�6% were observed across a 20-minute time
trial, although this only reached statistical significance
in one study [48]. Spendiff and Campbell [49] also
compared the effect of a low (24 g) and high (72 g) car-
bohydrate supplement consumed in 600 mL of fluid 30
minutes prior to the 20-minute time trial, finding a 2%
non-significantly greater improvement in performance

for the high-carbohydrate supplement. The benefit of
acute carbohydrate supplementation was also demon-
strated by Nash et al. [51],who compared the effect of
a rapidly digested protein and carbohydrate vs an arti-
ficially sweetened soy protein drink on the walking
ability of three individuals with an incomplete SCI.
Substantially greater time to exhaustion (118%) and
walking distance (138%) were found when the partici-
pants consumed whey and carbohydrate compared
with those who consumed the soy protein blend drink.

Creatine loading is used mainly by power athletes to
improve repeated high- to supramaximal-intensity or
maximal-strength performance. By supplementing crea-
tine, the levels of creatine phosphate in the muscle
increase, allowing an increased alactic anaerobic energy
production and an improved ability to maintain creatine
phosphate levels for repeated high-intensity efforts.

To date, two studies have examined the potential
benefits of creatine supplementation for IWD (see
Table 17.4). Both these studies utilized a cross-over
design in which each AWD underwent performance
testing with and without the creatine supplement in a
placebo-controlled, randomized order. While the
cross-over design and the creatine supplementation
dosages in these studies were very similar, there was
considerable between-study variation in the IWD
groups and the performance measures assessed. Jacobs
et al. [53] reported a significant 19% increase in aerobic
power and a non-significant 7% increase in time to
exhaustion for 16 SCI athletes during the VO2 peak
test. In contrast, Perret et al. [52] found no significant

TABLE 17.3 Effect of Acute Glucose Supplementation on Physical Function in Individuals with a Disability

Study Subjects Design Dosage Performance Changes

Nash et al. [51] 2 R & 1 Q incomplete
SCI T4�C6 inactive
34�43 yr

Double-blind, placebo-controlled,
cross-over design with both
conditions consuming the same
volume of fluid 20 minutes prior
to exercise

48 g whey1 1 g/kg
bodyweight maltodextrin vs
48 g soy protein
drink1 artificial sweetener

118% time to fatigue
and 138% distance
walked

Spendiff &
Campbell [48]

5 R spina bifida & 3 R
SCI T5�T12 athletes
326 4 yr

Double-blind, placebo-controlled,
cross-over design with both
conditions consuming 600 mL
fluid 20 minutes prior to exercise

48 g dextrose monohydrate vs
flavored water

16% distance in 20 min
arm cranking time trial*

Spendiff &
Campbell [49]

5 R spina bifida & 3 R
SCI T5�T12 athletes
316 5 yr

Double-blind, placebo-controlled,
cross-over design with both
conditions consuming 600 mL
fluid 20 minutes prior to exercise

72 g dextrose monohydrate vs
24 g dextrose monohydrate

12% distance in 20 min
wheelchair time trial

Temesi et al. [50] 5 R C6�T3 SCI & 1 Q
T7 SCI athletic/
inactive mixed group
26�39 yr

Randomized, counter-balanced
order with both groups
consuming 500 mL fluid in
125-mL doses from 15 minutes
prior to exercise to 30 minutes
into exercise

0.5 g/kg body mass
maltodextrin vs flavored
water

15% total work in
20 min time trial

*significant increase for intervention group.
SCI, spinal cord injured; yr5year(s).
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change in the time to complete a 800 m wheelchair
race for six mixed AWD.

Somewhat similar to the literature for carbohydrate
supplementation, the mixed results and lack of litera-
ture for the effect of short-term creatine loading on ath-
letic performance make it hard to offer any definitive
conclusions on its effectiveness in this regard for AWD.
Nevertheless, as the stronger of the two studies showed
a significant improvement of 19% in aerobic power
during a VO2 peak test, more research appears war-
ranted in this area. Interestingly, none of these studies
have examined changes in body mass, composition,
strength or power. This is surprising for two reasons.
The first is that Tsitsimpikou et al. [47] found that crea-
tine supplementation was more prevalent in power
than endurance AWD. The second reason is that the
physical qualities sought by power athletes, such as
strength, power, speed and repeated sprint ability, are
more commonly assessed variables in studies involving
creatine supplementation in able-bodied athletes [54]
and other chronic condition groups [55]. However, sig-
nificant increases in strength have been reported to
occur from creatine supplementation in humans with
neuromuscular conditions in one study [56].

CONCLUSIONS AND AREAS FOR
FUTURE RESEARCH

An examination of the literature has revealed a
number of ways in which individuals with a SCI or
amputation may improve body composition, physical
fitness and function and athletic performance. While
aerobic exercise has been traditionally recommended
for IWD and older adults because of its ability to
increase energy expenditure, reduce body fat and
lessen the risk of cardio-metabolic disease, more recent
research for both of these groups has indicated that
increasing or at least maintaining muscle mass is
extremely important.

Studies involving inactive and to a lesser extent ath-
letic IWD have demonstrated the profound benefits of

resistance training with regard to increasing muscular
strength as well as anaerobic and aerobic power. Further
efforts should therefore be made to educate these indivi-
duals and their clinicians about the benefits of resistance
training and to ensure that appropriate resistance train-
ing programs are accessible and affordable.

Nutritional profiles of inactive and athletic indivi-
duals with SCI have revealed some alarming trends.
While AWD appear to have relatively good nutritional
intakes (at least when considered as a group), inactive
individuals have a much poorer diet, consume too
much fat and processed carbohydrates and too little
fiber, vitamins and minerals. Therefore, inactive IWD
should become a target for nutritional counseling,
especially as it is known that such a group may have
limited physical independence, poor quality of life and
be at high risk for many chronic conditions. One chal-
lenge for nutritionists and dieticians who wish to work
with these individuals would be the issue we face in
accurately and reliably measuring body composition
and energy expenditure for these individuals. Until
the accuracy of Level 3 body composition assessment
methods for IWD improves, practice in this area will
involve a degree of trial and error with regards to the
optimal energy, macro- and micronutrient intake that
inactive and athletic IWD require on a daily basis.

Athletic individuals with a SCI or amputation have
been shown to consume a variety of nutritional sup-
plements, although the evidence for the effectiveness
of this is rather limited. This may reflect: (i) the hetero-
geneity of the study samples; (ii) the wide variety of
supplements available (each of which may have vary-
ing effects on different aspects of muscular function);
(iii) the between-study variation in supplement dosage
and duration; and (iv) the variety of outcome tests
used to assess their effectiveness.

It may therefore be recommended that considerably
more research be conducted across a range of disabil-
ity groups in order to improve their body composition,
physical fitness and function as well as athletic ability.
Such research may concentrate on: (i) improving the
validity and reliability of body composition and

TABLE 17.4 Effect of Chronic Creatine Supplementation on Physical Function in Individuals with a Disability

Study Subjects Design Dosage

Aerobic Power

Changes

Functional

Performance Changes

Jacobs et al. [53] 16 R SCI C5�C7
non-athletes 356 9 yr

Double-blind, placebo-controlled, cross-over
design, 7-day intervention & control phases
with 21-day washout

20 g/day 119% * 17% TTE in VO2 peak
test

Perret et al. [52] 4 R & 2 Q mixed AWD
336 9 yr

Double-blind, placebo-controlled, cross-over
design, 6-day intervention & control phases
with 28-day washout

20 g/day 0% change in 800 m
wheelchair race time

*significant increase for intervention group.
TTE, time to exhaustion; VO2 peak, peak volume of oxygen consumption during exercise test; yr, year(s).
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energy expenditure assessments in a variety of disabil-
ity groups; (ii) examining the functional benefits of
resistance and mixed training approaches; (iii) deter-
mining the primary barriers to good nutrition in inac-
tive IWD so as to inform interventions and public
health policy; and (iv) assessing the benefits of a vari-
ety of nutrition interventions and supplements. It is
anticipated that such research and a heightened inter-
est in the challenges that IWD face in their everyday
activities should translate into improvements in health,
independence, quality of life and athletic ability of
these individuals by health professionals.
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INTRODUCTION

The word “doping” was first mentioned in 1889 in
an English dictionary, initially describing a potion con-
taining opium and used to “dope” horses. “Dope” was
a spirit prepared from grapes, which Zulu warriors
used as a “stimulant” at fights and religious proce-
dures, also known as “doop” in Afrikaans or Dutch.
Afterward, the concept of “dope” extended to other
beverages with stimulating properties. Finally, the
expression was introduced into English turf sports in
about 1900 for illegal drugging of racehorses [1].

Thus, performance-enhancing substances and meth-
ods misuse is not exclusive to modern times.
Throughout history, man has sought to improve his
physical performance by artificial means. The first
notion of doping dates back to antiquity. In brief,
according to Milo of Croton (6th century BC), Greek
athletes ingested different types of meat depending on
the sport practiced: jumpers ate goat meat; boxers and
wrestlers, bull meat; and wrestlers, pork because of its
fatty meat. Pliny the Younger (1st century BC) indi-
cated that endurance runners of ancient Greece used
decoctions of horsetail to contract the spleen and pre-
vent dropping out of long-term races. Also Galen and
Philostratus reported that athletes tried to increase
their performance by swallowing all kinds of sub-
stances. Natives of South America chew coca leaves
and African natives, kola nut; the stimulant properties
of ginseng, known for over three thousand years by
the Chinese people, should also be remembered.

However, in modern times, drug abuse detection in
sports was first tackled by the International Olympic
Committee (IOC) in the 1960s when a Danish cyclist
died during the Rome Olympic Games. Twelve years
later, at the Summer Olympic Games in Munich, the
first official anti-doping tests were performed system-
atically, whose pilot project was carried out at the
Mexico City Olympic Games (1968). At those early
stages, the only prohibited substances were those capa-
ble of producing a significant effect on performance
only if administrated, in sufficient amounts, right
before or during the sport competition [2].

From this period, the IOC, and later the World
Anti-Doping Agency (WADA), controlled the “prohib-
ited list” in accordance with new research in the dop-
ing field [3]. The revolutionary range of available
drugs and the sophistication with which they have
been applied in human doping has resulted in the
introduction of evermore complex and sensitive meth-
ods designed to detect such misuse [4].

Doping is nowadays defined in the WADA Code as
“the occurrence of one or more of the anti-doping rule viola-
tions set forth in Article 2.1 through Article 2.8 of the
Code” [5]. Violations of the anti-doping rule include
not only the use or attempted use of prohibited sub-
stances, but also: the presence of a prohibited sub-
stance, or its metabolites or markers, in an athlete’s
urine or blood sample; violation of the athlete’s obliga-
tion to inform about his/her ‘whereabouts’; tampering
or attempted tampering with doping control proce-
dures; possession of prohibited substances or the
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means for performing prohibited methods; and traf-
ficking or attempted trafficking in a prohibited sub-
stance or the means for performing a prohibited
method [5,6].

Following on from Botrè [7], the historical periods
can be described in detail and partitioned into three
main stages: (i) an early stage in which the abuse of
drugs took place during competition and its detection
was based on gas chromatography; (ii) the androgenic
anabolic steroids age, around the 1970s, when the
drugs were administered in both training periods and
competition; and (iii) the most recent era in which pro-
tein chemistry, molecular biology, biomarkers, genetic
engineering, and immunological techniques are
applied routinely. A future period is feared by many
as the possible “gene doping age” of “omics” technolo-
gies (see Table 18.1).

Therefore, it is now clear that there are several hun-
dred forms of known and unknown doping substances
and techniques used in the sports world. This chapter
will provide a summary of the most commonly abused
substances, their effects and adverse effects, and the
alleged benefits together with current standards in
doping. For this purpose, we mainly focus on five
groups: (i) substances misused mostly in strength
sports; (ii) hormones and metabolic modulators; (iii)
blood doping in aerobic sport disciplines; (iv) masking
agents; and (v) gene doping.

MAIN TENDENCIES OF DOPING
IN THE STRENGTH FIELD

We can divide the prohibited substances into four
major categories in strength sports: (i) androgenic-
anabolic agents (AAA), which are certainly the most

popular substances and the most used; (ii) Beta2-
agonists such as clenbuterol; (iii) peptide hormones
such as growth hormone (GH), somatomedins (IGF-I),
and GH secretagogues; (iv) myostatin inhibition, a
strategy which is definitely the future of doping in the
field of muscle mass and strength.

Androgenic-Anabolic Agents (AAA)

Two major doping strategies are found in this cate-
gory: direct and indirect androgen doping. Direct
androgen doping could be defined as the exogenous
administration of both endogenous (substance that can
be produced naturally by the human body) and exo-
genous (substance that cannot usually be produced
naturally by the human body) androgens [8]. Indirect
androgen doping refers to the use of compounds
that stimulate the production of endogenous testoster-
one [8].

Direct Androgen Doping and Detection Methods

ENDOGENOUS ANDROGENS

Athletes have used testosterone doping to avoid
detection of synthetic androgens. Testosterone and epi-
testoterone are secreted endogenously by Leydig cells
in the testes. Therefore, detection of illegal use
depends on the distinction between endogenous and
exogenous testosterone. Initially, anti-doping laborato-
ries used the testosterone/epitestosterone ratio (T/E)
to detect its abuse. Epitestosterone (17α-hydroxy-4-
androstene-3-one) is a 17-epimer of testosterone and is
biologically inactive. In normal times, the T/E ratio in
urine is around 1, but because there is no interconver-
sion between the two compounds, administration of
exogenous testosterone results in an increase in the

TABLE 18.1 Evolution of the Main Challenges in Doping and in Control Analysis

Period Challenge Period Challenge

Origin early
1970s

Stimulants, narcotics, drugs of abuse Mid-
1990�2000

Erythropoietin and analogs

Mid 1970s Synthetic anabolic androgenic steroids (AAS) 2000�2005 Designer steroids, hormone and hormone
receptor modulators

Late 1970s Naturally occurring AAS (testosterone), synthetic AAS
cocktails

2005�present Peptide hormones

1980�1990 Beta-blockers, diuretics, cannabinoids, glucocorticoids 2003�present Blood doping

Early to mid-
1990s

Low concentration of AAS 2004 Tetrahydrogestrinone (THG)

Mid- to late
1990s

Human chorionic gonadotropin, endogenous testosterone
and/or precursors

2008�present Gene doping

Modified from Botrè [7].
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T/E ratio [9]. Initially, the limit was fixed at 6 by the
International Olympic committee (IOC). But variations
occur in the ratio, due to genetic polymorphism
[10,11], and for this reason the value is currently fixed
at 4. However, it is possible to maintain this ratio
below 4 [12] through the co-injection of testosterone
and epitestosterone, but detection of high urinary con-
centrations of metabolites of the latter reveals the use
of this method [13]. When the T/E value is suspicious,
it is necessary to use gas chromatography combustion
IRMS (isotope ratio mass spectrometry), which is
based on the measurement of the 13C/12C isotope
ratio in testosterone [14,15], to confirm if doping has
taken place and, as synthetic testosterone has a lower
13C/12C ratio than the endogenous form, a lower
13C/12C ratio suggests exogenous testosterone use.

EXOGENOUS ANDROGENS (AAS)

Exogenous androgens are a synthetic derivative of
the male hormone testosterone. The first AAS was
synthesized during the 1960s and was named norbo-
lethone. Today, among the most well-known AAS
are nandrolone, stanazolol, tetra hydrogestrinone
(THG), desoxymethyltestosterone, and dihydrotestos-
terone (DHT). Athletes use these substances because
detecting them requires knowledge of the indivi-
duals’ chemical signatures, which at present are in
many cases unknown. Isotope ratio mass spectrome-
try can be used to detect some AAS, such as nandro-
lone and DHT, but others go undetected by this
method. Currently, anti-doping laboratories are being
employed to carry out bioassays to detect the use of
other AAS.

Indirect Androgen Doping and Detection Methods

This strategy refers to using compounds that stimu-
late the production of endogenous testosterone. At
least three methods are used: (i) androgen precursors;
(ii) estrogen blockers; (iii) gonadotropins.

An androgen precursor is a substance that is me-
tabolized in one or more steps to testosterone. For
example, androstenedione is finally converted to tes-
tosterone. Use of androgen precursors can be detected
because it leads to an increase in serum testosterone
levels [16,17] and finally to an increase in the T/E ratio
[18,19].

Another strategy is the use of estrogen antagonists
and aromatase inhibitors, which is based on the fact
that estrogen is a negative regulator of the
hypothalamic-pituitary-gonadal axis which is more
potent than testosterone itself [20,21]. Hence, the use of
estrogen antagonists such as tamoxifen or, more
recently, fulvestrant, or aromatase inhibitors like letro-
zole or vorozole, which leads to a rise in endogenous
testosterone production [22�24].

Furthermore, in order to increase the endogenous
production of testosterone, some athletes resort to
gonadotropins. We can cite the luteinizing hormone
(LH), and even the human chorionic gonadotropin
(hCG) whose alpha subunit has a structure similar to
LH. They are only banned for men because there is no
evidence of their effectiveness in the development of
muscle mass in women. Male athletes generally use
the hCG in order to mask the use of exogenous testos-
terone, because its use does not affect the T/E ratio
[25]. Another strategy for enhancing the endogenous
levels of testosterone sometimes used by athletes is the
pulsatile administration of gonadotropin releasing hor-
mone (GnRH), which stimulates LH and follicle-
stimulating hormone (FSH) production. Continuous
administration desensitizes the gonadotrophs and
leads to down-regulation of GnRH receptors and
finally suppresses testosterone production.

Some of these substances can be detected by mass
spectrometric methods [26,27]. Measurement of some
metabolites of those products makes it possible to
detect the use of androgen precursors (for example
4-hydroxyandrostenedione, an androstenedione metab-
olite). Use of LH and hCG can both be detected by
immunoassays [28,29], but a positive immunoassay
hCG test needs to be confirmed by immunoextraction
and mass spectrometry [29].

Effect on Athletes and Adverse Effects

The desired effect of AAA could be divided into
four categories: effects on body composition (weight,
body dimension, lean body mass, fat and muscle
mass); strength and muscle mass; hematology and
endurance performance; and finally, recovery. Bhasin
and co-workers [30,31] showed that testosterone pro-
duces a significant gain in muscle size and strength
compared with placebo. In addition, they reported that
testosterone plus training brings about a larger gain in
muscle mass and strength compared with only train-
ing, placebo, or testosterone alone. Moreover, a
dose�response effect between doses of testosterone
received, serum testosterone levels, muscle mass, mus-
cle volume, muscle strength and power, and decrease
in fat mass [31] has been demonstrated. Although tes-
tosterone increases muscle power, it does not improve
muscle fatigability or the quality of contractile muscle
(the force generated by each unit of muscle volume).
These results suggest that the effects of testosterone
are specific to certain characteristics of muscle perfor-
mance, but not to all. It is unclear if such a
dose�response relationship exists in women, but the
results reported in the records of East German athletes
leave no doubt about the effect on strength [32]. The
increase in muscle mass and strength induced by tes-
tosterone is associated with a hypertrophy of muscle
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fibers types I and II [33], which could be due to an
increase in muscle protein synthesis and inhibition of
protein degradation [34,35].

Pärssinen et al. [36] reported that there is an
increased premature mortality (five-fold higher) of
competitive powerlifters suspected to have used ana-
bolic agents when compared with controls.
Androgenic-anabolic agents use is linked to myocar-
dial infarction and sudden death [37,38], septal and
left ventricular hypertrophy, and cardiac arrhythmias
[39�41], systolic and diastolic dysfunction (directly
related to the dose and duration of AAA use) [42],
impaired endothelial reactivity, and so on. One of the
most commonly seen undesirable effects of androgens,
particularly nonaromatizable androgens, is dyslipide-
mia due to a significant decrease in high-density lipo-
protein cholesterol [43], a decrease in plasma high-
density lipoprotein by more than 30% [44], and also an
increase in hepatic lipase activity. Use of AAA has
been associated with a wide range of psychiatric
effects, but these effects are still not clear. Studies
report cases of aggression, dysthymia, psychosis, and
criminal behavior [45�47]. Endocrine side effects
associated with taking anabolic steroids include
gonadal function, with induction of hypogonadism
hypogonatrope, leading: in men to testicular atrophy,
abnormalities of spermatogenesis, impotence and
changes in libido; and in women to hirsutism, men-
struation cycle disorders, breast atrophy and a male
pattern of baldness, hoarse voice and clitoromegaly
[48]. Some cases of ruptures of biceps and quadri-
ceps tendons have been reported in athletes using
AAA [49,50]. Liver toxicity (hepatitis, hepatic adeno-
mas) is a common effect reported in athletes using
AAA. Acne is a common adverse effect of AAA
therapy. The two most common forms of acne asso-
ciated with AAA are acne fulminans and acne con-
globata [51].

Beta2-Agonists: Clenbuterol

Beta2-agonists, also known as β2-adrenergic ago-
nists or β2-adrenergic receptor agonists, act by binding
to β2 adrenergic receptors present in smooth skeletal
muscle and cardiac muscle. When used in aerosol,
their action is relatively selective of bronchial muscles,
and the indication of their medical use is asthma (as
bronchodilator). Thus, β2-adrenergic agonists are usu-
ally used in oral forms, which make it possible to take
doses from 10 to 100 times higher than those obtained
by inhalation. They were initially used in endurance
sport but they are also used with the objective of
increasing muscle mass, since clenbuterol showed an
anabolic effect in 1984 [52]. Clenbuterol is the only

β2-adrenergic agonist classified in the anabolic cate-
gory of the WADA prohibited list.

Effects on Athletes

Two studies in humans, using salbutamol, show
that β2 agonists orally could induce muscle strength
gain (110�20%), but with great inter-individual vari-
ability and with no evidence of muscle mass gain
[53,54]. Their effects are better demonstrated in the
patient, to fight against muscular atrophy associated
with spinal cord lesions, or in patients with scapulo-
humeral muscular dystrophy. Studies in animals allow
doses closer to those used in athletes. Animal studies
consistently show the anabolic effect of clenbuterol at a
dose of 1�5 mg/kg body weight (1 12�20% of muscle
mass) [55�57]. However, it remains to be demon-
strated that this increase in muscle mass in animals
can be transferred to humans.

Adverse Effects

High doses of β2-adrenergic agonists can decrease
performance. Duncan et al. [58], using doses known to
promote anabolism (1�5 mg/kg) and studying the
combined effects of clenbuterol and exercise, reported
that after 4 weeks of administration of clenbuterol, and
despite a significant gain in muscle mass (11%), treated
rats were unable to maintain the same running speed
as untreated rats. The same results were observed for
swimming performance. Moreover, clenbuterol treat-
ment can lead to heart failure. Studies in rats by imag-
ing showed areas of necrosis with infiltration of
collagen in the myocardium after treatment with clen-
buterol [59]. Other studies also report a deleterious
effect of clenbuterol in muscle cells, with myocyte
necrosis in soleus of rats [59]. Finally, these results
may explain the reported cases of myocardial infarc-
tion with normal coronary arteries, reported in some
bodybuilders who used a cocktail of anabolic agents
including clenbuterol.

Detection Method

In the case of clenbuterol, just the presence in the
sample is considered as a doping situation. β2-adrener-
gic agonists can be detected in urine, hair, and serum
by gas [60�62] and/or liquid chromatography, and
after purification of the analytes by means of tradi-
tional isolation procedures, such as liquid�liquid
extraction (LLE) and/or solid-phase extraction (SPE)
[60,62], and immunoaffinity (IAC) based techniques,
alone or in combination, or, very recently, by means
of three-phase solvent bar microextraction by solid-
phase microextraction coupled with liquid chromatog-
raphy [63].
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Peptide Hormones: the Growth Hormone
Paradigm

Growth hormone (GH) is a pituitary polypeptide
hormone with anabolic, growth-promoting activity
and a lipolytic effect. It is a 191-amino-acid, 22-kDa
protein. Growth hormone is believed to promote mus-
cle growth and it also increases the rate of lipolysis
leading to a decrease in fat mass; still today its use
remains very difficult to detect.

Effects on Athletes and Adverse Effects

Growth hormone treatment induces persistent
increases in isometric knee flexor strength, concentric
knee flexor strength, and right-hand peak grip strength
[64]. In the elderly, Vittone et al. [65] reported an
increase in muscle mass and a decreased fat mass/
muscle tissue ratio after GH treatment, leading to GH
levels close to those observed in younger patients.
Effects on muscle strength are conflicting: no or mod-
erate gain (3�20%) [66,67]. The addition of GH to an
intense fitness program, in young untrained subjects
or in subjects performing regular weight training, does
not induce additional gain of strength or muscle size,
compared with the effects of training alone [68,69].
Meinhardt et al. [70] showed that GH (2 mg/d for
8 wk) had no effect on muscle strength (dead lift),
power (jump height), or endurance (VO2max) but did
improve sprint capacity by 5.5% in men but not
women (by 2.5%; not significant). Moreover, GH
administration does not typically result in a net weight
change, because the loss of fat is compensated for by a
gain in lean body mass (of which a substantial part,
50�80%, represents retained fluid). This is true in the
GH-deficient patient on GH replacement therapy as
well as in normal subjects, including athletes, taking
GH [70]. Another reason sometimes given for the use
of GH by athletes is the belief that it accelerates recov-
ery from injury. However, it is unknown whether after
an injury GH plays a role in this response or whether
local factors operating at the injury site are responsible.
One study examined collagen synthesis in patellar ten-
don and quadriceps muscle in response to 14 days of
high-dose GH treatment (33�50 μg/kg/day in nonin-
jured young male volunteers); GH treatment increased
collagen protein synthesis 1.3-fold over placebo (signif-
icant) in tendon and 5.8-fold (not significant) in muscle
[71]. Another study examined the effect of various
doses of GH (15, 30, and 60 μg/kg/day) on tibial frac-
ture healing [72]. Just the highest dose of GH acceler-
ated fracture healing by 29% in patients. These
findings need to be corroborated and expanded before
firm conclusions can be drawn about the effect of GH.

Hence, the evidence for GH as an ergogenic sub-
stance in healthy humans is weak and even more so in

trained people. Yet athletes continue GH abuse in the
belief that it improves their performance. Numerous
reasons can be given why the scientific literature does
not reflect GH use in the sports arena: GH doses are
too low; duration of treatment is not long enough; GH
in conjunction with anabolic steroids, insulin, and
other doping agents may have greater ergogenicity
than when given alone; GH in combination with exer-
cise is particularly potent; athletes react to GH in a dif-
ferent manner than nonathletes, and so forth.

The adverse effects of GH use are summarized in
Table 18.2. Adverse effects are dose-dependent, treat-
ment duration dependent, and age dependent.
Susceptibility varies among individuals; older people
are more prone to side effects, even at low doses.

Detection Methods

The fact that exogenous GH is identical to the main
isoform of endogenous GH (22-kDa isoform) renders
its detection challenging. There is the GH isoform test
based on the fact that there are various endogenous
isoforms of GH whereas there is just one isoform of
synthetic GH. Then, there is the GH biomarkers
approach (only valid in blood, although there are
methods for urine and saliva), and finally the genomic
and proteomic approaches that are still being devel-
oped. Hence, the use of synthetic GH can be detected
by the GH isoform test, first proposed by Wu et al.
and Momomura et al. [73,74] which was developed
and tested at the Athens Olympics (2004), then in
Turin (2006) and in Beijing (2008). Now it is one of the
current methods used by the WADA. The test consists
of two GH immunoassays: one that is relatively spe-
cific for 22K-GH and another that is “permissive”, that
is it recognizes a number of pituitary isoforms in addi-
tion to 22K-GH. A dose of exogenous GH suppresses
the endogenous forms. Thus, the ratio between
22K-GH and pituitary GH increases because most of
the measurable GH is of exogenous origin [73,75]. For
validation purposes, the WADA requires two indepen-
dent assays, and thus two separate pairs of 22K-GH-
specific (named “rec” for recombinant) and permissive
(named “pit” for pituitary) assays [75]. Using these
assays, the normal rec/pit ratio has a median value of
approximately 0.8 and ranges from 0.1 to 1.2. The
median value of less than 1 reflects the fact that 22K-
GH accounts for only 75�80% of the GH isoforms. The
current rec/pit ratio cutoffs (“decision limits”) used by
the WADA for evidence of doping is 1.81 for men and
1.46 for women (assay kit 1) and/or 1.68 for men and
1.55 for women (assay kit 2) [75a]. The isoform detec-
tion test performs well, but has a limited window of
opportunity (12�24 h after the last GH injection). The
isoform test can be circumvented by using cadaveric
GH (with attendant risk of acquiring Creutzfeld-Jakob
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disease) or using GH secretagogues (resulting in only
mild GH stimulation). To counter the two previously
mentioned techniques, scientists fighting against dop-
ing have been creating indirect tests based on the
appearance of biomarkers naturally produced in
response to an increase in blood GH levels, whether
injected exogenously or produced endogenously. Well-
known effects of GH are the induction of IGF-I expres-
sion and promotion of collagen turnover in bone and
connective tissues [76]. Thus, IGF-I and procollagen
type III amino-terminal propeptide (P-III-NP) have
been selected as relatively specific GH-responsive bio-
markers suitable for an anti-doping test (there are
many other biomarkers, such as IGF-binding protein
(IGFBP) 2 and IGFBP3, osteocalcin, and type I collagen
carboxyterminal cross-linked telopeptide (ICTP) but
they were not selected). Serum levels of IGF-I and
P-III-NP increase after GH administration and remain
elevated for several days to weeks after a single GH

dose. They are not completely specific for GH, but
extensive validation studies have resulted in a discrim-
inant formula that allows distinction of GH-induced
elevation from most if not all nonspecific stimuli. The
biomarker test has a window of opportunity of several
days—realistically, probably 5�7 d. It was scheduled
to be implemented by the WADA in time for the
London 2012 Olympiad. Reports on new
GH-responsive biochemical markers, such as mannan-
binding lectin, will continue to appear in the literature.
The specificity and sensitivity of such novel markers
will have to be rigorously demonstrated before they
are considered as an anti-doping strategy.

Research is continuing to identify additional indica-
tors for GH use that may be useful for anti-doping
purposes. In particular, genomic and proteomic
approaches are being explored in an attempt to iden-
tify a “signature” that would be indicative of exoge-
nous GH use [77]. A lot of work will be required

TABLE 18.2 The Endocrine Side-Effects of Anabolic Androgenic Steroid Preparations and Recombinant Growth Hormone

Adverse Effect Consequences

Sodium and fluid retention Soft tissue swelling
Paresthesias
Nerve entrapment, carpal tunnel syndrome
Joint stiffness
Hypertension
Peripheral edema

Insulin resistance Carbohydrate intolerance Type II diabetes mellitus

Myalgias

Arthralgias

Gynecomastia in males

Secondary hypogonadism

Amenorrhea

Ovarian cysts

Testicular atrophy

Virilization in females

Clitoral hypertrophy

Hoarse voice (women)

Hirsutism, acne

Hair loss

Acromegalic changes expected with prolonged, high-dose GH Acral enlargement
Bone remodeling
Arthritis
Bone spurs
Frontal bossing
Dental malocclusion
Spinal stenosis
Disfigurement
Cardiovascular changes
Cardiac dysfunction
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before proteomic approaches become a realistic tool
for anti-doping purposes.

Myostatin Inhibition

Myostatin, or growth differentiation factor 8 (GDF-8),
is a protein that acts as a negative regulator of muscle
mass. It is produced by the muscle itself and acts in an
autocrine or paracrine fashion. The myostatin gene is
expressed almost exclusively in cells of skeletal-muscle
lineage [78].

Mice in which the myostatin gene has been inacti-
vated show marked muscle hypertrophy, and it has
been shown to be responsible for the “double-mus-
cling” phenotype in cattle [79,80]. Furthermore, these
mice showed less adipose tissue. By contrast, Reisz-
Porszasz et al. [81], who specifically directed myostatin
over-expression to striated muscle of mice, found a
weight reduction of 20�25% in individual skeletal
muscles within 42 days of postnatal life, and this also
was solely due to a reduction in the fiber size.
Moreover, the over-expression of myostatin addition-
ally led to a reduction in heart weight (by 17%) and
led to an increase in fat deposition. The function of
myostatin appears to be present in some species of ani-
mals (mice and cattle) and humans. In fact, the identi-
fication of a myostatin mutation in a child with muscle
hypertrophy and increased strength without any
motor or cardiovascular anomalies has been reported
[82], thereby providing strong evidence that myostatin
does play an important role in regulating muscle mass
in humans. The phenotypes of mice and cattle and
this child lacking myostatin (muscle hypertrophy,
increased strength, less adipose tissue) have posed the
possibility that myostatin would be a very good solu-
tion in doping.

Two strategies could be considered. The first would
be a genetic manipulation specific to striated muscle,
like the mouse model of Reisz-Porszasz et al. [81].
The next more probable strategy would be the use of
an inhibitor of myostatin. This inhibition could be
achieved at a variety of levels, such as increasing the
expression of follistatin, a natural antagonist of myos-
tatin, or by blocking myostatin activity using a
humanized monoclonal antibody, such as Wyeth’s
MYO-029 (its development was stopped). Over-
expression of follistatin in skeletal muscle increased
the weight of individual muscles of transgenic mice
by 327% [83]. Muscle enlargement resulted through a
combination of hyperplasia (66% increases) and
hypertrophy (27%). Whittemore et al. [84] injected
monoclonal antibodies directed against mouse myos-
tatin into the peritoneal cavity of wild type mice on a
daily basis and found a 20% increase in muscle mass

within 4 weeks and an increase of muscle force (mea-
sured in grip strength) of 10%. The muscle enlarged
solely by hypertrophy and, apart from the increased
size, fiber morphology appeared normal. Importantly,
blockade of myostatin did not affect the weight of
other organs such as heart, and serum parameters for
liver, kidney, muscle, bone, and glucose metabolism
appeared normal.

METABOLIC MODULATORS
AND RELATED SUBSTANCES

Another interesting and recent group of prohibited
substances included in the 2012 WADA list of prohibited
substances is the so-called “Hormone and Metabolic
Modulators”. A few years ago, several compounds that
might increase athletic performance emerged. Exercise-
mimetic drugs such as AICAR (5-aminoimidazole-4-
carboxamide-1-β-D-ribofuranoside) and GW1516 (a per-
oxisome proliferator-activated receptor δ modulator)
were flagged to mimic exercise and increase perfor-
mance [85,86]. Questionable announcements about these
drugs, such as “exercise in a pill”, ensued in the media.
The WADA has introduced both AICAR and GW1516 in
the prohibited list as metabolic modulators in the class
“Hormone and metabolic modulators” [87], reflecting a
raising concern about the potential use of these com-
pounds by cheating athletes. The main reason support-
ing this decision was that AICAR and GW1516, in
combination with exercise, induce synergistically fatigue
resistant type I fiber specification, mitochondrial biogen-
esis, angiogenesis, and improved insulin sensitivity, ulti-
mately increasing physical performance [85,88]. Thus,
since 2009, the prohibited list as established by the
WADA included therapeutics such as the peroxisome-
proliferator-activated receptor PPARδ-agonist GW1516
and PPARδ-AMPK agonist AICAR. Reliable methods for
assessing both substances have been thereby included
within anti-doping testing [89,90]. In addition, it should
be mentioned that, although we included myostatin inhi-
bitors under the heading “main tendencies of doping in
the strength field”, the agents modifying myostatin
function(s) including, but not limited to, myostatin
inhibitors are included in this group of prohibited
substances [87]. Additionally, insulins have been
recently included in this group [91].

Another group of drugs included in this section of
prohibited substances are the selective androgen recep-
tor modulators (SARMs). The first SARM was devel-
oped by Dalton et al. in 1998 [92]. Selective androgen
receptor modulators have the advantage of dissociat-
ing the anabolic and androgenic effect of androgen.
Hence, SARMs present just the anabolic properties in
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musculoskeletal tissues of androgen and for this rea-
son have been included in the list of prohibited sub-
stances. Finally, almost all available SARMs can be
detected either by liquid or gas chromatography tan-
dem mass spectrometry [93,94].

Furthermore, we have recently proposed telmisar-
tan, an angiotensin II receptor blocker (ARB), as a
metabolic modulator in the context of performance-
enhancing drugs in sport [95]. Feng et al. [96] have
recently shown that telmisartan is effective in up-
regulating the concentrations of both PPARδ and
phospho-AMPKα in cultured myotubes. Chronic
administration of telmisartan consistently prevented
weight gain, increased slow-twitch skeletal muscle
fibers in wild-type mice, and enhanced running
endurance and post-exercise oxygen consumption,
although these effects were absent in PPARδ-deficient
mice. The mechanism is also involved in PPARδ-
mediated stimulation of the AMPK pathway (e.g., the
phospho-AMPKα level in skeletal muscle was up-
regulated in mice treated with telmisartan as com-
pared with control animals). It was very recently sug-
gested that telmisartan may induce rather similar
biochemical, biological, and metabolic changes (e.g.,
mitochondrial biogenesis and changes in skeletal mus-
cle fibers type), such as those occurring with AICAR
and GW1516 [95]. Thus, consideration should be
given to including it among “metabolic modulators”
in the prohibited list before it becomes available.

BLOOD DOPING AND ANTI-DOPING
APPROACHES IN ENDURANCE SPORTS

The WADA defines blood doping as “the misuse of
techniques and/or substances to increase red blood
cells (RBCs) count, which allows the body to transport
more O2 to muscles, increasing performance” [97].
Prohibited procedures include the use of synthetic O2

carriers, the transfusion of red blood cells, the infusion
of hemoglobin (Hb), and the artificial stimulation of
erythropoiesis. In this chapter we have not considered
the synthetic O2 carriers, such as Hb-based O2 carriers,
perfluorocarbons, or efaproxiral (RSR13).

Broadly, we can actually divide blood doping into
two big groups [98�101]:

1. Substances that stimulate erythropoiesis (ESAs) or
that mimic the action of erythropoietin (Epo): rhEpo
(alfa, beta, delta or omega), darbepoetin-alfa,
hypoxia-inducible factor (HIF) stabilizers, methoxy
polyethylene glycol-epoetin β (CERA), peginesatide
(Hematide; Affymax), prolyl hydroxylase inhibitor
PHD-I FG-2216 (FibroGen).

2. Blood transfusions: including the use of autologous,
homologous, or heterologous blood or red blood
cell products of any origin.

Effects on Athletes and Adverse Effects

The most desirable effect for performance in endur-
ance sports is the improvement of oxygen transport.
The blood O2-carrying capacity is maintained by the
O2-regulated production of Epo, which stimulates the
proliferation and survival of red blood cell progenitors.
The glycoprotein hormone Epo is known to be the
major stimulator of erythropoiesis [102]. It has also
been demonstrated that Epo also increases arterial O2

content by decreasing plasma volume [103]. Epo gene
expression is mainly induced under hypoxic condi-
tions [104]. A primary function of Hb residing within
RBCs is to bind O2 under conditions of high O2 con-
centration and transport and release it to tissues where
O2 is being consumed [100]. Thus, Hb concentration is
a major determinant of oxygen delivery and exercise
capacity, an effect that is accentuated in moderate
hypoxia [105,106]. Blood transfusions or treatments
with ESAs increase Hb and hence the oxygen-carrying
capacity of blood; therefore, they increase
performance.

The main risks and adverse effects of ESA abuse in
healthy individuals are increased red cell mass,
reduced blood flow due to increased viscosity, and
increased likelihood of thrombosis and stroke [77].

Detection Methods

The International Olympic Committee officially pro-
hibited the use of recombinant human erythropoietin
(rhEpo) in 1990. Its detection is complicated because
Epo synthesis occurs naturally in the body. Currently,
the International Cyclist Union (UCI), the WADA and
some International Sport Federations use the direct
method to detect rhEpo abuse and the indirect method
(based on the longitudinal follow-up of the athlete’s
hemogram) for targeting the athlete [107].

Direct Method of Detecting ESA Abuse

One of the greatest advances in doping control was
rhEpo detection, which is based on a reliable test to
differentiate between exogenous and endogenous Epo.
The French National Anti-Doping Laboratory came up
with a urine test based on isoelectrofocusing (IEF)
combined with immunochemiluminescence [108].
Thus, the direct method is fundamentally based on the
detection of rhEpo, darbepoetin, or CERA in a urine or
serum sample because the migration differences
observed when the different types of Epo are
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submitted to IEF analysis demonstrate that ESA mis-
use has taken place in spite of the presence of hEpo
[108�113]. Endogenous Epo and the other ESAs are
composed of protein isoforms that, depending on the
synthesis procedure, differ in number and their rela-
tive abundance. Each Epo isoform has a different iso-
electric point—pH value at which the isoform is
uncharged—and therefore, when an electric field is
applied in a pH range gel where the protein is loaded,
there is no mobility; such isoelectric patterns are used
to differentiate between the types of Epo. The rhEpo
forms differ from natural purified urinary Epo, which
has more acidic bands, probably due to post-
translational modifications such as glycosylation. Such
differences in urine analysis allowed us to ascribe
excreted Epo to a natural or recombinant origin: inter-
pretation of the results must be in accordance with
WADA Technical Document EPO2009 [114].

Indirect Method of Detecting Blood Doping
and ESA Abuse

The Australian Institute of Sport discovered a blood
test that identifies markers that indicate recent use of
rhEpo [115]. Biomarkers are, in fact, essential and a
very useful tool for anti-doping laboratories. However,
advances in metabolomics and proteomics will extend
the potential of biomarkers approaches.

The indirect method is represented nowadays by
the so-called Athletes Blood Passport (ABP). The fun-
damental principle of the ABP is based on the monitor-
ing of an athlete’s biological variables over time to
facilitate indirect detection of doping on a longitudinal
basis [116], and more particularly in Bayesian net-
works through a mathematical formalism based on
probabilities and a distributed and flexible graphical
representation [117], rather than on the traditional
direct detection of doping. The hematological module
of the ABP collects information on blood markers to
detect the different methods of blood doping (autolo-
gous, homologous, or heterologous blood transfusions)
and/or ESA abuse. The blood variables used to deter-
mine the ABP are hematocrit, hemoglobin, red blood
cells count, mean corpuscular volume, mean corpuscu-
lar hemoglobin, mean corpuscular hemoglobin concen-
tration, reticulocytes count, and percentage of
reticulocytes. In addition, the multiparametric markers
OFF-Hr score (index of stimulation) and ABPS
(Abnormal Blood Profile Score) are calculated from
this set of parameters [118].

The development of blood tests to identify athletes
using the previously undetectable drug rhEpo has
been one of the major aims in anti-doping research.
Since 2000, a series of papers have been published
showing the accuracy of a novel method for the indi-
rect detection of rhEpo abuse [119�122]. Therefore, the

indirect method to detect blood doping is based on the
determination of several blood parameters: hemoglo-
bin, hematocrit, reticulocytes (%) and on the calcula-
tion of the stimulation index (OFF-Hr Score). This
index consists of applying a statistical model using
two blood parameters: percentage of reticulocytes and
hemoglobin (Hb in g/L) on the OFF-model score:
Hb 2 60OR. Both parameters are substantially altered
after a period of Epo administration [119,121�123].
Reticulocytes are a crucial parameter in the ABP; their
values increase significantly after rhEpo injection
[121,124] or phlebotomy [125,126], and decrease when
rhEpo treatment ceases [119] or blood is re-infused
[127]. The accuracy of this method for the indirect
detection of Epo abuse has been very well documented
[119,121,122] which is why the OFF-Hr Score has been
adopted by the anti-doping agencies [119]. However, it
has been recently demonstrated that abusive rhEpo
administration is possible without triggering ABP
thresholds [128]. Thus, additional and more sensitive
markers are needed to detect rhEpo abuse by means of
the ABP model. For this purpose, several markers,
such as total hemoglobin mass (Hbmass), bilirubin, fer-
ritin, Hbmr, RBCHb/RetHb ratio, and/or Serum Epo
concentration have been suggested [117,129�132].

MASKING AGENTS

According to the WADA, a substance or a method is
considered doping when (among other criteria) its
masking effect is recognized [133]. A masking method
is a drug and/or a system used by athletes with the
purpose of altering the presence of illegal substances
controlled by the anti-doping authorities. The masking
agents have the potential of masking the prohibited
substance in the athlete’s urine samples. According to
the WADA prohibited list, group S5 “diuretics and
other masking agents” are prohibited both in and out of
competition in sports. In the 2012 list of prohibited sub-
stances they include diuretics, desmopressin, plasma
expanders, probenecid, and other substances with simi-
lar biological effects [87]. Diuretics are therapeutic
agents that are used to increase the rate of urine flow
and sodium excretion in order to adjust the volume and
composition of body fluids or to eliminate excess of
fluids from tissues [134]. They are used in clinical ther-
apy for the treatment of various diseases such as hyper-
tension, heart failure, renal failure, and so on. Diuretics
were first prohibited in sport in 1988 because they can
be used by athletes as masking agents or for loss of
body weight. Their potent ability to remove water from
the body can cause a rapid weight loss that can be used
to meet a weight category in sporting events such as
Judo, Boxing, etc. Moreover they can be used to mask
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the administration of other doping agents by reducing
their concentration in urine primarily because of an
increase in urine volume [134]. Some diuretics also
cause a masking effect by altering the urinary pH and
inhibiting the excretion of acidic and basic drugs in
urine [135]. In 2008, diuretics represented B8% of all
adverse analytical findings reported by the WADA’s
laboratories, with a total number of 436 cases [136],
hydrochlorothiazide being the most common diuretic
detected [134]. Over the years, the total number of posi-
tives for diuretics has been increasing. For instance, in
2012, Frank Schleck tested positive in the Tour de
France for the banned diuretic xipamide and the IAAF
suspended the Moroccan runner Mariem Alaoui
Selsouli from the London Olympics after she tested pos-
itive for the diuretic furosemide.

Regarding the analytical methods for the identifica-
tion of these prohibited compounds, initially the detec-
tion of diuretics was achieved using high-performance
liquid chromatography with ultraviolet-diode array
detection. However, gas chromatography / mass spec-
trometry has been the most widely used analytical
technique for their detection [134].

In our laboratory we have studied whether normo-
baric intermittent hypoxia (NIH) and desmopressin
(1-desamino-8-D-arginine-vasopressin), a modified
form of the hormone vasopressin that works by limit-
ing the amount of water that is eliminated in the
urine, should be considered masking methods in
sports. Regarding our experiments on intermittent
hypoxia we have shown, in an animal study, that the
hematological modifications (hemoglobin, hematocrit,
and reticulocytes) achieved with an NIH protocol
(12 h 21% O2�12 h 12% O2 for 15 days) are compara-
ble with those that imply a treatment with 300 IU
(3 times a week subcutaneously for 15 days) of rhEpo.
Moreover we have also reported that NIH, after
rhEpo administration, can significantly modify the
main hematological parameters tested by the anti-
doping authorities (hemoglobin, hematocrit, reticulo-
cytes, and the OFF-Hr Score), making the misuse of
rhEpo more difficult to detect using the indirect
methods [133,137].

Regarding desmopressin, we have shown in
humans that this drug decreases significantly the
hematological values which are measured by the anti-
doping authorities to detect blood doping [138]. Thus,
and since 2011, it has been included in the WADA’s
list of prohibited substances.

GENE DOPING

Although there are no known cases of gene doping,
the full publication of the human genome in 2004 [139]

has prompted scientists’ concern about a handful of
the 25 000-odd genes detected which could become
improvers of athletic performance [140]. Transferring
selected genes into harmless viruses and then injecting
them into the body improves specific traits in athletes
[141]. Some candidates proposed by Lainscak et al.
include the insulin growth factor (IGF-I) gene, which
increases muscle hypertrophy and hyperplasia; the
gene for mechano-growth factor (MGF), which has sev-
eral roles in limiting fatigue; the AMPK gene, which
makes it possible to accumulate glycogen in the mus-
cle; and the angiotensin-converting enzyme gene,
which if deleted can increase strength and if overex-
pressed can improve endurance. While Epo is the con-
ventional method to increase red blood cell count, it
can now be detected. However, similar effects can be
gained by inhibiting the hematopoietic cell phospha-
tase (HCP) gene [140]. Also myostatin can be consid-
ered as a potential doping gene. Its removal or
blockade results in a significant increase in muscle
mass [142].
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INTRODUCTION

“. . . What I learned was that these athletes were not dis-
abled, they were superabled. The Olympics is where heroes
are made. The Paralympics is where heroes come.” Joey
Reiman (author and purpose visionary)

These words [1] capture the feelings of billions of
people all over the globe who look upon these athletes
as epitomes of courage, dedication and determination.
The significance of the Paralympic Games has been
highlighted by Giles Duley, the photographer who lost
both his legs and an arm in an explosion in
Afghanistan: “since I lost my limbs I can see the true hero-
ism of the competitors” [2]. The discrimination of sports
based on disability is in opposition to its fundamental
principles of Olympism. The Olympics Charter [3] pro-
vides equal opportunities to athletics for all people by
stating that: “The practice of sport is a human right. Every
individual must have the possibility of practicing sport, with-
out discrimination of any kind and in the Olympic spirit,
which requires mutual understanding with a spirit of friend-
ship, solidarity and fair play . . .. Any form of discrimination
with regard to a country or a person on grounds of race, reli-
gion, politics, gender or otherwise is incompatible with
belonging to the Olympic Movement.” The Paralympic
and Olympic movements are indivisible components of
one noble mission. Emphasizing this fact, the chairman
of the London Organizing Committee stated [4]: “We
want to change public attitudes towards disability, celebrate
the excellence of Paralympic sport and to enshrine from the
very outset that the two Games are an integrated whole.”
The opening ceremony of the London 2012 Paralympics
featured the renowned British theoretical physicist, cos-
mologist and recipient of the Albert Einstein Award,
Professor Stephen Hawking, who suffers from motor
neuron disease [5].

SPORTS NUTRITION AND ENHANCED
PERFORMANCE

The nutritional strategy of competitive athletes sub-
stantially influences their sports performances [6].
Today, a well-developed nutritional plan is an integral
component of the overall preparation to win. With the
advancement in research in sports nutrition, the con-
cept of the best diet for performance enhancement has
undergone a paradigm shift. The guiding principles of
sports nutrition have evolved, challenging earlier prac-
tices and notions [7]. Until 1968, protein-rich food was
considered to be the chief source of fuel required for
exercise. In the 1970s, that emphasis refocused on
carbohydrate-rich foods [8]. Improving performance
through dietary means often involves commercial or
customized formulations. While opting for correct
nutritional performance enhancers, regulatory and
safety issues are of prime importance [10].

THE PARALYMPIC GAMES

Though the Ancient Olympics were first held in
Greece in 776 BC, and the modern Olympics date back
to the 17th century AD, the Paralympic games were
initiated much later in the 20th century. Governed by
the International Paralympic Committee, the games
immediately follow the respective Olympic Games in
the same city and involve athletes with an array of
physical and intellectual disabilities. The International
Stoke Mandeville Games, which later came to be
known as The International Wheelchair and Amputee
Sports (IWAS) World Games, included British veterans
of the 2nd World War and paved the way to the 1988
Paralympic Games in Seoul. The name “Paralympic” is
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derived from the Greek preposition pará (meaning
“beside” or “alongside”), suggesting that the games
are held alongside the Olympic Games [11], which are
organized biennially with alternating Summer and
Winter Olympic Games.

CLASSIFICATION AND CATEGORIES AT
THE PARALYMPIC GAMES

Because of the wide range of disabilities of
Paralympic athletes, the Paralympics competitions are
divided into several categories. The International
Paralympic Committee (IPC) has recognized ten dis-
ability categories, applicable to both Summer and
Winter Paralympics under which athletes with these
disabilities can compete [12] (Figure 19.1).

The following eight different types of physical
impairment are recognized:

• Impaired muscle power
• Impaired passive range of movement
• Loss of limb or limb deficiency
• Leg-length difference
• Short stature
• Hypertonia
• Ataxia
• Athetosis.

Visual impairment ranges from partial vision, suffi-
cient to be evaluated as legally blind, to total blindness.

Intellectual disability is defined as significantly
retarded intellectual functioning and associated inade-
quacies in adaptive behavior.

Though the classification determines the ability of an
individual to be eligible to compete in a particular
Paralympic sport and it is based on their activity limita-
tion in a certain sport, the level of impairment will vary
across individuals. To ensure fair competition amongst
athletes with similar levels of ability, a classification
system has been developed [13]. Until the 1980s, the
Paralympic system for classifying athletes involved
medical evaluation and diagnosis of impairment. The
sole determinant of the class in which an athlete would
compete was their medical condition, or more specifi-
cally the medical diagnosis. Only the cause of
impairment contributed to the classification. The fact
that different causes can lead to the same impairment
did not attribute to the classification. In the 1980s, the
classification system shifted from medical diagnosis to
functional abilities of the athlete because of a change in
views on disabled athletics from just a form of rehabili-
tation to an end in itself [9]. In this classification system,
the effect of the athlete’s impairment on his or her ath-
letic performance is considered. As of 2012, the
Paralympic sports comprise all of the sports contested
in the Summer and Winter Paralympic Games— about
500 events. While some sports are open to multiple dis-
ability categories, others are limited to one.

NUTRITIONAL CONSIDERATIONS IN
THE DISABLED

Physical Impairments

Nutrition represents a key component of the com-
prehensive health care strategy for persons with physi-
cal disability [14]. Since this category covers a wide

PHYSICALLY
IMPAIRED

INTELLECTUAL
DISABILITY

VISUALLY
IMPAIRED

 Ranges from loss of  
    organs to restricted 
    motion.

 Often characterized by 
    hypocalcemia, negative   
    nitrogen balance.

 Need for multivitamin and  
    mineral supplementation.

 Increased cardiac burden  
    in amputees. 

 Ranges from partial  
    vision to total blindness.

 Need for Vitamin A 
    supplementation.

 Cataracts might be 
    restricted by usage of 
    Vitamin C and E.

 Carotenoids like lutein 
    and zeaxanthin  also 
    beneficial.

 Retarded intellectual  
    functioning and  
    inadequacies in 
    adaptive behavior.

 Need for a diet to 
    address  secondary 
    complications like  
    diarrhea and  
    constipation.

 Diet should have lower 
    risk chances for  
    common chronic 
    diseases .

IMPAIRMENT
FIGURE 19.1 Summary of different

forms of impairments along with their

nutritional requirements.

198 19. NUTRITION IN PARALYMPICS

3. SPORTS AND NUTRITION



range of disabilities ranging from loss of one or more
organs to restricted motion, commenting on the nutri-
tional requirements for this group as a whole becomes
challenging. While some physically impaired indivi-
duals require excessive calories to compensate for
exercise-associated excessive weight loss and tissue
depletion, those restricted to wheelchairs require a diet
restricted in calories [14]. Nutritional limitations like
hypocalcemia and negative nitrogen balance may favor
immobility [15]. Nutritional mineral requirements
should be addressed in a balanced manner such that
on one hand it meets the requirements of the sporting
event such that appropriate calcium dosing for events
involving excessive locomotor activities, while on the
other hand, detrimental effects of excessive intake of
dietary minerals should be matched with appropriate
supplemental fluid intake [14]. Emphasis on protein
nutrition is necessary for restitution of body tissues, to
prevent infections and to maintain skin integrity [14].
People suffering from ataxia (lack of muscle coordina-
tion which adversely affects speech, eye movements,
and other voluntary movements) may benefit from
multivitamin supplementation (containing vitamin E—
tocopherols and tocotrienols) with a special diet with
minimized gluten content [16,17].

One of the most important physiological issues
associated with physical impairment is the substan-
tially increased cardiac burden for the same workload
for amputees compared with non-amputees. The
chronic overloading of the heart may result in heart
failure. Increased mortality rates were reported in
proximal limb amputees, due to cardiovascular dis-
ease [18]. People with limb amputation are reported to
have higher mortality than those with deformity with-
out loss of a body part and those with loss of a por-
tion of hand or foot, and this increase was significant
in the case of patients suffering from various heart
diseases [18]. While the mortality in patients with
“proximal” amputation of the lower limb was around
1.4-fold higher than that in disfigured veterans, “dis-
tal” amputation and amputation of the arm did not
pose any death threat [19]. For bilateral leg amputa-
tion the threat of cardiovascular overload is substan-
tially higher [19]. The increased mortality due to
cardiovascular diseases in traumatic amputees is
attributed to risk factors like hyperinsulinemia,
increased coagulability, and increased autonomic
responses [20]. Hemodynamic complications arising
from proximity to the occluded femoral artery, and
related factors such as shear stress, circumferential
strain and reflected waves, are also suggested to
explain why traumatic leg amputees are at increased
risk for cardiovascular failure [21]. These cardiovascu-
lar challenges faced by amputees call for appropriate
nutritional countermeasures [22].

Visual Impairments

The role of vitamins, especially vitamin A, in the
visual cycle is well established. The promise of nutri-
tional intervention in the development of cataracts and
age-related macular degeneration (AMD) is well devel-
oped [23]. Vitamins C, E and carotenoids like lutein
and zeaxanthin are predicted to derail the develop-
ment and progression of cataracts, due to their antioxi-
dant properties [24]. Visually challenged athletes must
consider these options in developing their nutritional
strategy.

Intellectual Disability

Diets have been reported to be effective in manag-
ing secondary complications like fatigue of people suf-
fering from intellectual and developmental disabilities
[25]. Previous reports suggest that, compared with the
general population, intellectually disabled people are
more prone to nutrition-related health problems, espe-
cially obesity and chronic constipation [26]. Nutritional
strategy for such challenged people should therefore
consider these special needs, with the aim to lower the
risk of common chronic diseases and conditions associ-
ated with this population [25].

SPORTS NUTRITION OF PARALYMPIC
ATHLETES

Best performance in a given sporting event depends
on the optimal function of a number of body functions,
including skeletal, respiratory, cardiovascular, and the
nervous system [27]. While these considerations may
be enough for able-bodied athletes, paralympians need
additional nutritional support. Formulation of nutri-
tional strategies for paralympians requires that several
secondary factors be carefully considered. These
depend on the specific nature of the individual’s dis-
ability, their psychosocial state and their lifestyle. For
paralympians on medication for their condition, inter-
action of nutritional factors with prescribed medication
must be considered [28]. From a nutritional standpoint,
the most critical considerations include energy utiliza-
tion, muscle fuel, hydration status and the appropriate
use of ergogenic aids [28] (Figure 19.2).

Energy Utilization

Energy utilization is substantially increased during
exercise, giving rise to energy requirements which in
turn are compensated though increased nutrient intake,
especially in the form of additional carbohydrates [29].
The daily energy expenditure is calculated as the sum
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of four different energy outputs: resting metabolic rate
(RMR), thermic effect of feeding (TFE), adaptive ther-
mogenesis (AT), and thermic effect of activity (TEA).
These indices for paralympic athletes differ from esti-
mates calculated for the general population [28]. For
example, RMR of paraplegic tennis and basketball
players is 9�12% lower than the values estimated by
the Harris-Benedict equation, while for quadriplegics
the value is 15% less than that expected for the able-
bodied population [30]. As a result of this, energy
expenditure cannot be estimated accurately using con-
ventional strategies. Thus, assessment of the nutritional
strategy for paralympians is not straightforward [28].

Muscle Fuel

The energy required for muscle contraction is readily
derived from the chemical energy stored in the form of
ATP in the muscles, which later is resynthesized from
carbohydrate, fat and phosphocreatinine [31]. The
restricted capacity of the muscle and liver to store glyco-
gen calls for adequate carbohydrate consumption to fuel
the metabolic needs of training. The abundance of fat
stores in the body of a healthy individual makes it possi-
ble to support energy requirements once the protein and
carbohydrates are utilized. In paralympic athletes,
expectations are comparable. Though the utilization of
fat and carbohydrates may vary, the importance of the
latter in disabled athletes as a fuel source remains the
same as that for healthy athletes [28].

Hydration Status

Hydration status of an athlete plays a major role in
determining sports performance. It is dependent on

climatic conditions like temperature and humidity.
Increase in the environmental temperature tends to
increase the loss of water from the body in the form of
sweat, which ultimately creates an imbalance of fluids
and electrolytes that needs to be re-instated [32,33].
The rate of perspiration depends on environmental
conditions, gender and the intensity of exercise. The
hydration requirements of paralympians are similar to
those of healthy athletes. However, in cases where the
athlete uses a wheelchair, the fluid intake seems to
decrease to avoid toilet-hygiene complexity [28].

Ergogenic Aids

Ergogenic aids play a vital role in enhancing perfor-
mance both in healthy and disabled athletes. Ergogenic
aids include mechanical aids such as ergogenic fabrics,
pharmacological aids, physiological aids, nutritional
aids such as dietary sports supplements, and psycho-
logical aids. Most ergogenic aids act as supplement to
boost a particular physiological process during perfor-
mance. However, lack of proper scientific knowledge
about the use of these aids in performance enhance-
ment calls for more research aimed at understanding
their underlying mechanisms of action. For paraly-
mpians the need is even higher because the duration
and intensity of their exercise differ considerably from
those of healthy athletes, and they are more susceptible
to potential side-effects of these aids [28].

Sport-Specific Nutrition

Research on able-bodied athletes provides valuable
insights into the role of the nutritional regime in sports

ENERGY UTILIZATION MUSCLE FUEL

HYDRATION STATUS ERGOGENIC AIDS

Increased after exercise
giving rise to energy
requirements.

Practical value differs from
the estimated value.

Energy obtained from ATP
sources.

No report of a changed
response to exercise in
Paralympic athletes.

Depends on climatic
conditions.

Requirements are similar to
healthy athletes except for
wheelchair-bound athletes.

Ranges from  mechanical to
psychological aids.

Paralympians are more
prone to the side effects
caused by these aids.

NUTRITIONAL
STRATEGY

FORMULATION

FIGURE 19.2 Factors to be considered

while formulating a nutritional strategy.
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physiology, which enables us to predict the complica-
tions in disabled athletes and thus to formulate a strat-
egy to counter those complications which would
otherwise eventually have a negative impact on the
health and performance of paralympians. Discussion
in this section is broadly categorized into the events
listed below:

1. Athletics
2. Cycling
3. Team sports
4. Power sports
5. Racquet events
6. Swimming
7. Skating and skiing.

Athletics

Literature addressing the role of nutrition in para-
lympic athletics is scanty. There is a dearth of knowl-
edge about the nutritional requirements of athletes
with disabilities, which gives rise to a crucial need to
counsel them [34]. The literature on athletics in healthy
individuals is inclined towards sprinting and long-
distance running, which obviously would not be appli-
cable for paralympians. Work examining the role of
specific nutrients and nutritional supplements in para-
lympic sports performance is required.

Cycling

Cycling is a sport with one of the highest reported
energy turnovers [35]. Early reports have demon-
strated the positive effect of carbohydrates on improv-
ing and maintaining cycling performance [36]. The
positive role of carbohydrates on cycling has been
reported by Smith et al., who reported that the perfor-
mance is improved in a dose-dependent manner [37].
Feeding carbohydrate during cycling did not affect
the muscle glycogen breakdown [38]. Intake of suffi-
cient fluids and high carbohydrate diet with minimal
high dietary fiber content is recommended before a
race [35].

Team Sports

Team sports in Paralympic games include football
and goal ball. Depending on the role of the individual
in a team, nutritional requirements are expected to
vary. Because the exercise performed is intermittent,
the team effort reduces the total energy burden on a
single athlete and so the nutritional requirements for
this type of sport will markedly differ from those of
individual games.

Power Sports

The central factors that contribute to power sports
are related to the muscles, both in composition and

function. Important characteristics of muscle include
the size of the muscle, the orientation and proportion
of its constituent fibers, and the amount and structure
of the related connective tissue [39]. Energy require-
ments of the athlete are governed by the total training
load related to preparing for the final event [40].
Power-sport athletes are more inclined towards
increasing power relative to body weight, for which
they undertake some form of resistance training [41].
Judo and powerlifting are two major sports included
in the current format of the paralympics. Held to be
critical for this type of sport is protein intake, consist-
ing of an appropriate balance of amino acids and die-
tary fats, which provide the essential fatty acids, along
with vitamins and minerals which activate and regu-
late intercellular metabolic processes [42].

Racquet Events

In paralympics, major racket sports include
table tennis and tennis [43]. The nutritional require-
ments for these sports depend on several factors such
as the level of energy expenditure, game duration, and
game format such as singles or doubles [44]. Both dur-
ing training and within play, carbohydrates and fluids
are known to influence the outcome of the game.
Intake of appropriate vitamins and minerals is also
recommended [44].

Swimming

Akin to other sports, the nutritional requirements
associated with swimming also depend upon several
factors, the most important among them being the
type of event in question. Supplemental carbohydrates
improve endurance performance during training ses-
sions in exercise [45]. However, in swimming, the sig-
nificance of carbohydrate supplementation is limited
[46]. During swim training, depletion of glucose leads
to accelerated protein catabolism [47], eventually lead-
ing to enhanced protein need. In swimming events,
iron supplementation is recognized to be of
significance.

Skating and Skiing

Both skating and skiing are part of the Winter
Paralympic Games. The toughest problems for winter
sport athletes in the extreme environmental conditions
are increased energy expenditure, accelerated muscle
and liver glycogen utilization, exacerbated fluid loss,
and increased iron turnover [48]. Nutritional require-
ments may vary because of differences in physiological
and physique characteristics, energy and substrate
demands, and environmental training and competition
conditions [48]. Ski jumpers aim to lower their body
weight, and depend on carbohydrate diet throughout
the competition [48].
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CONCLUSION

Nutritional strategies play a key role in determining
sports performance, including in paralympics.
Nutritional considerations of the disabled are often not
the same as those applicable for able-bodied humans.
The nature of the disability and the specific sporting
event determines the nutritional solutions required for
best sporting performance. Consideration of chronic
medication is of central importance in deciding nutri-
tional solutions. Modified systemic responses to sports,
such as an overworking cardiovascular system, as well
as mind�body interaction demand special attention.
At present, literature on specific nutritional needs for
best sporting performance of disabled individuals is
scanty. While general guidance may be obtained from
data on able-bodied humans, caution should be exer-
cised in directly translating such findings to paralym-
pic athletes. Special needs of such athletes must be
considered in light of current information related to
the physiology of the specific disability [28].
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An Overview on the History of Sports
Nutrition Beverages

Gustavo A. Galaz
Iovate Health Sciences, Oakville, ON, Canada

INTRODUCTION

Athletes have always been advised about what to
eat, but the academic field now known as sport nutri-
tion began in the exercise physiology laboratories.
Historians consider the first studies of sport nutrition to
be those of carbohydrate and fat metabolism conducted
in Sweden in the late 1930s. In the late 1960s
Scandinavian scientists began to study muscle glycogen
storage, use, and resynthesis associated with prolonged
exercise. Technology was also developed to help those
scientists measure human tissue responses to exercise.
In 1965 something else was born in the laboratory. At
the University of Florida a team of researchers led by
Dr. Robert Cade developed the first scientifically for-
mulated beverage designed to replace fluids and salts
lost through sweat during intense exercise [1].

The commercial success of this first beverage led to
more development of sports nutrition supplements
and diversification to functions beyond fluid replenish-
ment, such as endurance, strength development and
muscle growth.

BACKGROUND ON SPORTS BEVERAGES

A sports drink is any drink consumed in association
with sport or exercise, either in preparation for exer-
cise, during exercise itself, or as a recovery drink after
exercise. The main role of a sports beverage is to stim-
ulate rapid fluid absorption, to supply carbohydrate as
substrate for use during exercise, to speed rehydration,
and to promote overall recovery after exercise [2].

Basic sport drinks refer to those drinks formulated
for quick replacement of fluids and electrolytes lost

during exercise and that provide carbohydrate fuel to
the muscles. Sports beverages usually contain a source
of carbohydrates, various salts to provide electrolytes,
and water. Secondary components of sports beverages
include vitamins, minerals, choline and carbonation.

The hydration effect of sports beverages is not
immediate since the fluid must be absorbed in the
proximal small intestines and 50�60% of any given
fluid ingested orally is absorbed here [1].

Sports drinks are hypertonic, isotonic, or hypotonic.
Most sports beverages tend to be moderately isotonic,
meaning their concentrations of salts and carbohydrates
are similar to those found in the human body. Most
sports drinks have a carbohydrate content of 6�9%
weight/volume and contain small amounts of electro-
lytes in the form of salts, most commonly sodium [2].

Origins of Sports Beverages

The development of nutritional beverages specifi-
cally geared towards improving athletic performance
started with studies on carbohydrate and fat metabo-
lism conducted in Sweden in the 1930s and continued
into the late 1960s. The team of scientists, led by Bjorn
Ahlborg and Jonas Bergström, studied the relationship
between muscle glycogen storage, use and re-synthesis
during prolonged exercise to exhaustion in a group of
volunteers. The research by the Swedish team demon-
strated a performance-enhancing role for carbohy-
drates during endurance exercise and showed that
glycogen content and long-term exercise capacity
could be varied by instituting different diets after gly-
cogen depletion [1,3].

The development of the very first sports beverage
product, Gatorades Thirst Quencher, was based on
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the early Scandinavian research that demonstrated a
performance-enhancing function of carbohydrates dur-
ing endurance exercise. In the summer of 1965, a team
of researchers at the University of Florida, Gainesville,
led by Dr Robert Cade, developed and formulated a
beverage comprising glucose and electrolytes, with the
goal of enhancing the performance of the school’s foot-
ball team [1].

At the time, it was common for football players to
be admitted to the hospital because of heat exhaustion
and dehydration, and as many as 25 football players in
the USA died each year from heat-related illnesses [4].
Dr. Cade and his group formulated a new, precisely
balanced carbohydrate�electrolyte beverage that
would replace the key components lost by the Gators
during games through sweating and exercise.

The effects of the new concoction on the football
team were outstanding. Soon after the introduction of
Gatorade, the team began to win against a number of
more-favored rivals, finishing the season at 7�4. The
progress of the team did not stop there, as the Gators
went on to finish the 1966 season at 9�2 and won the
Orange Bowl for the first time ever, defeating the
Yellow Jackets of Georgia Tech. The success of the
Gator football team in the late 1960s was attributed in
large part to the use of Gatorade by the players. The
use of Dr Cade’s invention soon spread to other teams
and football divisions as well. The Kansas City Chiefs
began to use Gatorade, at the suggestion of Coach Ray
Graves of the Florida Gators during a training exercise.
The Chiefs continued taking Gatorade throughout the
1969 season and successfully concluded it with a
Super Bowl victory against the Minnesota Vikings [5].
This gave birth to the multimillion dollar sports bever-
age industry, with sales at the end of the 1990s in
excess of $2 billion [1].

The fast rise of Gatorade attracted the attention of
the large multinational beverage companies, and they
didn’t take long to come up with their own versions of
electrolyte sports drinks. The Coca Cola Company
launched PowerAde, a beverage where the carbohy-
drates were supplied in the form of high-fructose corn
syrup and maltodextrin. PepsiCo also launched its
own version in the form of Allsport; in addition to the
electrolyte component it provided 10% of the US daily
value for thiamin, niacin, vitamins B6 and B12 and
pantothenic acid [1].

In December 2000, Pepsi-Cola acquired Gatorade
from the Quaker Oats company, expanding its spon-
sorship connection to the sport industry, thanks to
Gatorade being already a major sponsor.

In 2008, the next generation of electrolyte sports
beverages emerged as Pepsi launched a low-calorie
version of Gatorade called simply “G2” in an effort to
offset stagnant sales in the fizzy drink category in the

USA. The new G2 represented the first true brand
extension in the sports drinks category and was
designed to keep athletes hydrated when not in train-
ing or competing [6].

Present State of Sports Beverages

Consumer interest in “natural” foods and beverages
is driving demand for natural ingredients as well.
New alternative sweeteners in the market are both low
calorie and derived from “natural” sources, presenting
opportunities for beverage manufacturers to offer pro-
ducts that can make both claims [7].

One such “natural”, low-calorie alternative sweet-
ener is Rebaudioside-A (or more commonly known as
reb-A) (Stevia). Widely used in Asia, the high-intensity
sweetener, which is an extract of the stevia leaf, was
granted Generally Recognized as Safe (GRAS) status
by the US Food and Drug Administration in 2008 [7].

The most recent generation of sports beverages
includes offerings made entirely without artificial
ingredients, such as G2 Natural and Code Blue, both
of which feature stevia sweeteners and natural sea salt
as a source of electrolytes. New “hybrid” beverages
like FRS Healthy Energy are a combination of fruit
juices with energy drinks that also claim to reduce
exercise fatigue. Sport beverages are also becoming
more specialized and sport specific. Drinks like
Golazo, a Washington-based sports beverage targeted
to soccer players, feature an all-natural ingredient
claim as well as a reduced calorie claim. The Golazo
line of beverages features coconut water as a natural
source of electrolytes and organic agave syrup as a
source of carbohydrate. The LifeAID beverage offers
GolfAid and FitAid, two new energy and liquid sup-
plements beverages targeted to golfers and cross-fit
athletes respectively [8,9].

By 2001, sports and energy drinks tallied $2.92 bil-
lion [10]. Growth of hardcore drinks other than
Gatorade also increased significantly, with sales more
than doubling during the first decade of the 21st cen-
tury. It is estimated that hardcore drinks will continue
to grow and outpace the other two categories in sports
supplements: powders and pills.

Glanbia’s American Body Building brand (ABB) was
one of the first innovators in ready-to-drink sports bev-
erages for energy, recovery and weight control. At pres-
ent, the brand has gone beyond its initial three core
offerings and ventured into hybrid beverages such as
Diet Turbo Tea, a zero calorie ice tea supplement featur-
ing caffeine, ginseng, guarana and electrolytes [22].

As part of the new G-series, PepsiCo-Gatorade
launched ready-to-drink protein beverages. The com-
pany’s protein offerings are recovery type supplements
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intended to be taken post-game. One of them is a clear,
fruit-flavored beverage containing protein derived
from hydrolyzed whey and collagen. The other prod-
uct is a protein shake, fortified with 20 g of protein
derived from milk and whey protein concentrates [11].

Table 20.1 Illustrates the current state of the US
sports beverage landscape.

HISTORY OF PROTEIN DRINKS

Background

Historically, strength athletes and bodybuilders
have always consumed protein in levels well above the
US Recommended Daily Allowance (RDA). Ample
research has shown that, to maintain nitrogen balance
and attenuate amino acid oxidation, both endurance
and strength exercise increase protein requirements
above the current RDA of 0.8 grams of protein per
kilogram of body weight per day. Endurance athletes
require 1.0�1.4 g/kg/d, while strength athletes need
1.4�1.8 g/kg/d to achieve nitrogen balance. Protein
beverages are consumed by athletes as a means to
facilitate protein supplementation in a convenient, cost
effective and simple way [12,16].

Dairy proteins and soy proteins constitute the
majority of protein sources used in sports nutrition
products. Dairy proteins and soy proteins accounted
for 77% and 23% of US protein sales respectively in

2004. Whey protein concentrate at 80% protein (WPC
80) is the most widely used protein ingredient in the
sports nutrition industry. Nearly 37% of WPC 80 pro-
duced in 2007 was used in the sports nutrition sector.
Regarding soy, soy protein isolate at 90% is the pre-
ferred ingredient due to its high protein content and
higher nutritional quality among the different
vegetable proteins [16].

Overview of Soy Protein Beverages

Soybeans had been used as an important food
source in Eastern Asia for centuries prior to their intro-
duction to North America. Early US interest in the soy-
bean was for its oil, which was extracted by hydraulic
and screw presses and later by direct solvent. The
protein-rich byproduct, soy meal, was used primarily
as cattle feed or fertilizer. Commercial processing of
the soybean into food products like defatted soy flour,
soy protein concentrate, and isolated soy protein
started in the 1950s [13].

The new ingredients derived from soy were first
used in food products such as infant formulas and
replacements of whole-milk powder. One of the first
entrants in the field of protein supplements for body
builders was Bob Hoffman; although not a body
builder himself, he was associated with the York
Barbell Company and was the US Olympic weightlift-
ing coach for many years. In 1951 he began to market
a product called Hi-Protein Food, later rebranded as

TABLE 20.1 US Sports Beverage Landscape

Category Subcategory Key Ingredients Function Product Examples

Pre-workout Energy Caffeine, ginseng, electrolytes,
guarana

Energy boost,
focus

ABB Diet Turbo Tea, Golazo Sports Energy,
Monster Rehab

Energy1 supplements Botanicals, vitamins, glucosamine,
electrolytes, amino acids, green tea
extract

Sport-specific
performance, joint
health, anti-
inflamatory

FitAid, GolferAid, Nawgan, Karbolic, FRS
Healthy Energy, Xenergy, Speed Stack

Intra-workout Electrolyte/hydration Isomaltulose, glucose, glucose
polymers, fructose, amino acids,
electrolytes, sea salt, coconut
water, vitamins

Endurance,
hydration,
glycogen
replenishment

Gatorade Perform, G2, ABB Hydro Durance,
PowerBar Perform, Golazo, Powerade Ion4,
AllSport, Cytomax

Post-workout Recovery Maltodextrin, whey, electrolytes Glycogen
replenishment,
muscle recovery

Gatorade G series Recover Drink, ABB Max
Recovery, Powerbar Recovery, Code Blue

Protein Whey isolate, BCAAs, HWP, MPC Muscle growth Gatorade G Series Recover Shake, Muscle
Milk, Pure Protein Shake, ABB Pure Pro 50,
Designer Whey Shake, Isopure, OhYeah!
Shake, FRS Healthy Protein

Meal replacements Casein, MPC, sunflower oil Satiety, weight
gain

Boost High Protein, Ensure, Special K
protein shake, Met-Rx Original Meal
Replacement, Carnation Instant Breakfast

BCAA, branched-chain amino acid; HWP, hydrolyzed whey protein; MPC, milk protein concentrate.
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Hoffman’s HI-Proteen, an early protein powder con-
sisting of soy flour. The product contained 42% protein
and was meant to be dissolved in milk. The beverage
mix proved to be a success among the weightlifter
community, and soon the brand expanded into fudge,
tablets and bars [14,15].

Another pioneer in soy protein sports nutrition bev-
erage powders was Joe Weider. Weider first developed
a carbohydrate-based weight-grain powder where the
consumer mixed an 8-ounce can of the product with a
quart of milk. In 1952, Weider introduced “Hi-Protein
Muscle Building Supplement”. The supplement was
marketed in body-building magazines as a carbohy-
drate-, fat- and sugar-free offering. The Weider com-
pany later expanded his line of products to include
vitamin-minerals, weight reduction agents, and weight
gain powders [14].

Initially, the low protein purity of soy-derived pro-
tein ingredients led to consumer dissatisfaction, mainly
due to digestive issues as well as poor taste and poor
miscibility. At present, soy protein is separated from
soybeans through water extraction, followed by pre-
cipitation, washing and drying processes that yield
protein concentrates of up to 70% protein or isolates
with up to 90% protein. These procedures have greatly
improved taste and successfully reduced miscibility
issues. However, the image of poor tolerance of soy
still remains with many consumers [16].

Despite soy protein having unique properties such
as antioxidant isoflavones, and with solid research
suggesting reduction of cardiovascular disease risk fac-
tors, the general perception that soy is inferior in qual-
ity to animal proteins still exists, limiting marketability
of soy protein to strength athletes [16].

Alternative Vegetable Sources for Protein
Beverages

There is a wide variety of semi-purified or purified
proteins from other vegetable or animal sources. High
costs, and the perceived advantages of milk, egg or
soy proteins, prevent other proteins sources from
being commercially important as protein supplements.
Often these alternative proteins are mixed with amino
acids or hydrolysates to improve their nutritional pro-
files, resulting in higher prices. Protein supplements
using rice, pea, beet, wheat or other grain proteins
have not been as successful with consumers as have
milk- or soy-derived products [16].

Whey Protein Beverages

Whey accounts for all the watery material that
remains after milk coagulation in cheese

manufacturing. Liquid whey is 93% water and 0.6%
protein, the rest being lactose, minerals and milk fat.
The protein fraction of whey is equivalent to approxi-
mately 20% of the original protein in milk [16].

For many years and until the end of the twentieth
century, whey products, which have a high protein
efficiency ratio, constituted an under-utilized source of
human food. Whey had usually been considered a
waste product and was disposed in the most cost-
effective manners or processed into whey powder and
whey protein concentrate [17].

The use of dairy whey in commercial beverages
started in Switzerland in 1952, with the introduction of
Rivella Red, a carbonated, milk serum-based beverage.
Originally created by Dr. Robert Barth and designed to
be a commercial channel for a byproduct of
Switzerland’s vast rural dairy operations, Rivella was
marketed as a healthy soft drink; soon after its launch,
the beverage became a sponsor of the Swiss Olympic
Team and the Swiss National Ski team. Although
Rivella Red contained 35% whey by volume, it was
fully deproteinized, so it was not branded as a protein
beverage, but rather as a healthy natural source of
minerals like calcium and magnesium as well as carbo-
hydrates in the form of lactose [18].

Several significant technological developments at
the end of the twentieth century prompted the rise of
whey as an important functional ingredient.
Ultrafiltration and ion exchange chromatography
allowed the production of demineralized whey pow-
ders, and a number of new value-added products
derived from whey reached the market for the first
time. These included products such as whey protein
isolates (WPI), a-lactalbumin, b-lactoglobulin, and
immunoglobulin among others [19].

The development of techniques in ultrafiltration
gave rise to the possibility of developing ‘tailor-made’
milk protein mixes. Companies like Davisco and
Parmalat developed tailor-made whey-based ingredi-
ents with specific functional characteristics: such as
enzyme-hydrolyzed whey with increased protein effi-
ciency ratio, and whey protein concentrate with a stan-
dardized beta-lactoglobulin content. The availability of
this type of product increased as more dairy compa-
nies turned to more efficient ways to reduce their
waste [19].

By the 1990s, the newly emerged functional food
market offered many opportunities to develop whey
protein-based products. In 1998, the global market size
for the functional food sector reached US$ 80 billion
per year, and whey protein was poised to change its
status from waste product to a major ingredient in this
sector [17].

Whey protein gained popularity in sports nutrition
based on essential amino acid composition, branched
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chain amino acid (BCAA) content, and sulfur amino
acid content, as well as taste, acceptance, ease of mix-
ing, and fast digestion. Whey protein, despite being
costlier than other supplement proteins, became the
protein of choice for weightlifters thanks to perceived
advantages and good taste. The perception of whey as
the ultimate protein was helped in part by articles and
advertisements in popular magazines [16].

One of the first companies to successfully commer-
cialize a whey protein drink mix was Next Proteins
International from Carlsbad, California. Taking advan-
tage of the mentioned technical improvements in whey
protein production, Next launched the Designer Whey
brand in 1993 [10].

By the early 2000s protein powder sales had reached
$500 million, with companies like Next Protein and
Optimum Nutrition leading the market [10].

Present Status of Protein Beverages

In addition to increased growth of whey protein
drink mixes, the 2000s saw the arrival of ready-to-drink
offerings such as Cytosport’s Muscle Milk and Next
Protein’s Designer Whey high-protein Shakes [20].

Increased mainstream acceptance of whey protein-
based protein drink mixes and ready-to-drink (RTDs)
has resulted in their moving beyond the niche market
of bodybuilders and hardcore athletes and into mass
markets in the form of weight loss supplements and
meal replacements, with companies like Walmart gen-
erating the most sales in the category. [20] In addition
to Cytosport, mainstream food companies such as
Nestlé and Kellogg’s further helped launch protein
beverages into the mainstream market with their Boost
and Special K ready-to-drink protein shakes, respec-
tively. These products not only provided liquid nutri-
tion but also served an appetite-curving function.

Performance protein powder mixes have evolved
from being regular protein concentrates and isolates
into more complex products featuring protein hydroly-
sates and complex carbohydrates for sustained release
energy [20].

Future of Sports Beverages

As of 2012, the US sales of non-aseptic sports drinks
totaled $4.1 billion a year according to the beverage
industry. Sales of all other hardcore sports drinks
reached $300 million in 2010 (Figure 20.1) and are pro-
jected to reach $415 million by 2017 [20]. Over the last
ten years, sales of hardcore drinks grew on average by
10.5% a year, outpacing the growth of sports powders
and pill-form supplements since 2000. The subcategory
has grown thanks to mass-market penetration by RTD
brands. Powders and formulas will continue to be the
largest subcategory in the sports nutrition sector, how-
ever. Overall, protein products in powdered or RTD
format have become best sellers in the mass-market
retail channel [20].

The rising popularity of protein in different forms
of supplements and the fluctuation of prices of whey
on the spot market will see alternative sources of pro-
tein like hemp, brown rice and pea becoming more
interesting for manufacturers and formulators [20].

The next generation of sports drinks will continue
to see more choice, with more flavor blends and better
fidelity to standard, meaning the flavors will be closer
to fresh and natural fruit. The sports drink of the
future will be formulated for different target markets
including age groups, gender, occasion use, and physi-
cal requirement. There will be more development of
sport and occasion-specific drinks. We are already see-
ing examples of sport specific beverages such as
Golazo and GolferAid. Hybridization among different
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beverage categories will also continue, as supplements,
phytochemicals and other botanical ingredients once
found only at specialty store products become more
widely used in mainstream mass-market beverages.
The recent introductions of products like Coca Cola’s
Monster Rehab with whey protein hydrolysate and
FRS Energy with quercetin point in this direction [21].

Another key driver will be packaging innovation
with environmentally friendly sourcing of materials
and more use of recyclables, minimizing waste [20].

CONCLUSION

Over the last 45 years the sports beverage industry
has evolved from a single, locally distributed electrolyte
drink into a multibillion dollar category within the larger
sports supplement and functional foods markets. The
growth of that industry has not been without sound sci-
entific principles that back the formulations. Many
research studies show clear evidence that drinking a
properly formulated beverage during exercise provides
better performance than drinking water alone [2,21].

As consumers’ tastes have changed and become
more sophisticated, the spectrum of sports drinks has
become more diverse, and formulators have responded
with beverages that cater to specific functions and
stages of the physical activity. The market penetration
of these beverages will continue to grow, thanks to
more people becoming aware of the nutritional bene-
fits of sports drinks and the marketing efforts of com-
panies to create more robust and higher value-added
products.
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BACKGROUND

DL-α-hydroxy-isocaproic acid (HICA), also known
as leucic acid or DL-2-hydroxy-4-methylvaleric acid, is
an α-hydroxyl acid metabolite of leucine. HICA
(molecular weight 132.16) is an end-product of leucine
metabolism in human tissues such as muscle and con-
nective tissue [1�3]. The part of HICA which is not
bound to plasma proteins has a plasma concentration
in healthy adults of about 0.256 0.02 mmol/L whereas
the plasma concentration of α-keto-isocaproic acid
(KIC), the corresponding keto acid of leucine, is about
21.66 2.1 mmol/L [1]. HICA can be measured in
human plasma, urine and amniotic fluid [4�6].
Foodstuff produced by fermentation—e.g., certain
cheeses, wines and soy sauce—contain HICA [7�11].
According to clinical and experimental studies, HICA
can be considered as an anti-catabolic substance
[12�19]. Although leucine has a unique role as a pro-
moter of protein synthesis [20], metabolites of leucine
may be more effective in preventing breakdown of
proteins, particularly muscle proteins [15].

The roles and mechanisms of action of leucine and
its metabolites are not yet thoroughly understood and
often confusing. For instance, transaminated leucine
metabolite KIC is anti-catabolic and reduces muscle
protein degradation but, due to extensive first-pass

metabolism, only when given as an intravenous infu-
sion. On the other hand, it is a potent inhibitor of
branched-chain α-keto acid dehydrogenase and may
lead to increased catabolism of branched-chain amino
acids (BCAAs) [21]. β-Hydroxy β-methylbutyric acid
(HMB) or β-hydroxy β-methylbutyrate is another
metabolite of leucine which also plays a role in protein
synthesis and breakdown [22]. Specifically, HMB has
been demonstrated to affect protein balance through
an IGF-1-AKT-mTOR signaling cascade [23]. As such,
HMB is able to speed repair of skeletal muscle damage
and augment strength, power, and hypertrophy gains
following chronic resistance exercise training, at least
in situations where muscle damage occurs (for review,
see [22]).

There are separate mechanisms to control protein
synthesis and proteolysis [24]. In the absence of amino
acids, the primary regulators of protein degradation
rapidly and strongly increase. Regulatory amino acids
(leucine, tyrosine, glutamine, proline, methionine, his-
tidine, and tryptophan) as a group, as well as leucine
alone, inhibit food deprivation-induced protein degra-
dation [6]. Tischler et al. [15] suggested that the first
step in muscle proteolysis is the oxidation of leucine,
catalyzed by aminotransferase enzyme. The end prod-
uct of the reaction is keto leucine (α-ketoisocaproate,
KIC). However, in certain situations, the end product
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can be HICA as well. It is suggested that the amino-
transferase enzyme is responsible for oxidizing leucine
both to its keto and hydroxyl forms and both reactions
are reversible [25]. In humans, the reaction between
keto and hydroxyl leucine is an equilibrium reaction
with a oxidoreduction equilibrium constant (thermo-
dynamic constant) Keq5 3.16 0.23 10212 mol/L and
reaction half-time is 230 min towards oxygenation.
Keto acid is irreversibly oxidized by mitochondrial
ketoacid dehydrogenase [26]. Irreversible degradation
of keto acids is higher in liver than in muscle [26]. The
branched-chain α-keto acid dehydrogenase complex is
deemed to be the most important regulatory enzyme
in the catabolism of leucine [27]. Skeletal muscle is
considered to be the initial site of BCAA catabolism
because of elevated BCAA aminotransferase [2].
According to Mortimore et al. [6], leucine alone
accounts for about 60% of the total effectiveness of the
group of regulatory amino acids, and the same effect is
achieved with HICA alone, whereas KICA does not
produce the same effect at similar concentrations.
HICA has also a broad antibacterial effect, e.g., against
MRSA (methicillin-resistant Staphylococcus aureus),
which is resistant to several systemic antimicrobials
[3]. No human studies, however, have been conducted
to investigate that phenomenon.

EFFECTS OF ALFA-HYDROXY-
ISOCAPROIC ACID ON BODY

COMPOSITION, DELAYED-ONSET
MUSCLE SORENESS AND PHYSICAL

PERFORMANCE IN ATHLETES

The effects of HICA on body composition have been
reported in several studies [14,19,28�32]. All the stud-
ies, with the exception of an open pilot study in wres-
tlers [19], a case report by Hietala et al. [19], and a
double blind, placebo-controlled study by Mero et al.
[28], have been conducted in animals. Mero et al. [28]
used soccer players to assess the effects of HICA on
body composition, exercise-induced delayed-onset
muscle soreness (DOMS) and athletic performance.

Studies in rodents have shown that substitution of
methionine, leucine, phenylalanine, or valine by their
α-hydroxy analogs reduced growth of body weight
[29,32]. More specifically, Chow & Walser [29]
reported that leucine and its α-hydroxy analog (HICA)
were equally effective at increasing growth. However,
replacement of leucine with HICA reduced food intake
and increased the volume of urine and its nitrogen
concentration. Woods & Goldman [30] reported that,
in rats, HICA supports growth of the rats using a leu-
cine free diet without reducing the food intake. On the
other hand Boebel & Baker [14] showed that leucine,

valine or isoleucine analogs do not support the growth
without the presence of their corresponding amino
acids. Both α-keto and hydroxy analogs were equally
effective in supporting the growth of body weight [14].
Thus, in summary, substitution of natural amino acids
by their alpha-hydroxy analogs decreases growth in
animals.

Flakoll et al. [31] reported that parenterally given
KIC increased muscle mass and reduced fat mass in
lambs. Mero et al. [28] found similar results using
national-level soccer players when assessing the effects
of oral HICA on body composition. According to their
study, a 4-week supplementation period with HICA
(1.5 g daily) increased whole-body lean mass in soccer
players. This increase (B0.5 kg) was more pronounced
in lower extremities. These findings suggest an interac-
tion between the supplement and specificity of training
of the athlete: specifically, the lower extremities of soc-
cer players receive most of their training load. Athletes
in this study already had an average protein intake of
1.6�1.7 g/kg/day. Thus, it can be concluded that this
extra “amino acid” metabolite, even in addition to suf-
ficient daily protein and leucine intake, increases lean
muscle mass. It is likely that these changes are at least
in part mediated through minimizing catabolic pro-
cesses induced by exercise [28].

Delayed-Onset Muscle Soreness (DOMS)

DOMS is a sensation of muscular discomfort and
pain during palpitation or active contractions that
occurs in a delayed fashion after strenuous exercise.
Subjects with DOMS have reduced range of motion of
adjacent joints especially after unaccustomed exercise
[33,34]. In addition to muscle tenderness with palpa-
tion, prolonged strength loss and a reduced range of
motion are observed. These symptoms develop 24 to
48 hours after exercise, and they disappear within 5 to
7 days [33,34]. Although the pathophysiology of
DOMS remains unknown, it has been reported that,
after strenuous exercise, cell damage and inflammatory
cells are observed in muscle [33,34].

Mero et al. [28] reported that soccer players had
milder DOMS symptoms after using HICA compared
with placebo. This was particularly evident during the
4th week of supplementation. Training alertness was
also increased. These beneficial effects were significant
after the 2nd week of HICA treatment and appeared to
continue for weeks. Previously, similar results have
been described with the combination of HMB and KIC,
which reduced plasma creatine kinase activity, DOMS
symptoms, muscle swelling and one-repetition maxi-
mum reduction [24]. In contrast, HMB alone had no
effect on DOMS [35]. The mechanism by which HICA
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alleviates DOMS symptoms is unclear. It is known,
however, that hydroxy metabolites of BCAAs (espe-
cially HICA), are potent inhibitors of catalytic protease
enzymes. HICA has been shown to strongly inhibit sev-
eral matrix metalloproteinases [18]—a family
of peptidases, including collagenases for example,
responsible for the degradation of the extracellular
matrix during tissue remodeling. Inhibition of matrix
metalloproteinases may be the most important mecha-
nism related to HICA’s anti-catabolic action, although
other effects of HICA may have a contributory role. In
severe catabolic states, HICA may act as an energy sub-
strate and is oxidized instead of spare leucine [13,16].

Physical Performance

Mero et al. [28] reported no changes in physical per-
formance after using HICA during the 4-week period
even though the muscle mass of lower extremities
increased significantly. They speculated that the train-
ing period was probably too short to observe strong
training responses. Similar results have been reported
using KIC [36]. It appears that even though the muscle
mass increases and DOMS decreases, HICA has no
effects on physical performance in short training
periods.

In the future, studies should investigate whether
Alfa-HICA is also effective when combined with whey
protein, a typical recovery drink protein for athletes
that has a high leucine content and is capable of
increasing muscle size and enhancing recovery from
resistance exercise [37,38].

CONCLUSION

Recent findings suggest that HICA relieves DOMS
symptoms and protects muscle from catabolism. HICA
may be beneficial for high-intensity training athletes
who often experience stiff and sore muscles, which
limit effective training.
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Mero AA. Acute and long-term effects of resistance exercise
with or without protein ingestion on muscle hypertrophy and
gene expression. Amino Acids 2009;37:297�308.

[38] Yarrow J, Parr J, White L, Borsa P, Stevens B. The effects of
short-term alpha-ketoisocaproic acid supplementation on exer-
cise performance: a randomized controlled trial. J Int Soc Sports
Nutr 2007;4(2):10�5.

216 21. α-HYDROXY-ISOCAPROIC ACID (HICA)—EFFECTS ON BODY COMPOSITION, MUSCLE SORENESS AND ATHLETIC PERFORMANCE

4. MOLECULAR MECHANISMS

http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00021-7/sbref30


C H A P T E R

22

Role of Mammalian Target of Rapamycin
(mTOR) in Muscle Growth

Evgeniy Panzhinskiy1, Bruce Culver1, Jun Ren1, Debasis Bagchi2 and
Sreejayan Nair1

1University of Wyoming, School of Pharmacy and the Center for Cardiovascular Research and Alternative Medicine,

College of Health Sciences, Laramie, WY, USA 2University of Houston College of Pharmacy, Houston, TX, USA

INTRODUCTION

The understanding of the growth and development
of skeletal muscle is one of the most important steps in
designing successful programs for muscle building
during physical training. It also may provide potential
therapeutic targets for the prevention and treatment of
muscle wasting in metabolic and neuromuscular dis-
eases. Skeletal muscles consist of fibers, so muscle
mass is determined by number of muscle fibers and
their size. During myogenesis, the extent of muscle cell
multiplication largely determines how many muscle
fibers are formed. Therefore, the number of muscle
fibers is mainly determined by genetic and environ-
mental factors which can influence prenatal myogen-
esis. However, in postnatal life, muscle size is
determined by the size of individual fibers and exter-
nal stimuli. Cell size in turn is determined by a balance
between accumulation of new proteins and degrada-
tion of existing proteins [1]. The kinase mTOR (mam-
malian target of rapamycin) has been implicated as a
key regulator of cell growth, which mediates the effect
of growth factors, nutrients and other external stimuli
on protein synthesis and degradation [2,3]. Recent
studies provide an emerging concept which considers
mTOR as a key convergence point for the signaling
pathways regulating skeletal muscle growth. This
review focuses on the role of mTOR in skeletal muscle
growth.

MUSCLE GROWTH

The growth of skeletal muscle, like any other tissue,
depends on increase in cell number (hyperplasia) and
cell size (hypertrophy). Cell proliferation plays a major
role during muscle development in embryo. In con-
trast, induction of protein synthesis associated with
hypertrophy is the main characteristic of muscle
growth in the adult state [1]. During embryonic devel-
opment, muscular tissue is formed through the process
called myogenesis. The skeletal muscles are derived
from the somites, segmental derivatives of the paraxial
mesoderm [4]. Initially, myogenic precursor cells of
mesodermal origin enter the myogenic lineage, prolif-
erate and divide to form a pool of myoblasts [5].
Subsequent signaling events cause the myoblasts to
exit the cell cycle, to cease dividing and to differenti-
ate. Cells begin to secrete fibronectin onto their extra-
cellular matrix and express muscle cell-specific
proteins. Finally myoblasts align and fuse to form mul-
tinucleated myotubes [6]. During postnatal muscle
growth, satellite cell incorporation into the growing
fibers occurs together with increased protein synthesis
[7]. Satellite cells are mononuclear myoblast progenitor
cells, which reside between the basement membrane
and sarcolemma of associated muscle fibers (see [4] for
review). However the total muscle fiber number
remains unchanged after birth in mammals [5]. Unlike
young muscle, in adults the increase in skeletal muscle
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mass happens mainly due to an increase in muscle
fiber size, as opposed to the number, and doesn’t
require satellite cell incorporation [8]. This process of
hypertrophy is associated with elevated synthesis of
contractile proteins. Natural hypertrophy normally
stops at full growth after sexual maturation, but resis-
tance training or intake of anabolic steroids, such as
testosterone, promote a hypertrophic response in both
human and animal models [1]. Although myogenesis
normally does not occur in adult skeletal muscle, it
can be activated in satellite cells following injury or
disease (reviewed in [9,10]). The satellite cells in adults
are mitotically quiescent, but are capable of differentia-
tion and incorporation of new nuclei into the growing
muscle fibers or of forming new myofibers, leading to
hypertrophy. This process also contributes to muscle
hypertrophy induced as a compensatory response to
myotrauma consequent to resistance training [11]. Rate
of the muscle growth is determined by homeostasis
between hypertrophy and atrophy, or muscle wasting.
Atrophy is a decrease in cell size mainly caused by
loss of organelles, cytoplasm and proteins and is char-
acterized by increased protein degradation [1,12]. In
summary, there are three main mechanisms which
contribute to maintenance of muscle growth: myogen-
esis, hypertrophy and atrophy, and the mTOR path-
way plays a pivotal role in regulating each of them.

mTOR SIGNALING PATHWAY

TORs are evolutionarily conserved proteins, which
belong to a group of serine threonine kinases known
as phosphatidylinositol kinase-related kinase (PIKK)
family [13]. TOR was first identified in Saccharomyces
cerevisiae mutants, TOR1-1 and TOR2-1, resistant to the
growth inhibitory properties of rapamycin [14].
Rapamycin is macrocyclic lactone, isolated from
Streptomyces hygroscopius, which inhibits proliferation
of mammalian cells and possesses immunosuppressive
properties. Rapamycin forms a complex with peptidyl-
prolyl cis/trans isomerase FKBP12, and this complex
then binds and inhibits TOR [13].

Biochemical studies with mammalian cells led to
the identification and cloning of mTOR (reviewed in
[15]). Insulin-like growth factor (IGF-1) stimulates
phosphorylation of the insulin receptor substrate (IRS)
and subsequent recruitment of phosphatidylinositol-3
kinase (PI3K), resulting in downstream activation of
protein synthesis through the Akt pathway [16�18].
Transgenic mice with constitutively active Akt exhibit
increase in the average cross-sectional area of individ-
ual muscles fibers, consequent to elevated protein syn-
thesis [19]. These studies demonstrated that Akt by
itself is sufficient to induce hypertrophy in vivo.

Genetic experiments in Drosophila helped identify a
RAFT-1 (homolog of mTOR) and p70S6 kinase as the
downstream effectors of PI3K and Akt, which help to
regulate cell size [20,21]. Genetic support of a linear
Akt/mTOR pathway came from studies which demon-
strated that tuberous sclerosis complex-1 and -2 pro-
teins (TSC1 and TSC2) can inhibit mTOR [22]. Akt
directly phosphorylates TSC2 and functionally inacti-
vates TSC1-TSC2 heterodimer [23] (Figure 22.1). TSC2
acts as GTPase-activating protein for small GTPase
Rheb (Ras homologue enriched in brain), which, when
loaded with GTP, directly binds and activates mTOR
kinase activity [24].

Purification of TOR1 and TOR2 from yeast led to
the identification of two distinct TOR protein com-
plexes, TORC1 and TORC2, which have varying sensi-
tivity to rapamycin [25]. Mammalian TOR complex 1
(mTORC1) consists of the mTOR, raptor and mLST8
and is inhibited by binding of rapamycin [26].
mTORC1 has been shown to mediate the rapamycin-
sensitive temporal control of cell growth [25]. It has
been proposed that raptor functions as an adaptor to
recruit substrates to mTOR [27]. Other studies show
that upstream signals, including rapamycin-FKBP12
complex, regulate mTORC1 activity by facilitating
raptor�mTOR interaction [28]. Skeletal muscle-specific
ablation of raptor causes metabolic changes and results
in muscle dystrophy [29]. mLST8 binds to the kinase
domain of mTOR and is required for its full catalytic
activity [25]. Mammalian TORC2 (mTORC2) contains
mTOR, rictor and mLST8, and controls spatial aspects
of cells growth [30]. mTORC2 is neither bound nor
inhibited by FKB12-rapamycin and can be directly acti-
vated by PIP3K [26]. Rictor doesn’t contain catalytic
motifs, but knockdown of mTOR or rictor results in
loss of actin polymerization and cell spreading [30].
Skeletal muscle-specific deletion of rictor in mice leads
to impaired insulin-stimulated glucose transport, due
to attenuation of glucose transporter-mediated exocy-
tosis [31] (Figure 22.1).

The effect of mTOR on the translational machinery
and protein synthesis is mediated by TORC1-
dependent phosphorylation of the ribosomal protein
S6 kinases (S6K1 and 2) and of 4E-binding protein 1
(4E-BP1) [2]. Activated S6K1 phosphorylates the 40S
ribosomal protein S6, which leads to increased transla-
tion of a subset of mRNAs that contain the 50 tract of
oligo pyrimidine, although this mechanism has been
recently debated (reviewed in [13]). S6K1 knockout
mice have smaller muscle fibers, and their hypertro-
phic response to IGF-1 stimulation and Akt activation
are significantly blunted [32]. S6K1 negatively regu-
lates IRS1 both at the transcriptional level and through
direct phosphorylation, which also contributes to
development of obesity and diabetes [33]. Thus,
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constitutive activation of mTOR signaling attenuates
PI3K through a negative feedback loop via inhibition
of IRS. S6K1 can also phosphorylate mTOR at Thr2446

and Ser2448, although the consequence of this modifica-
tion is unknown [34]. Another target of mTORC1
kinase activity is 4E-BP1, which on phosphorylation
releases repressed cap-binding protein eIF4E, which
subsequently binds to eIF4G to stimulate translation
initiation [35]. 4E-BP1 and S6K1 are regulated by
mTORC1 in a parallel, independent manner [36]
(Figure 22.1). mTOR also enhances protein synthesis
by activating eIF2B, a translation initiation factor [37].
Furthermore, exercise-induced expression of eIF2Bε is
blocked by rapamycin.

The effects of mTORC1 are not limited to regulation
of protein synthesis. In mammals TOR regulates ribo-
some biogenesis through control of RNA polymerase I,
which is required for transcription of ribosomal RNAs
[38]. Inhibition of mTOR signaling by rapamycin inac-
tivates transcription initiation factor 1A and impairs
transcription of RNA polymerase I. Another important
function of mTOR is the regulation of the autophagy
process. Autophagy is a catabolic process involving
the degradation of a cell’s own components, which
involves the enclosure of organelles by double-

membrane autophagosome and its subsequent delivery
to lysosome for degradation and recycling. It is acti-
vated during starvation and serves as a conserved
cytoprotective, rather than destructive, process [39].
TOR regulates autophagy in yeast and higher eukar-
yotes via inhibition of the autophagy-related protein
kinase (ATG1), that mediates an early activation step
in the autophagic process [40]. mTORC1 also promotes
uptake of glucose, amino acids and iron via regulation
of membrane trafficking of nutrient transporters [41].
In addition, mTOR plays a central role in transcription
of nutrient-sensitive pathways involved in metabolic
and biosynthetic pathways, for example PPARγ [42].
Early studies by Loewith and colleagues showed that
mTORC2 plays an important role in cytoskeleton orga-
nization [25]. TORC2 signals to Rho1 GTPase, which
regulates actin cytoskeleton assembly via the protein
kinase C1 (PKC1) kinase pathway. mTORC2 signaling
also affects actin cytoskeleton organization through a
rapamycin-insensitive mechanism, although the direct
targets of mTORC2 are unknown [30]. mTORC2 is
required for the terminal differentiation of myoblasts,
because disruption of mTORC2 by rictor knockdown
blocks fusion of myoblasts [43]. Phosphorylation of
Akt on Ser473 by mTORC2 is necessary for inhibition of

FIGURE 22.1 Model of mTOR signaling pathways regulating muscle growth. Growth factors (such as insulin and IGF1) stimulation acti-
vates IRS1/PI3K/Akt pathway, which inactivates TSC2 via phosphorylation, leading to the conversion of Rheb-GDP to Rheb-GTP and pre-
venting inhibition of rapamycin-sensitive mTORC1. On the other hand, AMPK, induced by low levels of ATP, or REDD1, induced by
hypoxia, enhances TSC2 activity, which inhibits mTORC1. mTORC1 can be also activated by mechanical loading or increase in essential amino
acids concentration. mTORC1 can induce translation of mRNA and protein synthesis via the phosphorylation of 4E-BP1 and S6K1. mTORC1
also suppresses autophagy, regulates ribosome and mitochondrial biogenesis, and induces nutrients uptake and lipid synthesis. Rapamycin-
insensitive mTORC2, which is activated by PIP3K, controls Akt activity and the actin cytoskeleton organization. Arrows represent activation,
whereas bars represent inhibition. Adapted with permission from [23].
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Rho-associated kinase 1 (ROCK1) required for myo-
genic differentiation. However, unlike mTORC1,
detailed mechanisms of mTORC2 signaling in relation
to muscle growth have not been fully characterized.

Although the classic mTOR activation route includes
the IGF-1/PI3K/Akt pathway, mTOR can also be
directly activated by a variety other stimuli. Nutrients,
especially amino acids, have been shown to activate
mTORC1 via inhibition of TSC1-TSC2 or via activation
of Rheb [35]. Phosphatidic acid (PA) can activate mTOR
signaling by binding directly to mTOR complex. In cul-
tured cells, mitogen-mediated activation of phospholi-
pase D (PLD) is required for mTOR-dependent
phosphorylation of S6K1 and 4E-BP1 [44]. AMP-
activated protein kinase (AMPK), which is activated in
response to low energy levels into the cell (high AMP/
ATP ratio), inhibits mTORC1-dependent phosphoryla-
tion of S6K1 and 4E-BP1 via enhancing TSC2 GAP
activity through phosphorylation [45]. Environmental
stresses, such as hypoxia, downregulate energy-
demanding processes mediated by TORC1 via tran-
scription of REDD1 (Regulated in development and
DNA damage responses 1) [46]. Taken together, mTOR
integrates a variety of signals, affecting muscle protein
synthesis (MPS) and muscle growth (Figure 22.1).
Detailed mechanisms of mTOR signaling and its rela-
tion to different stages of muscle growth are described
below.

mTOR IN MYOGENESIS

Skeletal myogenesis is a highly coordinated cascade
of events regulated by multiple signaling pathways.
Little is known about the role of mTOR during muscle
embryonic development. However, the recent studies
by Hidalgo and colleagues shed some light on the
importance of mTOR in early stages of myogenesis
[47]. These authors showed that hypoxia causes
growth retardation and motility defects in Xenopus
embryos by affecting mitotic cells and inhibiting accu-
mulation of muscle-specific proteins in somites. These
changes were a result of inhibition of the Akt/mTOR
pathway, which led to increased 4E-BP1 phosphoryla-
tion and translation repression. This observation is
also consistent with early studies on mice embryos
which show that mTOR knockout embryos die shortly
after implantation, owing to impairment of prolifera-
tion of embryonic stem cells [48]. Consistent with these
observations, rapamycin arrested cell proliferation in
early mouse embryos [49]. Collectively, these studies
suggest that rapamycin-sensitive mTOR function is
required during embryonic muscle development.

Growth or regeneration of adult skeletal muscle
requires satellite cell activation, proliferation and

differentiation [50]. Studies using myogenic satellite
cells isolated from 6-month-old pigs, revealed that
both IGF-1 and the amino acid leucine stimulate acti-
vation and proliferation of quiescent satellite cells by
increasing mTOR-mediated S6K1 and 4E-BP1 phos-
phorylation [51]. However, the role of mTOR in myo-
genic differentiation remains controversial. Rapamycin
is known to inhibit differentiation of myoblasts in cell
culture [52]. Shu and colleagues showed that expres-
sion of rapamycin-resistant mTOR mutant allowed
C2C12 myotube differentiation even in the presence of
rapamycin [53]. Interestingly, Erbay and coworkers
showed that the kinase activity of mTOR is not
required for the initiation of myoblast differentiation
[54]. Subsequent studies showed that mTOR regulates
the initial myoblast�myoblast fusion by controlling
the expression of insulin-like growth factor-II [55].
However, the formation of mature myotubes by myo-
blast�myotube fusion requires the catalytic activity of
mTOR [56]. Overexpression of angiotensin I-
converting enzyme (ACE) suppresses myogenesis
through inhibition of mTOR-mediated myotube matu-
ration [57]. Furthermore, ACE inhibitor accelerated
myogenesis through activation of mTOR signaling,
leading to increased expression of myosin heavy chain
and phosphorylation of S6K1 kinase [57]. These studies
show that mTORC1 signaling is critical in myogenesis.
Contrastingly however, other studies revealed that that
expression of constitutively active, rapamycin-
insensitive S6K1 or downregulation of 4E-BP1 failed to
support myotubes differentiation in the presence of
rapamycin [43]. Rapamycin also induced a significant
and prolonged decrease in mTORC2-dependent phos-
phorylation of Akt on Ser473. These results are consis-
tent with the idea that Akt signaling is essential for
myoblast differentiation [58]. Prolonged inhibition of
mTORC1 by rapamycin may cause redistribution of
mTOR from the mTORC2 complex, leading to
decreased phosphorylation of Akt (Ser473) and
impaired myogenesis. Rapamycin also appears to
destabilize the mTORC2 complex by inhibiting the
interaction of mTOR and rictor in cytosolic and nuclear
complexes [43].

mTOR IN MUSCLE HYPERTROPHY

For over a decade, increase in local production of
IGF-1 was considered to be responsible for the induc-
tion of skeletal muscle hypertrophy in response to
mechanical loading during exercise [18]. It has been
assumed that this event leads to the increased activa-
tion of the PI3K/Akt signaling cascade, which in turns
stimulates mTORC1-mediated induction of protein
synthesis [12]. However, recent studies revealed that
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mTORC1-dependent phosphorylation of S6K1 is
induced within a few hours following mechanical
stimulation [59,60], whereas overload-induced IGF-1
production in skeletal muscle occurs only after
24 hours following the initiation of the workload [61].
Further studies using mice with muscle-specific domi-
nant-negative mutation of the IGF-1 receptor showed
that a functional IGF-1 receptor was not necessary for
mTORC1 activation and the induction of skeletal mus-
cle hypertrophy [62,63]. The aforementioned findings
that growth factors are not required for the activation
of mTOR during muscle hypertrophy, paved the way
to studies which attempted to identify how the
mechanical signal is transduced to mTOR. First, it was
demonstrated that mechanical stimuli can activate
mTOR signaling through a PI3K/Akt-independent
pathway that requires phospholipase D-mediated
phosphatidic production in both cultured myotubes
[64] and in an in vivo model of resistance exercise [65].
On the other hand, over-expression of Rheb was suffi-
cient to induce skeletal muscle hypertrophy indepen-
dent of PI3K/Akt signaling [66]. More recently,
Miazaki and coworkers have shown that the initial
activation of mTORC1 in response to mechanical over-
load during the first 24 hours does not involve IGF-1/
PI3K/Akt-dependent signaling. These authors demon-
strated that extracellular signal-regulated kinases (Erk)
signaling mediates early activation of mTORC1 signal-
ing after workload, through phosphorylation of TSC2
at the Ser664 site, thereby inhibiting its GAP activity
(Figure 22.1). This allows Rheb to accumulate in its
active GTP-bound form [67]. In another study, treat-
ment with rapamycin did not prevent compensatory
hypertrophy in the plantaris muscle following 7 days
of mechanical overload. Long-term activation of
mTOR-dependent signaling following mechanical
overload was independent of Erk-mediated activation,
which occurs during the first 24 hours [67].

There are two main types of exercise training:
endurance and resistance, and these appear to be dif-
ferently influenced by mTOR signaling. Endurance
training induces a partial fast-to-slow muscle pheno-
type switch and stimulates mitochondrial biogenesis,
but not growth [68]. In contrast, resistance training
mainly promotes hypertrophy by inducing increased
MPS [60]. Isolated rat muscles electrically stimulated
with high frequency, mimicking resistance training,
showed acute increases in phosphorylation of Akt/
mTOR signaling molecules [69]. However, electrical
stimulation with low frequency, mimicking endurance
training, activated AMPK signaling, which resulted in
phosphorylation of TSC2 and inhibition of the mTOR
pathway [69]. These findings partially explain the dif-
ference in adaptations in skeletal muscle caused by
two different types of exercise. In contrast, in vivo

models showed increased mTOR and S6K1 phosphory-
lation immediately after both endurance and resistance
exercise, although resistance exercise resulted in a
more prolonged activation of mTOR and S6K1. In
addition, both types of exercise lead to AMPK activa-
tion in humans [70,71]. AMPK is a well-known
upstream negative regulator of mTOR signaling in
skeletal muscle [69]; in this scenario resistance training
should have a negative effect on mTOR signaling. This
paradox could be partially explained by the possibil-
ity of feeding-induced hyperaminoacidemia during or
after the exercise, which overrides the inhibitory
effect of AMPK activation on mTOR signaling.
Indeed, feeding carbohydrate supplement enriched
with essential amino acids overrules the inhibitory
effect of AMPK on mTOR during resistance exercise
in human muscle [72,73]. It appears that skeletal
muscle hypertrophy in response to resistance training
is delayed with aging [74]. Drummond and collea-
gues showed that despite lack of post-exercise differ-
ences in mTOR signaling, MPS was decreased in
older men 1 hour after resistance exercise, due to
lower activation of the Erk1/2 pathway and elevated
AMPK phosphorylation [75].

Despite these advances in our understanding of the
role of mTOR in increased skeletal muscle growth after
the exercise, the upstream regulators that have the
potential to sense tension in muscle and convert
mechanical signals into molecular events leading to
mTOR phosphorylation are not well defined. It has
been shown that the rise in intracellular Ca21 levels,
caused by excess levels of amino acid, increases the
direct binding of Ca21/calmodulin complex to
mTORC1, leading to its activation [76]. Recently it has
been demonstrated that α7β1-integrin sensitizes skeletal
muscle to mechanical strain and increases Akt-mTOR-
S6K1 signaling during muscle hypertrophy following
exercise training in α7BX2-integrin transgenic mice
[77]. It is also possible that mTORC is sensitive to
influx of Ca21 across the sarcolemma into the muscle
cell through stretch-activated channels [78]. Another
intriguing hypothesis is that conversion of mechanical
loading to cell signaling events in skeletal muscle may
be mediated by changes in the phosphorylation status
of focal adhesion kinase (FAK) [79]. It has been shown
in vitro that FAK activation can affect mTOR signaling
by phosphorylation of TSC2 [80]. Xia and coworkers
showed that FAK can also affect activation of the Akt/
mTOR pathway by increasing PI3K activity in fibro-
blasts [81]. However, there are limited data to suggest
a definitive role of FAK-mediated activation of protein
synthesis in skeletal muscle following exercise
training.

Cytokines can also possibly contribute to induction
of mTOR signaling in hypertrophic processes
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following mechanical overload. Specifically, the knock-
out of leukemia inhibitory factor (LIF) results in a
failed hypertrophic response in plantaris muscle in
response to mechanical loading, suggesting that LIF is
a crucial mediator of the hypertrophic process [82].
Interestingly, LIF induces activation of the Akt/mTOR
pathway in cardiac myocyte hypertrophy [83], and can
possibly mediate exercise-induced activation of mTOR
in skeletal muscle.

Taken together, it is clear that mTOR is a key player
in the process of initiation of the protein synthesis dur-
ing mechanical loading in skeletal muscle. However, it
is unclear as to how exactly physical loading of the cell
membrane is translated into a signal to induce mTOR-
mediated phosphorylation of S6K1 and 4E-BP1,
leading to increased initiation of protein translation in
skeletal muscle.

mTOR IN MUSCLE ATROPHY

Muscle atrophy is defined as a decrease in the mass
of the muscle and can be a partial or complete wasting
away of a muscle [1]. Muscle atrophy is caused by sev-
eral common diseases, such as cancer, diabetes and
renal failure, and by severe burns, starvation and dis-
use of the muscles [12,84�86]. At the molecular level,
the Akt/mTOR hypertrophy-inducing pathway is
inhibited in an in vivo burn model of skeletal muscle
atrophy [86]. In addition, sepsis causes a decrease in
protein synthesis and an increase in atrophy, which
can be attenuated by IGF-1 injections [87]. Muscle atro-
phy can be caused by injury to spinal cord (paraple-
gia), leading to impairment in motor or sensory
function of the lower extremities [88,89]. In a rat model
of paraplegia-induced muscle atrophy, authors found
reduction in phosphorylation and expression levels of
mTOR and S6K1, with no changes in AMPK activity
10 weeks after spinal cord transsection [90]. However,
other reports using a hind limb suspension model of
atrophy, showed an increase in AMPK activity 4�8
weeks after immobilization [85]. Most of the muscle
mass loss occurs within the first 2 weeks of paraplegia
[91], which coincides with increased AMPK activity in
the early stages [85]. It is likely that AMPK negatively
regulates mTOR signaling and protein synthesis in
skeletal muscle during the initial stages after spinal
cord transaction, and the further stages driven by
AMPK-independent mTOR inhibition [90]. In addition
to inhibition of protein synthesis, other distinct
mechanisms are also involved in skeletal muscle atro-
phy [92]. The most important is the stimulation of pro-
teolysis, due to activation of the ubiquitin-proteasome
degradation system through the forkhead box protein
O (FOXO) pathway [12]. Two genes encoding E3

ubiquitin ligases—the muscle ring finger 1 (MuRF1)
and muscle atrophy F-box (MAFbx)—were shown to
be significantly increased during skeletal muscle atro-
phy. These two proteins appear to play a key role in
protein degradation during hypertrophy, because
MuRF12/2 or MAFbx2/2 mice have significantly less
muscle mass loss during atrophy [93]. mTOR is
required for activation of MuRF1 and MAFbx ubiqui-
tin ligases, which does not involve the signaling medi-
ated by the canonical phosphorylation of FOXO
transcription factors [94]. Apoptosis, programmed cell
death, and autophagy, cell self-degradation, might also
contribute to atrophy. Ferreira and colleagues showed
elevated lysosomal autophagic activity and increased
apoptosis in soleus muscle of mice during the first 4 h
after hindlimb suspension [95]. This supports the
notion that, during immobilization atrophy, muscle
wasting is initiated by an autophagic reaction followed
by an inflammatory response [96]. mTOR is a well-
known negative regulator of autophagy, so inhibition
of mTOR signaling might be a key step in initiation of
autophagy during muscle atrophy.

Upregulation of atrophy signaling during long-term
muscle wasting occurs parallel to downregulation of
muscle cell growth-associated signaling, and both pro-
cesses are mediated by mTOR pathway. However,
despite the important role of mTOR in muscle atrophy,
it appears that the signaling events involved in
decreased muscle protein synthesis are dictated by
external stimuli of atrophy. For example, hypoxia-
induced muscle atrophy, associated with chronic
obstructive pulmonary disease (COPD) and obstructive
sleep apnea (OSA), is mediated by unfolded protein
response (UPR) rather than mTOR signaling [97].
Furthermore, according to the study of Nedergaard
and coworkers, changes in muscle mass after limb
immobilization and subsequent rehabilitation are not
associated with increase in the expression or phos-
phorylation levels of components in mTOR/Akt path-
way [98]. However, recent studies by Lang and
colleagues demonstrated a significant delay of muscle
regrowth in mTOR1/2 mice following 7 days of hind
limb immobilization compared with wild type (WT)
mice [84]. Nevertheless, immobilization-induced
decrease in the phosphorylation of 4E-BP1 did not dif-
fer between WT and mTOR1/2 mice, suggesting that
this model of muscle atrophy could be mTOR indepen-
dent [84]. Accumulating evidence suggests that atro-
phy of skeletal muscle is associated with upregulation
of myostatin— a TGFβ family member that acts as a
negative regulator of muscle mass [99]. Studies by
Amirouche and colleagues show that, although myos-
tatin overexpression fails to alter the ubiquitin-
proteasome pathway, myostatin negatively regulates
the mTOR pathway [100].
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Aging is also associated with muscle wasting, but it
is a rather gradual degenerative loss of the ability to
maintain skeletal muscle function and mass, a condi-
tion known as sarcopenia [101]. The exact biological
mechanism underlying sarcopenia is unknown, but
mTOR appears to play an important role in the pro-
cess. A significant reduction in muscle sarcomere vol-
ume and phosphorylation levels of mTOR were
detected in sedentary aged rats relative to young con-
trols, but it was reversed by treadmill training [102].
These observations may have important clinical impli-
cations, as they suggest that exercise training in
advanced age can directly activate mTOR signaling,
making it a potential target for sarcopenia treatment.
Other forms of sarcopenia, like sarcopenia of cirrhosis,
also have been recently shown to be associated with
impaired mTOR signaling [103].

NUTRITION AND mTOR-DEPENDENT
MUSCLE GROWTH

Skeletal muscle has a high content of contractility
proteins, so muscle building is largely dependent on a
nutritional status. Under-nutrition decreases skeletal
MPS in physically active adults by attenuation of
mTOR-mediated 4E-BP1 phosphorylation. The avail-
ability of essential amino acids (EAAs) is the primary
stimulator of MPS [104]. Among EAAs, leucine alone
is able to stimulate MPS [105]. During pregnancy the
fetal growth and development of skeletal muscle
depend entirely on maternal nutrition. Maternal low
protein diet attenuates fetal growth, but it can be
reversed by leucine supplementation, which activates
the mTOR pathway [105]. During the neonatal period,
muscle growth is rapid due to an ability to increase
protein synthesis in response to feeding, which signifi-
cantly declines with development [106]. Leucine has
been shown to stimulate protein synthesis by inducing
the activation of mTORC1 and its downstream path-
way in neonatal pigs, but this effect decreases with
development [107]. Skeletal muscle protein turnover in
adults is also largely affected by nutrients availability
[108]. Rapamycin administration to humans blocks
EAA-induced stimulation of MPS, indicating an
mTORC1-dependent mechanism [109]. Changes in
amino acids levels are sensed by nutrient sensor
human vacuolar protein sorting 34 (hVps34) and trans-
duced to mTORC1 in a Ca21-dependent manner [76].
Increased EAAs levels also lead to activation of
mitogen-activated protein kinase kinase kinase kinase
3 (MAP4K3) and Rag GTPase, which results in
mTORC1-dependent phosphorylation of S6K1
[110,111]. Stimulation of mTORC1 by essential amino
acids was shown to not only elevate protein synthesis,

but also increase expression of EAA transporters,
which sensitizes cells to increased EAAs availability
[112] (Figure 22.1). Consumption of a high-protein
meal does not further stimulate MPS compared with a
moderately sized protein meal [113]. This suggests that
consumption of several moderately sized protein
meals during the day will better support muscle
growth than a single meal with high protein content.
With aging, EAAs elicit smaller muscle protein ana-
bolic response compared with young subjects [114].
EAAs supplementation also increases MPS induced by
resistance training via the activation of the Akt/
mTORC1/S6K1 pathway by leucine [73], and this
response is not affected by aging [115]. Similar results
were obtained by Morrison and colleagues using an
endurance exercise model in rats, wherein phosphory-
lation of mTOR and S6K1 was observed following
3 hours of swimming only in rats that received
carbohydrate-protein supplement, but not in fasted
animals [116]. However, in elderly people, protein sup-
plementation before and after exercise does not seem
to affect muscle hypertrophy following resistance
training [117]. Other factors, such as glycogen level in
skeletal muscle, do not affect protein synthesis after
resistance exercise, despite decreased mTOR phos-
phorylation in glycogen-depleted muscles [118]. Taken
together, mTOR represents a nutrient sensitive path-
way, regulating muscle growth in the fed state.

CONCLUSIONS

Over the past years, the mechanisms controlling
muscle growth have attracted the attention of many
scientists in various fields of study, including aging,
prognosis of many diseases, and sports medicine. The
mTOR complex appears to represent a common path-
way on which several signals regulating protein turn-
over in muscle converge. mTOR is a key regulator of
prenatal muscle development, and its activity is crucial
for hypertrophy induced by resistance exercise in
adults. Inhibition of mTOR appears to be critical in
development of muscle atrophy. Recent findings offer
a newer molecular explanation for training-induced
muscle building. During mechanical overload, mTOR
is activated independent of hormones and growth fac-
tors, implying that maximal muscle growth in athletes
can be brought about by extensive training alone in
the absence of external growth factors or supplements.
In addition, recent advances in identifying the mechan-
isms of muscle loss may help develop novel drugs tar-
geting mTOR to combat skeletal muscle atrophy in a
variety of clinical conditions: from spinal cord trauma
and cancer, to the loss of muscle mass during disuse
or normal aging.
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INTRODUCTION

Heat shock proteins (HSPs), also called stress pro-
teins, are a group of highly conserved proteins that are
an integral part of the cell’s protective and antioxidant
systems against stress and cell damage [1,2]. HSPs
function in both physiological and stress-induced
states. They aid in de novo synthesis of proteins by
ensuring correct folding of nascent polypeptides and
their translocation [3]. In stressed cells, they facilitate
repair of denatured proteins and dissociation of initial
loose protein aggregates [4]. HSPs also participate in
the degradation of stress-damaged proteins in the pro-
teasome system [5�7].

HEAT SHOCK PROTEIN FAMILY

HSPs are classified into families according to their
molecular weight and homology and include HSP100,
HSP90, HSP70, HSP60, HSP40 and small HSP families.
Major isoforms of the HSP70 family includes
HSP72, HSPA2, glucose regulated protein-78 (GRP78),
HSP70B, HSP73 and GRP75 [8,9]. Isoforms of HSP are
located mainly in the cytosol and nucleus, but are also
found in lysosomes, the endoplasmic reticulum and
the mitochondria [9]. HSP72 is the major inducible
HSP found in the nucleus and cytosol [10], requires
ATP for its chaperone activity, [3] and minimizes
aggregation of newly synthesized proteins. Stress-
induced HSP72 protects against aggregation of dena-
tured proteins and inhibits stress-induced apoptosis
even after activation of initiator and effector caspases

[11,12]. HSP72 stabilizes the lysosomal membrane,
inhibiting the release of hydrolases that lead to cell
death [13]. Alterations in HSP72 synthesis may result
in disturbances in cell proliferation [14]. HSP73 acts as
a chaperone in non-stressed cells [15], but also has a
role in the formation of clathrin and factors involved
in intracellular transportation [16].

The HSP90 family, which includes HSP90α and
HSP90β, participate in steroid hormone maturation
and signaling [17]. HSP90 catalyzes the interaction
with several substrate proteins and co-chaperones [18].
HSP90 is a potent autoantigen and is therefore pre-
sumed to have a role in inflammatory diseases and
atherosclerosis [19]. This function is interesting,
because HSP90 is involved in the activation of endo-
thelial nitric oxide synthase (eNOS) causing an
increase in the synthesis of NO [20].

The HSP60 family consists of stress-inducible HSP60
[10]. HSP60 is present in both the mitochondria and
cytosol. HSP60 has a role in the innate immune
response [21] and in mitochondrial protein synthesis
[22,23]. HSP60 either inhibits caspase-3 [24] or facilitates
the maturation of pro-caspase-3 to its active form [25].
Therefore, HSP60 has an important role in modulating
the balance between cell death and survival [26]. The
HSP40 family comprises HSP47, which is involved in
pro-collagen synthesis [27]. HSP47 interacts closely
with HSP70 [28]. HSP47 has the capability to bind to
collagen types I�III [29]. HSP32 (HO-1) does not func-
tion as a chaperone, but it catalyzes the conversion of
heme to iron, biliverdin and carbon monoxide, thus reg-
ulating inflammatory and immune responses and trans-
plant rejection [30,31]. HO-1 induction is a sensitive
marker of oxidative stress and also protects against
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oxidative damage [15,32,33]. HSP27 and αB crystalline
belong to a family of small heat shock proteins. They
stabilize actin microfilaments [34] and inhibit stress-
induced apoptosis [35]. HSP27 is subject to modulation
by phosphorylation [36]. Over-expression of HSP27
promotes endothelial cell migration [37].

REGULATION OF STRESS PROTEINS
IN SKELETAL MUSCLE

The major transcription factor heat shock factor-1
(HSF-1) controls the expression of heat shock genes. It
binds to the heat shock elements (HSE) which are pres-
ent in multiple copies upstream of the heat shock genes.
In addition to this classical regulatory mechanism, post-
transcriptional mechanisms also modulate HSP synthe-
sis [38]. The post-transcriptional mechanism acts via
stabilization of HSP70 mRNA [39]. HSF-1 monomers
are co-localized with HSP70 under physiological, non-
stressed conditions. When the cells are exposed to

stress, HSF-1 is rapidly activated [38]. This results in tri-
merization of HSF-1 monomers, translocation, hyper-
phosphorylation and binding of the active transcription
factor to the promoter region [40�42]. This process is
subject to negative feedback regulation because HSP70
binds to activated HSF-1, resulting in an inhibition of
the heat shock response [43]. It has also been hypothe-
sized that the lipid architecture of membranes enables
them to act as sensors and modulate activation of HSF-
1 [44]. Under certain conditions, HSF-1 inhibits activa-
tion of NF-kB, a major transcriptional regulator of
proinflammatory genes [45].

Several mechanisms and strategies are suggested to
induce an HSP response in skeletal muscle
(Figure 23.1). Nevertheless, an increased intracellular
pool of aggregating denatured proteins is the major
inducer of HSP70 accumulation [46,47]. HSP synthesis
is induced by a variety of stressful conditions, such as
elevated core temperature, ischemia, increased intra-
cellular calcium, electro-mechanical coupling, stress on
intermediate filaments, glycogen and ATP depletion,

Acidosis and lactate accumulation

ATP and glygogen depletion

Free radicals

# Especially eccentric exercise can cause muscle damage
to which type II fibers are more vulnerable than type I fibers

damaged proteins

newly synthesized proteins
HSF → HSE → HSP → mRNA → free HSP

Exercise and contraction related stress
• intermediate filament stress
• electro mechanical coupling
• free Ca+ accumulation
• hyperthermia

• muscle mass ↑
• muscle fibre size ↑
• protein content ↑
• protein synthesis ↑

• assising to convert new proteins for building muscle mass
• reducing structural damage induced by exercise-induced muscle damage
• repairing and replacing damaged proteins throughout muscle tissue

HSPs content in muscle at rest in rats

Fiber type         I                    II
HSP72             +++                  +
HSP90             +++                  +

Fiber type         I                    lia                      llb
GRP75             ++                    +++                    +
HSP60             ++                    +++                     +

Hypertrophy

HSPs (chaperone function)

Concentric, eccentric and isometric contractions

HSPs

HSPs induction

I

#
II

FIGURE 23.1 Exercise-related factors that can induce HSPs in the skeletal muscle and HSP protein contents at rest. A differential inter-
ference contrast microscopy (DIC) image of frozen section from vastus lateralis muscle of human subjects was double-stained with slow myo-
sin heavy chain antibody (type I fiber) with red fluorochrome and anti-nitrotyrosine antibody (green) using Zeiss Axiovert 200 M (203
magnification). Type II (fast myosin heavy chain) fibers are unstained. Ca1, calcium; GRP75, glucose regulated protein; HSE, heat shock ele-
ments; HSF, heat shock factor; HSP, heat shock protein.
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acidosis and oxidative stress, which all exist during
exhaustive and prolonged physical exercise [2,48�50].
Therefore it is not surprising that it was shown by the
late 1990s that exercise up-regulates the expression of
HSPs [49,51,52]. It has been well documented that both
acute and chronic exercise induce HSP expression
[1,32,53]. Therefore, physical exercise can be consid-
ered a safe, physiological strategy to enhance skeletal
muscle HSP levels [54]. The HSP70 family is the most
studied HSP family in response to exercise in both
humans and in different animal models [55,56]. Most
of the human studies related to HSP70 response to
exercise are focused on skeletal muscle or on lympho-
cytes [55,56].

STRESS PROTEINS AND EXERCISE

The continuous interplay between mechanisms that
drive protein synthesis and those that boost protein
degradation are important regulating factors of skeletal
muscle mass [57]. Muscle protein synthesis is the driv-
ing force behind adaptive responses to exercise and is
dependent upon both workload and intensity of train-
ing [58]. Mechanical tension, muscle damage, and met-
abolic stress are primary factors for initiating the
hypertrophic response to resistance exercise. Stress
proteins may have many important tasks for muscle
building, including assisting the conversion of new
proteins for building muscle mass, reducing structural
damage consequent to exercise-induced muscle dam-
age, and repairing and replacing damaged proteins
throughout muscle tissue [2]. In cell culture and ani-
mal models, HSPs have previously been shown to
increase muscle protein synthesis and content and
increase muscle mass [59�62] in response to heat
stress [59,62]. A single bout of heat stress increases
muscle mass and protein synthesis [59,60]. In addition,
heat stress may aid maintenance of muscle fiber size
[63]. These muscle adaptations are mediated in part by
HSPs, and therefore facilitate muscle protein synthesis
[52,64,65].

HSP induction during physical exercise is suggested
to occur in an intensity-and duration-dependent man-
ner [66]. In humans, HSP70 induction after acute exer-
cise may require subjects to exercise at lactate
threshold [56]. Vogt et al. [67] showed that a high-
intensity training group had significantly higher post-
training HSP72 levels than a low-intensity training
group. Liu et al.’s study [68] showed that an intensive
4-week rowing training significantly increased skeletal
muscle HSP72. Nevertheless, it was difficult to con-
clude whether the HSP induction is due to metabolic
stress or muscle damage. Fewer studies have
addressed the HSP response in a sedentary or non-

athletic population. In a study by Willoughby et al.
[69] a 12-week training program involving seven sub-
jects with complete motor spinal cord injury increased
HSP72 in skeletal muscle. Induction of HSP60 expres-
sion in skeletal muscle of healthy humans has been
reported after a short-term exercise program [70,71].

We previously showed that in streptozotocin-
induced diabetic (SID) and non-diabetic control rats,
8 weeks of endurance training on a treadmill increased
the levels of HSP72 both in red gastrocnemius (RG)
and in superficial white portion of vastus lateralis (VL)
muscles in control rats, but to a lesser extent in dia-
betic rats [1]. In this study, RG muscle was chosen to
represent the response of mainly oxidative muscle
fibers, and the superficial white portion of VL repre-
sented glycolytic muscle fibers. Similarly, in the same
study endurance training increased GRP75 expression
in rat skeletal muscle of non-diabetic rats, but not in
diabetic rats [1]. We also observed that endurance
training induced HSF-1 activation in control rats, but
not in SID rats. This finding may explain the mechan-
isms involved in the impaired HSP response in SID. In
addition, histological examinations revealed that tis-
sues of non-diabetic animals with higher HSP protec-
tion were less vulnerable to inflammation after chronic
exercise compared with diabetic animals, which have
impaired HSP response to exercise. Furthermore, along
with enhanced skeletal muscle HSP response, endur-
ance training remarkably increased citrate synthase
activity and triglyceride deposition in skeletal muscle,
which represents an increased capacity for mitochon-
drial oxidation and fat oxidation, which are early
adaptations of the skeletal muscle to endurance train-
ing [72,73]. Consistent with our results, another study
has shown that up-regulation of GRP75 and HSP60 in
response to endurance training were associated with
increased skeletal muscle citrate synthase activity [74].
Collectively, these studies suggest a cross-talk between
enhanced HSP response and increased oxidative
capacity of skeletal muscle.

Induction of HSPs following “non-damaging”
endurance type activities is thought to be mediated by
redox signaling [2]. Non-damaging exercise protocols,
where no inflammatory response has been present
[75], may provide a better methodological approach to
study exercise-induced regulation of HSPs. Damaging
exercise models such as resistance training and down-
hill running have also been used to study the stress
response of human muscle [71]. Interpretation of data
from damaging exercise is more complicated due to
inflammatory response, which may affect the HSP’s
response [76].

HSP mRNA increase during, immediately after, and
several hours after exercise [2], and this response has
been suggested to be muscle fiber-specific: HSP70
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content was increased by 80% in human m. vastus later-
alis, and this response was specific to type I fibers only
[77]. In rats, the expression of HSP72 was higher in type
I fibers compared with type II fibers at the basal level
[78]. Similarly, in healthy and streptozotocin-induced
diabetic rats, HSP72 protein levels were highest in type
I red gastrocnemius muscle, but induction after 8 weeks
of treadmill training was more apparent in type II white
vastus lateralis muscle [1]. This pattern has not been
observed for other HSPs, including HSP90, mitochon-
drial GRP75 and oxidative stress responsive HO-1 [1].
Nevertheless, Ornatsky et al. [79] have shown HSP60
content was highly expressed in heart followed by type
IIa fibers of m. gastrocnemius, type I fibers of m. soleus
and type IIb fibers of m. gastrocnemius. Also GRP75
expression has a similar pattern to that of HSP60 in rat
muscles [79]. Therefore, a fiber-specific stress response
may be limited to particular HSPs.

In addition to intensity, duration, quality (damag-
ing/non-damaging) of exercise and fiber recruitment,
study population should be taken into consideration
before time-course of synthesis and degradation and
fiber specificity of HSPs can be accurately defined [2].
High individual variations of the stress responses
(magnitude and time-course) occur in human skeletal
muscles [2]. Training status [80], recent activity levels
[81], thermal history [82], energy availability [83], sex
[84] and age [75] are possible determinants that affect
the baseline levels of HSPs and the extent of HSP
response [2].

STRESS PROTEINS AND DIETARY
SUPPLEMENTS

In addition to physical exercise, a heat shock
response can be induced or modulated by pharmaco-
logical agents or dietary supplements. These strategies
can be utilized to induce protection against a poten-
tially irreversible injury [15]. Several dietary antioxi-
dant supplementation studies have aimed to protect
against exercise-induced oxidative stress and muscle
damage [85]. Alpha lipoic acid (α-LA) is a nutritional
supplement and naturally occurring thiol group anti-
oxidant precursor [86]. Protein thiolation regulates the
function of some proteins and has been reported to be
a mechanism that protects against oxidative stress [87].
It has also been suggested that LA might function as
an HSP inducer [88]. The role of LA as an enhancer of
HSP induction is further supported by previous study
results of LA supplementation on HSP60 response in
rat heart [86]. Furthermore, there is evidence that LA
and its reduced form dihydrolipoic acid (DHLA) may
have effects on regulatory proteins and on genes

involved in normal growth and metabolism. At high
doses, α-LA has been suggested to induce HSF-1 via
increasing disulfide formation in certain target proteins
[89]. In treadmill-exercised horses, lower-dose LA sup-
plementation (25 mg kg21 d21) for 5 weeks enhanced
skeletal muscle HSP response along with an increased
citrate synthase activity, a marker of oxidative metabo-
lism [90]. In the same study, in non-supplemented
horses, a negative correlation between the resting
levels of muscle HSP60 and HSP25 and lower recovery
level of plasma aspartate aminotransferase (ASAT), a
lysosomal enzyme used as an indicator of exercise-
induced muscle damage, support the cytoprotective
role of HSPs in skeletal muscle. This is in line with the
negative correlations between the plasma ASAT levels
and HSP25 and HSP90 during recovery (24 and 48 h,
respectively) [90]. Consistent with these observations,
Williams et al. [91] have also demonstrated lower crea-
tine kinase (CK) levels, another lysosomal enzyme
marker of tissue damage, with LA-supplementation
following endurance exercise.

However, other antioxidant and dietary supplemen-
tation strategies have given contradictory results. In
physically active healthy non-athlete men, 3 h of knee
extensor exercise at 50% of the maximal power output
increased skeletal muscle HSP72 mRNA content 2.5-
fold, and serum HSP72 protein increased 4-fold [92].
In the other experimental group of the same study,
antioxidant co-supplementation with ascorbic acid and
α-tocopherol (an isoform of vitamin E) gave a similar
pattern of HSP72 mRNA expression and protein con-
tent both in skeletal muscle and plasma, although
these changes were not statistically significant [92].
Surprisingly, supplementation with ascorbic acid,
α- and γ-tocopherol attenuated the exercise-induced
increase of HSP72 both in the skeletal muscle and in
the circulation, suggesting that γ-tocopherol is a potent
inhibitor of exercise-induced increase of HSP72 [92].
Consistent with this study, in an early investigation,
exhaustive treadmill running induced leukocyte
HSP72 mRNA expression and significantly increased
granulocyte HSP72 protein levels only in the placebo
group, but not in a supplementation group which
received 500 IU daily of α-tocopherol for 8 days [93].
Nevertheless, in the same experimental settings,
α-tocopherol did not affect HO-1 levels in lymphocytes
and granulocytes [94]. In another antioxidant supple-
mentation study in healthy, untrained males, oral sup-
plementation of vitamin C 0.5 g/day for 8 weeks
increased baseline HSP70 content in vastus lateralis
muscle [76]. In the same experiment, cycling at 70% of
VO2peak for 45 min increased muscle HSP72 levels sig-
nificantly and tended to increase HSP60 levels in con-
trols groups, whereas no exercise-induced HSP
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response was seen in the vitamin C-supplemented
group [76]. The authors concluded that, although vita-
min C-supplementation up-regulated baseline expres-
sion of HSPs, it also attenuated exercise-induced HSP
and antioxidant defenses. In a more recent study,
interaction of antioxidant supplementation with aero-
bic training on systemic oxidative stress and HSP72
expression was investigated in the elderly at mean age
of 74.6 yr. All subjects were supplemented with vita-
min C (500 mg/day) and vitamin E (100 mg/day) for
8 weeks and randomly divided either to sedentary or
training group [95]. Training consisted of an individu-
alized aerobic training program of a supervised 1 h
walking session 3 days per week for 8 weeks.
Antioxidant supplementation decreased resting and
post-exercise oxidative stress markers similarly in both
groups, and lowered oxidative stress was parallel with
decreased expression of HSP72 levels in monocytes
and granulocytes in both groups [95]. However, 8
weeks of aerobic training had no effect on oxidative
stress or leukocyte HSP defense in elderly people who
received antioxidant supplement [95]. Because this
study did not contain any appropriate control group of
un-supplemented subjects for the training groups, we
cannot obtain any evidence from it on the impact of
antioxidant supplementation on exercise-induced HSP
adaptations in the elderly. In addition to antioxidant
supplementations, in an early study, estrogen adminis-
tration to male rats attenuated post-exercise HSP72
over two-fold in the red and white vastus muscles
compared with their vehicle-injected controls [96]. In
the same study, female rats with no estrogen adminis-
tration had significantly lower post-exercise HSP72
levels than their male counterparts [96]. These results
suggest a role of estrogen for gender-specific HSP
response to physical exercise, which may further give
clues for a possible connection of HSPs to muscle
building and body composition.

CONCLUSIONS

In conclusion, HSPs, essential components of tissue
protection and protein homeostasis, are implicated in
muscle protein synthesis, repair of damaged proteins,
and muscle hypertrophy. Physical exercise is a safe
tool to enhance muscle stress protein levels. Other
strategies, including antioxidant nutrient supplementa-
tion studies, have recently gained interest. In spite of
promising effects of LA on HSP response, further stud-
ies are required to allow us to conclude whether anti-
oxidant supplementations can boost muscle stress
protein responses.
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INTRODUCTION

Skeletal muscle is one of the abundant tissues of the
human body, accounting for roughly 40% of the body
mass in men [1]. In addition to its primary function in
locomotion, there is a growing recognition that skeletal
muscle has an important role in whole-body metabo-
lism and protein homeostasis during aging [2,3]. The
clinical importance of skeletal muscle health is
highlighted by the diverse patient population reported
to show significant losses in skeletal muscle mass,
including those suffering from systemic diseases (can-
cer, sepsis or HIV-AIDS), organ failure (cirrhosis,
chronic kidney disease and chronic heart failure) or
inactivity (as a result of obesity, rheumatoid arthritis
or prolonged bed rest) as well as aging (sarcopenia).
Currently, the most effective therapy for maintaining
or restoring muscle mass is resistance exercise, which
is often not a realistic option for the aforementioned
patient populations. Given this state of affairs, there is
great interest in defining the anabolic and catabolic
signaling pathways that regulate skeletal muscle mass,
as the basis for developing more effective therapies to
prevent or restore the loss of muscle mass associated
with systemic disease, bed rest and aging. Moreover, a
better understanding of the signaling pathways that
regulate skeletal muscle mass will allow for the design
of more effective training and nutritional programs
aimed at increasing muscle mass in athletes, with the
goal of improving performance.

HISTORY

One of the most remarkable qualities of skeletal
muscle, that is often taken for granted, is its ability to
specifically alter its physical characteristics (pheno-
type) in response to a particular type of contractile
activity. The most obvious example of this phenotypic
plasticity is the significant increase in skeletal muscle
mass following a progressive, high-resistance exercise
training program. The observation that resistance exer-
cise can increase muscle mass dates back to the to the
ancient Greeks, when it was reputed that Milo of
Crotona achieved his great strength by carrying a calf
on his back every day until it was a bull. Current resis-
tance exercise training programs have replaced the
bull with barbells and dumbbells, prescribing three
sets of 8�12 repetitions for each exercise, performed
on alternating days, three times a week [4]. The dra-
matic increase in muscle size following resistance exer-
cise is primarily the result of an increase in muscle
fiber size (hypertrophy) with the contribution from an
increase in muscle fiber number (hyperplasia) minor, if
at all [5�9].

Skeletal muscle mass is primarily dictated by the
balance between the rates of protein synthesis and
degradation, with a net increase in the rate of protein
synthesis leading to muscle hypertrophy [10].
Accordingly, resistance exercise has been shown in
both humans and rodents to cause a net increase in the
rate of protein synthesis [10�16]. While early animal
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studies reported changes in mitogen-activated protein
kinase (MAPK) signaling in response to high-force
contractions, Baar and Esser [17] provided the first
mechanistic data linking high-force contractions to
muscle hypertrophy via the prolonged activation of
mTOR (mechanistic or mammalian target of rapamy-
cin) signaling, the cell’s master regulator of protein
synthesis [17�20]. Bodine and colleagues [21] followed
up with the seminal study demonstrating mTOR func-
tion was absolutely necessary for skeletal muscle
hypertrophy [21]. The importance of mTOR activation
was more recently confirmed in humans by Mayhew
and co-workers [22], showing that changes in transla-
tional signaling following a bout of unaccustomed
resistance exercise was predictive of the hypertrophic
response after 16 weeks of resistance exercise training
[22]. While mTOR signaling is considered to be the pri-
mary pathway regulating skeletal muscle mass, other
signaling pathways have been shown to be capable of
regulating skeletal muscle hypertrophy. The focus of
this chapter will be to briefly discuss the role of mTOR
signaling in muscle hypertrophy (see Chapter 22 by
Panzhinskiy et al., for an in-depth review of mTOR
signaling) followed by a review of other anabolic sig-
naling pathways involved in the regulation of skeletal
muscle mass. The chapter will conclude with a review
of catabolic signaling pathways that promote muscle
atrophy by inhibiting protein synthesis and/or increas-
ing the rate of protein degradation.

ANABOLIC SIGNALING

mTOR Signaling

mTOR (mammalian target of rapamycin) is a mem-
ber of the phosphoinositide 3-kinase (PI3K)-related
kinase family that has been shown to form two sepa-
rate multi-protein complexes designated mTOR com-
plex 1 (TORC1) and 2 (mTORC2) [23]. mTORC1 is a
master regulator of protein synthesis by integrating a
number of upstream signals including growth factors
(insulin, IGF-1), nutrients (amino acids) and mechani-
cal strain, whereas TORC2 is primarily involved in the
regulation of cytoskeleton dynamics and cell prolifera-
tion and survival [23,24].

Although it had been known for some time that
insulin-like growth factor-1 is capable of inducing
muscle fiber hypertrophy, the underlying mechanism
remained unknown until Rommel and colleagues [25]
provided evidence showing that IGF-1 activated
TORC1 via the PI3K/AKT pathway [25,26]. Activation
of the PI3K/AKT pathway by IGF-1 increases protein
synthesis through AKT-mediated phosphorylation of
tuberous sclerosis protein 2 (TSC2) protein, the

primary inhibitor of TORC1 activity [27�30]. The
phosphorylation of TSC2 by AKT inhibits its activity,
resulting in the accumulation of the active form of
Rheb (Ras homolog enriched in brain), a potent activa-
tor of TORC1 [31,32]. Once activated by Rheb, TORC1
stimulates protein synthesis by phosphorylating ribo-
somal S6 kinase (p70S6k1) and eukaryotic initiation fac-
tor 4E binding protein (4E-BP1), two factors that
enhance the initiation of mRNA translation. In addi-
tion to these factors, TORC1 activation has been shown
to increase the expression of the ε-subunit of eIF2B
holoenzyme thereby promoting the recruitment of the
initiator methionine tRNA to the start codon and
increasing protein synthesis [33]. The expression of
eIF2Bε was shown to increase following resistance
exercise training, with its abundance appearing to be
an important determinant of the hypertrophic response
[22,34].

In a search for proteins that were targeted for degra-
dation by the muscle-specific ubiquitin ligase Fbxo32
(commonly known as MAFbx or atrogin), Lagirand-
Cantaloube and co-workers [35] identified the eukary-
otic initiation factor 3, subunit 5 (eIF3f) [35]. As the
largest of the initiation factors, evidence indicates that
the eIF3 complex is involved in nearly all aspects of
translation initiation; most notable for the current dis-
cussion is the finding that eIF3f can serve as a docking
site for TORC1 and p70S6k1[36�38]. Upon activation,
TORC1 is recruited to the eIF3f-p70S6K1 complex, lead-
ing to the phosphorylation and subsequent release of
active p70S6K1 which is now capable of increasing pro-
tein synthesis by phosphorylating ribosomal protein S6
(rpS6) and eIF4B [37,38]. In a series of studies, it was
demonstrated that the in vivo and in vitro over-
expression of eIF3f induced myotube and muscle fiber
hypertrophy, respectively, by stimulating protein syn-
thesis through the phosphorylation of p70S6K1, rpS6
and 4E-BP1 [35,39]. It will be important to determine if
the regulation of muscle hypertrophy by eIF3f is con-
served in humans and what role it has in the hypertro-
phic response following resistance exercise.

Wnt/β-Catenin Signaling

In their original description of IGF-1-mediated mus-
cle hypertrophy, Rommel and colleagues [25] also
identified glycogen synthase kinase 3β (GSK3β) as a
downstream target of PI3K/AKT signaling [25]. In
contrast to TORC1, phosphorylation by AKT leads to
GSK3β inactivation which prevents further inhibition,
via phosphorylation, of the translation initiation factor
eIF2Bε [25]. The inhibition of GSK3β activity by IGF-1
or lithium (a known inhibitor of GSK3β) treatment, or
over-expression of a dominant-negative form of
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GSK3β, all resulted in a significant myotube hypertro-
phy, thus confirming the importance of GSK3β inhibi-
tion by IGF-1/PI3K/AKT signaling in the regulation of
muscle mass [25,40].

In addition to eIF2Bε, the inactivation of GSK3β by
IGF-1 via AKT phosphorylation also results in the sta-
bilization of β-catenin protein [41]. β-catenin is known
to exist in two separate intracellular pools: an actin
cytoskeleton pool involved in the formation of adhe-
rens junctions and a cytoplasmic pool that is the down-
stream mediator of the Wnt signaling pathway
involved in the regulation of gene expression [42].
Under resting conditions, cytoplasmic β-catenin is
phosphorylated by GSK3β, targeting it for degradation
by the proteosome [43]. Upon GSK3β inhibition, via
phosphorylation of Ser9 by AKT or sequestration by
Dishelved following Wnt activation, β-catenin accumu-
lates in the cytoplasm and then ultimately translocates
to the nucleus where it regulates the expression of tar-
get genes such as c-Myc and cyclin D [44,45]. These
studies show that β-catenin levels can be regulated by
a Wnt-dependent and -independent mechanism.

Following 7 days of mechanical overload induced by
synergist ablation, nuclear β-catenin levels increased by
over four-fold in the mouse plantaris muscle through a
Wnt-independent mechanism [46]. In a follow-up study,
Armstrong and colleagues [47] reported that the skeletal
muscle-specific inactivation of β-catenin completely pre-
vented muscle fiber hypertrophy, demonstrating the
necessity of β-catenin in the regulation of muscle hyper-
trophy [47]. Associated with the increase in nuclear
β-catenin levels during hypertrophy were increased
myonuclear c-Myc expression (an established target
gene of β-catenin) and a three-fold increase in total RNA
[46]. The increase in the total RNA pool is indicative of
ribosome biogenesis given that B85% of total RNA con-
sists of ribosomal RNA [48]. A greater ribosomal content
of the cell results in an increase in protein synthesis as a
consequence of greater translational capacity. An
increase in the translational capacity of the cell repre-
sents an additional mechanism for increasing the rate of
protein synthesis in response to a hypertrophic stimulus.
While the necessity of enhanced translational efficiency
through TORC1 activation is well-established, the
importance of increased translational capacity to skeletal
muscle hypertrophy will require further investigation
[49]. Interestingly, in a review of the literature, Hannan
et al. [50] concluded that increased translational capacity
was required for cardiac hypertrophy and that increased
translational efficiency alone was not sufficient to pro-
mote muscle hypertrophy [50].

Although the exact mechanism involved in the reg-
ulation of ribosome biogenesis during muscle hyper-
trophy is currently unknown, evidence from a number
of different studies supports a model in which

increased β-catenin expression up-regulates c-Myc
expression, which subsequently drives transcription of
ribosomal DNA through the regulation of RNA poly-
merase I and components of the preinitiation complex
[46,51,52]. Future studies will need to determine the
contribution of ribosome biogenesis, and the resulting
greater translational capacity, to the increase in protein
synthesis underlying muscle growth and if such a
mechanism is operative in humans in response to
resistance exercise training.

A non-canonical Wnt signaling pathway has been
described that is capable of inducing muscle hypertro-
phy independent of GSK3β or β-catenin [53].
Experiments in myotubes revealed that Wnt7a binding
to the frizzled homolog 7 (Fzd7) receptor activated
AKT via a PI3K mechanism that did not involve IGF-1
signaling [53]. As expected, AKT activation by Wnt7a
resulted in an increase in TORC1 activity, as assessed
by rpS6 phosphorylation, and an increase in myotube
diameter [53]. Consistent with these findings, over-
expression of Wnt7a in skeletal muscle fibers increased
cross-sectional area by 40�55%; however, whether or
not this hypertrophy was caused by TORC1 activation
and/or the increase in satellite cells associated with
Wnt7a over-expression, remains to determined [53,54].

β-Adrenergic Receptor Signaling

The β-adrenergic receptors (β-AR) are members of
the guanine nucleotide-binding G-protein-coupled
receptor family, with the β2 subtype being the most
abundant in skeletal muscle [55�57]. In skeletal mus-
cle, signaling through the β2-AR occurs primarily via
coupling with the G protein Gαs, though there are
reports describing signaling events involving Gαi and,
more recently, Gβγ [58,59]. β2-AR coupling to Gαs acti-
vates adenylyl cyclase production of cyclic-AMP
(cAMP) which in turn activates downstream signaling
through protein kinase A (PKA) [60]. Alternatively, β2-
AR signaling involving the Gβγ dimer initiates signal-
ing through a PKA-independent pathway involving
PI3K activation of AKT [61�63].

Historically, β-adrenergic receptor agonists (β-ago-
nists) have been used to treat patients suffering from
bronchial ailments such as asthma; however, Emery
and co-workers [64] made the fortuitous discovery that
administration of the β-agonist clenbuterol caused skel-
etal muscle hypertrophy in rats and was associated
with a 34% increase in muscle protein synthesis [64].
The ability of β-agonists to increase skeletal muscle
mass has since been confirmed by numerous studies
and shown to be effective in humans as well (reviewed
in Lynch GS, 2008) [60]. The increase in muscle mass
following β-agonist administration is the result of
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hypertrophy (an increase in cell size) and not hyper-
plasia (an increase in cell number) or satellite cell
activity [65�67].

The mechanism through which β-agonists exert
their anabolic effect has been attributed to enhanced
protein synthesis, though studies have reported a
decrease in protein degradation as a contributing fac-
tor [64,68�73]. The increase in skeletal muscle mass
following 14 days of clenbuterol treatment was
completely blocked by co-administration of rapamycin,
a potent inhibitor of TORC1 signaling, indicating that
the anabolic action of β-agonists is the result of an
increase in protein synthesis via TORC1 activation
[74]. In support of this mechanism, the same authors
reported that clenbuterol activated TORC1 signaling,
as evidenced by increased phosphorylation of AKT,
p70S6K1 and 4E-BP1 [74]. Moreover, these findings sug-
gest that, in skeletal muscle, β-agonists function
through a β2-AR/Gβγ complex that activates
PI3K/AKT signaling. Interestingly, rapamycin or tricir-
ibine (an AKT inhibitor) was unable to block the
muscle-sparing effects of clenbuterol following muscle
denervation, suggesting a different mode of action,
possibly involving the cAMP/PKA pathway down-
stream of β2-AR/ Gαs [74,75].

In addition to Gαs and Gβγ, a lysophosphotidic acid
(LPA)-induced muscle hypertrophy was uncovered
that involved the Gαi2 isoform [76]. In a series of loss-
and gain-of-function experiments, Minetti and collea-
gues [76] showed that LPA-induced myotube
hypertrophy increased protein synthesis by 40% as a
result of TORC1 activation, as indicated by increased
phosphorylation of its downstream targets p70S6K1 and
rpS6 [76]. TORC1 activation by LPA, however, was
independent of AKT but required protein kinase C
(PKC) inhibition of GSK3β, though the mechanism
linking PKC to TORC1 activation remains to be identi-
fied [76].

Emerging Pathways

Unlike PI3K/AKT/TORC1 and β2-AR signaling
pathways, there are less well-established signaling
pathways that have been shown to be capable of regu-
lating muscle hypertrophy. Although it is still too early
to know the importance of these “new” pathways in
human skeletal muscle hypertrophy, an understanding
of how each of these pathways function will provide a
more comprehensive knowledge of the signaling path-
ways that regulate skeletal muscle hypertrophy.

Nitric Oxide (NO) Signaling

Inhibition of nitric oxide synthase (NOS) by
NG-nitro-L-arginine methyl ester (L-NAME)

administration significantly blunted muscle hypertro-
phy induced by mechanical overload of the rat plan-
taris muscle [77,78]. Building on these early studies, Ito
and colleagues [79] uncovered a signaling pathway by
which nNOS production of nitric oxide mediates mus-
cle hypertrophy [79]. Upon mechanical loading, nNOS-
produced nitric oxide reacts with superoxide to
generate peroxynitrite. Peroxynitrite then activates the
TRPV1 (transient receptor potential cation channel,
subfamily V, member 1) channel, causing an increase
in intracellular Ca21 levels via release from the sarco-
plasmic reticulum. Elevation of intracellular Ca21

causes an increase in protein synthesis through TORC1
activation by an unknown mechanism; though specu-
lative at this time, the authors proposed a similar
Ca21/calmodulin mechanism as that used by amino
acids to stimulate TORC1 activity [79,80]. In agreement
with these findings, the administration of the
TRPV1 agonist capsaicin activated TORC1 signaling to
a level comparable to that observed with mechanical
overload [79].

PGC-α4 Signaling

PGC-1α (peroxisome proliferative activated recep-
tor, gamma, coactivator 1 alpha) was originally identi-
fied as a coactivator of PPARγ in brown adipose tissue
but has since been shown to have an important role in
skeletal muscle adaptation to exercise [81,82].
Although the over-expression of PGC-1α in skeletal
muscle was found to ameliorate the loss of muscle
mass caused by denervation, there was no evidence to
suggest PGC-1α might have a role in regulating skele-
tal muscle hypertrophy [83]. Recently, Ruas et al., [84]
identified a splice variant of PGC-1α, PGC-1α4, capa-
ble of inducing muscle fiber hypertrophy when over-
expressed both in vitro and in vivo[84]. The mechanism
through which PGC-1α4 promotes hypertrophic
growth appears to be through the down-regulation of
myostatin expression while simultaneously increasing
IGF-1 expression [84]. Importantly, in humans, PGC-
1α4 expression was found to be dramatically increased
in response to an 8-week training program consisting
of both resistance and endurance exercises [84].
Moreover, leg press performance (number of repeti-
tions) following the training program correlated with
the increase in PGC-1α4 expression, suggesting PGC-
1α4 expression might serve as a readout for optimizing
a strength-training program [84].

MicroRNAs

MicroRNAs (miRs) are small (B22 nucleotides),
noncoding RNAs that regulate gene expression
through a post-transcriptional mechanism [85]. A small
family of muscle-specific miRs, referred to as
myomiRs, have been shown to have an important role
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in muscle development and disease [86]. The expres-
sion of these myomiRs has been found to change in
response to both resistance and endurance exercise fol-
lowing a single bout or with training [87]. Davidsen
and co-workers [88] identified a small group of miRs
that were differentially expressed between low- and
high-responders following a 12-week resistance exer-
cise program [88]. In particular, the change in miR-378
expression in response to training was positively corre-
lated with gains in skeletal muscle mass [88]. To have
a better understanding of the molecular mechanisms
through which myomiRs regulate skeletal muscle
hypertrophy, future studies will need to focus on iden-
tifying target genes and their connection to anabolic
signaling.

CATABOLIC SIGNALING

As dramatic as the increase in skeletal muscle mass
can be as the result of resistance exercise training, so
the loss of skeletal muscle mass can be following peri-
ods of disuse. Muscle atrophy can also occur as the
consequence of certain systemic diseases (cancer, sep-
sis or HIV-AIDS), organ failure (cirrhosis, chronic kid-
ney disease and chronic heart failure), inactivity (as a
result of obesity, rheumatoid arthritis or prolonged
bed rest) and aging. In contrast to muscle hypertrophy,
muscle atrophy comes about when the rate of protein
degradation exceeds the rate of protein synthesis,
either through an increase in the rate of protein degra-
dation and/or a decrease in the rate of protein
synthesis.

In an effort to determine if a common mechanism
might underlie muscle atrophy brought about by dif-
fering catabolic conditions, Bodine and colleagues [89]
searched for genes that shared a similar pattern of
expression in response to denervation, immobilization
and hind limb unloading [89]. Two genes, MAFbx
(Muscle Atrophy F-box) and MuRF-1 (Muscle RING
Finger 1), were identified that were significantly up-
regulated in all three models of muscle atrophy [89].
Concurrently, Gomes and co-workers reported the
identification of atrogin-1 (also known as MAFbx) in
atrophying muscle caused by food deprivation, diabe-
tes, cancer and renal failure [90]. Further analysis
revealed that both MAFbx and MuRF-1 skeletal
muscle-specific ubiquitin ligases are involved in pro-
tein degradation through the ubiquitin-proteosome
system [89,90]. The central importance of these two
genes to the skeletal muscle atrophy was confirmed by
experiments showing that inactivation of either
MAFbx or MuRF-1 resulted in a blunted atrophic
response under catabolic conditions [89].

AKT/Foxo Signaling

The ability of IGF-1 to block MAFbx expression
under catabolic conditions induced by the synthetic
glucocorticoid dexamethasone indicated, paradoxi-
cally, that the PI3K/AKT signaling pathway was
involved in the regulation of muscle atrophy [91]. A
downstream target of PI3K/AKT signaling through
which IGF-1 could inhibit MAFbx expression was the
Forkhead box O (FoxO) class of transcription factors;
phosphorylation by AKT causes the Foxo protein to
remain sequestered in the cytoplasm and unable to
activate transcription of target genes such as MAFbx
and MuRF-1[92,93]. Subsequent studies confirmed
such a mechanism by providing evidence demonstrat-
ing that IGF-1 activation of AKT leads to repression of
MAFbx and MuRF-1expression through FoxO phos-
phorylation [94,95]. Further, over-expression of a con-
stitutively active form of FoxO3 isoform caused a
significant increase in MAFbx expression and reduced
myotube diameter by 50% [94]. Conversely, Southgate
and colleagues [96] reported that FoxO1 was also able
to promote muscle atrophy by inhibiting TORC1 sig-
naling through the up-regulation of 4E-BP1 expression
[96]. In addition to describing a key signaling pathway
regulating muscle atrophy, these studies reveal the
degree of crosstalk between anabolic and catabolic
pathways in skeletal muscle.

Given that both MAFbx and MuRF-1 are E3 ubiqui-
tin ligases, identifying the proteins each one targets for
degradation is important for understanding their
respective catabolic action and how it promotes muscle
atrophy. MAFbx had been shown to target eIF3f and
MyoD for degradation whereas thick myofilament pro-
teins, such as myosin-binding protein C, myosin light
chains 1 and 2 and myosin heavy chain, are targeted for
degradation by MuRF-1 [35,97,98]. These findings sug-
gest MAFbx and MuRF-1 have distinct functions in
muscle atrophy; MAFbx modulates the expression level
of genes involved in regulating protein synthesis while
MuRF-1 influences the level of protein degradation [99].

Myostatin Signaling

Myostatin is a member of the transforming growth
factor-β (TGF-β) superfamily that acts as a potent
negative regulator of skeletal muscle mass [100].
Myostatin binds the activin type IIB receptor which
in turn activates activin receptor-like kinase 4 (ALK4)
or ALK5 receptor and initiates downstream signaling
through Smad 2/Smad 3 transcription factor complex
[101]. While the evidence is clear that inactivation of
myostatin expression or activity promotes skeletal
muscle hypertrophy, the mechanism by which myos-
tatin induces muscle atrophy remains to be fully
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defined [100,102,103]. Studies have shown that myos-
tatin is capable of inhibiting AKT/TORC1 signaling
through a Smad2/3-dependent mechanism, though it
is not clear if this results in Foxo activation of
MAFbx and MuRF-1 expression [102,104�106].
Regardless, these findings provide another example
of the crosstalk between the signaling pathways that
regulate skeletal muscle mass.

AMPK Signaling

The AMP-activated protein kinase (AMPK) is a
multi-protein kinase composed of a catalytic subunit
(α) and two regulatory subunits (βγ) [107]. In response

to cellular stress that causes a decrease in cellular
energy levels (as sensed by an increase in the AMP:ATP
ratio), AMPK is activated and functions to restore the
energy status of the cell by turning on catabolic path-
ways and turning off ATP-consuming anabolic path-
ways such as protein synthesis [107]. The central role
that AMPK plays in the regulation of cell metabolism,
protein synthesis in particular, suggests that it could
also be involved in regulating skeletal muscle mass.

Inoki and colleagues [108] provided evidence that
AMPK was able to inhibit protein synthesis through
phosphorylation of TSC2, a potent inhibitor of TORC1
activity [108]. In agreement with this finding, AMPK
activity was reported to be increased during and imme-
diately following a bout of high-resistance exercise
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FIGURE 24.1 Anabolic and catabolic signaling pathways that regulate skeletal muscle mass. Clenbuterol, IGF-1 and Wnt 7a are able to
activate PI3K/AKT signaling through binding to β-AR, IGFR-1 and Fzd7 receptor, respectively. AKT inhibits TSC2 activity, which results in
Rheb activation of TORC1. TORC1 increases protein synthesis through phosphorylation of S6K1 (p70S6K1) and 4E-BP1. AKT is also able to
increase protein synthesis through inhibition of GSK3β. Inactivation of GSK3β leads to stabilization of β-catenin, resulting in c-Myc induction
of ribosome biogenesis. Protein synthesis can be inhibited through AMPK activation of TSC2, a potent inhibitor of TORC1 signaling. AMPK
can also increase protein degradation through FoxO regulation of MAFbx and MuRF-1 expression. MAFbx and MuRF-1 are muscle-specific
ubiquitin ligase that target proteins for degradation such as eIF3f and myosin, respectively. FoxO up-regulation of MAFbx and MuRF-1
expression can also be mediated through myostatin binding to the ActIIRβ receptor with the downstream activation of Smad 2 and Smad 3
transcription factors. Activation of NF-κB through an unknown mechanism, that is independent of inflammatory cytokines such as TNF-α,
increases MuRF-1 expression through activation of Bcl-3. An arrow indicates activation whereas a crossbar indicates inhibition.
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which was associated with reduced phosphorylation of
4E-BP1 [109]. In AMPK knockout mice, muscle mass
and fiber size were increased as a result of TORC1 acti-
vation [110]. Further, AMPK inactivation accelerated
the rate of muscle hypertrophy induced by mechanical
overload, thus confirming the idea that AMPK acts to
limit skeletal muscle growth [111].

In addition to inhibiting TORC1 through TSC2 acti-
vation, AMPK has also been shown to restrict muscle
growth by inducing expression of Foxo transcription
factors and expression of target genes MAFbx and
MuRF-1 [112]. In myotubes, activation of AMPK by the
AMP analog AICAR (5-Aminoimidazole-4-carboxa-
mide ribonucleotide) caused enhanced myofibrillar
protein degradation that was likely the result of Foxo
mediated up-regulation of MAFbx and MuRF-1
expression [112]. Collectively, these studies highlight
the importance of AMPK regulation of catabolic path-
ways in limiting skeletal muscle growth.

NF-κB Signaling

NF-κB is a dimeric transcription factor involved in a
range of biological processes including inflammatory
and immune responses and is rapidly activated by
inflammatory cytokines such as TNF-α [113]. In skeletal
muscle, however, NF-κB expression was reported to dra-
matically increase during muscle atrophy that was inde-
pendent of TNF-α [114]. Subsequent studies showed that
NF-κB signaling was in fact necessary and sufficient for
mediating the hypertrophic response [115,116]. The
mechanism through which NF-κB signaling promoted
atrophy remained unknown until recently when
Jackman and colleagues (2012) showed that NF-κB
directly regulates the expression of MuRF-1 through a
Bcl-3 dependent mechanism [117]. Alternatively, a mem-
ber of the TNF family of inflammatory cytokines,
TWEAK (TNF-like weak inducer of apoptosis), has been
shown to induce skeletal muscle atrophy through up-
regulation of MuRF-1 via NF-κB activation [118].

SUMMARY

There have been significant advancements during
the last decade in our understanding of the anabolic
and catabolic signaling pathways involved in the regu-
lation of skeletal muscle mass. These advances have
uncovered the mechanistic details of such signaling
pathways and demonstrated the complex crosstalk
that occurs between pathways (Figure 24.1). Future
studies will certainly continue to enhance our under-
standing of the aforementioned pathways as well as
better define the importance of emerging pathways

little considered in the field of skeletal muscle plastic-
ity. While there still remains much to be learned, one
conclusion that is clear is that the regulation of skeletal
muscle mass represents the orchestrated output of
multiple anabolic and catabolic signaling pathways.
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INTRODUCTION

Skeletal muscle comprises numerous bundles of long,
thin, multinucleated cells, or muscle fibers, each contain-
ing a multitude of myofibrils. Each myofibril is com-
posed of myofilaments (comprising the contractile
proteins actin and myosin) and a variety of structural
proteins, all arranged in a regular configuration through-
out the length of the myofibril, so as to form a series of
contractile components, or sarcomeres. The maximum
force that can be generated by a muscle fiber is propor-
tional to the number of sarcomeres arranged in parallel,
or fiber cross-sectional area (CSA), and ultimately the
CSA of the whole muscle [1]. Therefore, there is a strong
relationship between whole-muscle CSA and maximum
isometric force measured in vivo [2�4].

Based on the correlation between muscle CSA and
force-generating capacity, it is not surprising that an
increase in muscle size following resistance training
(RT) is accompanied by an increase in maximal muscle
force [5�7]. Not only can this enhance the athletic per-
formance of an individual but it can also reduce the
elevated risk of falling and bone fracture in older peo-
ple that is among other factors attributable to sarcope-
nia (the age-related loss of muscle mass). The question
thus arises as to the mechanisms underlying overload-
induced muscle hypertrophy.

A multitude of signaling molecules within the mus-
cle fiber are thought to play an integral role in stimu-
lating muscle protein synthesis (MPS) and degradation
(MPD). If there is a positive net protein balance (NPB),

i.e., when the rate of MPS exceeds that of MPD, the
amount of contractile material will increase, enabling
the muscle to hypertrophy and generate more force.
Conversely, when NPB is negative, the muscle will
decrease in size, or atrophy, and become weaker. This
chapter will explore the specific signaling pathways
involved in MPS and MPD, which help to explain how
skeletal muscle adapts to overload, disuse, aging and
muscle-wasting diseases. Furthermore, strategies used
to preserve or maintain muscle mass during periods of
disuse and wasting, such as RT and nutritional inter-
ventions, will be discussed.

In addition to the mechanisms underlying muscle
growth and atrophy, there is still more to be learned
about the systems associated with repair following
exercise-induced muscle damage. Several studies have
reported that disruption of the cytoskeletal structure of
muscle fibers is accompanied by impairment of mus-
cular function following damage-inducing exercise
[8,9]. As well as structural damage to the sarcomere,
eccentric exercise can cause raised intracellular calcium
ion (Ca21) levels [10], decreased muscle force produc-
tion [8,11], an increase in serum levels of muscle-
specific proteins [12], an increase in muscle specific
inflammation [13], an increase in proteolytic enzyme
activity [14], and a delayed onset of muscle soreness
[13]. The ultimate repair of the muscle requires the
activation of satellite cells, and in this chapter we will
consider the various MPD systems and the role of sat-
ellite cells in muscle damage and repair following
exercise.
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MUSCLE GROWTH

While prenatal muscle growth is largely the result
of muscle fiber formation, postnatal maturational mus-
cle growth and that in response to RT is almost
entirely attributable to fiber hypertrophy. Prenatal
myogenesis, i.e., the formation of muscle fibers during
embryonic development, involves the proliferation,
migration, differentiation and fusion of muscle precur-
sor cells to form post-mitotic multinucleated myotubes.
Postnatal skeletal muscle growth is accompanied by an
increase in the number of myonuclei per muscle fiber
[15] that requires the activation of muscle stem cells, or
satellite cells (located at the basal lamina that sur-
rounds the muscle fiber), which proliferate and fuse
with existing muscle fibers [16]. Once fully mature,
skeletal muscle growth, or hypertrophy, is dependent
upon a positive NPB, i.e., MPS must be greater than
MPD [17,18], a process that is driven by an increase in
the rate of MPS [19]. This leads to an accretion of myo-
fibrillar proteins and an increase in muscle fiber CSA,
which in turn leads to an increase in the overall CSA
of the muscle, thus enabling more force to be pro-
duced. Resistance exercise, i.e., overloading the mus-
cle, has been shown to increase MPS [17,18], and
chronic resistance exercise, i.e., RT performed over
many weeks, is a potent stimulus for skeletal muscle
hypertrophy and strength gains [5�7]. However,
exactly how overloading the muscle leads to a positive
NPB and therefore an increase in muscle size has yet
to be fully elucidated. It is thought that the process
necessary for inducing muscle hypertrophy involves a
myriad of molecules within the muscle fiber that form
signaling cascades, eventually culminating in increased
MPS and/or decreased MPD. Here we will discuss
how insulin-like growth factor-I (IGF-I), mechanosen-
sors, and amino acids might activate these specific sig-
naling pathways that lead to MPS and ultimately to
muscle growth, or hypertrophy.

The Role of IGF-I in Muscle Growth

IGF-I is produced by the liver and skeletal muscle
and thus acts on muscle fibers in an endocrine and
autocrine/paracrine manner [20,21]. This growth factor
appears to play an integral role in activating a specific
signaling pathway within the muscle fiber that stimu-
lates MPS [22,23]. The local production and release of
IGF-I during muscle contraction [24] activates this sig-
naling cascade by binding to its receptor, located in the
sarcolemma. This causes autophosphorylation of the
insulin receptor substrate (IRS1) and subsequent phos-
phorylation of downstream molecules within this sig-
naling pathway, which includes phosphatidylinositol-3

kinase (PI3K), protein kinase-B (PKB or Akt), the mam-
malian target of rapamycin complex 1 (mTORC1),
70-kDa ribosomal S6 protein kinase (p70S6K), and
eukaryotic initiation factor 4E binding protein (4E-BP)
(Figure 25.1). In fact, p70S6K activation is related to
gains in skeletal muscle mass following RT, both in rats
[25] and humans [26], with the increase occurring
mainly in type II fibers [27]. Together, these studies
implicate mTORC1 and p70S6K as principal down-
stream mediators of IGF-I stimulation of skeletal muscle
growth.

There is evidence that IGF-I produced in skeletal
muscle is more important for developmental and
exercise-induced muscle growth than IGF-I produced
by the liver. This is indicated by the greater muscle
mass in transgenic mice over-expressing IGF-I in skele-
tal muscle compared with wild-type mice [28,29]
despite normal serum IGF-I levels [29]. Furthermore,
low systemic IGF-I levels in liver-specific IGF-I knock-
out mice does not affect muscle size [30,31]. Also in
young adult men, elevated levels of circulating IGF-I
do not influence MPS following an acute bout of resis-
tance exercise [32] or muscle hypertrophy in response
to RT [33]. Although in rat skeletal muscle, local IGF-I
gene expression increases proportionately to the pro-
gressive increase in external load [24], it is equivocal
whether this occurs in human muscle [34�39]. Some of
this controversy might be explained by the elevated
expression of two isoforms of the IGF-1 gene in animal
skeletal muscle in response to mechanical stimulation
[40,41]. Thus, at least two IGF-I isoforms exist: (i) IGF-
IEa, which is similar to the hepatic endocrine isoform,
and (ii) the less abundant IGF-IEb (in rats) or IGF-IEc
(in humans), otherwise known as mechanical growth
factor (MGF). However, it is not always clear which
IGF-I isoform has been measured in the muscle [35].
Furthermore, the age of the participants also influences
the findings, with MGF increasing in young but not
old people following an exercise bout. Interestingly,
IGF-IEa does not appear to change in young or older
people following resistance exercise [36] despite its
apparent hypertrophic effect [28].

Muscle-derived IGF-I does not appear to be the only
regulator of adult muscle mass and function, as
unloading induces atrophy even in mice that over-
express IGF-I in skeletal muscle [42], and overload
induces hypertrophy even in transgenic mice that
express a dominant negative IGF-I receptor in skeletal
muscle [43]. Also in older people, enhanced muscle
strength can be attained following RT without a signif-
icant change in muscle IGF-I gene expression [44].
Thus, it appears that for the development of hypertro-
phy in adult muscles, loading is more important than
alterations in local and systemic IGF-I levels. This fits
the notion that activation of mTORC1 and p70S6K can
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also occur independently of PI3K activation following
muscle overload [45].

The Role of Mechanosensors in Muscle Growth

The process that couples the mechanical forces during
a muscle contraction with cell signaling and ultimately
protein synthesis is called mechanotransduction. Stretch
activated channels (SACs) are calcium (Ca21) and
sodium permeable channels that increase their open
probability (the fraction of time spent in the open state)
in response to mechanical loading of the sarcolemma

[46�48]. It has been proposed that SACs function as
mechanosensors by allowing an influx of Ca21 into the
muscle fiber [49] following mechanical changes in the
sarcolemma, which activate mTORC1 [50], leading to an
increase in MPS [51]. Correspondingly, inhibition of
SACs by streptomycin reduces skeletal muscle hypertro-
phy in response to mechanical overload [52,53] via atten-
uation of mTORC1 and p70S6K activation [52]. However,
increasing the intracellular [Ca21] in combination with
stretch increases MPS more than Ca21 administration
alone [51], thus suggesting that SACs are not the only
mechanosensors in skeletal muscle.

FIGURE 25.1 The molecular signaling pathways associated with muscle hypertrophy and atrophy. The binding of IGF-I to its receptor
(IGF-IR) causes autophosphorylation of insulin receptor substrate (IRS1). Phosphatidylinositol 3-kinase (PI3K) is a lipid kinase that phosphory-
lates phosphatidylinositol (4,5)-bisphosphate, producing phosphatidylinositol (3,4,5)-trisphosphate, which is a membrane-binding site for
phosphoinositide-dependent protein kinase (PDK1). Upon translocation to the sarcolemma, AKT (or protein kinase B, PKB) is phosphorylated
by PDK1. Once activated, AKT phosphorylates mammalian target of rapamycin complex 1 (mTORC1) directly and by phosphorylating and
inactivating the tuberous sclerosis complexes 1 and 2 (TSC1/2), which otherwise inhibit mTORC1 activation. Following resistance exercise, an
influx of calcium ions (Ca21) via stretch-activated channels (SACs) and the activation of FAK in the costamere can inactivate TSC1/2, thus acti-
vating mTORC1. Amino acids entering the muscle fiber cause RagGTPase-dependent translocation of mTORC1 to the lysosome, where it is
activated by ras homologous protein enriched in brain (Rheb). mTORC1 subsequently activates 70-kDa ribosomal S6 protein kinase (p70S6K),
and inhibits 4E-BP (also known as PHAS-1), which is a negative regulator of the eukaryotic translation initiation factor 4E (eIF-4E).
Phosphorylated AKT also inhibits glycogen-synthase kinase 3β (GSK3β), a substrate of AKT that blocks protein translation initiated by the eIF-
2B protein. All of these actions lead to increased protein synthesis. However, protein degradation can be induced by pro-inflammatory cyto-
kines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), which activate NF-κB via degradation of I-κB, leading to increased
transcription of the E3 ubiquitin-ligase, muscle RING-finger protein-1 (MuRF1). Another ligase, Atrogin1 (also known as MAFbx), is up-
regulated by mitogen-activated protein kinase (MAPK) p38, while both ligases are up-regulated by forkhead box (FOXO) transcription factors.
However, phosphorylated AKT blocks the transcriptional up-regulation of Atrogin1 and MuRF1 by inhibiting FOXO1, while phosphorylated
mTORC1 inhibits the up-regulation of Atrogin1 directly. Myostatin also increases protein degradation and decreases protein synthesis by acti-
vating MAPKs and the SMAD complex, and by inhibiting PI3K. In addition, myostatin inhibits the myogenic program, thus resulting in a
decrease of myoblast proliferation.
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Other mechanosensors might come in the form of
costameres, intra-sarcolemmal protein complexes that
are circumferentially aligned along the length of the
muscle fiber [54]. Costameres mechanically link
peripheral myofibrils via the Z-disks to the sarco-
lemma (Figure 25.2), thus maintaining the integrity of
the muscle fiber during contraction and relaxation [54].
An individual costamere contains many proteins
arranged in a complex structure [56,57], which com-
prises two different laminin receptors, a dystrophin/
glycoprotein complex and an integrin-associated com-
plex, that are localized in the sarcolemma and bound
to intra- and extra-cellular structural proteins
(Figure 25.2). In this way the force-producing contrac-
tile material is connected to the basal membrane and
ultimately to adjacent muscle fibers [56,58,59].

Costameres are receptive to mechanical, electrical
and chemical stimuli [57]. Indeed, mechanical tension
is essential in regulating costameric protein expression,
stability and organization, with talin and vinculin, for
instance, being up-regulated in response to muscle
contraction [60]. Regular contractions, as experienced
during RT, increase the expression of costameric pro-
teins, such as desmin [61], alpha-1-syntrophin and dys-
trophin [62] in humans, while focal adhesion kinase
(FAK) and paxillin activity are increased in stretch-
induced hypertrophied avian skeletal muscle [63]. The
forces exerted on both the intracellular contractile pro-
teins and the basal membrane during periods of load-
ing are required to cause binding of basal membrane
laminin to the receptors on the α and β integrins and
on the dystrophin/glycoprotein complex [55].

(A)

(B)

FIGURE 25.2 Schematic representation of (A) the location of costameres within a skeletal muscle fiber and (B) the proteins that consti-

tute the costamere. Costameres are protein complexes circumferentially aligned along the length of the muscle fiber that connect peripheral
myofibrils at the Z-disks to the sarcolemma and beyond to the extracellular matrix (ECM). The costamere comprises a dystrophin/glycopro-
tein complex and a focal adhesion complex (FAC), which includes the integrin-associated tyrosine kinase focal adhesion kinase (FAK).
Modified from [55] with permission.
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Interaction between integrins and the extra-cellular
matrix causes rapid phosphorylation of FAK [64],
which subsequently activates p70S6K independently of
Akt [65,66]. This probably occurs via the phosphoryla-
tion and thus inactivation of tuberous sclerosis com-
plex 2 [67,68], thus activating mTORC1 as shown in
Figure 25.1.

The Role of Amino Acids in Muscle Growth

Both resistance exercise [18,69] and amino acid/pro-
tein ingestion [70,71] stimulate MPS independently,
while a combination of the two augments MPS even
further [72,73]. Both stimuli cause an increase in
mTORC1 activation [74,75], but it is unclear whether
they stimulate MPS via different signaling pathways,
or whether the combination of the two stimulates the
same pathway more than either stimulant on its own.
It is thought that amino acids cause Rag GTPases to
interact with raptor (a regulatory protein associated
with mTORC1), leading to the translocation of
mTORC1 to the lysosomal membrane, where Rheb
(a Ras GTPase) activates mTORC1 [76�78], as shown
in Figure 25.1. Of the essential amino acids (EAAs), the
branched-chain amino acids (BCAAs: isoleucine, leu-
cine, and valine), particularly leucine, are the most
potent stimulators of the mTORC1 signaling pathway
[79]. Leucine supplementation stimulates muscle pro-
tein accretion in cultured cells [80] and can also reduce
MPD in healthy men [81], and it is possible that the
action of leucine occurs via its metabolite, β-hydroxy-
β-methylbutyrate (HMB) [82,83].

The timing of amino acid ingestion appears crucial
for an optimal anabolic response to a single bout of
resistance exercise: ingesting amino acids immediately
before an exercise bout promotes a greater increase in
MPS compared with ingestion immediately after the
bout [84]. This effect was attributed to an increased
blood flow during exercise, and therefore an increased
delivery of amino acids to the active muscle when
they were ingested prior to exercise [84]. As well as
the timing, the amount of protein ingested is integral
in producing an optimal anabolic environment follow-
ing resistance exercise [85]. For example, the MPS
dose response to ingested protein after a single bout
of resistance exercise in healthy young men is satu-
rated at 20 g protein, and any additional ingested pro-
tein is simply oxidized [85]. This suggests that if the
rate of protein ingestion after resistance exercise
exceeds the rate at which it can be incorporated into
the muscle, the excess protein is not used for MPS.
This dose-response relationship seems to be altered
with age, as in older men increased rates of MPS
were found when participants ingested 40 g protein

following a resistance exercise bout [86]. Therefore,
older muscle appears to be less sensitive to amino
acids, which has been termed ‘anabolic resistance’.
Finally, the type and quality of the ingested protein
appears to be important when it comes to MPS
[70,71]. Following a single bout of resistance exercise
and the ingestion of whey, soy or casein, each con-
taining 10 g EAA, larger increases in blood EAA,
BCAA, and leucine concentrations were found follow-
ing the ingestion of whey compared with either soy
or casein [70], suggesting a greater availability of
these amino acids for protein synthesis following
whey protein ingestion. This may be a reflection of
the different rate of protein digestion and absorption
of amino acids between the protein types [87�89] and
explain why MPS was greater following ingestion of
whey compared with casein, both at rest and after
exercise [70]. In older muscle, the rate of MPS appears
to be greater with whey than soy protein ingestion
following resistance exercise [71], which could be due
to the B28% greater leucine content in whey versus
soy protein [90] as well as differences in digestion
and absorption rate.

There is therefore striking evidence to support the
acute effects of amino acid ingestion and resistance
exercise on MPS via their independent and comple-
mentary effects on mTORC1 activation. It is also well
known that repeated bouts of resistance exercise over
a prolonged period of time, i.e., a RT program, leads to
gains in both muscle size and strength [5�7].
Therefore, the amplification of the anabolic environ-
ment within the muscle seen with the combination of
both amino acid/protein ingestion and resistance exer-
cise [72,73] suggests that RT with protein supplemen-
tation should confer greater gains in skeletal muscle
size and strength than RT alone. However, the evi-
dence for protein supplementation enhancing the
increases in muscle size and strength following longer-
term RT programs in young [91,92] and older [93,94]
individuals is equivocal. The controversy surrounding
the longer-term RT studies could be due to methodo-
logical differences/limitations between studies. For
example, considerable inter-individual variability
exists in the response to RT [95,96] and yet many stud-
ies have used small sample sizes [97�99] that may
have significantly affected the statistical power
required to detect an influence of protein supplemen-
tation. Different measures of muscle hypertrophy may
also compound this discrepancy. For example, some
studies have determined muscle thickness using ultra-
sonography [94,100] or whole-body fat-free mass
assessed via dual-energy X-ray absorptiometry [91],
while others have used magnetic resonance imaging to
provide a more accurate assessment of muscle size,
but still found no effect of protein supplementation on
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muscle hypertrophy following RT [92,99,101,102].
There are, however, circumstances where protein sup-
plementation may have a beneficial effect on muscle
hypertrophy and strength gains. For example, whole-
body RT (incorporating multiple muscle groups rather
than an individual muscle) could create a requirement
for an increase in exogenous protein (due to a greater
absolute MPD) that might not be satisfied by habitual
protein intake alone. This might be particularly benefi-
cial in the early phase of a RT program when MPS and
MPD are likely to be higher than towards the end
[103,104]. In addition, older individuals need to ingest
at least twice as much protein (40 g) to maximally
stimulate MPS [86] compared with the 20 g dose in
younger people [85], which may reflect an ‘anabolic
resistance’ at old age. Therefore, previous studies that
have not shown a beneficial effect of protein supple-
mentation on muscle size and strength gains in older
people may have been administering inadequate
amounts of protein per RT session.

MUSCLE ATROPHY

Skeletal muscle atrophy is known to occur in
response to disuse and numerous chronic conditions,
such as cancer, AIDS, and senile sarcopenia (the age-
related loss of muscle mass). Here we will focus on the
mechanisms underlying sarcopenia, which is the major
cause of muscle weakness in older individuals [105].
Although the cause(s) of sarcopenia is unknown, dis-
use, chronic systemic inflammation and neuropathic
changes leading to motoneuron death are thought to
play an integral role [106]. Motoneuron death results
in denervation of muscle fibers, and ultimately the loss
of muscle fibers (hypoplasia). Selective atrophy of type
II fibers [107] and a decrease in the proportion of type
II fibers [108�110] are thought to be caused by dener-
vation accompanied by reinnervation of these fibers by
axonal sprouting from adjacent slow-twitch motor
units [111,112].

Chronic Low-Grade Inflammation and
Sarcopenia

Physiological aging is associated with chronic low-
grade inflammation, a condition that has been termed
‘inflammaging’ [113]. Inflammaging is characterized
by elevated serum levels of pro-inflammatory cyto-
kines such as interleukin 1 (IL-1), IL-6 and tumor
necrosis factor-α (TNF-α), as well as acute phase pro-
teins such as C-reactive protein, or CRP [113,114], and
increased circulating levels are associated with lower
muscle mass and weakness in old age [115].

Furthermore, the levels of cytokines that counteract the
inflammatory state, such as IL-10, are reduced with
age [114,116]. The pro-inflammatory cytokines IL-1,
IL-6 and TNF-α are produced by both skeletal muscle
fibers and adipose cells, and are therefore also mem-
bers of the adipokine family. As we age we accumulate
more adipose tissue, which is deposited in the subcu-
taneous, visceral and intramuscular regions, and it is
particularly the visceral fat that appears to contribute
to the inflammatory environment [117].

TNF-α induces the production of reactive oxygen
species (ROS), altering vascular permeability, which
leads to leukocyte infiltration of the muscle fiber [14]
and further ROS generation by the leucocytes. This
release of ROS also activates NF-κB via degradation of
I-κB (Figure 25.1), which results in the increased
expression of key enzymes of the ubiquitin�protea-
some MPD system [118]. In addition, TNF-α interferes
with satellite cell differentiation and therefore muscle
growth and regeneration in old age by reducing the
expression of myogenic regulatory factors (MRFs)
[106]. The MRFs are a family of muscle-specific tran-
scription factors (MyoD, myogenin, MRF4 and myf-5)
that regulate the transition from proliferation to differ-
entiation of the satellite cell [119,120]. The TNF-
α-induced activation of NF-κB results in a loss of
MyoD mRNA [121] and, via activation of the ubiqui-
tin�proteasome pathway (UPP) [122,123], breakdown
of MyoD and myogenin. Thus, part of the attenuated
hypertrophic response in elderly versus younger mus-
cle [124] could be due to a decrease in MRFs as seen in
overload-induced hypertrophy in older rats [125].
TNF-α also stimulates the release of proteolytic
enzymes, such as lysozymes (e.g., cathepsin-B) from
neutrophils [126], which are thought to contribute to
the MPD process [127,128], but the main action of the
pro-inflammatory cytokines in muscle atrophy is
thought to occur via the UPP.

It has been suggested that the UPP cannot break
down intact sarcomeres, so additional mechanisms are
proposed to be involved [129]. For example, the activa-
tion of caspase-3 is thought to lead to cleavage of the
myofilaments, actin and myosin, which are then
degraded by the UPP [130�132]. The UPP involves
numerous enzymes, or ligases, that regulate the ubi-
quitination (the coupling of ubiquitin to protein sub-
strates), so that the ‘tagged’ protein fragments can be
identified by the proteasome for the final step of MPD
[133]. These ubiquitin ligases may also degrade MyoD
and inhibit subsequent satellite cell activation and dif-
ferentiation (see above), thus exacerbating the effects
of MPD on muscle size by impairing satellite cell-
associated muscle growth. Expression of two genes
that encode the E3 ubiquitin ligases, muscle-specific
atrophy F box (MAFbx, also known as Atrogin-1) and
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muscle RING Finger 1 (MuRF1), has been shown to
increase during different types of muscle atrophy
[134,135]. The structure and function of the UPP will
be discussed in more detail, below, with regard to
muscle damage and repair following exercise.

The Role of Myostatin in Muscle Atrophy

Myostatin, otherwise known as growth differentia-
tion factor-8 (GDF-8), is part of the transforming
growth factor β superfamily and is produced in skele-
tal muscle. The role of myostatin as a negative regula-
tor of muscle mass has been demonstrated by
knocking out the gdf-8 gene in mice, which leads to a
2�3-fold increase in skeletal muscle mass [136].
Conversely, administering myostatin to wild-type mice
induces substantial muscle wasting [137]. Further
examples of myostatin’s regulatory effect can be seen
in bovine [138] and human [139] cases, where mutation
of the gdf-8 gene leads to a reduction in myostatin pro-
duction and considerably enlarged skeletal muscles.

Once bound to the activin IIB receptor (ActRIIB), a
signaling cascade is activated that leads to MPD. Key
signaling proteins in this pathway include SMAD 2
and 3 [140], which form a complex with SMAD 4
that then translocates to the nucleus where it targets
genes encoding MRFs [141], and inhibits differentia-
tion via the reduction of MyoD expression [142]
(Figure 25.1). In addition, myostatin reduces Akt/
mTORC1/p70S6K signaling [143,144] (Figure 25.1) and
is associated with smaller myotube size [143].
Accordingly, the inhibition of myostatin in mature
mice leads to increased activation of p70S6K, ribo-
somal protein S6 and skeletal muscle MPS [145].
Myostatin appears to not only inhibit satellite cell
differentiation and MPS, but also to induce the
expression of atrogenes (genes associated with mus-
cle atrophy) via activation of the p38 mitogen-
activated protein (MAP) kinase, Erk1/2, Wnt and
c-Jun N-terminal kinase (JNK) signaling pathways
[146�148] (Figure 25.1). This is in accord with the
observation that myostatin induces cachexia by acti-
vating the UPP, i.e., phosphorylating the ubiquitin E3
ligases MAFbx and MuRF1, via FOXO1 activation
rather than via the NF-κB pathway [149]. However,
myostatin-induced atrophy persists despite inhibiting
the expression of the two E3 ligases [143]. Therefore,
it is likely that myostatin negatively regulates muscle
growth via multiple pathways (Figure 25.1). A lower
expression of myostatin may therefore help to main-
tain muscle mass at old age, a situation reflected by
the attenuated loss of muscle mass and regenerative
capacity in old myostatin-null mice compared with
age-matched wild-type mice [150].

Combating Sarcopenia

RT has been shown to increase muscle size and
strength in old [151], very old [152] and frail [153] indi-
viduals. This beneficial effect of RT is attributable to
an increase in MPS in the atrophied muscle [154] and a
reduction in MPD as a result of a reduced MAFbx and
MuRF-1 gene expression [155,156]. A reduction in atro-
gene expression can be realized by the ability of phos-
phorylated Akt to block FoxO1, which would suppress
the transcription of MuRF1 and MAFbx [157], as
shown in Figure 25.1. In addition to the Akt/FoxO-1
pathway, mTORC1 also blocks MuRF1 and MAFbx
transcription [157]. Therefore, while a degree of MPD
is required for muscle remodeling, RT appears to
reverse atrophy via the inhibiting effect of Akt/
mTORC1 on MPD and the positive effect of mTORC1
activation on MPS [74,75], thus resulting in net protein
synthesis (albeit to a lesser extent in elderly than in
younger muscle).

The apparent ‘anabolic resistance’ to RT in older
compared with young muscle [124,154] may not be
due to an age-related reduction in the mechanosensi-
tivity of the mTORC1 signaling pathway [158],
although others do see a reduction in the translational
signaling during overload [159]. It could therefore be
that the rates of transcription and translation are
reduced during overload. Another factor that might be
considered is the proposed requirement of satellite cell
recruitment for the development of hypertrophy. An
impaired satellite cell recruitment would then result in
impaired hypertrophy and part of the problem might
be a decline in satellite cell number [160], particularly
in type II muscle fibers of older people [161]. Yet, para-
doxically, older muscle appears to have an increased
regenerative drive and protein synthesis that is more
pronounced the more severe the sarcopenia. For
instance, in old rats, muscle mass decreases in spite of
an increase in both p70S6K activation and MPS com-
pared with young adult muscle [154]. IGF-I appears to
play a key role in the activation and proliferation of
satellite cells [162], while differentiation is regulated
by MRFs [119,120]. However, despite an increased
regenerative drive as reflected by elevated IGF-I
expression [163] and MRF mRNA expression [164] in
old rat muscle, MRF protein levels are reduced [164].
This reduction might be caused by a concomitant
increase in Id protein expression [164], which inhibits
MRF expression and DNA binding capacity. The result
is that during a hypertrophic stimulus, satellite cell
activation and proliferation can occur in older rat skel-
etal muscle but with limited differentiation [163]. In
elderly human skeletal muscle, however, the capacity
for satellite cells to proliferate and differentiate in
response to RT does not appear to be diminished
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[165,166]. It should be noted, however, that the relative
age in the human studies was less than that in the rat
studies and it may be that, beyond a given age in
humans, the differentiation of satellite cells may also
be diminished, particularly when associated with
chronic low-grade systemic inflammation.

Extra stimulation of the mTORC1 pathway may
overcome the anabolic blunting. As discussed above,
older people need to ingest more protein than younger
individuals to stimulate maximal MPS [85,86,167]. The
greater activation of the mTORC1 pathway when com-
bining RT with protein/amino acid ingestion may
inhibit MPD and augment MPS, thereby improving the
hypertrophic response. The observation that BCAA
administration attenuates the loss of body mass in
mice bearing a cachexia-inducing tumor [168] is prom-
ising and suggests that it may also enhance the hyper-
trophic response in this condition. Furthermore, HMB
has been shown to attenuate the reduction in MPS in
rodents following the administration of a cachectic
stimulant [82,169].

In addition to RT and amino acid supplementation,
various pharmaceutical therapies have been proposed
to combat sarcopenia. Supplementation of the anabolic
steroid testosterone augments muscle mass in older
men, healthy hypogonadal men, older men with low
testosterone levels, and men with chronic illness and
low testosterone levels [170]. It is thought that testos-
terone can reverse sarcopenia by suppressing skeletal
muscle myostatin expression, while simultaneously
stimulating the Akt pathway [171] to increase MPS
and decrease MPD. Furthermore, administration of a
myostatin antagonist has led to satellite cell activation,
increased MyoD protein expression, and greater mus-
cle regeneration after injury in old murine skeletal
muscle [172].

MUSCLE DAMAGE AND REPAIR

In normal skeletal muscle, cytoskeletal proteins act as
a framework that keeps the myofibrils aligned in a lat-
eral position by connecting the Z-disks to one another
and to the sarcolemma [8,128]. Following eccentric exer-
cise, Z-disk streaming (disturbance of Z-disk configura-
tion) and misalignment of the myofibrils is a common
characteristic [128]. Eccentric contractions are defined as
contractions where muscles lengthen as they exert force
and generally result in more muscle damage than con-
centric contractions [173]. It has been suggested that this
is due to fewer motor units being recruited during eccen-
tric exercise, leading to a smaller CSA of muscle being
activated than during a concentric contraction at the
same load [174]. It has also been demonstrated that the
extent of muscle damage is due to strain (the change in

length) rather than the amount of force generated by the
muscle [175,176].

Eccentric exercise not only causes alterations in the
cytoskeletal structure, but also increases in the activity
of proteolytic enzymes [127,177,178]. The positive cor-
relation between the proteolytic enzyme activity and a
rise in serum levels of muscle-specific proteins, e.g.,
creatine kinase (CK), post exercise [127,177,178] sug-
gests that the degree of activation of the proteolytic
machinery is related to the degree of muscle damage.
Therefore, it is feasible that the activity of these proteo-
lytic enzymes may be required for the remodeling of
skeletal muscle in response to exercise where the regu-
lated degradation of cellular proteins [179] may be a
prerequisite for subsequent adaptive repair and
growth, in analogy to the restructuring of a damaged
building that often is preceded by a certain amount of
controlled deconstruction.

There are three main systems that contribute to the
controlled MPD following muscle damage: (i) the
release of calpain, a non-lysosomal, Ca21-dependent
neutral protease that mediates the dismantling of myo-
fibrils [180], (ii) the inflammatory response, which
includes lysosomal proteolysis [126], and (iii) the ATP-
dependent UPP, which coordinates the demolition of
protein fragments liberated by the aforementioned
degradation systems [133]. Recent findings suggest
that myostatin is also implicated in the MPD process
following damaging muscle contractions [181].

The Calpain Protein Degradation System

Calpain is a multidomain protein composed of two
subunits: a catalytic 80-kDa subunit and a regulatory
30-kDa subunit [182]. In skeletal muscle, three homolo-
gous isozymes of calpain with different Ca21 sensitivi-
ties have been identified [133]: μ-calpain (active at
micromolar Ca21 concentrations), m-calpain (active at
millimolar Ca21 concentrations), and n-calpain (requir-
ing very high Ca21 concentrations). It appears that,
although the μ- and m-calpain 80-kDa subunits are
quite different, both have similar binding domains: the
proteolytic site of a cysteine proteinase, the calpastatin
(an endogenous inhibitor of calpain activity) binding
domain, and the Ca21-binding domain [10]. The 30-
kDa subunit is extremely hydrophobic, which may
help to act as an anchor to the membrane proteins [10].
While there is evidence to suggest that calpain is local-
ized and activated at or around the sarcolemma, thus
targeting the membrane-associated proteins [180],
others have demonstrated that calpain also targets
Z-disk proteins, such as desmin and α-actinin [183].
The action of other proteolytic complexes, including
lysosomal enzymes and the UPP, may have a part to
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play in MPD immediately after damaging eccentric
muscle contractions, but as their activity does not peak
until later in the muscle damage/repair process
[127,180], it is more likely that calpain and/or mechan-
ical stress is the initial effector of cytoskeletal protein
breakdown.

Calpain is activated by raised intracellular [Ca21]
[180]. Initial mechanical damage to the sarcoplasmic
reticulum (SR) and muscle plasma membrane caused
by eccentric muscle contractions could lead to SR
vacuolization and an increase in intracellular [Ca21]
[173,184]. The intracellular [Ca21] could rise further
following an increased open probability of SACs as a
consequence of increased strain on the skeletal muscle
fibers during forced lengthening [175]. It is thought
that the activation of calpain is pivotal in the break-
down of cytoskeletal proteins, including desmin and
α-actinin, rather than mechanical stress applied to the
“over-stretched” sarcomeres during eccentric contrac-
tions per se [180]. The activity of calpain is not only
dependent on the intracellular [Ca21] but also on the
concentration of its inhibitor, calpastatin, and condi-
tion of degradable substrates, i.e., the ultrastructural
proteins. To become fully active, calpain undergoes
autolysis into its subunits. It is likely that the influx of
excess Ca21 into the muscle fiber (via the SACs, SR cal-
cium channels and sarcolemmal lesions) binds to the
specific domain on the 80-kDa calpain subunit, thereby
inhibiting calpastatin. Once calpain is free of calpasta-
tin, it may begin autolysis and/or bind to its substrate
(with the help of Ca21) and begin the process of MPD
[10]. A positive relationship between calpain activity
and neutrophil accumulation within skeletal muscle
after exercise suggests that the calpain-degraded pro-
tein fragments act as chemoattractants, thus localizing
leukocytes to the site of muscle damage [180,185].

The Inflammatory Response

Exercise-induced damage to muscle fibers elicits an
inflammatory response that results in movement of
fluid, plasma proteins and leukocytes to the site of
injury [173]. Leukocytes have the ability to break down
intracellular proteins with the aid of lysosomal
enzymes [128], but exactly how the inflammatory
response regulates MPD and muscle repair following
eccentric exercise is not entirely clear. However, the
purpose of the post-exercise-induced inflammatory
response is to promote clearance of damaged muscle
tissue and prepare the muscle for repair [13], a process
that is sub-classified into acute and secondary
inflammation.

The acute phase response in skeletal muscle begins
with the ‘complement system’ when fragments from

the damaged fiber(s) serve as chemoattractants, luring
leukocytes to the injured area [14,180]. As a conse-
quence there is an accumulation of neutrophils, the
histological hallmark of acute inflammation [13], in
and around the site of injury, which peaks around
4 hours after exercise-induced damage has occurred
[14]. The accumulation of neutrophils has been
reported to be more significant after eccentric than
concentric exercise, and is most likely related to the
degree of damage incurred [14]. Pro-inflammatory
cytokines such as IL-1, IL-6 and TNF-α, and acute
phase proteins, e.g., CRP, act as mediators of inflam-
matory reactions. TNF-α induces the production of
ROS, altering vascular permeability, which leads to
leukocyte infiltration into the muscle fiber [14]. TNF-α
also stimulates the release of cytotoxic factors from
neutrophils, such as lysozymes and ROS [13,128],
which are responsible for at least a part of the MPD
process following exercise-induced damage [127,128].

It may take up to 7 days to see a significant infiltra-
tion of monocytes (precursors to macrophages) within
the damaged muscle fiber [14], which carry out further
phagocytic activity inside the muscle fiber.
Furthermore, considerable increases in the quantity of
lipofuscin granules (generally considered to be the
indigestible residue of lysosomal degradation) in sore
muscles 3 days after exercise suggests that lysozyme
activity plays a major part in the secondary inflamma-
tory process [126,186]. The role of the inflammatory
response in muscle regeneration is therefore thought to
be the further breakdown of damaged muscle proteins
via lysozymes, the engulfing of protein fragments by
macrophages, and the activation of the UPP by the
pro-inflammatory cytokines released from the neutro-
phils. These cytokines simultaneously stimulate the
proliferation of satellite cells, crucial for the regenera-
tion of the damaged area [187].

The Ubiquitin�Proteasome Pathway

This pathway is recognized as the major non-
lysosomal complex responsible for the degradation of
cellular proteins. The UPP has received much attention
due to its involvement in cellular processes where pro-
tein degradation is a key regulatory or adaptive event
[188�190]. There are two types of ubiquitin in human
skeletal muscle: free and conjugated [191]. In its free
state, ubiquitin is a normal component of the non-
stressed muscle fiber, but it also forms complexes, or
conjugations, with abnormal proteins and then returns
to its free state (Figure 25.3). The conjugation of ubiquitin
with denatured proteins within the muscle fiber “tags”
these proteins for recognition by a non-lysosomal prote-
ase to be subsequently degraded in a process that
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requires ATP [188]. The UPP, therefore, consists of two
major components that represent the system’s function-
ally distinct parts. Ubiquitin is the element that cova-
lently binds to the protein due to be broken down, while
the 26S proteasome, a large protease complex, catalyses
the degradation of the ubiquitin-tagged proteins [133].

The cellular proteins are selected for degradation by
the attachment of multiple molecules of ubiquitin, or a
polyubiquitin chain, which is built by repeated cycles
of conjugation via the action of E1, E2, and E3 conju-
gating enzymes (Figure 25.3). Ubiquitin is initially
activated in the presence of ATP by the ubiquitin-
activating enzyme, E1, which then transfers ubiquitin
to E2, one of the ubiquitin-conjugating enzymes. E2
then binds the ubiquitin molecule to the protein sub-
strate, which is selected for tagging by E3 [189]. The
26S proteasome is able to discriminate between ubiqui-
tinated and non-ubiquitinated proteins, and rapidly
degrades the polyubiquitinated proteins, deriving the
energy for this process from ATP hydrolysis [193].

The 26S proteasome is composed of a 20S protea-
some and two 19S (PA700) regulatory modules

[133,189,190]. The 20S proteasome is the proteolytic
core, containing multiple catalytic sites. PA700 binds to
each end of the proteasome cylinder and elicits ATPase
activity in order to unfold and/or translocate the ubi-
quitinated proteins to the catalytic sites within the 20S
proteasome (Figure 25.3). PA700 is also thought to be
responsible for disassembling the polyubiquitinated
chain, a process requiring its isopeptidase activity.

The total amount of ubiquitin found in skeletal mus-
cle is muscle fiber-type specific, with a greater abun-
dance of ubiquitin found in type I fibers [194].
Furthermore, a three- to seven-fold higher density of
conjugated ubiquitin was found at the Z-discs than
anywhere else in the muscle fiber, which suggests that,
like calpain, ubiquitin targets the cytoskeletal proteins
of muscle fibers. One main difference between the two
systems, however, is that calpain is activated a lot ear-
lier than the ubiquitin-proteasome pathway [178,195].
Furthermore, the action of the UPP may be prolonged
post-exercise in order to increase the intracellular con-
centration of amino acids [196], which would stimulate
MPS via mTORC1 activation.
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FIGURE 25.3 Breakdown of protein fragment via the ubiquitin�proteasome pathway. Multiple ubiquitin (Ub) molecules form a polyu-
biquitin chain in a process involving the Ub-activating (E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes. The targeted protein fragment
is then selected for degradation, or “tagged”, via the covalent attachment of the polyubiquitin chain. The tagging enables the 19S (PA700)
module to recognize the protein fragment, so that it can be further degraded by the 20S core into oligopeptides after it has been de-
ubiquitinated and the Ub molecules released recycled. Adapted from [192] with permission.

256 25. MUSCLE GROWTH, REPAIR AND PRESERVATION

4. MOLECULAR MECHANISMS



Repair Following Exercise-Induced Muscle
Damage

Following the orderly demolition of damaged/
cleaved muscle proteins (via the aforementioned MPD
systems) in response to eccentric contractions, the
damaged muscle fibers need to undergo repair. The
activation, proliferation and fusion of satellite cells
with damaged muscle fibers, and the subsequent dif-
ferentiation into myoblasts, are crucial for this repair
process [34,197]. In fact, it has been shown that while
the hypertrophic response may be maintained in the
absence of satellite cell recruitment, recovery was
severely impaired under these conditions [197].

As previously discussed, IGF-I and MRFs are inte-
gral in the activation and differentiation of satellite
cells [119,120,162], which probably explains why skele-
tal muscle IGF-I and MRF expression are increased fol-
lowing stretch-induced damage [34,37,198]. To repair
the muscle, satellite cells fuse with damaged fibers and
differentiate into myonuclei, but may even form new
fibers in the case of complete fiber necrosis. The
orderly proliferation and subsequent differentiation is
crucial for optimal repair. For the initial proliferation
of satellite cells the inflammatory environment is bene-
ficial, but this inflammation must be transient to allow
the cells to differentiate [199]. Therefore, it may be that
chronic low-grade systemic inflammation, e.g., during
aging, may underlie the delay in muscle regeneration
[200].

SUMMARY

Skeletal muscle is able to grow, or hypertrophy, in
response to a variety of anabolic stimuli, which include
resistance exercise, amino acid ingestion, and an
increase in IGF-I expression. All these stimuli are able
to activate the mTORC1 signaling pathway, which sti-
mulates MPS and inhibits MPD. When the rate of MPS
exceeds MPD, there is a positive net protein balance
(NPB) and an accretion of contractile material occurs,
leading to muscle hypertrophy and an increase in
strength. Inducing muscle hypertrophy can have bene-
ficial effects on individuals suffering from cachectic
conditions, such as cancer, AIDS, and sarcopenia,
where muscle atrophy can have devastating effects on
an individual’s quality of life. Muscle atrophy occurs
when there is a negative NPB, i.e., when the rate of
MPD is greater than that of MPS. There are a number
of stimuli that have been associated with muscle atro-
phy, including chronically elevated levels of pro-
inflammatory cytokines (e.g., IL-1, IL-6 and TNF-α), a
reduction in IGF-I and increased expression of myosta-
tin. Furthermore, strenuous unaccustomed exercise can

cause mechanical damage to the muscle, which acti-
vates MPD systems, including calpain, inflammation
and the ubiquitin�proteasome protein degradation
pathway. Damaged proteins within the muscle fiber
are broken down, resulting in an increased intracellu-
lar amino acid concentration, which in turn activates
mTORC1 and increases MPS, thus helping to repair
the muscle. Elevated local IGF-I and MRF expression
facilitates the repair process by activating satellite cells
and enabling fusion with existing fibers. Many of the
molecular signaling pathways associated with muscle
hypertrophy, atrophy and repair have been identified.
However, there is still much to be learned about these
pathways, and understanding them may help us to
prevent or reverse muscle atrophy associated with a
host of muscle wasting conditions.
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Nitric Oxide, Sports Nutrition and Muscle
Building

Lawrence J. Druhan
The Levine Cancer Institute, Carolinas Healthcare System, Charlotte, NC, USA

INTRODUCTION

Nitric oxide (NO) is a naturally occurring diato-
mous free radical, consisting of one atom of nitrogen
and one atom of oxygen. In the atmosphere, NO is
formed by combustion, and is typically thought of as a
noxious substance, being involved in ozone layer
depletion, the formation of acid rain, and air pollution.
Conversely, organic synthesis of NO is a critical com-
ponent in many physiological processes. Prokaryotic
synthesis of NO is part of the nitrogen cycle, during
which atmospheric nitrogen is reduced to ammonium
which can then be used for the production of the
nitrogen-containing molecules, DNA, RNA and pro-
teins, necessary for life. During the denitrification step
of the nitrogen cycle, NO is generated from the nitro-
gen oxides produced by living organisms as a step in
the completion of the nitrogen cycle.

The physiological function of NO was unknown
prior to the landmark discoveries leading to the 1998
Nobel Prize in medicine. While investigating the mech-
anism of action of organic nitrates, which were known
to induce relaxation of blood vessels, it was found that
these drugs functioned by generating NO and that the
generated NO increased the level of cyclic GMP in the
vascular smooth muscle cells [1,2]. Subsequently, it
was shown that a substance produced within the
endothelium, termed endothelial derived relaxation
factor (EDRF), activated the generation of the cGMP
within the smooth muscle cells [3], and it was specu-
lated that EDRF was NO. Subsequent experiments
demonstrated that EDRF was indeed NO [4,5] and that
an enzyme within the endothelium generated the NO
from arginine [6,7]. These ground-breaking studies
ushered in the era of NO signaling.

As a biological signaling molecule NO has many
advantages: it is freely diffusible through biologic mem-
branes and it has a short half life. Since the initial obser-
vation that NO is responsible for signaling between the
endothelium and the vascular smooth muscle to induce
vessel relaxation, NO signaling has been demonstrated
in an extremely large range of physiological process;
indeed every major organ system in the human body is
either directly or indirectly affected by NO signaling.
As such, it is not surprising that NO signaling has also
been found to be involved in the physiology of skeletal
muscle: in function, growth and repair. The following
discussion will be directed toward the molecular
mechanisms governed by NO in skeletal muscle, with
an emphasis on potential nutritional modifications to
augment the natural signaling processes and with an
eye toward how these dietary modifications could and/
or do affect muscle growth.

THE NITRIC OXIDE SYNTHASES

Enzymatic production of nitric oxide in humans is
accomplished by the nitric oxide synthase family of
enzymes. The three members of this family are neuronal
NOS (NOS1 or nNOS), inducible NOS (NOS2 or iNOS)
and endothelial NOS (NOS3 or eNOS). The conventional
naming of the NOS enzymes implies cellular specificity;
however, these enzymes were named according to the
tissues/cells from which they were originally identified,
and each of these enzymes has since been found in a
much wider range of cells/tissues. The NOS enzymes all
catalyze the same reaction: the conversion of arginine
and oxygen to citrulline and NO using NADPH as the
source for reducing equivalents. Additionally, the NOS
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enzymes share the same general structure, and utilize
the same cofactors; however, they each have been found
to elicit unique physiological functions. The production
of varied function from the enzymatic generation of an
identical product is possible because each of the three
NOS enzymes differ in cellular and subcellular
location and in regulation of activity [8]. Additionally,
the activities of both nNOS and eNOS are positively
regulated by increases in cellular calcium, whereas
iNOS activity is calcium independent. Moreover, these
enzymes are regulated by posttranslational modifica-
tions, including phosphorylation, acylation, and
glutathionylation [9�12].

All three NOS isoforms have been identified in skele-
tal muscle. The principal NOS in skeletal muscle is
nNOS [13]. Skeletal muscle contains an alternatively
spliced variant of nNOS, nNOSμ. This splice variant is
found in the cytoplasm and found localized to the mem-
brane of the skeletal muscle via an association with the
dystrophin protein complex [14], and mutations that
cause human muscular dystrophy have been found to
down-regulate nNOS activity and reduce muscle blood
flow [15]. nNOSμ has been found to regulate skeletal
muscle blood flow, and its activity can attenuate the acti-
vation of vasoconstriction to ensure adequate blood flow
to the muscle during exercise [16,17]. Another nNOS
splice variant, nNOSβ, has been found to be localized to
the Golgi [18]. nNOSβ was shown to affect skeletal mus-
cle force production. Expression of eNOS has been iden-
tified in skeletal muscle; however, the expression level is
low. eNOS has been found to be associated with the vas-
cular endothelium in skeletal muscle and with skeletal
muscle mitochondria [19,20]. Although iNOS is gener-
ally not expressed in healthy human adult skeletal mus-
cle, iNOS expression can be increased under some
conditions [21].

Exercise has been found to both induce NO produc-
tion and alter the expression of the various NOS iso-
forms. In humans the expression of nNOSμ has been
shown to be increased by exercise [22]. In this study
the authors demonstrated that nNOSμ was higher in
endurance trained athletes compared with sedentary
controls. Moreover, they showed that in sedentary sub-
jects that underwent an exercise regimen, nNOSμ pro-
tein level was significantly increased. There was no
detectable change in either eNOS or iNOS. Therefore,
it is clear that the NOS family of enzymes is critical to
the function of skeletal muscle, both at rest and during
exercise.

THE NITRATE�NITRITE�NO PATHWAY

Nitrite and nitrate are formed in the body via the
oxidation of NOS-derived NO. Additionally, these

inorganic nitrogenous compounds are natural compo-
nents of many healthy foods as well as being used as
preservatives in many processed foods. Excess expo-
sure to these compounds has been identified as carci-
nogenic [23,24]; however, there is increasing evidence
that nitrite and nitrate are not just toxic byproducts
but rather part of an intrinsic NO-recycling system
that has physiologically relevant activity [25]. In addi-
tion to the recycling of NOS-derived NO, this pathway
can directly convert inorganic nitrite and nitrate to NO
in a NOS-independent fashion.

The NOS-independent generation of NO (and indeed
the recycling of NOS-derived NO) functions through
the action of an entero-salivary system. In this system,
dietary nitrate is absorbed in the gastrointestinal tract
and transported to the saliva glands via the circulatory
system. Bacteria in the saliva glands convert the nitrate
to nitrite via the action of nitrate reductase enzymes.
The nitrite rich saliva is then swallowed and either con-
verted to NO in the stomach or absorbed in the GI tract
and passed into the circulation. The nitrite in circulation
can be converted to NO via enzymatic nitrite reduction
in a number of different tissues, including skeletal mus-
cle [26,27]. Thus, once in circulation, nitrite can act as
an endocrine-like carrier of NO activity.

The tissue metabolism of nitrite has been shown to
be oxygen and pH dependent [26,28]. When the tissue
oxygen concentration (or pH) is high, nitrite is prefer-
entially oxidized to nitrate; however, at low oxygen
tension, nitrite is converted to NO. Thus the nitrite-
dependent generation of NO in skeletal muscle could
be dependent upon the metabolic state of the tissue:
under resting conditions the nitrite would be con-
verted to nitrate and recycled whereas under strenu-
ous exercise, when oxygen is limited (and pH is
decreased), nitrite would be converted to NO.
Somewhat surprisingly, however, dietary nitrate has
been shown to result in lower oxygen demand during
submaximal exercise [29]. Thus it seems that, even
when tissue oxygen levels are not limiting, and the tis-
sue pH is not significantly altered, nitrite can still
affect skeletal muscle function.

SKELETAL MUSCLE FUNCTIONS
MEDIATED BY NO

The cardiovascular function of NO in humans has
been well characterized [30,31]. However, NO has also
been found to affect a wide range of functions within
skeletal muscle, including the regulation of muscle
function, metabolism, and growth. It has been shown
that NO regulates muscle force production [32]. In acti-
vated rat diaphragm, inhibition of NOS decreased
maximum velocity of shortening, loaded shortening
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velocity, and power production. These affects were
reversed by addition of an inorganic NO donor; how-
ever the NO donor had no affect alone. Thus, the
endogenous generation of NO from NOS regulates
muscle contraction. In regard to NO regulation of skel-
etal muscle metabolism, both oxygen consumption and
glucose uptake are known to be regulated by NO
[33�35], although, during exercise, it seems that the
prevailing mechanism by which NO regulates skeletal
muscle metabolism is via glucose homeostasis [35].
While these mechanisms could indirectly affect muscle
growth, NO is also involved in the regulation of pro-
cesses that are directly involved. These processes
include transcription of skeletal muscle proteins, acti-
vation/proliferation of muscle satellite cells, and skele-
tal muscle blood flow.

Transcription of Skeletal Muscle Proteins and
Activation of Satellite Cells

Muscle growth during exercise has been mainly
attributed to increased protein transcription in the
myofibrils and to the activity of satellite cells. Nitric
oxide has been shown to be directly involved in mus-
cle hypertrophy and fiber type transition observed in
chronically loaded muscle in a rodent model [36].
Although this work did not examine the involvement
of satellite cells, it was shown that load-induced pro-
tein synthesis (as indicated by muscle mass) was inhib-
ited in animals treated with a NOS inhibitor,
indicating that NO plays a role in muscle protein syn-
thesis. These authors went on to demonstrate that this
NOS-dependence of the observed muscle hypertrophy
was not due to an alteration of growth factor induction
or activation/proliferation of satellite cells [37]. Rather,
the NOS-dependent component of the observed load-
induced hypertrophy was due to an increase in mRNA
for both actin and type 1 myosin heavy chain, indicat-
ing that endogenous production of NO was involved
in the increase in synthesis of contractile proteins.
Atrophy associated with functional unloading of mus-
cle has been shown to be attenuated by the administra-
tion of arginine [38]. This study demonstrated that the
decrease in myosin heavy chain type 1 associated with
muscle unloading was diminished by the addition of
arginine; however, this is likely a combination of
alterations in protein synthesis and protein degrada-
tion found in unload-induced muscle atrophy [38,39].

Satellite cells are myocyte stem cells with the ability
to generate new muscle fibers and to provide new
myonuclei during muscle growth [40]. Moreover,
increases in satellite cells have been observed in
humans undergoing resistance training [41]. Thus,
both myofibril protein synthesis and satellite cell

number/activation are important for muscle growth
not only in pathological settings (such as muscular
dystrophy) but also in healthy subjects [42,43]. Nitric
oxide has been shown to both activate satellite cells
and to regulate protein synthesis. NO has been shown
to stimulate the proliferation of satellite cells and to
maintain the reserve pool of them [44]. Additionally,
NO has been shown to activate satellite cells to enter
the cell cycle for the production of new muscle [45,46].
These results (among others) have led to the hypothe-
sis that therapies to increase muscle NO would be ben-
eficial in pathophysiological settings that would
benefit from increased muscle repair/growth, such as
the muscular dystrophies [42].

Increase in muscle mass during resistance training
has been shown to involve a number of mechanisms
[47], including the NO-dependent mechanisms
described above. Moreover, NO is known to be pro-
duced in working muscle [48]. Taken together, and
with the above studies, these data indicate that it is
plausible that increasing NO during resistance training
by nutritional manipulation would increase the muscle
growth response via stimulation of satellite cell prolif-
eration/activation and/or by increasing protein syn-
thesis in the myofibril. However, there are no studies
to date directly examining this possibility in humans.

Mitochondrial Biogenesis

Mitochondrial biogenesis is necessary both during
mitosis and to respond to the energy needs of devel-
oped cells. As such, this process is necessary for mus-
cle growth. The biogenesis of mitochondria is a
complex process involving the synthesis of mitochon-
drial proteins and DNA, the synthesis and import of
nuclear encoded proteins, and the synthesis and
import of lipids. This process is governed by a large
and complex system involving many cellular proteins
and transcription factors [49]. In skeletal muscle the
process of mitochondrial biogenesis is initiated when
the energy demand of the myocyte exceeds the capac-
ity of the resident mitochondria. This energy imbal-
ance can occur under a number of conditions,
including exercise [50]. The energy imbalance triggers
a signaling cascade that initiates mitochondrial
biogenesis.

This signaling cascade is thought to be initiated by
the activation of protein kinases, including AMP
kinase (AMPK), which is activated in response to the
increase in ATP consumption, and calcium-dependent
kinases which are activated in response to changes in
intracellular calcium. Activation of these kinase
enzymes induces the expression of a family of tran-
scription factors termed the peroxisome proliferator-
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activated receptor gamma coactivator (PGC-1) family.
This family of transcription factors includes PCG-1α,
PGC-1β, and PGC-1α-related coactivator (PRC). All of
these transcription factors have been implicated in
mitochondrial biosynthesis; however, it is PCG-1α that
is thought to be the most significant member of this
family in regard to the metabolic regulation of this
process. Over-expression of PCG-1α demonstrates a
significant increase in mitochondrial biogenesis accom-
panied by increased exercise capacity [51], while dele-
tion of PGC-1α blunts the observed exercise-induced
increase in mitochondrial enzymes [52]. Thus, PGC-1α
has been referred to as the master regulator of mito-
chondrial biogenesis.

Nitric oxide has been found to stimulate mitochon-
drial biogenesis in many tissues, including skeletal
muscle [53]. In vitro experiments in myoblasts and myo-
tubes have demonstrated that NO donors increase
mitochondrial biogenesis [54�56]. Studies have demon-
strated that the NO-induced increase in mitochondria
was via a cGMP-dependent mechanism, which led to
the activation of PCG-1α and its downstream targets
[57], and that this process resulted in functional mito-
chondria [56]. Moreover, it was demonstrated that
AMPK, which activates PCG1-α, is regulated by NO
[58] and that NO and AMPK act synergistically to regu-
late PCG-1α. The NOS involvement in this NO-driven
process is likely tied to the known calcium dependence
of both nNOS and eNOS. Indeed, NOS has been impli-
cated in mitochondrial biogenesis [59]. It was demon-
strated that mice deficient in eNOS had decreased
PCG-1α mRNA and decreased mitochondria [56], while
mice deficient in nNOS seem to have decreased mito-
chondria at basal conditions [60]. Thus it was con-
cluded that, while eNOS plays a positive role in the
regulation of mitochondrial biogenesis, nNOS plays a
negative role, at least in mice. However, together phar-
macological and genetic evidence indicates that neither
eNOS nor nNOS seem to play a role in exercise-
induced increase in mitochondrial biogenesis [59,61].
Thus it was concluded that, although NO does play a
role in mitochondrial biogenesis under basal condi-
tions, the observed increase in NO produced during
exercise is not necessary for the observed exercise-
induced increase in mitochondria [35].

Arginine supplementation as a means to induce
mitochondrial biogenesis in skeletal muscle has not
been tested in a healthy human population. However,
in patients with type II diabetes, mitochondrial density
in skeletal muscle is decreased [62], and long-term
treatment of type II diabetics with arginine supplemen-
tation has demonstrated increased benefit of hypocalo-
ric diet and exercise [63]. Thus it is possible, given the
discussion above, that the long-term treatment of
humans with arginine, at least in the diabetic setting,

increases mitochondrial biogenesis in the skeletal mus-
cle [64], and this increase in skeletal muscle mitochon-
dria would be beneficial in regard to increasing muscle
mass.

Skeletal Muscle Blood Flow

Given the known vasodilatory action of NO, it is
not surprising that nitric oxide has been found to be
involved in the regulation of skeletal muscle blood
flow [65]. It has been demonstrated that infusion of the
NOS inhibitor l-NMMA into resting human subjects
decreased forearm blood flow. Moreover, the response
to acetylcholine, which is known to activate endothe-
lial NO production, was blunted whereas the response
to an NO-donating drug was not inhibited [66]. This
NO-dependent regulation of skeletal muscle blood
flow has also been observed during recovery after
exercise [67]. Some authors have also observed that
muscle blood flow during exercise is also regulated by
NO [68,69]. However, there are issues with when and
how these reports were measuring blood flow, and the
accumulating evidence indicates that NOS activity is
not the driving factor regulating skeletal blood flow
during exercise [67,70�72]. Indeed, a recent study
using positron emission tomography indicated that
NOS inhibition decreased resting muscle blood flow
but did not decrease blood flow during exercise [73].
These authors did, however, demonstrate inhibition of
skeletal muscle blood flow during exercise by a
combination of NOS and COX2 inhibition. Thus, while
NOS-dependent NO alone does not regulate exercise-
induced changes in skeletal muscle blood flow, it can
do so in synergy with other factors.

The stimulation of NOS-derived NO has also been
tested in regard to the regulation of skeletal blood
flow. Bolus oral consumption of 10 g of arginine failed
to alter skeletal blood flow, either at rest or during
exercise [74]. Additionally, although plasma arginine
level was increased, there was no increase in plasma
markers for increased NO synthesis. This observation
could be unique to oral administration of arginine or
dose dependent, as 30 g bolus intravenous arginine
was found to decrease blood pressure and peripheral
resistance, while 6 g of arginine (either IV or PO) did
not induce a significant change [75]. However, in a
recent study, acute administration of 6 g of arginine
did increase muscle blood volume during recovery
after exercise, but failed to increase markers of
increased NO production [76]. Thus it seems clear that
oral administration of arginine does not regulate mus-
cle blood flow, but this lack of arginine-induced alter-
ation cannot per se be attributed to any change in
NOS-dependent NO generation. Although NOS-
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independent NO has not specifically been tested in
regard to skeletal muscle blood flow in humans,
administration of nitrate (which is converted to nitrite
and then NO) has been shown to increase skeletal
muscle blood volume [77], and dietary nitrate has been
shown to regulate skeletal blood flow in rodents [78].

In summary, skeletal muscle blood flow is regulated
directly by NO at rest and after exercise. However,
during exercise, the contribution of NO to this regula-
tion is less pronounced, but does have synergistic
affects. Attempts to alter skeletal muscle blood flow
via the consumption of potential NO-generating sub-
stances have not shown significant changes [79,80].

NUTRITIONAL MODIFICATION OF
SKELETAL MUSCLE HYPERTROPHY

Since the identification of NO as a critical regulator
of many physiological processes, there has been much
interest in using nutritional modification to augment
NO production for both the improvement of healthy
humans and in the treatment of several pathophysio-
logic conditions [64,81�84], and these studies have
shown varied results, both positive and negative.
Moreover, it is clear that NO-directed supplementation
can affect skeletal muscle hypertrophy and ameliorate
some pathophysiologic conditions involving skeletal
muscle dysfunction in animals [42]. Additionally,
administration of an NO donor in combination with an
anti-inflammatory drug has been demonstrated to be
safe and have some efficacy in the treatment of muscu-
lar dystrophies [85]. However, while it is clear that NO
signaling has the potential to positively regulate mus-
cle growth, there have not been any peer-reviewed
studies that directly examine if augmentation of NO
signaling by dietary supplementation regulates muscle
hypertrophy in humans.

Nutritional Supplementation for Enhanced
Performance in Humans

There have been many studies examining the effect
of NO-directed nutritional supplements on exercise
performance in humans [86,87]. However, these stud-
ies use a wide range of supplements, have significantly
variable duration of treatment, use variable exercise
protocols, measure different outcomes, and have a var-
iable subject population. Thus, it is not surprising that,
whereas some studies indicated positive effects, an
approximately equal number showed no effect.
Attempts have been made to stratify these studies in
order to draw some conclusions. Alvares et al. exam-
ined the differing ergogenic effects of acute versus

chronic supplementation of arginine [86]. Of the five
acute (treatment of less than 3 days prior to testing)
studies reviewed, three demonstrated a significant
increase in performance; of the eight chronic (treat-
ment of 10 days to 6 months) studies, four demon-
strated significant increases. It should be noted that in
some studies the supplements used to increase circu-
lating arginine levels included other components: gly-
cine, α-ketoisocaproic acid, aspartate, α-ketoglutarate,
and creatine. Moreover, none of the studies tested for
markers of increased NO activity. Alvares et al. con-
cluded that, while the supplements are well tolerated,
there is not enough evidence to recommend the use of
nutritional supplementation of arginine as an aid in
exercise performance in healthy individuals.

A more recent and general review of the effects of
NO-supplementation on exercise performance has
come to similar conclusions [87]. In this review, Bescos
et al. cite 42 studies that examined how various NO-
related substances affect performance, including not
only supplements aimed at increasing circulating argi-
nine levels, but also those aimed at increasing circulat-
ing nitrite levels. Again, only approximately half of the
studies reviewed that reported performance data indi-
cated an increase in performance in response to sup-
plementation. Bescos et al. draw several conclusions.
The potential benefit of arginine supplementation is
variable based on the training status of the individual,
with benefits being seen in moderately and untrained
subjects but little effect in well trained athletes, and
this benefit in general relies on the combination of
arginine with other substances. Citrulline supplemen-
tation alone does not enhance performance. Nitrate
supplementation effectively enhances exercise perfor-
mance in untrained or moderately trained subjects, but
the limited data indicate that this affect is not seen in
endurance-trained athletes. Thus it is clear that while
attempts to augment NO signaling can improve exer-
cise performance in general, this improvement is not
seen in all settings. Moreover, it is impossible in many
of the published studies to dissect out the effects of the
supplementation on muscle hypertrophy (which
would increase muscle strength and thus exercise per-
formance) from the other physiological effects of aug-
mented NO signaling. Indeed, neither of these reviews
addressed the potential for the enhancement of skeletal
muscle hypertrophy by NO-supplementation in detail.

Nutritional Supplementation for Enhanced
Muscle Hypertrophy in Humans

As previously mentioned, there are no studies spe-
cifically examining the influences of NO-related nutri-
tional supplements on muscle hypertrophy in humans.
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However, there are studies that examine how muscle
strength is affected in response to these supplements.
Given that muscle strength correlates with muscle
cross-sectional area [88], increases in muscle strength
can thus be used as a surrogate marker for muscle
hypertrophy. Additionally, it is clear that the initiation
of muscle hypertrophy requires continuous muscle
stimulation. Indeed, muscle hypertrophy in response
to resistance exercise is virtually nonexistent during
the first weeks of training [47]. Therefore, studies that
examine the effects of the chronic administration of
NO-related nutritional supplements on muscle
strength can provide some data regarding whether
skeletal muscle hypertrophy can be affected by nutri-
tional supplementation of NO signaling.

Campbell et al. examined how chronic supplemen-
tation with l-arginine α-ketoglutarate (AAG) affected
strength gain during an 8-week training protocol [89].
Administration of AAG significantly increased plasma
arginine levels. The addition of AAG supplementation
to a standardized exercise protocol over 8 weeks sig-
nificantly increased muscle strength as assessed by a
1RM bench press test. From these data, it can be con-
cluded that this supplement has augmented the
exercise-induced muscle hypertrophy. Interestingly,
there was no difference in body composition, muscle
endurance, or aerobic capacity. It has been argued,
rightly, that AAG can have affects outside its potential
augmentation of NO signaling, because α-ketoglutarate
could increase TCA cycle flux and initiate glutamate
sparing [90]. As such, it cannot be conclusively con-
cluded that it is solely the potential increase in NO sig-
naling produced by AAG that elicits the effects
observed. However, acute administration of AAG
failed to alter muscle strength as measured by 1RM
[90]. Thus the strength gain observed in the chronic
supplementation model is not due to acute NO effects
on muscle contractile function, bolstering the supposi-
tion that AAG supplementation did augment exercise-
induced muscle hypertrophy.

Another study indicates that nutritional supplemen-
tation of NO signaling cannot in and of itself induce
skeletal muscle hypertrophy [91]. Fricke et al. demon-
strated that, in postmenopausal women, oral adminis-
tration of l-arginine (18 g per day for 6 months)
increased peak jump force, and they speculated that
this supplementation could prevent the decline in
muscle force observed in this population. However,
they found no statistically significant changes in jump
power, grip force, muscle cross-sectional area, or fat
area. Thus, in this population, arginine supplementa-
tion does not affect muscle hypertrophy. Perhaps argi-
nine supplementation alone cannot induce muscle
hypertrophy, but it can augment exercise-induced
hypertrophy.

CONCLUSION

It is clear that NO regulates many processes in skel-
etal muscle and that alterations in NO signaling, both
pharmacologic and nutritional, can alter the response
of skeletal muscle. These observations can be used to
make a compelling argument for the use of nutritional
substances in the augmentation of NO signaling to
elicit beneficial effects in skeletal muscle strength,
growth and performance. However, there is still not a
clear consensus on whether any of the nutritional sub-
stances tested in rigorous controlled settings are truly
eliciting an effect and whether any observed effect is
truly due to an alteration in NO signaling, especially
in regard to muscle growth. That notwithstanding,
many studies have provided evidence that nutritional
supplements aimed at altering NO signaling can be
beneficial. More work is needed to definitively prove
not only if NO supplementation can be beneficial to
specific skeletal muscle processes, but also to better
define optimal substance type, dosage, and treatment
protocols.
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INTRODUCTION

Nitric oxide (NO) is a free radical that can function
both as a cytoprotective and as a tumor-promoting
agent. The basic reactions of NO can be divided into
(a) a direct effect of the radical, where it alone plays a
role in either damaging or protecting the cell milieu,
and (b) an indirect effect in which byproducts of NO
formed by convergence of two independent radical-
generating pathways play a role in biological reactions
which mainly involve oxidative and nitrosative stress.
NO is known to interact with various biomolecules
such as amino acids, nucleic acids, fatty acids, metal-
containing compounds, etc. It is formed from
L-arginine which is converted to L-citrulline by nitric
oxide synthase (NOS) enzymes (Figure 27.1). These
enzymes exist in three isoforms: NOS1 or neuronal
nitric oxide synthase (nNOS), NOS2 or inducible nitric
oxide synthase (iNOS), and NOS3 or endothelial nitric
oxide synthase (eNOS). Each isoform is the product of
a distinct gene [1]. Neuronal NOS and endothelial
NOS are constitutively expressed and require elevated
levels of Ca12 along with activation of calmodulin to
produce NO for a brief period of time [2]. Inducible
NOS is induced by cytokines in almost every cell and
generates a locally high level of NO for prolonged per-
iods of time [3]. Inducible NOS is mainly expressed in
macrophages, neutrophils and epithelial cells but its
expression can also be induced in glial cells, liver and
cardiac muscles. Endothelial NOS is constitutively
expressed in the endothelial lining of blood vessels
and depends on Ca12 for cGMP-dependent smooth
muscle relaxation thereby increasing blood flow;
nNOS is also constitutively expressed in postsynaptic
terminals of neurons and is Ca12 dependent
(Table 27.1). It is activated by Ca12 influxes caused by
the binding of the neurotransmitter glutamate to its

receptor in the cell membrane. Neuronal NOS is also
activated by membrane depolarization through the
opening of voltage-gated channels [4]. The endoge-
nously produced NO as well as exogenous nitrate and
nitrite (which are a part of human diet as nutrients
from cured meat, vegetables and preservatives) are
responsible for direct reaction of NO with cellular
components and its much pronounced potential role of
nitrosative stress induction by its secondary intermedi-
ates termed reactive nitrogen species (RNS). Some
examples of RNS are peroxynitrite (ONOO2) formed
by reaction of NO with superoxide anion (O2 �2) along
with N2O2, nitroso-peroxocarbonate (ONOOCO2

2),
lipid peroxyradicals (LOO_), etc. [5]. The aim of this
chapter is to highlight the significant role of RNS in
muscle activity, sports nutrition and in general health
and disease.

Nitric oxide and RNS, when produced within physi-
ological limits, are known to play an important role in
cell signaling and macrophage- and neutrophil-
mediated immune responses which inhibit viruses,
pathogens and tumor proliferation [6]. NO also acts on
reactive oxygen species (ROS) as a detoxifier or ROS
scavenger [7]. It is also known to act on vessels to reg-
ulate blood flow in muscles adapted to prolonged
exercise. RNS can be detrimental when produced in
high amounts in the intracellular compartments, lead-
ing to insulin sensitivity [8], cancers, and neurologic
and cardiovascular pathologies. The cells respond by
up-regulating antioxidants such as glutathione peroxi-
dase, superoxide dismutase, catalase, and glutathione
which have a protective role in scavenging free radi-
cals [9].

According to the American Dietetic Association,
Dietitians of Canada, and the American College of
Sports Medicine, the selection of food, fluids, timing of
intake and supplement choices affect exercise
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performance [10]. All the nutritional recommendations
should be based on current scientific data and the
needs of athletes as individuals. Athletes who follow a
severe weight loss regime or restrict any of the food
groups from their diet should be advised to judiciously
use nutritional ergogenic aids to enhance their perfor-
mance, keeping in mind their efficacy, potency and the
effect of other endogenous substances on them which
may either reduce their assumed effect or may induce
toxicity. An endogenous agent that affects sports nutri-
tion and its efficacy is NO (or RNS) which act on vari-
ous macromolecules (food groups) leading to
modifications of their structure and functions. The
nitrosative stress induced in an athlete may affect
overall performance. We have focused here on the role
of NO in muscle activity.

RECOMMENDED NUTRITION CRITERIA
FOR BETTER SPORTS PERFORMANCE

Diet is usually in the form of a complex matrix of
food whence the nutrients have to be released before
they can be absorbed and utilized. In general, a diet
must fulfill the basic requirements of providing energy
and body building through metabolic fuels, where
mainly carbohydrates and lipids serve the function;
whereas proteins must be supplied in the diet for the

purpose of overall growth and turnover of tissue pro-
teins. Vitamins, minerals and essential fatty acids are
required for specific metabolic and physiological func-
tions, along with water.

Adequate energy intake during times of high-
intensity training is known to maintain body weight
and maximize the training effect. According to the
American College of Sports Nutrition, during times of
high physical activity, energy (mainly carbohydrates)
and macronutrient needs should be provided at a rate
of 30 to 60 g per hour to maintain body weight and to
replenish glycogen stores, along with proteins to build
and repair tissues. Fat intake should also be sufficient
to provide the essential fatty acids and fat-soluble vita-
mins to contribute energy for weight maintenance.
Overall diet should provide moderate amounts of
energy from fat, i.e., 20% to 25%, since body weight
and composition can affect exercise performance
[11,12]. Athletes should be well hydrated before their
event and the beginning of exercise, in order to maxi-
mize exercise performance and improve recovery time.
Since consuming adequate food and fluid before, dur-
ing and after exercise in the form of electrolytes or
sport drinks containing carbohydrates will help in
maintaining blood glucose and the thirst mechanism,
this will also provide fuel for the muscles along with
the decreased risk of dehydration or hyponatremia.
Exercise in hot conditions increases the rate of body
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FIGURE 27.1 Synthesis of nitric oxide

from L-arginine.

TABLE 27.1 Location and Activation of Nitric Oxide Isozymes

Type of Isozyme Gene Loci Availability Location Mode of Action

Neuronal nitric oxide
synthase (NOS1)

On chromosome 12 Central and peripheral neurons,
gastrointestinal cells

Cytoplasmic Activated by calcium

Inducible nitric oxide
synthase (NOS2)

On chromosome 17 Macrophages, neutrophils,
hepatocytes

Cytoplasmic Induced by cytokines (interleukin and
tumor necrosis factor)

Endothelial nitric oxide
synthase (NOS3)

On chromosome 7 Endocardium, myocardium,
platelets

Plasma
membrane

Activated by calcium
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heat storage and reduces the time required to reach a
critical hypothalamic temperature that results in
fatigue. This critical temperature appears to be associ-
ated with the dysfunction of brain’s motor control cen-
ters. This may also lead to temperature-induced
alteration in skeletal muscle function with increased
requirement for anaerobic ATP provision. The dura-
tion of exercise that can be performed before this criti-
cal temperature is reached can be increased by
ingesting fluids of a volume at least equal to that lost
in sweat within 60 min prior to and during exercise.
The heat dissipative mechanism involves heat-induced
enhancement of muscle sympathetic nerve activity,
producing stimulation of C III and C IV afferent nerves
and causing heat induced release of NO, resulting in
muscle and skin vasodilatation [13].

ROLE OF NITRIC OXIDE IN
NUTRITIONAL SUPPLEMENTS

In addition to the required recommended dietary
regime, nutritional supplements enhance exercise
capacity beyond that afforded by regular food inges-
tion alone. Arginine and its metabolite creatine are the
nutritional supplements that enhance exercise capacity,
and therefore they are said to have an ergogenic effect.
L-arginine after ingestion exerts its overall action in
two modes:

1. acute effects which result in enhanced exercise
capacity after ingestion of arginine;

2. chronic effects which are associated with the
anabolism of muscle protein resulting from the
stimulation of muscle protein synthesis.

Supplementation with arginine alone does not stim-
ulate muscle protein synthesis, although exogenous
arginine as a dietary supplement facilitates increase in
body mass and functional capacity. Ingestion of argi-
nine leads to the formation of ornithine, but one of its
metabolic fates is conversion to NO via nitric oxide
synthases. NO is known to have acute vasodilatory
properties, and chronic exposure has been reported to
slow down the process associated with the onset of
atherosclerosis [14�16]. Supplementation with argi-
nine, the precursor of NO, has a positive effect on
muscle activity because of its indirect effect via the
stimulation of NO production, which increases muscle
blood flow. When sufficient arginine is ingested along
with other amino acids, mainly essential amino acids,
there is increased production of NO and an increase in
the muscle blood flow which channels the absorbed
amino acids to the muscles, increasing their uptake
and incorporating them into muscle protein. Therefore,
it could be expected that, along with the indirect effect

of arginine, supplementing essential amino acids at
concentrations above that present within the muscles
would lead to an anabolic effect resulting in muscle
building and better athletic performance. The vasodila-
tory property of NO has made athletes more exercise
tolerant by increasing O2 delivery to meet increased
myocardial O2 demands of strenuous physical activi-
ties [17,18]. It has also been reported that the activity
of skeletal muscle is increased significantly by NO
through S-nitrosylation of Ryanodine receptor (RYR)
responsible for exporting calcium through cysteine
rich calcium channels. NO is also known to inhibit sar-
coplasmic/endoplasmic reticulum Ca12ATPase via
tyrosine nitration, responsible for importing calcium.

Arginine is known to have anti-atherogenic and
growth-promoting properties. It has also been reported
that arginine (250 mg/kg/day) increases growth hor-
mone secretion by inhibiting somatostatin secretion
[19]. Besides arginine, creatine (a derivative of argi-
nine, glycine and methionine) is also given as an ergo-
genic supplement. However, the side effects of
excessive ingestion must be kept in mind since creatine
may increase intracellular water and dilute electro-
lytes, thereby affecting fluid balance. The users should,
therefore, be advised to pay attention to fluid need in
hot climates. Large intake of creatine can reduce its
endogenous synthesis, probably via feedback regula-
tion. But the enzymes involved in creatine synthesis
are reactivated when supplementation is discontinued.
On average a person consumes 1 g/day of creatine
from a regular diet. Creatine is degraded into creati-
nine and excreted in the urine at a rate of about
2 g/day. Potential side effects of creatine in a normal
system, which is not under oxidative or nitrosative
stress, are not known since most of the creatine
ingested is removed from the plasma by the kidneys
and excreted in urine.

The possible ergogenic effect of creatine has led to
its widespread use as a supplement in sports. Many
athletes ingest creatine over long periods of time for
sports events and during training periods to increase
strength and body mass. The normal concentration of
total creatine in skeletal muscle is about 120 mmol/kg
(dry mass), but muscle concentration of total creatine
can indeed be increased by oral supplementation
which involves a loading phase of 20 g creatine mono-
hydrate for 4�6 days followed by a maintenance dose
of 5 g daily for 2�3 weeks to ensure optimal uptake in
muscle [20,21]. About 90�95% of the body’s creatine is
found is skeletal muscle and, of this, one third is free
creatine and two thirds is phosphocreatine, which is
responsible for the acute ergogenic effect of creatine
making a phosphagen pool available for rapid resyn-
thesis of ATP during periods of maximal ATP turn-
over. Creatine transport is increased when creatine is
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ingested together with carbohydrates or carbohydrate
protein mixture [22,23]. Ingestion of creatine and 1 g
glucose per kg body mass twice a day increases total
muscle creatine by 9% more than with creatine intake
alone.

Heavy sports training schedules and competitions
are often associated with immune-suppression; there-
fore, athletes have to be provided with nutrients that
display immunoregulatory properties. Among such
immune-nutrients considerable attention has been paid
to two amino acids, arginine and glutamine, where the
dosage and administration schedules have to be
decided according to the requirements.

All these ergogenic benefits of diet and dietary sup-
plements are responsible for enhanced sports perfor-
mance in a healthy individual, but if a system’s
homeostasis of pro-oxidants and antioxidants is dis-
turbed then it leads to oxidative and nitrosative stress.
Enhanced formation of ROS and RNS affect the oxida-
tion/nitration of biomolecules such as lipids, protein
and DNA. RNS are produced not only under patholog-
ical but also during physiological situations such as
cellular metabolism, where they have beneficial effects.
However, they can be detrimental when produced in
high amounts in the intracellular compartments
(Table 27.2). Cells generally respond to nitrosative
stress by up-regulating antioxidants. Macrophage- and
neutrophil-mediated immune responses involve the
production and release of NO, which inhibits viruses,
pathogens and tumor proliferation. NO reacts with
ROS and acts as a detoxifier (ROS scavenger). It also
acts on vessels to regulate blood flow, which is impor-
tant for the adaptation of muscle for prolonged
exercise.

Besides these beneficial effects, RNS are known to
induce nitrosative stress in skeletal muscles, leading to
increased proteolysis of muscle-specific structural pro-
teins and their modifications. NO is also known to
modify: insulin signaling, mitochondrial energy metab-
olism, endoplasmic reticulum stress, structure and
function of protein, carbohydrates and lipids species,
and creatine phosphokinase, an enzyme responsible
for maintaining the phosphagen pool.

Peroxynitrite (ONOO2) is a potent oxidant and
nitrating species formed by rapid reaction of two free
radicals: NO and O2_

2. It can modify a variety of bio-
molecules and can alter the functioning of intracellular
organelles. ONOO2 can modify different proteins but
possesses high affinity for tyrosine residues in protein
molecules; hence, 3-nitrotyrosine is a relatively specific
marker of ONOO2-mediated damage to proteins.
Other markers of ONOO2-induced protein modifica-
tion are cysteine oxidations, oxidation/nitration of
tryptophan, and protein carbonyls; dityrosine forma-
tion has been observed in atherosclerotic lesions, lung
injury, hypertension, autoimmune myocarditis and
rheumatoid arthritis (RA), etc. Furthermore, self pro-
teins become immunologically active if their structure
is altered. Accumulation of a variety of chemically
modified proteins has been reported in inflamed tis-
sues or apoptotic cells [24].

Besides, NO and its products have been reported to
modify the structure of histones, collagen, and the
structure and function of lipid molecules; effects on
other macromolecules include altering the structure of
DNA and rendering it immunogenic [25,26]. The
potential role of nitrosative modifications affects the
overall regulation of cellular functions (Figure 27.2).

TABLE 27.2 Physiopathological Properties of Nitric Oxide

S. No. Properties

1 Potent antimicrobial activity of macrophages

2 Potent inhibitor of platelet aggregation, activation and adhesion through cGMP pathway

3 An important endogenous vasodilator and regulator of blood pressure

4 Acts as a neurotransmitter in brain and peripheral autonomic nervous system

5 Has a role in relaxation of skeletal muscles

6 Has a role in neurotoxicity

7 Has an important role in insulin signal transduction, through nitrosative modifications

8 Enzymes involved in cellular energy metabolism, including glycolysis, TCA cycle, and fatty acid oxidation, are susceptible to
nitrosative modifications

9 Nitric oxide and its derivatives are also responsible for critically regulating gene transcription

10 Nitric oxide and its derivatives also influence key enzymes of lipid biosynthesis, e.g., COX-2 and cytochrome p-450.
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BIOCHEMISTRY OF NITROSATIVE
PROTEIN MODIFICATIONS IN MUSCLES

Peroxynitrite is a powerful oxidant, far more reactive
than its precursors, NO and O2_

2. Its reaction with pro-
teins, inducing nitrosative modifications, is a selective
process that targets precise molecular sites in proteins,
leading to changes in their structure and function. In a
biological system these modifications manifest mainly
in two forms: either through S-nitrosylation of cysteine
thiols or as nitration of tyrosine residues. ONOO2-
mediated tyrosine nitration proceeds through a radical
mechanism, where it first reacts with carbon dioxide or
metal centers and generates secondary nitrating species
(Figure 27.3). Nitration is promoted by exposure of
tyrosine, its location on a loop, its association with
neighboring negative charge, and absence of proximal
cysteine. Nitration is also enhanced in a hydrophobic
environment because of the longer half-life of the
nitrogen dioxide radical. ONOO2 nitrates free or
protein-bound tyrosine to form a stable product,
3-nitrotyrosine. S-nitrosylation occurs through the cova-
lent attachment of a diatomic nitroso group to a reactive
thiol sulfhydryl in a redox-dependent fashion.

Oxidative stress leads to the modification of colla-
gen II (CII), an important component of human articu-
lar cartilage. In the inflamed joint, abnormally high

fluxes of RNS give rise to chemical reactions that mod-
ify CII. It has been suggested that a breakdown of tol-
erance occurs because antibodies against modified self
proteins are promiscuous and bind both the modified
and unmodified self-antigen, leading to epitope
spreading. Modifications of CII may contribute to the
vicious cycle of chronicity by providing additional epi-
topes to which the immune system is intolerant, result-
ing in stimulation of the immune response against self
antigens [27].

In terms of structure of skeletal muscles, elevated
nitrite/nitrate concentrations modify skeletal muscle
proteins by nitration leading to muscle wasting [28].
This is indicated by the presence of total ubiquitin con-
jugates and degradation fragments of myosin heavy
chain and reduction in glutathione levels. Nitrosative
stress is also responsible for promoting protein-S-glu-
tathionylation, which plays an essential role in the con-
trol of cell signaling pathways of induced apoptosis
and the mechanism involving messenger RNA stabil-
ity. Nitrosative stress-induced protein tyrosine and
tryptophan nitrations are also responsible for altered
cytoskeletal protein function; tropomyosin, actin and
myosin are reported to undergo structural and func-
tional changes [29].

NO exerts control over vascular tone, platelet func-
tions and prevents adhesion of leukocytes, but at an

Endogenous sources of DNA damage
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increased concentration of ROS there is a decline in the
amount of bioactive NO since it is converted to toxic
ONOO2. This can uncouple eNOS to become a dys-
functional RNS-generating enzyme that contributes to
vascular oxidative stress and endothelial dysfunction,
promoting atherogenesis.

Besides these effects on cellular proteins, nitrosative/
nitrative stress is also known to inhibit creatine kinase
activity [30] which is responsible for the maintenance of
the phosphagen pool by forming phosphocreatine. The
inhibition of this enzyme will down-regulate the ATP-
phosphocreatine system that can provide energy at high
rates, but only for a few seconds before the phosphocre-
atine (PCr) store is depleted. Increased NO concentra-
tion would result in a decline in creatine-involved
temporal buffering, proton buffering and glycolysis reg-
ulation, because PCr is a limiting factor in maintaining
ATP resynthesis during maximal short-term exercise.
The amount of ATP in muscles is sufficient to sustain
contractile activity for less than one second. The reser-
voir of high-energy phosphate in skeletal muscle is crea-
tine phosphate. The ΔGo of creatine phosphate is
210.3 kcal per mole, whereas that for ATP is only
27.5 kcal per mole. Resting muscle has a high concen-
tration of creatine phosphate (25 mM) compared with
ATP (4 mM). The creatine phosphate provides a high
ATP concentration which is the major source of energy
in athletes during the first 4 seconds of a short sprint.
During muscle contraction, the ATP level remains high
as long as creatine phosphate is present. But following
contractile activity the levels of ADP and Pi rise. The
reduced energy charge of active muscle stimulates gly-
cogen breakdown, glycolysis, TCA cycle and oxidative
phosphorylation.

NO and its derivative would result in reduced per-
formance during short-term maximal exercise which is
analogous to glycogen loading before endurance exer-
cise. Increased level of RNS is known to affect training
intensity, training stimulus and physiological adapta-
tions to training.

NO also induces skeletal muscle insulin resistance
through higher iNOS expression in some individuals,
which would ultimately lead to diabetic complications.
Induction of iNOS leads to NO production and forma-
tion of RNS which would result in the nitration of
tyrosine at the insulin receptor and insulin receptor
substrate, leading to improper insulin signal transduc-
tion and insulin resistance in skeletal muscle and liver.
NO and RNS also interfere with the energy metabo-
lism through S-nitrosylation and tyrosine nitration of
enzymes involved in cellular energy metabolism, e.g.,
enzymes involved in glycolysis, TCA cycle, β oxida-
tion, mitochondrial complex I and cytochrome c of the
electron transport chain. Nitrosation of mitochondrial
proteins using mitochondrial targeted S-nitrosothiol
alters the activity of key TCA cycle enzymes in a
reversible fashion, reducing the activity of important
TCA cycle and electron transport proteins. This leads
to the slow down of substrate oxidation and build-up
of metabolic intermediates, affecting the overall poten-
tial of an athlete [31].

NO and RNS are also known to induce endoplas-
mic/sarcoplasmic stress through the inhibition of sar-
coplasmic/endoplasmic reticulum Ca12 (SERCA) and
Ryanodine (RyR) receptors. This results in a negative
effect on calcium homeostasis for maintaining cellular
calcium stores responsible for activities of endoplasmic
chaperones: e.g., protein disulfide isomerase, calreticu-
lin and calnexin that are essential for protein folding
and disulfide bond formation of newly synthesized
proteins and their transport. Therefore, disruption of
calcium homeostasis may lead to accumulation of
unfolded or misfolded proteins in neurons, endothelial
cells and foam cells, thus affecting overall protein mat-
uration and apoptosis.
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BLOOD FLOW: CHARACTERISTICS,
EXERCISE AND TRAINING

Current Knowledge on Skeletal Muscle Blood
Flow Control

The amount of blood flowing into the large blood
vessels feeding human skeletal muscles and subse-
quently perfusing the microvascular network is a
tightly controlled variable based on the interplay
between central (i.e., cardiac function) and peripheral
(i.e., local skeletal muscle vasodilation) regulatory
inputs [1�3]. In healthy subjects, skeletal muscle blood
flow is tremendously well preserved to ensure that
blood and oxygen (O2) supply match O2 demand over
a wide range of exercise intensities [4]. According to
the Poiseuille’s Law [5], the increase in blood flow Q is
governed by perfusion pressure ΔP, structural proper-
ties of the vascular network (length L and radius r),
and blood viscosity η:

_Q5
ΔPUπUr4

8ULUη
ð28:1Þ

Both central and peripheral regulatory inputs arise
from the integration of multiple signals mainly of neu-
ral, metabolic and mechanical origins [6], with the
most prominent control being probably exerted by
local skeletal muscle vasodilation [7], despite the
exercise-induced elevation in sympathetic activity and
its associated vasoconstrictor effect [8].

Signals of neural and/or mechanical origins have
been proposed as likely mediators of the early increase
(within 1 s) in blood flow observed at the beginning of
exercise [9,10]. Most of the accumulating evidence cur-
rently suggests that neural signals together with the
muscle pump are not mandatory in contraction-
induced vasodilation and rather indicates an indirect
mechanical control of early vasodilation [6,11]. The
exact processes involved in the mechanically induced
vasodilation are not clear but could be mediated by
both endothelium-dependent and -independent path-
ways [12].

Once the early vasodilation is initiated, continuous
muscle perfusion and delivery of O2 requires the
vasodilation to be sustained to ensure the continua-
tion of exercise. Blood flow remarkably follows the
energetic requirements of the contracting muscle tis-
sue [13], making it appealing that metabolic signals
produced by the contracting muscles and/or the
bloodstream might contribute to the dynamic control
of vascular tone either directly or through their stimu-
lating effects on the endothelium [14]. Many vasoac-
tive agents produced by the active muscles have been
studied, including pCO2, lactate, K1 and adenosine
[15]. However, their exact contribution to the exercise-
induced vasodilation and hyperemia is still confusing
[16] and might be combined with the potential vaso-
active effect of other identified muscle-derived com-
pounds such as interleukin 6 and 8 as well as nitric
oxide (NO), prostacyclin and endothelium-derived
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hyperpolarizing factor (EDHF) [16] with or without
mechanical stress [17,18]. Moreover, circulating ery-
throcytes can also release ATP and NO in plasma
when they undergo de-oxygenation and/or mechani-
cal deformation [19]. ATP binds to P2Y purinergic
receptors on the endothelial muscle cells, where it
triggers NO production [20]. This increase in NO acti-
vates soluble guanylyl cyclase in the vascular smooth
muscle, increasing cGMP, which activates protein
kinase G (PKG), leading to vasodilation [21].

The vasodilation initiated at the level of the terminal
arterioles in the skeletal muscle vascular network
needs to be conducted upstream, a phenomenon called
“conducted vasodilation”, in order to increase blood
flow in the main feeding arteries. This vasodilation
“spreading” would also facilitate a coordinated and
homogenous distribution of blood flow within the
active muscle [22,23].

As discussed in the section below, the mechanisms
involved in the control of exercise-induced vasodila-
tion and increased blood flow are well integrated and
result in appropriate vascular functional responses in
various conditions of submaximal but not maximal or
supramaximal exercise intensities [24].

Blood Flow Responses to Acute Aerobic
Exercise

The femoral artery blood flow during a rest-to-work
transition exhibits a very large augmentation with a
B20 fold increase at the most extreme intensities of
knee-extension exercises [25]. Many studies report
that, under normal environmental conditions (normo-
baric and thermoneutral conditions), skeletal muscle
blood flow increases linearly with the elevation of
exercise intensity to match oxygen supply to oxygen
demand [26,27]. This observation holds true for small
muscle mass exercises, where skeletal muscle blood
flow is mostly supported by profound vasodilation of
the resistance vessels feeding the active muscle tissues
(i.e., peripheral components) in combination with the
increased cardiac output, perfusion pressure and blood
flow redistribution (i.e., central components) [7]. At a
given constant exercise intensity, skeletal muscle blood
flow can eventually stabilize or progressively increase
depending on the development of the slow component
of oxygen uptake [28]. This slowly developing eleva-
tion of skeletal muscle blood flow and oxygen uptake
is especially observed at exercise intensities greater
than 75% of knee-extension peak power [28].

If the exercise involves a larger muscle mass (i.e.,
cycling or running), the response of skeletal muscle
blood flow to increasing intensity is not linear. Indeed,
the extent of vasodilation observed during knee-

extension exercise applied to the whole active muscle
mass would require enormous values of cardiac out-
put, approaching 100 L/min, by far exceeding the
pumping capacity of the human heart and thereby
compromising the maintenance of an adequate arterial
blood pressure [29]. Therefore, muscle vasodilation
during whole-body exercises is largely restrained at
high exercise intensities such that skeletal muscle
blood flow typically increases linearly with increasing
exercise intensity up to B80% peak power and subse-
quently levels off or even declines when the subjects
approach or surpass maximal aerobic power [4,13].

The skeletal muscle blood flow response to acute
exercise can be profoundly altered by environmental
conditions such as varying ambient O2 availability
and/or temperature. Hypoxia exposure causes a
decrease of O2 content in the arterial blood [30]. At
rest and during submaximal knee-extension exercise
intensities, the diminished arterial O2 content triggers
a compensatory vasodilation, increasing skeletal mus-
cle blood flow such that bulk O2 delivery and tissue
O2 uptake are maintained [14,31]. However, at peak
knee-extension exercise, the hypoxic compensatory
vasodilation is blunted such that peak muscle blood
flow is reduced to normoxic value, leading to attenu-
ated bulk O2 delivery and maximal muscle O2 uptake
[32]. During whole-body exercise, similar observations
pertained, with the exception that hypoxic environ-
ments markedly reduce peak muscle blood flow and
exacerbate the hypoxia-induced reduction in bulk O2

delivery and muscle O2 uptake compared with knee-
extension exercise [32].

Local muscle perfusion can also be tremendously
altered by the consequences of changes in ambient
temperature. The exacerbated thermoregulatory
demand induced by hot environments leads to a com-
petition between skeletal muscle and skin tissues for
blood flow [33] to dissipate heat. However, with acute
exposure to hot environments, muscles usually win
and blood is not taken away from muscle tissue to
feed the skin territories [34]. Indeed, heat stress per se
has been reported to increase muscle blood flow both
at rest and during submaximal small muscle mass
exercises [35,36]. Nevertheless, a frequent consequence
of heat stress is the development of progressive dehy-
dration and its associated hemoconcentration [34].
During constant-load moderate-intensity exercise, the
dehydration-induced hemoconcentration and parallel
increase in arterial O2 content combine with a reduced
muscle blood flow to preserve bulk O2 delivery such
that muscle O2 uptake does not decline until the sub-
jects get very close to exhaustion [37]. However, when
the intensity of exercise is higher (typically .80% peak
power output), exercise tolerance and maximal oxygen
uptake are markedly lowered with heat stress despite

284 28. BLOOD RHEOLOGY, BLOOD FLOWAND HUMAN HEALTH

4. SPORTS AND NUTRITION



hemoconcentration, mainly as a result of the dramatic
reduction in muscle blood flow and bulk O2 delivery
due to skin and peripheral vasodilation [24].

Training-Induced Improvement in Skeletal
Muscle Blood Flow

Aerobic exercise training is known to induce struc-
tural and functional changes in the cardiovascular sys-
tem, improve peak muscle blood flow during maximal
knee-extension exercise or cycling exercise [38�41] to
approximately the same extent (1B20�30%), and
enhance maximal muscle oxygen uptake [25,27,42].
Conversely, peak muscle blood flows are markedly
reduced in various pathologic states [43�46], but nor-
malization may be achieved by exercise training [47].

The training-induced improvement in skeletal muscle
blood flow is thought to be principally mediated by
increased functional vasodilation of the resistance ves-
sels and/or enlarged anatomical vascular cross-sectional
area [26,39]. At the microvascular level, enlarged muscle
capillary network has been documented after exercise
training [48], presumably contributing to the improve-
ment of the blood/myocyte surface exchange area, O2

diffusion and muscle O2 uptake [49]. How exercise train-
ing ultimately triggers structural adaptations (i.e., angio-
genesis) in the vascular network might involve
mechanical, intravascular and blood rheology-based sig-
nals as well as metabolic sensors. Both hypoxia-
Inducible Factor-1α stabilization and Vascular
Endothelial Growth Factor expression are involved in
training-induced angiogenesis [50,51]. This angiogenesis
allows the improvement of skeletal muscle blood flow as
well as O2 diffusion capacity, increasing aerobic perfor-
mance [50,52,53].

HEMORHEOLOGY: INTERACTIONS
WITH BLOOD FLOW, EXERCISE AND

TRAINING

Classical Concepts in Hemorheology

Hemorheology deals with the study of the biophysi-
cal properties and flow properties of blood.
Classically, scientists summarize the blood rheology
field as being the study of blood viscosity. According
to the Poiseuille law (Eq. 28.1), vascular geometry is
the most important factor of blood flow resistance and,
consequently, the impact of blood viscosity is often
ignored, except in extreme cases such as in polycythe-
mia where blood hyper-viscosity may promote throm-
botic complications and increase cardiac work.
However, as discussed below, blood rheology is a key
regulator of vascular function and vascular resistance.

Blood Viscosity Regulates Vasodilation

While an increase of blood viscosity is usually con-
sidered as a risk for an increase in blood flow resis-
tance, several studies demonstrated that a moderate
rise in blood viscosity (if not supra-physiologic) may
be very positive for the endothelial function and vaso-
motor tone [54,55] or even endurance performance
[56]. A rise in blood viscosity causes an increase of the
shear stress applied on the endothelial cells, leading to
increased nitric oxide (NO) production by the endothe-
lial NO synthase and facilitating vasodilation, tissue
perfusion and O2 delivery [54,55,57]. Patients with
chronic vascular disease and endothelial dysfunction
may be unable to cope as well as the healthy popula-
tion with an increase of blood viscosity.

Acute physical exercise usually causes a rise of blood
viscosity (110�12%), which is mainly due to the
decrease in plasma volume resulting in higher hemato-
crit (hemoconcentration), whereas training decreases
hematocrit (auto-hemodilution phenomenon) resulting
in a decrease of blood viscosity [58�60]. The physiologi-
cal consequences of these acute changes during exercise
have been poorly studied, but a recent work [60] studied
the relationships between the changes in blood viscosity,
vascular resistance, NO production and oxygen con-
sumption induced by a submaximal exercise in a healthy
population. Their findings suggested that a marked rise
in blood viscosity during exercise may be necessary for
NO production and adequate vasodilation, to reach the
highest aerobic performance [60]. Nevertheless, an inad-
equate increase in hematocrit could also increase blood
viscosity to very high level, then affecting cardiac and
aerobic performance despite the increase in arterial O2

content. Schuler et al. demonstrated that there is an opti-
mal level of hematocrit and/or blood viscosity to reach
the highest aerobic performance [56]. This optimal level
could be perhaps obtained after an exposition to moder-
ate hypoxia (live-high, train-low model), even if obvious
positive results on aerobic performance remain to be
assessed [61].

Other Hemorheological Factors, Blood Flow and
Oxygen Delivery

Blood viscosity is influenced by several other
hemorheological/hematological parameters such as
plasma viscosity, red blood cell (RBC) deformability
and aggregation, depending on the vascular compart-
ment and the flow conditions. Blood is a shear-
thinning fluid, meaning that increasing shear rate,
which depends on vessel radius and blood flow,
causes a decrease of the viscosity. RBC deformability
and aggregation may affect blood flow in the macro- and
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micro-circulation independently of their effects on blood
viscosity [62].

RBC Deformability

At high shear rate (arteries, large arterioles), any
decrease in RBC deformability will increase blood vis-
cosity because of the distortion of flow streamlines. In
the microcirculation, such as in capillaries, RBC must
extremely deform in order to pass through the vessels
and reach the tissues to deliver oxygen. RBC deform-
ability is determined by the geometric properties, cyto-
plasmic composition and viscosity, and membrane
properties of RBC [62]. Exercise training improves
baseline RBC deformability [63,64]. Having pliable
RBCs is beneficial for microcirculatory blood flow, tis-
sue oxygen delivery and aerobic performance [63].
During acute exercise, RBC deformability often
decreases, probably because of the increased lactic acid
production [60] and enhanced oxidative stress [65]
caused by the physical effort. Lactic acid rapidly dis-
sociates when it accumulates into blood, and both
hydrogen ions and lactate anion may enter into RBCs,
through the monocarboxylate transporter 1, accumu-
late and then decrease RBC deformability [66]. The
production of reactive oxygen species during exercise
may also affect the RBC membrane integrity by pro-
teins and lipids oxidation [65,67]. However, some stud-
ies also reported a lack of change or a surprising
improvement of RBC deformability in exercising peo-
ple, and these specific responses seem to depend on
the training status of subjects and the kind of exercise
performed [59,68]. The greater ability of RBCs to be
deformed under flow in some subjects could be posi-
tive for vasodilation since RBC stretching increases the
release of ATP [69] and NO [70], two factors involved
in vasomotor tone regulation. Several diseases are
marked by RBC deformability alterations, and the best
known is probably sickle cell anemia. The loss of RBC
deformability in this disease is responsible for vaso-
occlusion at the microcirculatory level and tissue ische-
mia. Waltz et al. [71] recently reported a positive
association between RBC deformability and cerebral
oxygenation in these sickle cell patients, emphasizing
the key role of this RBC property in tissue oxygen-
ation, even at the brain level [71].

RBC Aggregation

At low shear rate (veins, venules and small arter-
ioles), blood viscosity is greatly influenced by RBC
aggregation. RBC aggregation is a physiological and
reversible process dominating under low shear or sta-
sis conditions, characterized by the formation of regu-
lar structures where RBCs form face-to-face contacts
resulting in structures looking like stacks of coins. It
depends on cellular factors (i.e., RBC aggregability)

and plasmatic factors such as fibrinogen level [72].
Inflammation and oxidative stress may promote RBC
aggregation [73,74]. It appears that RBC aggregation
that is too low or too high may adversely affect blood
flow [75]. Increased RBC aggregation has been
observed in various pathological situations such as
diabetes [76] and cardiovascular disease [62,77].

Very few studies have investigated RBC aggregation
responses to exercise/training [77], and most of them
found that RBC aggregation increases with exercise,
mainly because of the rise in plasma fibrinogen con-
centration. Simmonds et al. recently reported that
increased RBC aggregation was associated with a
decrease in oxygen consumption during submaximal
exercise, suggesting a role of RBC aggregation in aero-
bic exercise capacity [78].

NUTRITION, BLOOD FLOWAND BLOOD
RHEOLOGY

This section focuses on a selection of nutritional
supplements that are thought or proven to impact on
the cardiovascular system, skeletal muscle blood flow
properties, and exercise performance. Other supple-
ments than those discussed can be found in the litera-
ture, but we believe that those we discuss below
represent the main ones experimentally tested.

NO Metabolism

NO is synthetized from L-arginine by NO synthase.
Indeed, L-arginine has been considered as a potential
ergogenic molecule that may improve skeletal muscle
blood flow during exercise and then oxygen and nutri-
ent delivery to active skeletal muscle [79]. Although
L-arginine supplementation has beneficial effects on
exercise capacity in various diseases, through an
improvement of coronary and/or peripheral blood
flow [80,81], its effect in healthy subject is still debated
[80]. Studies involving untrained or moderately trained
healthy subjects showed that NO donors could
improve exercise tolerance, but no effect was demon-
strated in well-trained subjects [79,82]. Moreover, it
remains difficult to attribute the improvement of per-
formance in healthy sedentary subjects to an increase
in skeletal muscle blood flow since some studies
reported that L-arginine supplementation does not
improve skeletal blood flow [83,84].

The increase in plasma nitrite/nitrate (NOx) con-
tent, through nitrate rich diet (i.e. beetroot juice), might
improve endurance performance capacity in peripheral
artery disease patients [85] and moderately trained
subjects [86,87] but not in high-level endurance-trained
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athletes [88,89]. When present, the beneficial effect of
increased plasma NOx is thought to be mediated by
subsequent increases in NO, which is known for its
multiple physiological effects including stimulation of
vasodilation and increase in blood flow but also modu-
lation of muscle contraction and glucose uptake [90].

Recent evidence suggests that exercise capacity in
endurance athletes is correlated with basal levels of
plasma nitrite, albeit not with brachial endothelial
function [91]. Therefore, the beneficial effect of ele-
vated plasma nitrite/nitrate levels observed in endur-
ance athletes might not be mechanistically linked to
improved muscle blood flow and O2 delivery but may
likely be the result of NO-dependent improvement of
mitochondrial function and optimized O2 utilization
leading to reduced O2 cost of exercise [92,93].
However, a relationship has been well described
between plasma NOx and basal endothelial function in
trained [91] and untrained subjects [94]. Moreover, the
plasma nitrite level observed at exhaustion during a
progressive exercise test, taken as an index of NO
synthase activity, is associated with endothelial func-
tion and exercise capacity in healthy subjects [95].
How much of the effect of plasma NOx can be
ascribed to vascular effects is currently unclear, but
plasma NOx have strong documented evidence
towards reduced mean arterial pressure [96], increased
vasodilation in vitro [97] and in vivo [98,99], presum-
ably via the reduction of nitrite to NO by deoxyhemo-
globin [98]. This mechanism is attracting substantial
attention as it may be involved in hypoxic hyperemia
[100] and hypoxia tolerance [101,102].

Hydration

The level of body hydration is crucial for human
exercise performance [103�105], and a decrease of
more than 2% of body weight alters endurance exer-
cise capacity [106]. In the ecological field, it seems that
the dehydration level affecting exercise performance is
higher (4%) than in laboratory and standardized condi-
tions [105]. Thermal loading is also a key factor of per-
formance and, while it may improve short-duration
exercise performance, it may affect endurance perfor-
mance, particularly when associated with significant
dehydration [107,108]. Under heat stress, dehydration
causes large reductions in cardiac output and blood
flow to the exercising musculature, impairing endur-
ance performance [109] despite no significant or lim-
ited effect on blood rheology [110]. At a given
submaximal intensity, dehydration and not heat stress
alone causes a significant decrease in stroke volume
and an increase in heart rate because of the reduction
in blood volume [111,112]. However, when

dehydration occurs in a hot environment, the decrease
in stroke volume is amplified and the significant
decrease in cardiac output leads to inadequate cardio-
vascular function with a rise in systemic vascular resis-
tance and a fall of the mean arterial pressure [111].
This decrease in cardiac output could even lead to a
decline in femoral and exercising muscle blood flow as
a result of reduction in perfusion pressure [37].

Fluid replacement reduces the risk of heat illness,
limits the cardiovascular stress and improves exercise
performance by preventing or reducing dehydration
[113]. Optimal performance is possible only when
dehydration is minimized and sweat loss partially or
totally compensated. Hydration also normalizes blood
rheology during exercise, despite the stress caused by
heat exposure [110,114]. Moreover, the inclusion of
sodium in the rehydration solution restores plasma
volume when ingested during exercise, and expands
plasma volume if ingested pre-exercise [115].

Antioxidants

Exercise is characterized by an increase in oxygen
reactive species production [116], which may either
favor mitochondrial biogenesis or have deleterious
effects by triggering apoptosis. Oxidative stress may
impair NO metabolism, leading to alterations in vaso-
dilation processes and, ultimately (if chronic or exag-
gerated), endothelial function [117]. Moreover, in vitro,
superoxide anions decrease RBC deformability and
increase the strength of RBC aggregates [118]. On the
whole, exaggerated oxidative stress is widely sus-
pected to cause cardiovascular impairment, but some
of the alterations reported in the literature depend on
the training status of the subjects/animals. For exam-
ple, during exercise, oxidative stress decreases RBC
deformability and increases osmotic fragility in
untrained but not in trained rats [119]. Moreover, the
exercise-induced oxidative stress is responsible for
hemolysis in sedentary subjects, but not in trained
humans [67].

Several studies have focused on the potential effects
of antioxidants to reduce oxidative stress and improve
aerobic exercise performance in both untrained and
trained subjects [120,121]. The antioxidant vitamin C
(ascorbic acid) and vitamin E (α, β, δ, and γ tocopher-
ols and tocotrienols) have been commonly used in
order to improve performance [122]. Kayatekin et al.
demonstrated that the effects of exercise on RBC adhe-
sion to the endothelium and RBC aggregation were
not different between rats receiving vitamin C, E and
zinc compared with non-supplemented untrained rats
[123], suggesting limited action of these antioxidants
on the RBC changes induced by exercise. Nevertheless,
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in another study, the oxidative stress induced by
exhausting exercise was offset in sedentary subjects
after a 2-month regimen in vitamins A, C and E. The
various populations, the various mixtures of vitamins
(at different doses) and the different exercises (type,
duration, intensity) used in the studies may explain
these controversies.

Polyphenols could also impact on the cardiovascu-
lar system and performance. A cumulative positive
effect of exercise training and antioxidant supplemen-
tation (red wine!) has been observed on systolic blood
pressure and high-density lipoprotein in hypertensive
rats [124]. Red wine polyphenols could also act posi-
tively on aging-related endothelial dysfunction and
decline in physical performance by normalizing oxida-
tive stress and the expression of proteins involved in
the formation of NO and the angiotensin II pathway
[125]. Finally, slight consumption of red wine for 3
weeks decreased blood viscosity and RBC aggregation
and improved RBC deformability: a finding which
contributes to the “French” paradox [126].

In summary, the effects of antioxidant supplementa-
tion on the cardiovascular function and exercise per-
formance differ according to the antioxidant
characteristic, as described previously, but some kinds
of polyphenols could significantly improve perfor-
mance depending on the training status of the athletes.

Mineral and Trace Elements

Zinc plays a critical role in maintaining normal
vascular function through its antioxidant and anti-
inflammatory effects [127,128]. Athletes with low
serum zinc level have elevated blood viscosity and
reduced RBC deformability [59], and have a decrease
in exercise performance [59,129]. Esen et al. demon-
strated that zinc supplementation in humans
increases skeletal muscle blood flow but this is not
related to the changes in endothelial activity or vascu-
lar function [130]. Instead, exogenous zinc improves
RBC deformability and RBC aggregation, leading to a
decrease of blood viscosity, which in turn increases
blood flow [130]. One could speculate that the greater
RBC deformability and lower blood viscosity
achieved under zinc supplementation [130,131] played
a role in the lower anaerobic contribution to a 30 min
endurance exercise in rats [132]: improved blood rhe-
ology may facilitate perfusion and oxygen tissue
delivery. Experimentally, a double blind randomized
trial of oral zinc supplementation in healthy volun-
teers demonstrated beneficial effect of zinc on blood
viscosity and RBC aggregation, but no measurable
effect was detected on exercise performance [133].
But, interestingly, in another study, Kaya et al.

demonstrated a positive effect of melatonin supple-
mentation on energetic metabolism and exercise
endurance in swimming rats, and these effects
seemed to be mediated by zinc, which increased
under melatonin supplementation [134].

Another mineral, iron, is frequently lacking in ath-
letes. In elite athletes, plasma ferritin has been
observed to be negatively correlated with blood viscos-
ity [135]. Mild iron deficiency commonly seen in ath-
letes, before anemia occurs, is associated with an
increase in blood viscosity and RBC aggregation,
together with an increased subjective feeling of exer-
cise overload [59]. Even without anemia, a low iron
level is likely to impair exercise performance [136], but
there are still some controversies concerning the bene-
fit of iron supplementation in athletes [131].

Magnesium influences vascular tone by regulating
endothelial function and vascular smooth muscle cell
contraction [137]. Magnesium may stimulate the pro-
duction of vasodilators, such as NO and prostacyclin,
and promote endothelium-dependent and endothelium-
independent vasodilation [138,139]. Animals with mag-
nesium deficiency have high levels of endothelin-1 (a
powerful vasoconstrictor), whose values are reduced
after supplementation of this mineral [140]. Oral magne-
sium supplementation has been found to be useful in
several diseases (except hypertension where the results
are controversial [141]), with specific effects on platelet-
dependent thrombosis [142], endothelial and vascular
function [143] and RBC dehydration [144]. Magnesium
deprivation also reduces endurance performance [136].
The main explanation is that magnesium is required for
the activation of ATPases, which are involved in ATP
synthesis. In addition, RBC deformability seems to vary
with magnesium levels in athletes [145], suggesting that
its level should be equilibrated to normal in athletes. All
these effects have the capacity to improve vascular func-
tion and exercise performance, although the effects
seem to depend on the athletes’ training status [146].

CONCLUSION

Blood flow is modulated during exercise by the
changes in perfusion pressure, vasodilation and blood
rheology in normal conditions. Training-induced
angiogenesis, vasodilation and hemorheological adap-
tations improve vascular function and blood flow.
Nutritional supplements have been proposed in the lit-
erature for their ability to modulate skeletal muscle
blood flow during acute or chronic exercise training.
The present chapter mainly shows that:

1. Blood plasma nitrite/nitrate enrichment might
improve endurance performance capacity in
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patients and, potentially, in healthy subjects.
However, the positive role of NO donors on blood
flow or exercise performance is not apparent in well
trained subjects.

2. Although antioxidants offer protection from the
oxidative damage caused by exercise, few have
demonstrated efficiency to improve exercise
performance, with the most interesting, from our
point of view, being polyphenols.

3. Minerals such as zinc and magnesium, by their
positive effects on vascular function and blood
rheology, seem to play a significant role in exercise
performance, and body deficiency in one of them
has deleterious effects.

In general, this chapter shows that nutritional sup-
plementation has only small positive effects on blood
flow or rheology, and positive effects are mainly
reported in cases of deficit or illness.
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INTRODUCTION

When considering sprint, strength, and power per-
formance within athletes of similar age, body composi-
tion, and training history, there is considerable
variability across the group. One explanation for this
discrepancy is the genetic makeup of the individual
[1]. In the field of exercise and genetics, genotype is
usually associated with either athletic performance or
the response to training. The populations for these
gene association studies range from untrained indivi-
duals up through elite athletes. Elite athletic cohorts
are ideal targets for genetic research because of the rel-
atively homogenous nature of the population and are
often defined as having qualified for and completed in
national or international competitions, such as the
Olympic Games [1]. The similar training and dietary
programs, access to coaches, physiotherapists, athletic
trainers, etc., and training facilities make differences
due to genetic factors more readily detectable in this
group. Because elite athletes provide the best model
for studying the influence of genetics on sprint,
strength and power performance, summarizing this
research and several key genes showing both associa-
tions with performance and biological mechanisms is
the focus of this chapter. Additional examples in
untrained individuals and also results from training
studies are used where available.

Genetic variants (i.e., polymorphisms) are present
throughout the human genome and are key to our
understanding of the potential influence that genes
may have on athletic performance. Identification of rel-
evant variants and their relative importance has been
an area of interest over the last several decades [1].

Along with environmental factors (training and diet),
it is possible that elite athletes possess a ‘blueprint’ of
genetic variants that permit them to succeed at the
highest levels of competition. However, the direction
and magnitude of the influence of those variants on
athletic performance still needs clarification.

EXERCISE PERFORMANCE AND
HERITABILITY

Research into genetics and athletic performance has
been founded on familial and twin studies, which
implicated genetics as a significant factor in athletic
performance, even after adjusting for environmental
factors. The first genome-wide linkage scan for athletic
status reported the heritability of roughly 66% of ath-
letic status in 700 British female dizygotic twin pairs
[2]. More recent data from the HERITAGE family
study have suggested that the heritability of changes
in maximal oxygen uptake (VO2max) with exercise
training reaches 47% in sedentary subjects [3].

Muscular strength and mass are crucial components
in sprint and power performance and are reported to
be influenced by genetic factors. Heritability for mus-
cle strength and mass assessed by twin and family
studies is estimated at 31�78% [4], with the large
range being attributed to differences between the mus-
cle groups, contraction velocities and muscle lengths
that were studied. Of particular interest are studies
that have examined the heritability of maximal power
and total explosive power, which have been estimated
at 74% and 84%, respectively [5]. The ultimate question
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appears not to be whether performance-traits are heri-
table, but which particular genetic variants contribute
substantially to sprint, strength and power perfor-
mance and to classify and make use of these variants
to identify exceptional athletes.

The genetic influence on sprint, strength and power
performance has received less attention than that on
endurance performance, with relatively few studies
having identified associations between gene variants
and power performance. Most studies to date have
small sample sizes, and with a few notable exceptions,
most variants have been tested in only one or two elite
athletic cohorts. When non-elite populations are
included, the results are similar, as significant variabil-
ity within the participant population makes it difficult
to isolate the small effects of each variant. Finally, the
vast majority of work has only identified associations
rather than determining potential mechanisms that
might further explain these findings. Consequently,
the genetic profile of sprint, strength and power ath-
letes remains to be elucidated.

Despite the limitations, it is well accepted that
genetics markedly influence sprint, strength and
power performance. Several studies have provided
evidence that skeletal muscle phenotypes are geneti-
cally influenced [5�7]. Without the appropriate genetic
make-up, the chance of becoming an exceptional
power athlete or sprinter is probably reduced,
although exceptions do exist [8]. In this regard, the
specific knowledge in the field of genetics and sprint,
strength and power performance is summarized in the
following sections, focusing primarily on elite athletes,
to provide future perspectives and directions for
research in this field.

Alpha Actinin 3 (ACTN3 R577X)

The α-actinins are a family of actin-binding proteins
that help anchor the actin filaments. Of the four iso-
forms of α-actinin expressed in humans, α-actinin-3
(encoded by the ACTN3 gene) is exclusively expressed
in the fast, glycolytic muscle fibers that produce the
‘explosive’, powerful contractions [9]. A common vari-
ant (C-T, rs1815739) in the ACTN3 gene results in a
shift from arginine (R) to a premature stop codon (X)
[10] and a complete deficiency of α-actinin-3. The fre-
quency of the 577X null allele varies across ethnic
groups, ranging from 10% to 50% depending on eth-
nicity, generally occurring in B20% of the general
population [9]. This variant has not been linked to any
known disease. However, the specialized expression
pattern and strong sequence conservation of α-actinin-
3 over 300 million years suggest that it has a specific
role in fast (type IIX) muscle fibers [9].

The association between ACTN3 R577X and elite
power performance has been quite consistent, with the
initial findings in Australian athletes showing that the
percentage of elite power athletes with the XX genotype
was significantly lower than in healthy controls [11].
These findings have been replicated in many other
studies, with the frequency distribution of the ACTN3
XX genotype being significantly lower in track and field
sprinters and throwers and in weight lifters than in con-
trols and endurance athletes [12�16]. Moreover, in a
large group of European athletes, sprint and power ath-
letes were B50% less likely to harbor the XX genotype
than were sedentary controls [17]. ACTN3 XX genotype
is also associated with the level of athletic competition
achieved, as no cases of ACTN3 XX genotype were
found in any Australian or Israeli elite sprinters [11,12],
while elite Taiwanese short-distance swimmers have
significantly lower ACTN3 XX genotype frequency
compared with their non-elite counterparts [18].

The effects of ACTN3 genotype in non-athletic
populations have been examined using more specific
phenotypes, such as muscle strength, size and fiber
type, sprint performance, and response to training.
Studies have shown the RR genotype and R allele car-
riers may have greater muscle size and strength
[19,20], faster sprint times [21], and higher percentages
of fast-twitch muscle fibers [20,22] than individuals
with the XX genotype. However, not all studies con-
firm these findings [23�25]. When considering the
response to exercise training, women with the XX
genotype had lower maximal arm strength but had
greater gains with strength training [26]. Delmonico
and colleagues [27] found that women with the RR
genotype had lower muscle leg power initially but had
greater increases following strength training than those
with the XX genotype. The conflicting findings may be
the result of heterogeneity amongst research partici-
pants coupled with small sample sizes, the use of men
and/or women, and different muscle groups and tests.

The actn3 knock-out (KO) mouse model has been
developed to examine the physiological and metabolic
implications of ACTN3 (XX genotype) deficiency [28].
Actn3 KO mice have reduced grip strength and muscle
mass but have 33% greater running endurance than
their wild-type (WT) littermates. This has been postu-
lated to be the result of a decreased diameter of fast
muscle fibers where α-actinin-3 is expressed and alters
contractile and functional properties of the fast muscle
fibers towards that of slow (type I) muscle fibers.
Independent of a shift in fiber type proportions, the
KO mouse muscle has decreased anaerobic enzymatic
activity, increased oxidative metabolism [29], and
slower contractile properties and enhanced recovery
from fatigue [29,30]. Data from untrained humans sup-
ports the KO mouse model by demonstrating greater
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cross-sectional area, and higher percentage of type IIX
fibers [20]. Collectively, these studies provide a plausi-
ble explanation for reduced power and sprint and
improved endurance capacity in humans with the
ACTN3 XX genotype.

Angiotensin Converting Enzyme Insertion/
Deletion (ACE I/D)

Angiotensin Converting Enzyme (ACE) is a key
component in the renin�angiotensin system, generat-
ing the vasoconstrictor angiotensin II (Ang II) and
degrading vasodilator kinins [31]. It has been sug-
gested that ACE plays an important role in both mus-
cle and cardiovascular function during exercise [32].

The ACE I/D is the next most studied variant with
respect to sprint, strength and power performance.
The insertion (I allele, rs4646994) of a 287 base pair
fragment, as opposed to its absence (deletion, D allele),
is associated with lower ACE activity in both circula-
tion and in heart tissue [33,34]. Both alleles have been
associated with improved athletic performance, as the
I allele has been linked with endurance phenotypes
and the D allele with sprint and power phenotypes.
Because this chapter focuses on sprint, strength and
power performance, only studies including these phe-
notypes will be discussed.

Unlike ACTN3, elite power performance associa-
tions with the ACE I/D variant present more conflict-
ing results, with an excess of DD genotypes and D
allele frequencies [35�39], no genotype distribution
differences [40�42], or an excess of II genotype and I
allele frequencies [43,44] observed in sprint/power
athletes vs endurance athletes and sedentary controls.
Dividing athlete cohorts into elite-level and national-
level generally does not show an association with the
level of performance [36,38,39]. However, other studies
have shown linear trends such that the D and I allele
frequencies are overrepresented in elite power and
elite endurance athletes, respectively, compared with
ethnicity-matched controls [35,38]. Possible explana-
tions for the conflicting results may include differences
in level of athletic competition, gender, small sample
sizes, and ethnicity, as the studies by Scott et al. [41],
and Kim et al. [44] were performed in African-
American and Asian populations, respectively while
Amir et al. [43] did not account for the multi-ethnic
nature of Israeli Caucasians.

Findings from the general population reveal similar
results, as the D allele has been associated with muscle
mass [45,46] but not typically strength or power
[47,48]. The response to strength training also presents
inconsistent findings [45,49,50]. In short, the relatively
high number of studies that have shown ACE I/D

variant to be associated with sprint, strength and
power performance is suggestive of an underlying
effect, but the number of discordant findings casts
doubt on the overall effect of this variant on
performance.

A possible mechanism for the ACE I/D genotype
association that may be present in elite power and sprint
athletes is through the renin�angiotensin system. ACE
has been implicated in left ventricular, smooth, and also
skeletal muscle hypertrophy [51�56], as inhibition of
ACE attenuates overload-induced hypertrophy [55,56].
D allele carriers with higher ACE activity may have
higher angiotensin II levels, which appear to translate
into higher muscle mass at baseline in untrained men
and women but did not influence the response to
strength training [45,57]. The ACE I/D variant may also
influence fiber type [58], with the DD genotype having a
higher proportion of fast, type II (specifically IIX) and
lower slow (type I) muscle fibers in untrained volun-
teers. The combination of increased muscle mass and
fast-twitch fiber expression would favor power and
sprint performance, but this is not supported by the
ACE partial-KO mouse [59], as fiber type proportions
were similar in the soleus muscle. Presently, the exact
mechanism by which ACE may contribute to sprint,
strength and power performance remains unknown.

Myostatin (MSTN K153R)

Myostatin (MSTN) is a negative regulator of skeletal
muscle mass by controlling myoblast differentiation
[60], and the loss or absence of MSTN leads to the
double-muscling effect, which has been observed in
animals [60,61] and humans [62]. Of the several genetic
variants located within the MSTN gene, the K153R
(rs1805086, also known as Lys153Arg) variant is the
most commonly studied. The frequency distribution of
the mutant MSTN KK genotype approaches 0% in
Europeans but is higher (B9%) in African Americans,
whereas heterozygosity (KR genotype) ranges between
3% in Europeans and 30% in African Americans. To
the best of the authors’ knowledge, no study to date
has demonstrated association between MSTN K153R
variant and sprint, strength and power performance
using elite athletic cohorts. However, in non-athletic
men, heterozygotes participants had lower vertical
jump performance but not sprint performance com-
pared with the KK participants [63]. There were no
homozygotes for the rare R allele. Muscle strength and
size were also shown to be lower in the R allele car-
riers, but only within African Americans [64]. The
effect of genotype with strength training appears mar-
ginal, as there was a trend for women with the R allele
to have a 68% greater hypertrophy response [65] in a
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very small sample size that was not confirmed in a
larger cohort [64].

Beyond ACTN3, ACE and MSTN, other genetic var-
iants have been associated with sprint, strength and
power performance but are lacking replication in inde-
pendent cohorts, present inconsistent results, or do not
yet have biological mechanisms to support the
associations.

Other Variants Associated with Power,
Sprint and Strength Performance

Angiotensinogen (AGT Met235Thr)

A polymorphism (T-C, rs699) in the angiotensino-
gen gene (AGT) resulting in a replacement of methio-
nine with threonine (AGT Met235Thr) has been
associated with sprint and power performance in elite
power athletes. AGT sits upstream of ACE in the
renin�angiotensin pathway and may (i) indirectly
influence performance via this pathway or (ii) have
other direct effects, still to be identified. A study of
Spanish elite power athletes had higher CC genotype
frequency than either controls or endurance athletes
[66], which is consistent with studies examining ACE
DD genotype [35�39]. A possible mechanism for this
association may be the production of higher levels of
angiotensin II, which can be a skeletal muscle growth
factor and therefore beneficial to muscle size, strength
and power [45,55�57]. However, replication studies
are required before definitive conclusions regarding
this genotype on athletic performance can be drawn.

Adenosine Mono Phosphate Deaminase 1
(AMPD1 C34T)

The breakdown of ATP results in formation of
adenosine monophosphate (AMP) and then inosine
monophosphate (IMP) by AMPD during high-
intensity exercise when ATP utilization exceeds resyn-
thesis [67]. Similar to ACTN3 R577X, a variant in the
AMPD1 gene results in a premature stop codon
(AMPD1 C34T, rs17602729) and complete deficiency
of the AMPD protein and diminished AMP metabo-
lism that produces muscle fatigue, weakness and
cramping [68]. The null allele (TT genotype) is rare
(B2% of population) [69], but heterozygotes display
intermediate levels of AMPD activity [70], which may
impair sprint and power exercise capacity [71]. As
such, the CT genotype of AMPD1 was observed in
higher frequency in power vs endurance athletes [37].
In slight contrast, the CC genotype and C allele were
consistently higher in different types of power ath-
letes vs controls, and no power athlete had the TT
genotype [72]. While power performance requires
rapid ATP breakdown and resynthesis, the practical

relevance of this variant needs to be clarified.
Reduced anaerobic performance in physically active
individuals with the TT genotype has been observed
[73], but specific phenotype testing has not been
assessed in elite athletes. The C allele may be benefi-
cial for power performance but, given the low fre-
quency of the TT genotype and the limited number of
studies, the implications remain unclear.

Interleukin 6 (IL6 C-174G)

Skeletal muscle produces interleukin 6 (IL6) to
increase substrate delivery and possibly reduce inflam-
mation following exercise [74]. A functional C-G
polymorphism in the 50 flanking region of the IL6 gene
(rs1800795) shows that the mutant G allele is associ-
ated with increased transcriptional response in vitro
[75] and in vivo [76]. The C allele and the CC genotype
have been associated with a higher creatine kinase
activity following eccentric exercise [77], suggesting
that the G allele may protect skeletal muscle during
powerful contractions and assist in repair, promoting
beneficial adaptations following exercise training.
Consequently, the GG genotype and G allele frequen-
cies were observed to be higher in power vs endurance
athletes and controls [78]. However, in a replication
study with a larger sample size [79] that was also
pooled with data from Ruiz et al. [78], no association
with genotype was observed in the larger sample size,
the pooled data, or when the athletes were stratified
into elite vs national competitors. As such, the IL6 vari-
ant does not appear to be a prominent factor in elite
power performance. However, given the possible
influence of IL6 -174G/C in damage prevention and
inflammation allows for speculation in this variant’s
role during recovery following exercise performance.
Furthermore, these contradictory findings highlight the
need to replicate studies in large cohorts containing
different ethnic backgrounds.

Nitric Oxide Synthase 3 (NOS3-786 T/C and
Glu298Asp)

Nitric oxide (NO) has effects on vascular tone
[80,81] and blood supply to the working muscles
[82,83], and may influence skeletal muscle glucose
update during exercise [84], which is the preferred
substrate during high-intensity, anaerobic sprint activi-
ties. There are two NOS3 polymorphisms that have
been associated with power performance: the NOS3-
786 T/C polymorphism (rs2070744), which results in
decreased gene promoter activity and nitric oxide syn-
thesis [85], while the other is a missense glutamine/
aspartame (NOS3 Glu298Asp, rs1799983) that is associ-
ated with reduced endothelial activity, nitric oxide
production [86,87], and better response to exercise
training in non-athletic populations [88,89]. Both
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polymorphisms were hypothesized to be associated
with endurance performance. Instead, the opposite
was observed, as the TT genotype frequency of the
NOS3-786 T/C polymorphism was higher in elite
Spanish power athletes vs endurance athletes and sed-
entary controls [90], while the T allele frequency was
higher in both Spanish and Italian power athletes com-
pared with controls [42,90]. Looking at the Glu298Asp
variant, the Glu298 allele frequency was higher in
Italian power athletes than in controls [42]. Greater
nitric oxide abundance, which may influence muscle
hypertrophy [91,92], is suggested as the potential link
between genotypes and power performance.

Polygenic Profiles

A common theme amongst all studies reviewed is
the low percentage of the variation explained by each
individual variant. To address this, Williams &
Folland determined the probability for the existence of
humans with a theoretically optimal polygenic profile
for endurance sports by examining gene3 gene inter-
actions [93]. The optimal profile using the total geno-
type score (TGS, ranging from 0 to 100, with a higher
score being better) was derived using an algorithm
combining 23 different genotypes to explain individual
variations in endurance performance. Two recent stud-
ies have examined the role of a polygenic profile on
elite power performance. In the first study, TGS was
determined using six polymorphisms that have been
previously associated with power-related phenotypes,
including ACE, ACTN3, AGT, NOS3, IL6 and MSTN
[94]. Elite power athletes had a significantly higher
total genotype score than both endurance and controls,
which had similar scores. Interestingly, five (9.4%) of
the power athletes had perfect scores, yet none of these
athletes were amongst the best sprinters. Using a simi-
lar approach, the same group attempted to predict elite
sports performance based on genotype. Microarray
analysis of 20 genes (36 variants within the selected
genes) revealed that IL6, NOS3 and NAT2 (N-acetyl-
transferase) best predicted power and endurance per-
formance and explained 21.4% of the variation [95].
However, the probability of an individual’s possessing
optimal polygenic profile (i.e., TGS5 100) for the six
studied power-related polymorphisms is small at
B0.2% [94]. Assuming that other polymorphisms
influencing sprint and power performance have yet to
be identified, this further decreases the probability of a
single person possessing the ideal polygenic profile.

CONCLUSIONS

The current literature supports the notion that
genetics influence sprint, strength and power

performance and that a favorable genetic endowment
is advantageous in attaining elite athletic status.
However, the specific variants across the genome that
influences this phenomenon, and whether they act
individually or in combination with other variants or
environmental factors, requires further investigation.
Presently, the ACTN3 R577X variant provides the most
consistent results and is supported by data from the
actn3 KO mouse model. Both the KO mouse model
and preliminary data in humans suggest a plausible
biological mechanism behind the genotype:phenotype
association, with a shift in the metabolic phenotype of
type II (fast) muscle fibers away from anaerobic path-
ways towards the slower aerobic pathway normally
associated with slow muscle fibers. The other variants
provide less consistent results (i.e., ACE I/D) or have
not been tested in multiple cohorts (e.g., IL6, AMPD1,
NOS3), making it difficult to form firm conclusions.

Despite advances in our understanding of the
genetic basis of sprint, strength and power perfor-
mance, three important limitations have hampered the
progression of genetics-based athletic research and
need to be addressed: (i) Elite athletic populations are
rare; thus, recruiting large numbers of these indivi-
duals is difficult. Large multi-site collaborations and
data sharing between researchers and universities will
be necessary. (ii) Some of the contradictory findings
may be due to between-study differences, which
reflects the absence of a universally accepted definition
of what is considered ‘elite-level’. Rather, the athletes’
results in major competitions may be better indicators
and could provide a more robust phenotype (i.e.,
speed, power, or strength) in itself. (iii) The analysis of
single variants using low-throughput techniques that
are based on poorly justified candidate genes was
commonly (mis-)used. The use of the innovative
Genome-Wide Association technique enables the
detection of more than a million genetic variations
across the human genome and may help resolve the
current ambiguity within gene association studies by
validating previous findings and identifying novel var-
iants related to sprint/ power performance and muscle
strength.

GLOSSARY

Polygenic trait: A trait or condition influenced by
several genes, each contributing small effect size to the
phenotypic variance.

Allele: The different forms that a particular polymor-
phism may take are called alleles; e.g., the angiotensin-
converting enzyme (ACE) gene has two common alleles,
Insertion (I) and Deletion (D), with three possible allele
combinations or genotypes: II, ID, or DD.
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Genotype: the genetic information specified by the
maternal and paternal alleles at a given locus. The
word “genotype” can also be used to represent the
genetic information content at several relevant loci.

Mutation and polymorphism: Rare variations in
gene structure (,1% of population) are known as
mutations; whereas more common ones ($1%) are
called polymorphisms. The different types of poly-
morphisms include: (i) the presence/absence of an
entire stretch of DNA (insertion/deletion polymorph-
isms); (ii) DNA duplication (copy number variation); (iii)
repeating patterns of DNA that vary in the number of
repeats (200�300 base pair (bp) stretches repeated a
few to hundreds of times); and (iv) a single-bp change
(single-nucleotide polymorphism (SNP)), which are the
most common type of polymorphism.

Gene�environment interaction: An interaction
effect is present when the response to an environmen-
tal factor varies depending on the genotype of the indi-
vidual. In the context of elite athletes, an
environmental challenge is any behavior or lifestyle
factor that has a bearing on training, nutrition and
socio-economic elements.

Candidate gene association studies: A method to
assess the association of one or more specific genetic
variants with outcomes or phenotypes of interest;
genetic variants to be tested are selected according to
their features, e.g., known or postulated biology or
function. Case:control designs compare allele/geno-
type frequencies between cases (e.g., elite athletes) and
controls (non-athletic people representative of the gen-
eral population). Some studies also study a single
cohort (e.g., athletes or non-athletes) and assess geno-
type effects on selected phenotypes (e.g., muscle
power).

Genome-Wide Association Studies (GWAS): A
more ‘agnostic’ approach that examines the association
of genetic variation with outcomes or phenotypes of
interest by analyzing 100,000 to millions of SNPs
across the entire genome without any previous
hypotheses about potential mechanisms.

Linkage studies: Both approaches (candidate gene
association studies and GWAS) can be used on rela-
tives in genetic linkage studies, in which the presence or
absence of certain variant alleles in family members
with or without a disease or phenotype is analyzed.
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INTRODUCTION

Adequate regular exercise has numerous health
benefits. In the last few decades, epidemiological stud-
ies have shown that a dietary�exercise regimen
reduces the risk of various common diseases such as
type 2 diabetes, cardiovascular disease, and carcino-
genesis. In addition, regular exercise improves the
prognosis of existing diseases, including diabetes,
ischemic heart disease, heart failure, and chronic
obstructive pulmonary disease. Accumulating evi-
dence has demonstrated the mechanisms underlying
the benefits of acute and regular exercise. A single
bout of exercise drastically changes various physiologi-
cal parameters such as hormone production, blood
flow, and the activity of the nervous and immune sys-
tem, in addition to altering the expression/activity of
certain genes and proteins in the skeletal muscle. For
example, improvement of glucose metabolism is
observed not only during exercise but also several
hours after exercise and often persists until the next
day. Further, regular exercise adaptively improves nor-
mal bodily functions including energy metabolism,
brain-nervous system, endocrine system, and immune
function, even in resting state, and the expression/
activity of several key proteins in the skeletal muscle is
involved in the development of this adaptation.
Growing evidence indicates that bioactive proteins
secreted by muscle cells are elevated in response to
exercise and can regulate muscle itself, in addition to

other organs, in an endocrine, autocrine, or paracrine
manner, which is referred to as the myokine theory
[1]. These bioactive proteins are suggested to mediate
the acute and chronic effects of exercise, which would
contribute in promoting health benefits along with
maintaining physiological homeostasis and sports per-
formance during exercise.

BIOACTIVE PROTEINS SECRETED FROM
SKELETAL MUSCLE CELLS IN RESPONSE

TO EXERCISE

Previously, several proteins that are secreted from
muscle cells into the extracellular environment in
response to exercise have been reported (Table 30.1).
Many of them were suggested to be involved in the
regulation of metabolic function in skeletal muscle
itself and also in other metabolic organs. Interleukin
(IL)-6 is well known as a representative secretory pro-
tein that is transiently elevated in muscle following a
single bout of exercise [23]. IL-6 may act locally within
the contracting skeletal muscle in a paracrine manner
or be released into the circulation and may increase up
to 100-fold, thus inducing systemic effects [2,3]. While
this is controversial, IL-6 elevated by exercise in skele-
tal muscle can lead to additional improvement of insu-
lin sensitivity in response to exercise [4]. Previous
studies also showed that infusion of recombinant-IL-6
at the normal physiological level selectively stimulates
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lipid metabolism in skeletal muscle in healthy subjects
[5] and in subjects with type 2 diabetes [6]. In addition,
muscle-derived IL-6 has been suggested to play a role
in increased lipolysis in adipose tissue through an
endocrine mechanism [3]. In fact, recombinant IL-6
intra-lipid infusion elevates plasma fatty acid levels
due to lipolysis of adipose tissue in healthy humans
[7]. Furthermore, injection of IL-6 to rats catabolizes
hepatic glycogen and accelerates glucose output into
circulation [8], which may contribute to the mainte-
nance of blood glucose and supply the required energy
substrate during exercise. In addition to IL-6, other
muscle-secreted proteins such as brain-derived neuro-
trophic factor, fibroblast growth factor 21, and IL-15
have been shown to be produced in skeletal muscle in
response to acute or chronic exercise, and have been
suggested to increase fat oxidation or glucose uptake
in skeletal muscle [12,13,15,16]. A more recent study
showed that peroxisome proliferator-activated receptor
gamma coactivator-1 alpha (PGC-1α) expression in
muscle stimulates an increase in the expression of
FNDC5, a membrane protein that is cleaved and
secreted as Irisin [17]. PGC-1α has been shown to play
a central role in a family of transcriptional co-
activators involved in aerobic metabolism; thus, a con-
siderable amount of attention has been focused on it as
a target for the prevention or treatment of metabolic
syndrome through activation of lipid metabolism.
Acute and regular exercise elevates PGC-1α expression
in skeletal muscle [24,25] and, consequently, the secre-
tion of Irisin from the muscle into circulation. Secreted
Irisin acts on white adipose cells and facilitates brown-
fat-like development, which may account for metabolic
elevation and body fat reduction induced by exercise.

One of the other suggested functions of muscle-
secreted proteins is anti-inflammation, and muscle-
derived IL-6 likely contributes to reduction of inflam-
mation when in circulation [23]. IL-6 can increase the
levels if anti-inflammatory factors such as IL-10, IL-1
receptor agonist, and C-reactive protein in neutrophils
and the liver [9,26]. Indeed, recombinant IL-6 infusion
inhibits the endotoxin-induced increase in circulating
levels of tumor necrosis factor (TNF-α), a representa-
tive pro-inflammatory cytokine [10]. On the other
hand, IL-6 is recognized as a proinflammatory cyto-
kine. In severe systemic infection, circulating IL-6 is
drastically elevated and may reach over 10 000-fold the
level in resting healthy state. In contrast, chronic low-
grade elevation of IL-6 (below 10-fold of that in resting
healthy state) is induced by sedentary life, obesity, and
dietary habits, which are associated with the develop-
ment of metabolic diseases, although regular physical
activity reduces the elevation of circulating IL-6 in rest-
ing state along with metabolic improvement [27,28].
Therefore, it is necessary to consider as separate the
exercise-induced secretion of IL-6, which is a tran-
sient/moderate elevation, and the pathological states,
which are transient/high or chronic/low elevations.

It has been suggested that muscle-secreted proteins
have further functions, and some proteins such as leu-
kemia inhibitory factor, follistatin-like 1, and insulin
growth factor-1 (IGF-1) contribute to muscle hypertro-
phy via autocrine or paracrine effects [11,14,18,19,21].
The secreted IGF-1 may also function as an osteogenic
factor by stimulating differentiation and mineralization
[20]. In addition, physiological elevation of IL-6 levels
stimulates an insulin secretory hormone glucagon-like
peptide-1, from intestinal L cells and pancreatic α cells,

TABLE 30.1 Bioactive Proteins Secreted from Skeletal Muscle in Response to Exercise.

Protein Function Target Organs References

IL-6 Glucose metabolism, Lipid metabolism, Insulin secretion,
Anti-inflammation

Skeletal muscle, Adipose tissue, Liver, Intestine,
Neutophils

[2�10]

IL-15 Glucose metabolism, Fat metabolism, Muscle
hypertrophy

Skeletal muscle [12�14]

BDNF Glucose metabolism Skeletal muscle [15]

FGF-21 Glucose metabolism Skeletal muscle, Liver, Adipose tissue [16]

Irisin Lipid metabolism Adipose tissue [17]

LIF Muscle hypertrophy Skeletal muscle [18]

IGF-1 Muscle hypertrophy,Osteogenesis Skeletal muscle, Bone [19,20]

Myostatin Muscle anti-hypertrophy Skeletal muscle [21]

Fst/Fstl-1 Muscle hypertrophy, Endothelial function Skeletal muscle, Endothelium [11]

SPARC Anti-tumorigenesis Colon [22]

IL-6, interleukin 6; IL-15, interleukin 15; BDNF, brain-derived neurotrophic factor; FGF-21, fibroblast growth factor; LIF, leukemia inhibitor factor; IGF-1, insulin

like growth factor 1; Fst, follistatin; Fstl-1, follistatin-like 1; SPARC, secreted protein acidic and rich in cysteine.
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which ultimately improves insulin secretion from pan-
creas β cells [29].

APPROACH FOR IDENTIFICATION OF
NEW MUSCLE-SECRETED PROTEINS

Many studies have suggested that several other pro-
teins secreted from muscle have not been identified. For
example, a bioinformatics study showed that the secre-
tome of human muscle cells includes more than 300 pro-
teins [30]. In addition, an in vitro study demonstrated
that myocytes secrete many proteins into the medium
during differentiation [31,32]. Furthermore, transcrip-
tome and proteome studies of human and rodent muscle
tissue have demonstrated that the expression of many
genes and proteins increases in response to exercise
[33�36]. Therefore, we recently tried to identify novel
muscle-derived proteins that are secreted into the gen-
eral circulation. The transcriptome of muscle tissue in
sedentary and exercised young and old mice was com-
pared. In total, 381 genes in gastrocnemius muscle were
up-regulated in mice that exercised for 4 weeks com-
pared with sedentary mice; on the other hand, 100 genes
were down-regulated in 24-month-old sedentary mice
compared with 3-month-old sedentary mice [22].
Among these genes, there were 24 common genes,
including the secretory protein SPARC, a secreted matri-
cellular glycoprotein.

The level of SPARC protein in gastrocnemius muscle
was significantly elevated, and this elevation of muscle
SPARC was found to be specifically pronounced around
the plasma membrane in exercised muscle. In a human
study, a time-course analysis of the serum levels of
SPARC showed that the SPARC level was elevated in
young healthy men immediately after a single bout of
exercise at 70% VO2max for 30 min, and then gradually
decreased until it returned to the baseline level 6 h after
exercise [22] (Figure 30.1). This exercise-induced increase
in SPARC level appeared to be muscle specific, because
no increase was observed in other organs where SPARC
is abundant. Furthermore, 60 min cyclic stretching of
C2C12 myotubes stimulated SPARC secretion into the
extracellular medium. These findings suggest that a sin-
gle bout of exercise accelerates SPARC secretion from
contracting muscle into blood.

Regular exercise does not result in adaptive elevation
of circulating SPARC in the resting state. The plasma
level of SPARC between sedentary controls and mice
that performed 4-week regular exercise did not differ
significantly, although SPARC expression in the muscle
was increased in the exercised mice [22]. In a human
experiment, 4 weeks of exercise at 70% VO2max did not
change plasma SPARC between baseline and post-
training in young healthy subjects. This finding suggests

that the increase in SPARC level in muscle tissues due to
regular exercise does not contribute substantially to the
circulating concentration while at rest. However, regular
exercise significantly promoted the acute exercise-
induced increase in the serum level of SPARC.

SPARC IS A CANCER PREVENTIVE
PROTEIN SECRETED BY SKELETAL

MUSCLE

A number of epidemiological studies have been car-
ried out on the average individual’s level of physical
activity and its relationship to the incidence of cancer
in Europe, the United States, and Japan. The general
consensus among the authors of these studies is that
physical activity can prevent cancer in the colon,
breast, uterus, pancreas, and lungs [37�43]. In particu-
lar, almost all investigation clearly demonstrated that
physical activity significantly reduces the incidence of
colon cancer. A review of these epidemiological stud-
ies by The World Cancer Research Fund / American
Institute for Cancer Research (WCRF/AICR) showed
that physical activity was the only lifestyle change that
would certainly reduce an individual’s risk of colon
cancer [44]. Although the exact mechanism underlying
the beneficial results obtained in epidemiological stud-
ies remains unclear, various potential mechanisms
such as activation of the immune system and antioxi-
dant status, anti-inflammation, improved insulin sensi-
tivity and proportion of bile acids, and exercise-
induced increases in gastrointestinal transit have been
suggested [45�50]. Previously, we reported that regu-
lar exercise prevents the formation of aberrant crypt
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FIGURE 30.1 A single bout of exercise increases circulating

levels of SPARC in humans. Time course of serum SPARC level
after steady-state cycling at 70% maximal oxygen uptake (VO2max)
for 30 min (n5 10). *P, 0.05 versus resting state (Rest). Results are
shown as mean6 standard error. Data from Aoi et al. [22].
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foci (ACF), which are the precursor lesions of colon
adenocarcinoma, associated with anti-inflammation on
the mucosal surface of the mouse colon [51]. However,
the endogenous defense system, such as antioxidant
and chaperone proteins, was unchanged [51], which
suggested that the anti-tumorigenesis effect of regular
exercise is affected by the levels of circulating factors
rather than endogenous proteins in the colon.

SPARC is a matricellular protein that is primarily
involved in development, remodeling, and tissue repair
through modulation of cell�cell and cell�matrix interac-
tions [52�54]. In addition, SPARC has been reported to
have functions such as regulating angiogenesis and col-
lagen production/fibrillogenesis, chaperoning, inhibit-
ing adipogenesis, and further exerting anti-
tumorigenetic effects [55�61]. Previous studies have
revealed that a lack of SPARC increases pancreatic and
ovarian tumorigenesis in vivo [60,61]. In addition, the
presence of exogenous SPARC in cancer cell lines
reduces cell proliferation in vitro [61,62]. Furthermore,
epigenetic silencing of the SPARC gene via hypermethy-
lation of its promoter is frequent in colon cancers, which
leads to rapid progression of the tumor [63,64].
Moreover, modulation of SPARC expression affects the
sensitivity of colorectal tumors to radiation and chemo-
therapy [65�67]. Interestingly, a clinical study showed
that the 5-year survival of patients with tumors that
expressed high levels of SPARC was significantly better
than that of those with tumors that did not express
SPARC [68]. Therefore, we examined the effect of the
myokine SPARC on the onset of colon tumors by using
SPARC-null mice. In a mouse model for colon cancer
generated azoxymethane (AOM), regular low-intensity
exercise, which consisted of treadmill running at 18 m/
min and 3 times/week for 6 weeks, significantly reduced
the formation of ACF in the colons of wild-type mice
[22] (Figure 30.2). In contrast, more ACF were found in
AOM-treated SPARC-null mice than in wild-type mice,
and exercise did not have an inhibitory effect. In addi-
tion, we examined the effect of exogenous SPARC on
ACF formation in the colon by injection of recombinant
SPARC in the AOM-treated mice. Injection of SPARC,
which is equivalent to the elevation in response to exer-
cise, suppressed ACF formation. Furthermore, in a cell
culture experiment, addition of recombinant SPARC to
colon carcinoma cells inhibited cell proliferation in a
dose-dependent manner. In contrast, addition of condi-
tioned medium, from short interfering RNA-treated
muscle cells, to the carcinoma cells accelerated the prolif-
eration. These results suggested that secreted SPARC
suppresses colon tumorigenesis, which is consistent with
the findings of many previous studies [60�62,65] dem-
onstrating that SPARC is a tumor suppressor.

A cause of ACF formation is dysregulation of apo-
ptosis [66]. The terminal deoxyribonucleotidyl

transferase dUTP nick end labeling (TUNEL) assay
showed that regular exercise increased the number of
apoptotic colon cells in wild-type mice; however, the
number did not differ between sedentary and exer-
cised SPARC-null mice [22]. Furthermore, the levels of
cleaved caspase-3 and -8 were higher in wild-type
mice than in SPARC-null mice, and regular exercise
further increased the levels of these apoptosis markers
in wild-type mice but not in SPARC-null mice.
However, regular exercise did not affect the levels of
B-cell lymphoma 2 (Bcl-2) or Bcl-2-associated X protein
(Bax) in either wild-type or SPARC-null mice. These
findings suggested that SPARC mediates exercise-
induced colon reduction via caspase-3- and caspase-8-
dependent apoptosis. In addition, we found the effect
of exogenous SPARC on colon tumor by using colon
carcinoma cells, and found that apoptosis of these cells
was elevated by addition of recombinant SPARC in a
dose-dependent manner. This in vitro result supported
the hypothesis that SPARC prevents proliferation of
colon tumor cells via increased apoptosis.

PERSPECTIVE

As was well-known from previous studies, exercise
releases various metabolic factors from skeletal muscle
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FIGURE 30.2 SPARC prevents tumorigenesis in colon. The
numbers of aberrant crypt foci (ACF) on the mucosal surface of the
colon were counted under a light microscope. In wild-type mice, reg-
ular low-intensity exercise significantly reduced the number of ACF
in the colons of AOM-treated mice compared with sedentary mice.
In contrast, more ACF were formed in AOM-treated SPARC-null
mice than in wild-type mice, and exercise did not have an inhibitory
effect. Results are shown as mean6 standard error (n5 10�12).
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cised mice. * P, 0.05; ** P, 0.01. Data from Aoi et al. [22].
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into circulation. For example, lactate is generated from
carbohydrates via glycolytic metabolism, and the
amount depends on the intensity of exercise. After its
release into blood, lactate is carried to other tissues
and is utilized as a substrate of aerobic metabolism or
gluconeogenesis. Recently, studies into further func-
tions of such muscle-mediated metabolites, such as
mitochondria biogenesis and energy substrate in brain
[69,70], have suggested that lactate and others such as
amino acids, ions, and ammonium, should be recon-
sidered as endocrine bioactive factors. In addition,
microRNAs (miRNAs) may be secreted from muscle
into circulation and function in an endocrine manner.
Some miRNAs are taken into intracellular vesicles
(e.g., exosomes) and released into circulation without
being degraded by RNase [71]. In addition, the circu-
lating miRNAs (c-miRNAs) can move from circulation
into other cells and regulate their functions via regula-
tion of gene expression at the post-transcriptional level
through translational inhibition or mRNA degradation.
Several miRNAs are highly enriched in skeletal muscle
[72�75] and may be secreted from muscle into circula-
tion. In the future, many other muscle-secreted bioac-
tive factors including metabolites and microRNA
could be identified, which may accelerate the under-
standing of the effect of exercise on improvement of
physical performance and prevention of diseases.
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INTRODUCTION

Testosterone is a steroid hormone with powerful
androgenic and anabolic effects. It is primarily released
by the Leydig cells in the testes and to a small extent
by the adrenal cortex [1]. It is generally known that
testosterone can help to build muscle mass and change
body composition in favor of fat-free mass [2].
Supraphysiologic doses of testosterone have been
shown to increase fat-free mass massively within a
short time (3.2 kg after 10 weeks) and to boost strength
(19% higher one repetition maximum, 1RM, in squat-
ting after 10 weeks) [2,3]. Additionally those effects
can be enhanced if combined with strength training
(6.1 kg and 38% higher 1RM in squatting after 10
weeks) [2].

Testosterone exerts its hypertrophic effects on mus-
cles in an anabolic and anti-catabolic manner (Boxes
31.1 and 31.2), leading to increased protein synthesis
and decreased protein breakdown [4,5]. This is possi-
ble by its stimulatory effects on the expression of mus-
cle insulin-like growth factor (IGF-1) [6], as IGF-1 and
its downstream targets are able to initiate protein syn-
thesis and hypertrophy [7�9].

Furthermore, testosterone can activate resting myo-
genic stem cells, so-called satellite cells, which in turn
can cause myonuclear accretion or fusion with existing
muscle fibers to form or renew myotubes and thus
support hypertrophy [1].

Naturally, its positive effects on body composition
can be explained on the one hand by its properties
described above and on the other by its potential abil-
ity to drive the development of mesenchymal pluripo-
tent cells into cells of the myogenic lineage, while
inhibiting differentiation to adipogenic cells [3].

Additionally it has been suggested that testosterone
inhibits uptake of lipids in adipocytes and stimulates
lipolysis [1].

It is known that testosterone has to bind to andro-
gen receptors (AR) to initiate its effects. However,
recent animal studies suggest that there may be an
AR-independent, nongenomic mechanism of action for
testosterone through increased intracellular Ca21 con-
centration via activation of a G-protein-linked receptor
of myoblasts from the rat neonatal hind limb. This sig-
naling process could result in the phosphorylation of
several transcription factors which are connected with
cellular growth. The significance of this nongenomic
effect of testosterone on human skeletal muscle is still
unclear [1].

In sports the use of testosterone as an illegal drug to
enhance physical performance is not limited to com-
petitive athletes. The misuse has already infiltrated
recreational sports, especially the fitness and body-
building area [1,2,4]. Abuse of testosterone has poten-
tial side effects which are known to occur in the
hepatic, cardiovascular, reproductive, endocrine, der-
matological and psychiatric systems. But there are also
some adverse effects reported in the musculoskeletal
system, e.g., bone fractures, tendon pathology and
rhabdomyolysis [4].

It seems that those detrimental health-related
impacts are either ignored, not only by professional ath-
letes, or that there is a lack of knowledge leading to
abuse of testosterone or anabolic steroids in general.
This attitude becomes apparent in cases where those
substances caused tremendous lesions such as ruptures
of ligaments (e.g., the anterior cruciate ligament) and
tendons (e.g., the patellar tendon). Despite warnings of
impaired healing of the damaged structures, which
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were obviously caused by those substances, abuse con-
tinued [4].

The reasons for testosterone abuse are mainly its
mentioned effects on strength and muscle mass [1,2],
and in many cases the desire to be attractive [1,4]. It is
its anabolic potential that makes testosterone so popu-
lar among those who (ab)use it, and therefore for sci-
ence too.

As the bioavailability of testosterone correlates nega-
tively with fat mass and positively with muscle mass
[3], and supraphysiologic exogenic testosterone admin-
istration leads to suppression of endogenous testoster-
one production as a result of blocked gonadotropin
releasing hormone (GnRH) release in the hypothalamus

pituitary axis [1], it is the authors’ interest to show
whether endogenous testosterone production may be
regulated via nutrition and physical training in order to
support muscle growth.

Of course, the benefits are expected to be inferior to
those from an exogenous testosterone abuse; but the
goal has to be to maximize muscle growth in a natural,
legal and healthy way.

The aim of this book is to give recommendations
on optimizing muscle growth. Thus, the authors
will discuss the role of food on testosterone level(s) and
the hormonal changes that occur in response
to resistance training combined with immediate post-
exercise food intake, while emphasizing testosterone.

BOX 31.1

DOCUMENTED TESTOSTERONE E F FECTS IN MAMMAL IAN T I S SUE

Increased Overall Fat-Free Mass

Increased appendicular fat-free mass

Increased fat-free mass of the trunk

Myogenesis

Increased type I and type II muscle fiber volume

Increased myonuclear number

Increased protein synthesis

Decreased protein degradation

Increased satellite cell number

Increased myogenesis of pluripotent stem cells

Cell Signaling

Increased androgen receptors in pluripotent stem

cells

Decreased Overall Adipose Tissue

Decreased subcutaneous fat

Decreased deep intermuscular fat

Functionality

Increased grip strength

Increased leg press power

Motor Neurons

Increased androgen receptors

Increased motor neuron number and size

Decreased Overall Adipose Tissue

Decreased subcutaneous fat

Decreased deep intermuscular fat

Adapted from Herbst et al. [3]

BOX 31.2

SUGGEST IVE BUT UNCONF IRMED TESTOSTERONE EF F ECTS IN
MAMMAL IAN T I S SUE

Decreased intra-abdominal fat

Improved physical function

Outcomes for non-receptor androgen-mediated

signaling pathways

Appetite stimulation

Adapted from Herbst et al. [3]
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MEANING OF NATURAL
TESTOSTERONE LEVELS AND

HYPERTROPHY/MUSCLE GROWTH

The power of exogenous testosterone administration
in supraphysiologic doses on skeletal muscle has
already been described [2]. However, the relevance of
even physiological levels of this hormone on muscle
size becomes clear if one observes the natural process
of muscle growth and muscle loss. In boys, it is
puberty, with its accrual in muscle mass concurrently
with increase in testosterone, that highlights its mean-
ing for muscle growth. On the other hand, testosterone
declines by approximately 1�3% per year, from the
age of 35�40 years on. Later in life this decline is asso-
ciated with sarcopenia [5].

Considering that free testosterone levels correlate
positively with muscle mass [3], hormonal and anthro-
pometric comparisons of different ethnic groups give
an indication of the potential relevance of different tes-
tosterone levels on muscle size. For superior muscle
development, steroid hormone binding globulin
(SHBG) should not increase in proportion with
increase in testosterone, otherwise levels of free testos-
terone will remain unchanged.

Anthropometric measurements show that black men
have a higher lean mass (absolute and relative) [10]
and a higher fat-free mass index (FFMI) [11] than
white controls. Those results could be explained by the
data of Ross et al. [12]. They showed that, compared
with whites, black college students have significantly
higher total (19%) and free (21%) testosterone levels,
while SHBG levels did not differ significantly between
those two groups [12]. On the other hand, in a study
where people of different ethnic groups (African
Americans and Caucasians) took part in a resistance
training of their dominant leg, significant changes in
thigh muscle volumes were observed but no signifi-
cant differences between the two ethnic groups were
found [13]. This contrasts somewhat with the findings
of Ross et al., as a higher free testosterone level would
have been expected to result in a superior hypertro-
phic response.

It has to be mentioned that other authors found
no significant differences in total and free testoster-
one between non-Hispanic black men (NHB) and
non-Hispanic white men (NHW) (data were adjusted
for age), although NHB had slightly higher total and
free levels of testosterone compared with NHW. If
adjusted for age, SHBG levels were slightly but not
significantly higher in NHB than in NHW. When
additionally adjusted for age, percent body fat, smok-
ing, alcoholic consumption and physical activity,
SHBG levels were significantly lower in NHW than

in NHB. With those adjustments, differences in total
and free testosterone remained but were not
significant [14].

Thus, there can be significant differences between
ethnic groups in total and free testosterone levels [12].
Those differences may have an effect on the natural
development of muscle mass, which is indirectly
shown by anthropometric measurements [10,11]. It
remains unclear whether elevation of testosterone
levels within the physiologic range confers a physio-
logic advantage.

ENERGY RESTRICTION,
TESTOSTERONE LEVELS AND

HYPERTROPHY

Several authors have examined the relationship
between nutritional aspects and testosterone levels.
Energy restriction and loss of body weight lead to
diminished testosterone levels [15,16]. This decrease
becomes very dramatic under rapid weight reduction
[16]. For example, fasting in rats for 66 hours is accom-
panied by a 50% reduction in total testosterone [15]. In
men, 8 days of vigorous physical activity combined
with both energy restriction and sleep deprivation
leads to a fall of 45% of free and total testosterone
within the first 4 days [17].

A less extreme effect was described my
Mäestu and colleagues [16]. In male bodybuilders
testosterone levels decreased significantly (pre:
20.36 6.0 nmol/L-post: 17.26 6.5 nmol/L) during
an 11-week competition preparation that included
energy restriction and increased training volume.
The hypocaloric diet started with an energy deficit
of approximately 200 kcal/day, which was increased
during the study to 950 kcal/day. The data were
compared with a control group that did not vary
those two variables and consequently did not show
any significant variation in testosterone levels. As
expected, in the hypocaloric group insulin fell signif-
icantly. In addition, insulin concentrations were
significantly related to changes of IGF-1 (r5 0.741)
and lean body mass (r5 0.725). Thus it can be con-
cluded that energy restriction can result in a
decrease of testosterone, insulin and IGF-1, each of
which is an anabolic agent [16]. Furthermore, differ-
ent studies also suggest that caloric intake and
therefore a positive energy balance is fundamental
for maximizing resistance training-induced hypertro-
phy [18,19]. Thus it seems that energy restriction
creates a milieu that is not favorable for muscle
building.
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INFLUENCE OF DIET ON
TESTOSTERONE LEVELS

The literature on effects of nutrition on testosterone
levels shows inconsistent findings on this topic. With
habituated diets, total testosterone levels in general do
not seem to differ significantly between omnivores and
vegetarians [20�22], although slight [22] or even sig-
nificant decreases were observed [23]. To the authors’
knowledge, only the study of Howie and colleagues
has found significant decreases in testosterone levels
in habituated vegetarians compared with habituated
omnivores [23].

When it comes to free testosterone levels and SHBG,
significant but opposite findings between vegetarians
and omnivores were observed. Bélanger et al. discov-
ered that vegetarian men had significantly higher
SHBG levels and a significantly lower free androgen
index (FAI: ratio of total testosterone to SHBG) com-
pared with omnivores [21]. In women on the other
hand, comparing vegetarians with omnivores, vegetar-
ians displayed a significantly higher free testosterone
level that was accompanied by a lower total testoster-
one (not significant) level and a lower (significant)
SHBG level [22]. Reed et al. observed that omnivores
and vegetarians consume the same amount of fat, but
that intake of saturated fat is higher and intake of
unsaturated fat is lower for omnivores (expressed by a
higher polyunsaturated fat to saturated fat (P/S) ratio)
[22]. Bélanger et al. on the other hand found differing
results and showed that there are significant differ-
ences between omnivores and vegetarians. Energy
intake was similar between omnivores and vegetarians
but omnivores consumed significantly more fat, more
protein, less dietary fiber, more saturated fat, less poly-
unsaturated fat, and more cholesterol [21]. There is
some evidence that the influence of dietary fat on tes-
tosterone levels varies with the type of fat.

Volek et al. found that resting testosterone corre-
lates positively (r5 0.72) with percent of fat and nega-
tively with percent protein (r520.71) in the diet.
Furthermore there are significant correlations between
ingested mono-unsaturated fat and testosterone
(r5 0.79), saturated fatty acids (SFA) and testosterone
(r5 0.77), and last but not least between P/S ratio
and testosterone (r520.63) [24]. Those results are
based on habituated diets and are in agreement with
a study that reported higher total and SHBG-bound
testosterone with a lower P/S ratio in a dietary
intervention [25].

The findings regarding changes in testosterone
become more consistent when habituated diets get
changed. Several studies examined the effect of the
switch from a habituated diet to a low-fat diet, or from

a high-fat diet to a low-fat diet, on testosterone and
SHBG levels [26�29].

Switching from a habituated “high-fat” diet (around
40% of total energy) to a low-fat diet (around 25% of
total energy) for 6 weeks resulted in significant
decreases of total and calculated free testosterone [26]
or a significant decrease in total testosterone and a
nonsignificant increase in free testosterone [27]. After
another 6 weeks on the previous habituated diet testos-
terone rose [26] or even reached baseline levels again
[27]. These observations are in agreement with data
that show a significant decrease in testosterone when
switching from a habituated diet (40% fat) to a low-fat
diet (20�25% fat) [28], or a significant decrease in free
testosterone accompanied by a significant elevation in
SHBG when going from a high-fat diet (.100 g/day)
to a low-fat diet (,20 g/day) [30].

Another interesting study was carried out by Raben
and colleagues [29]. They found that changing the diet
of endurance athletes from their habituated diet to a
mixed or a vegetarian diet for 6 weeks resulted in sig-
nificant hormonal changes. The experimental diets did
not differ in supplied energy, but the change of the
habituated diet in terms of total nutrient composition
was more extreme with the vegetarian diet (Table 31.1).
Both intervention groups experienced significant
decreases in both total and free testosterone after
3 weeks, but the decrease in the vegetarian group was
more obvious than in the group with the mixed diet
(total testosterone: mixed, 21.8 to 17.1 nmol/L; vegetar-
ians, 21.1 to 14.7 nmol/L; free testosterone: mixed, 0.53
to 0.40 nmol/L; vegetarians, 0.53 to 0.39 nmol/L). After
6 weeks in the mixed-diet group, total testosterone rose
again to 17.4 nmol/L, whereas it declined to
13.7 nmol/L in the vegetarian group. Free testosterone
levels rose in the mixed-diet and vegetarian group
between the 3rd and 6th week to 0.45 and 0.41 nmol/L,
respectively [29]. To the authors’ knowledge this is the
only study that examined not only the effects of a
change from a habituated high-fat to a low-fat diet but
also the change to a mixed diet.

Despite the significantly higher P/S ratio, the
mixed-diet group also displayed significant decreases
in testosterone. These results lead to the suggestion
that it is not only the composition of a diet interven-
tion that may lead to hormonal changes but a diet
change itself. Also Raben et al. state that a dietary
change alone may be responsible for the observed hor-
monal changes [29].

Furthermore, the author suggests that the more
extreme hormonal changes found in the vegetarian
group may be due to the more extreme changes in the
vegetarian intervention diet. Out of 17 dietary variables
(percentage of macronutrients, cholesterol, essential
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fatty acids, P/S ratio, dietary fibers, . . .) in the vegetar-
ian group, 12 differed significantly from the habituated
diet whereas in the mixed diet group only 5 differed
significantly from the habituated diet (Table 31.1). This
idea is supported by the fact that resting testosterone
correlates inversely (r520.63, significant) with the P/S
ratio [24], and despite the significantly lower P/S ratio
in the mixed diet group compared with the vegetarian
group there was a fall in testosterone [29].

To sum up, it seems that habituated diets usually
have little or no influence on total testosterone levels.
Changed SHBG levels and thus levels of free

testosterone are more common, although findings vary
[21,22,30,31]. On the other hand, changing a habituated
diet can be expected to result in a transient decrease of
testosterone [26]. Furthermore, dietary fat can increase
testosterone concentrations, but the influence of differ-
ent types of lipids is still unclear [24].

The question of the physiological relevance of ele-
vated or diminished testosterone levels through nutri-
tion in the context of muscle building unfortunately
remains unanswered. Furthermore, the mechanisms
whereby dietary factors such as different macronutri-
ents and/or different dietary fats influence testosterone

TABLE 31.1 Dietary Characteristics and Testosterone Course During Diet

Habituated Diet Mixed Diet Vegetarian Diet

Testosterone at 0, 3, 6 weeks on diet

Total testosterone (nmol/L) 21.8, 17.1, 17.4 21.1, 14.7, 13.7

Free testosterone (nmol/L) 0.53, 0.40, 0.45 0.53, 0.39, 0.41

Characteristics of diet

Energy (MJ) 17.2 (13.2�20.5) 17.5 (15.4�19.1) 18.3 (15.7�20.4)

Protein

Energy content (%) 14.0 (11.0�17.0) 13.9 (13.1�14.4) 14.7 (14.1�15.2)*

Absolute amount (g) 141 (119�156) 145 (124�151) 160 (133�172)##*

Intake (g/kg b.w.) 1.95 (1.70�2.20) 2.04 (1.71�2.27) 2.22 (1.88�5.54)##*

Animal origin (%) 64 (60�70) 69 (68�71) 16 (15�18)##*

Plant origin (%) 36 (30�40) 31 (29�33) 84 (82�85)##*

Carbohydrate

Energy content (%) 51.5 (46.0�62.0) 57.2 (56.0�59.9)# 57.9 (56.9�58.8)#

Absolute amount (g) 523 (412�589) 591 (516�642)## 622 (539�686)##

Intake (g/kg b.w.) 7.2 (5.9.�7.9) 8.4 (6.9�9.6)# 8.9 (7.1�9.8)##

Simple sugars (%) 20 (16�30) 32 (30�34)## 20 (19�21)*

Dietary fibers (g) 47 (35�67) 47 (42�53) 98 (82�104)##*

Fat

Energy content (%) 32.0 (21.0�42.0) 28.7 (26.9�29.3) 27.4 (26.8�27.7)*

Absolute amount (g) 134 (87�221) 131 (113�146) 136 (113�153)

Serum cholesterol (mg) 527 (296�770) 512 (444�574) 180 (150�210)##*

Essential fatty acids (%) 5 (3�6) 6 (5�10)# 8(4�7)##*

P/S ratio 0.43 (0.30�0.86) 0.49 (0.48�0.57) 1.14 (1.07�1.20)##*

Other

Iron (mg) 21 (17�29) 23 (20�25) 34 (29�36)##*

*Difference between mixed and vegetarian diet, P, 0.01
#Difference between indicated experimental diet and habitual diet, P , 0.05
##P, 0.01. [29]

Values are median for testosterone, median and range for dietary characteristics.

FA, fatty acids; P/S ratio, ratio between polyunsaturated and saturated fatty acids.

Adapted from Raben et al. [29]
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levels are not fully understood. One idea is that diet
may have an influence on hepatic SHBG secretion and
thus on free testosterone levels [21].

INFLUENCE OF PROTEIN AND
CARBOHYDRATE INGESTION POST

EXERCISE ON TESTOSTERONE LEVELS
AND HYPERTROPHY/BODY

COMPOSITION

Insulin plays a critical role in controlling blood
sugar level and is secreted after ingestion of carbohy-
drates [32]. It is a factor capable of regulating both tes-
tosterone secretion and metabolism. Insulin inhibits
SHBG synthesis in both males and females [33]. In
addition, data of other authors have shown that it is
negatively correlated with SHBG [34]. It has to be
noted that there is a gender effect in the way insulin
affects testosterone levels [33]. Since we suggest that
most people interested in optimizing muscle building
are men, the following studies on effects of macronu-
trients and insulin on testosterone are observed effects
predominantly on men.

Some studies have shown inverse correlations of
testosterone and insulin, whereas others observed con-
current rise of testosterone and insulin [34,35].
Pasquali et al. observed the testosterone response to
acute hyperinsulinemia in obese and normal-weight
men. Obese men expressed mainly a rise in testoster-
one with hyperinsulinemia, whereas normal-weight
men mainly showed a fall in testosterone. In some, but
fewer individuals, an opposite reaction took place [33].
This suggests different response mechanisms either
due to interindividual differences or due to abnormal
physiologic/hormonal characteristics of acute hyperin-
sulinemia during rest in obese men. The effect of
macronutrient intake (carbohydrate, protein, carbohy-
drate1protein) and thus, indirectly at least to some
extent, of insulin on testosterone levels after a session
of resistance training was studied by several authors
[34�36]. Ingestion of macronutrients (protein and car-
bohydrate) after a bout of resistance training can alter
testosterone levels. It was found that food intake com-
bined with resistance training lowers testosterone tran-
siently [34�36] and those alterations may persist for
up to 24 h post exercise/post feeding [35,36].

However, the most minimal falls of testosterone
levels post training were observed with an almost non-
caloric intake [34�36], but there was no relation
between the degree of insulin elevation and the degree
of testosterone decrease. It was observed that, as long
as insulin was elevated, testosterone remained sup-
pressed [36]. Thus it could be argued that insulin
exerts more of an absolute effect in an “if�then

manner” on testosterone and that different decreases
could be due to individual response differences.

As protein ingestion alone is able to suppress testos-
terone after training compared with isocaloric protein/
carbohydrate supplementation [36] and lowest testos-
terone suppressions took place after “non/minimum
caloric” placebo supplements [34�36], it could be
hypothesized that the amount of caloric intake is very
important to testosterone suppression after resistance
training. In addition, it could be a combination of the
dietary composition, which exerts different insulin
responses (inverse correlation with testosterone/
known to suppress testosterone), and the caloric
amount.

However, pre-exercise values of testosterone do not
correlate well with energy intake (r520.18) [24], and
composition of food seems to play a minor or a tran-
sient role concerning change in resting testosterone
levels [29]. Volek et al. on the other hand found that
resting testosterone correlates positively (r5 0.72) with
percent of fat and negatively (r520.71) with percent
protein contributing to the diet [24].

Furthermore Kraemer et al. found that despite a
decrease in total testosterone after exercise1 food or
placebo, free testosterone is not significantly altered/
diminished. This was measured indirectly via the free
androgen index. Kraemer et al. even supposed that it
was possible that free testosterone was elevated! [34].
This is in accordance with the findings that SHBG may
be lowered after insulin rise [33] or negatively corre-
lated with insulin, and that SHBG is lowered after
exercise1 supplement or exercise1placebo but it is
diminished to a greater extent after exercise1 supple-
ment [34].

Concerning those findings, it seems that, in resting
conditions, insulin may have different effects on total
testosterone levels. Those effects may be due to factors
including, but not limited to, gender, body weight, etc.
On the other hand, after a resistance training and fol-
lowing carbohydrate or protein intake, results showed
in general a transient decrease of at least total testoster-
one [35,36].

MECHANISMS WHEREBY INSULIN
COULD ALTER TESTOSTERONE LEVELS

There are several possible mechanisms whereby
insulin could alter testosterone levels. During rest the
observed rises of testosterone during acute hyperinsu-
linemia may be due to stimulation of the Leydig cells.
Specific insulin receptors in the Leydig cells of rats can
stimulate testosterone synthesis in consequence of
insulin binding. Furthermore, in vitro experiments
have shown that testosterone production can be
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initiated by IGF-1. Insulin and IGF-1 receptors have
similar biochemical and functional properties. It is pos-
sible that both IGF-1 and insulin exert their effects
on testosterone production via both receptors.
Additionally, a modulatory action of insulin on the
aromatase system is possible. Studies on rats have
already shown that chronic hyperinsulinemia may
increase aromatase activity. Studies on hyperandro-
genic women and obese men by contrast suggest
exactly the opposite [33].

Furthermore the influence of insulin on SHBG is
suggested to alter free testosterone levels, as insulin
can suppress hepatic SHBG synthesis. Last but not
least, an impaired luteinizing hormone (LH) secretion
or a greater testosterone clearance rate may be respon-
sible for altered testosterone levels after a bout of resis-
tance training and a protein or carbohydrate intake
[34,36]. As LH secretion was not altered by a carbohy-
drate/protein supplement after resistance training,
Chandler et al. supposed that this is indirect evidence
for elevated testosterone clearance rate [36].

The exact mechanisms by which testosterone and its
binding proteins are regulated after training and sup-
plement are still not fully understood. The same
applies to the influence of quantity and composition of
dietary nutrients on testosterone levels [34].

EFFECT OF RESISTANCE TRAINING
PLUS DIETARY SUPPLEMENTATION ON

TESTOSTERONE LEVELS

As described above, there are different findings on
the impact of insulin or resistance training1 supple-
ment (and thus insulin) on testosterone levels. There is
accordance that resistance training followed by a pro-
tein, carbohydrate, or protein�carbohydrate mixture
ingestion leads to a transient decrease in at least total
testosterone. The smallest fall in testosterone is seen in
placebo supplements with almost noncaloric intake
[33�36]. Thus, it can be concluded that these interven-
tions led to a change in the hormonal milieu. As this
book is about giving recommendations for muscle
building, we examined the effects of different macro-
nutrient supplements combined with resistance train-
ing (and thus indirectly the hormonal milieu) on
hypertrophic responses. Intense literature research led
to six publications dealing with this issue. Two of the
studies compared a protein or branched-chain amino
acid (BCAA)�carbohydrate mixture supplement
against an isocaloric carbohydrate supplement, and
four compared a protein supplement against an isoca-
loric carbohydrate supplement. The tested variables
(mass gain, lean mass gain, muscle mass gain, cross
sectional area, fiber cross sectional area) varied

throughout the studies. No study elucidated any sig-
nificant differences in hypertrophic outcomes between
the intervention groups stated above [37�42].

Those results are consistent with findings that no
significant changes in hormonal milieu (testosterone
and insulin) are caused by carbohydrate, protein, or
carbohydrate�protein mixture supplementation after
resistance training [34�36].

The power/reliability of those results is under-
pinned by the fact that no study was able to show sig-
nificant changes among intervention groups, even
though the methods and the population and its size dif-
fered across the board. Participants ranged from
untrained individuals to recreational bodybuilders;
population size varied between 19 and 52 participants;
intervention time ranged from 6 to 14 weeks with train-
ing frequencies between 2 and 4 times per week; train-
ing loads ranged from 70% to 90% of 1RM, and rest
intervals of two consecutive sets varied from 1 to 3 min-
utes. Additionally, ingestion time of the supplements
differed among the studies. Where some interventions
administered the supplement before and after resis-
tance training, others supplied it only post exercise.
Furthermore, the tested variables for hypertrophy var-
ied, as did the methods to determine them. Observed
variables for hypertrophy were cross-sectional area,
fiber cross-sectional area, lean mass gain, and muscle
mass gain. Those variables were examined via ultra-
sound [37], muscle biopsy [38,42], and dual-energy x-
ray absorptiometry (DEXA) [39�41].

Chandler et al. pointed out that, after resistance
training plus macronutrient supplementation (post
exercise), insulin was significantly more strongly ele-
vated in 5 out of 8 time points during an 8 h follow up
(after resistance training and supplementation) and
was never significantly lower in the group supplied
with a protein�carbohydrate mixture compared with
the group supplied with protein only. Testosterone
was lower (not significant) from the second hour of
follow-up and was significantly lower from the 5th to
the 7th hour of follow-up (6th and 7th time point) [36].
This indicates an overall diminished testosterone
decrease in the protein1 carbohydrate group com-
pared with the protein-only group. Unfortunately,
SHGB was not quantified in this study.

Insulin can lower SHBG, thus potentially increasing
the FAI [34], and the bioavailability of testosterone cor-
relates positively with muscle mass [3]. This circum-
stance leads to the idea that despite the decrease in
total testosterone appearing concurrently with an
increase in insulin, insulin supports or even enhances
hypertrophy by creating “a more anabolic” milieu.
Unfortunately, empirical studies were unable to find
superiority in terms of muscle building between
groups that participated in a resistance training
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supplemented by a pure protein or by a
protein�carbohydrate mixture [39,40].

To the authors’ knowledge there is no scientific
(proven) evidence that habituated diets influence tes-
tosterone levels significantly in a way that could be
linked to a more favorable anabolic milieu (and even-
tually leading to a higher hypertrophic response).

On the other hand, transient hormonal changes
arise as acute effects of macronutrient supplements
combined with resistance training. This was shown in
the study described above where, after a bout of resis-
tance training plus macronutrient supplementation,
significant differences concerning anabolic agents
were detected with different macronutrient supple-
ments at some time points during an 8 hour follow-
up period [36]. To date, to the authors’ knowledge,
there is no evidence that those differences in hor-
monal milieu are leading to significant advantages in
terms of muscular hypertrophy initiated via resistance
training. But for future studies the present overview
suggests that there is a potential interplay between
circulating testosterone levels, kind of resistance train-
ing, timing and composition of dietary intake, and
extent of muscle hypertrophy. In addition, in these
times of molecular biology, the influence of individual
genetic and epigenetic aspects on training and nutri-
tional responsiveness has to be taken into account.
Possibly, the genetic background of each individual
could explain the high variance and diverging results
of the mentioned studies.
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There is a common perception, shared by athletes,
coaches and many researchers, that there is a link
between training for and participation in endurance
events such as a marathon, and increased incidence of
upper respiratory tract infections (URTI). This chapter
will review the literature on the rate of URTI symp-
toms and changes in immune biomarkers associated
with endurance running. We will also review the liter-
ature on the effect of nutritional intervention strategies
on long-distance running-induced changes in immune
biomarkers and URTI symptoms.

UPPER RESPIRATORY TRACT
INFECTIONS AND RUNNERS

There is a large volume of research published over
the past 35 years which has reported increased occur-
rence of URTI symptoms after completion of endurance
running events [1�7]. The increased incidence of URTI
after high-intensity exercise is in contrast to studies that
have shown that moderate levels of exercise can
improve markers of immune function and reduce the
apparent incidence of URTI [8�13]. The effect of exer-
cise intensity on URTI incidence has led to the J-curve
hypothesis in which URTI incidence drops as exercise
intensity increases until it reaches an inflection point
and begins to increase as exercise intensity increases
from moderate to intense (Figure 32.1) [14].

Recent reviews of the data on the link between exer-
cise and the incidence of URTI [15�17] have highlighted
a shortcoming in study design, since studies in this area

have failed to identify an infectious agent responsible for
the reported URTI. Thus, there is the lack of a direct
causal relationship between the upper respiratory symp-
toms (URS) reported in these studies and an infectious
agent. Walsh et al. [16] concluded that the current
research data have not proven a direct link between URS
and an infectious agent. This is due to the subjective
nature of symptom data, even when collected by a phy-
sician, and a lack of identification of specific infectious
agents in the majority of studies on URTI in athletes. The
occurrence of URS after intensive training or an endur-
ance running event appears to be common, but the
underlying cause may not always be an infection. It is
possible that the URS may be due to irritation of the
upper respiratory tract during endurance running, aller-
gies, temporary inflammation of the respiratory tract, or
other events. The data behind the J-curve hypothesis
describe the relationship between exercise intensity and
the incidence of symptoms experienced by athletes, even
if the underlying biological cause of the symptoms may
not be fully understood. In light of this ambiguity, we
will use the phrase upper respiratory symptoms (URS)
for the rest of this review.

CHANGES IN IMMUNE BIOMARKERS
AND RUNNERS

Changes in Circulating Immune Cell Numbers

There is a consistent pattern of changes in the num-
ber of circulating immune cells (neutrophils, NK cells,
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monocytes and lymphocytes) during and after exercise
[16,18�21]. Circulating immune cell numbers increase
above baseline levels during and immediately after
exercise. Certain cell types have a greater flux in num-
bers than others, including neutrophils, NK cells and
certain subtypes of T cells [18,22,23]. Monocytes have
also been described to follow this pattern [24�27]. This
increase is followed by a fairly rapid decline to below
pre-exercise levels during early recovery (1 to 2 hours
post exercise) and subsequent gradual recovery to
baseline levels typically within 24 hours. Several other
types of cells, including basophils and B cells, are rela-
tively unaffected by exercise [18].

The changes in circulating cell numbers are thought
to be due to recruitment from the marginated pool into
the circulation during exercise and are likely the result
of the increased levels of hormones such as cortisol,
epinephrine and norepinephrine in the blood released
during exercise [16]. The decline in circulating cell
numbers after exercise are not due exclusively to
destruction of any of the cell populations, rather it is
thought to result from a temporary relocation of the
cells to reservoir sites in tissues or the walls of periph-
eral veins [28].

Changes in Cellular Immune Function

Phagocytosis and oxidative burst have been shown
to follow the same pattern described above for circu-
lating immune cell numbers, with an increase during
and immediately after exercise, followed by a drop
and gradual return to baseline [19,20]. There are
numerous reports of increased NK cell cytotoxicity
during and after intense exercise, but this activity is a
result of the increased number of NK cells in circula-
tion, not an increase in per-cell cytotoxic potential

[16]. T cell activation as measured by changes in
expression of cell surface activation markers (CD69,
CD25, CD45 and HLA-DR) increases in response to
acute exercise [29,30]. Also, lymphocyte proliferation
and immunoglobulin production from B cells have
both been demonstrated to decrease in response to
intense exercise [31].

Changes in Mucosal Immune Function

The largest part of the human immune system
resides at mucosal surfaces in the airways and gut,
and these are thought to be the main route of entry for
most pathogens. Immunoglobulin-A (IgA), a type of
antibody secreted into the mucosa by B cells, is
thought to be one of the major ways in which the
human body is able to resist infection. Since many
viruses are transmitted through mechanisms that
involve contact with the nose and mouth, studying the
amount of IgA present in human saliva has been an
active area of research for decades. Assessment of the
effect of exercise on mucosal immune function has
mainly focused on measurement of secretory (s) IgA in
saliva [16]. The general pattern reported in the litera-
ture is a decrease in sIgA levels during and immedi-
ately after intense exercise; [16,32�36] however, sIgA
response is highly variable both within individuals
and between groups. Rates of salivary IgA secretion
vary greatly between individuals and groups as well
as with other biological variables such as hydration
status. Methodology differences (sample collection, test
methods) as well as biological variables contribute to
the high degree of variability and make data compari-
son and interpretation between studies difficult [15].
Additionally, there is no agreement on what salivary
IgA concentration constitutes “enough” protection and
at what level an individual is functionally immuno-
compromised [33]. Despite these issues, Walsh et al.
[16] concluded that there is reasonable evidence
indicating that reduced sIgA concentration following
exercise, relative to resting values, is associated with
an increased risk of URS.

Changes in Humoral Immune Factors

Changes in the levels of plasma cytokines after
long-distance running or other high-intensity exercise
are well documented [16,37�39]. Increased
interleukin-6 (IL-6) levels have been found in numer-
ous studies and are thought to be due largely to
release from muscle tissue [23,40]. Increases in a wide
range of other cytokines and chemokines such as
tumor necrosis factor alpha (TNFα), macrophage
inflammatory protein-1 (MIP-1), interleukin-1 beta
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FIGURE 32.1 J-curve model of the effect of exercise intensity
on the risk of upper respiratory tract infections/symptoms.
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(IL-1β), interleukin-10 (IL-10) and interleukin-1 recep-
tor antagonist (IL-1ra) have also been observed,
although it is unclear whether these increases originate
from specific leukocytes or other cell types [23]. In
addition to changes in cytokines, long-distance run-
ning and other high-intensity exercise have been
shown to increase the concentration of a number of
other stress-related hormones and immunomodulators,
including C-reactive protein (CRP), epinephrine
(adrenaline), cortisol, growth hormone and prolactin
[16,41]. All of these factors are known to modulate the
inflammatory immune response. The clinical impact of
changes in plasma immune signaling compounds post
acute exercise is uncertain, but it has been suggested
that they may be linked to inflammation which may
manifest itself as URS in some athletes [42].

IMMUNONUTRITION SUPPORTAND
LONG-DISTANCE RUNNING

Over the past 10 years there have been numerous
reviews and meta-analyses assessing the effects of
nutritional interventions in countering exercise-
induced immunosuppression [15,43�46]. The consen-
sus recommendation from these publications is that
endurance athletes, such as long-distance runners, need
to consume a balanced healthy diet with adequate
intakes of micronutrients (vitamins and minerals). The
common conclusion in these reviews is that the research
on efficacy of most specific nutritional countermeasures
to immunosuppression associated with intense exercise
is inconclusive, too preliminary to draw conclusions, or
disappointing [46]. Rather than reiterating the work of
the reviewers listed above, we will focus on research
surrounding two specific nutritional countermeasures
for immunosuppression and long-distance running that
have promising research results: carbohydrate supple-
mentation, and recently published studies on beta glu-
can derived from baker’s yeast.

Carbohydrates

Carbohydrate (CHO) consumption during and
immediately after intense exercise has been shown to
blunt some changes in immune biomarkers post
exercise [43,46]. Carbohydrate supplementation also
attenuates the rise in a number of stress hormones
associated with inflammation (cortisol, catecholamine,
etc.) post exercise [15]. Consumption of 60 grams of
CHO per hour (usually in the form of a beverage
containing 6% CHO) is recommended, particularly if
the endurance exercise session lasts longer than 90
minutes [44].

There is no convincing evidence that CHO con-
sumption reduces the incidence of URS in endurance
athletes [16,43]. Reduction in the post-exercise increase
in plasma cortisol has been widely reported for both
runners [24,47�51] and cyclists [52,53] who consumed
CHO during intense exercise. Carbohydrate consump-
tion during endurance exercise has been reported to
attenuate the changes in immune biomarkers normally
seen post exercise: a drop in salivary IgA [51], plasma
cytokine increases [48,49], a drop in circulating neutro-
phil numbers [54], increased lymphocytosis [47] and
IL-2-stimulated natural killer cell activity [55,56]. In
general, CHO consumption during endurance exercise
seems to blunt some of the exercise-induced inflamma-
tory changes and immunosuppression, but it has not
been shown to have any impact on actual health out-
comes such as URS.

Baker’s Yeast Glucan

Several recently published studies have investigated
the effect on immune function after intense exercise of a
well-characterized commercial yeast beta glucan derived
from a proprietary strain of baker’s yeast (Wellmune
WGPs) [57�59]. There is the potential for confusion in
the literature on “beta glucan” and exercise because of
the many different types of long-chain polysaccharides
that are grouped under this single term. While all beta
glucans share a “common” β form of chemical bond
between the individual glucose units, there are many
subtle but important structural differences within the
beta glucan family that result in significant differences in
function and potential health benefits. Beta glucans from
cereal grains have a linear form composed of sections of
β 1,3 and β 1,4 linkages. This form of beta glucan has
been shown to have little or no immune effect in exercise
testing with either animals [60] or humans [61].

Baker’s yeast beta glucan is a beta 1,3/1,6 linked
glucan with a branching structure containing side
chains several glucose subunits long (Figure 32.2). It is
found in yeast and fungal cell walls and functions as a
pathogen-associated molecular pattern (PAMP) recog-
nized by specific receptors (Dectin-1 and Complement
Receptor 3) found on many immune cells [62�65].

Animal models indicate that whole glucan particles
(WGP) of baker’s yeast beta glucan are directly trans-
ported from the gut lumen by cells of the Peyer’s
patch. The WGP particles are transported to peripheral
immune tissues by macrophages, broken down into
smaller fragments and presented via antigen presenta-
tion to a range of immune cells where they bind to
specific receptors [66�73].

Two studies have been conducted to evaluate the
effect of WGP consumption on the incidence of URS
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after completing a marathon [57,59]. The first study
[57] was a placebo-controlled, double blind study to
evaluate the effect of WGP on URS in runners that had
completed the 2007 Carlsbad Marathon. Seventy-five
runners (35 men, 40 women) ranging in age from 18 to
53 years, mean age: 366 9, participated in the study.
Subjects were randomly distributed into three groups
of 25. Treatments were placebo, 250 mg or 500 mg of
WGP daily during the 4-week post-marathon trial
period. Subjects completed a questionnaire-based
health log measuring health status and URS after
2-and 4-week treatment administrations (Figure 32.3).
During the course of the 4-week study, subjects in the
treatment groups (250 mg and 500 mg Wellmune WGP
per day) reported significantly fewer URS and better
overall health scores compared with placebo. The
authors concluded that Wellmune WGP may reduce
URS and improve overall health following a competi-
tive marathon.

Another study with WGP was conducted with
runners who completed the 2011 Austin Texas Live
Strong marathon [59]. This study evaluated both
insoluble and soluble forms of WGP. The study was
similar in methodology to the marathon study dis-
cussed above. Subjects who had completed the mara-
thon began daily supplementation with WGP or
placebo immediately post race and continued for 28
days. Cold and flu symptoms were tracked via sev-
eral survey tools daily [74,75]. The study was double
blinded and placebo controlled, and the investigators
did not know the identity of the variables until after
all the data analysis was completed. There was a sig-
nificant difference between both the insoluble and
soluble WGP groups and the control (p5 0.026) for
the following question: “Did you experience any

health problems today (i.e., Cold, Flu, etc.)?” Subjects
in the placebo group reported yes to this question on
5.86 0.6 days compared with 3.56 0.6 (insoluble BG)
and 3.56 0.8 (soluble BG). There was no significant
difference in average number of symptom days
between the insoluble and soluble groups. This study
confirms that conversion from the insoluble form to
the soluble form does not reduce the biological activ-
ity of WGP. In addition, this study represents the
fifth independent research group that has found sim-
ilar health benefits for this well-characterized com-
mercial form of WGP [57�59,76�79].

The effect of WGP on immune system changes that
are characteristic of the open-window response
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described above was also tested in a controlled labora-
tory environment. In a blinded, placebo-controlled
crossover study participants consumed WGP or pla-
cebo supplements for 10 days and then completed an
intense, timed bout of acute exercise. Blood and saliva
were collected at baseline before either arm of the
study began, after 10 days of supplementation before
the exercise trial, immediately after exercise, and
2 hours after exercise. An improvement compared
with placebo in several of the parameters measured in
this study was observed.

One of the most pronounced changes was in cellular
composition of the blood after exercise due to WGP
supplementation, specifically the concentration of
monocytes (Figure 32.4) [58]. Although the total mono-
cyte concentration increased immediately post-exercise
to a similar degree as in the placebo condition, the con-
centration returned to pre-exercise values within 2
hours when athletes were supplemented with WGP,
compared with a drop in monocyte concentration
below pre-exercise levels in the placebo condition.

Monocytes are the precursor cells for macrophages,
a cell type that is integral in mediating a protective
immune response. Therefore, given the importance of
monocytes/macrophages for initiation of the immune
response, maintaining pre-exercise monocyte concen-
tration is likely to result in a net protective effect
against onset and development of URTI.

The effect of WGP on salivary IgA production as
well as on plasma and stimulated-cytokine production
was measured in the same study. With WGP, suppres-
sion of salivary IgA concentration at 2 hours after exer-
cise was prevented compared with the placebo arm of

the study, where there was reduced salivary IgA at the
same time point [59]. As discussed above, although no
threshold of sufficient sIgA has been determined,
maintaining sIgA at a pre-stress level is likely a benefi-
cial effect of WGP.

When changes in plasma cytokines were measured,
improved concentrations of interleukins -4 (IL-4), -5
(IL-5), -7 (IL-7), -8 (IL-8), -10 (IL-10) and interferon
gamma (IFN-γ) were observed 2 hours after exercise
compared with placebo [58]. Additionally, the capacity
of blood cells supplemented with WGP to produce IL-2,
IL-4, IL-5 and IFN-γ was increased both before and
immediately after exercise when measured in an
ex vivo stimulation assay. The observation of increased
IL-4, IL-5 and IFN-γ in plasma 2 hours after exercise is
particularly interesting in the context of this stimulated
cytokine data given that these same cytokines were
produced at an increased level from ex vivo stimulated
cells at both pre and post exercise compared with pla-
cebo [58]. These data establish that WGP supplementa-
tion can moderate immune system changes observed
in response to strenuous exercise.

CONCLUSIONS AND
RECOMMENDATIONS

Upper respiratory symptoms are a common occur-
rence in endurance athletes. The cause of URS may be
infectious agents, irritation of the upper respiratory
tract, or other events. Immune biomarkers associated
with URS include changes in circulating immune cell
numbers, phagocytosis and oxidative burst, indicators
of mucosal immune function, and changes in humoral
immune factors such as cytokines. There are potential
nutritional countermeasures for immunosuppression
caused by long-distance running. Two nutritional
countermeasures evaluated in this review were carbo-
hydrate supplementation and baker’s yeast beta glu-
can. There is no convincing evidence that carbohydrate
consumption consistently reduces the incidence of
URS in endurance athletes, but there is a growing
body of clinical research that supports the efficacy of
yeast beta glucan in reducing URS in endurance ath-
letes. To further substantiate and support the role of
nutritional interventions on URS, it is recommended
that controlled randomized, well-designed clinical
research continue to be conducted on these ingredients
to provide a convincing argument in favor of specific
nutritional intervention against URS in endurance run-
ners. Clinical research that demonstrates a physical
health benefit (reduction in URS) and correlating
immune biomarkers will be well received by the scien-
tific and medical community.
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FIGURE 32.4 Total CD141 monocyte concentration. Subjects
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by flow cytometry. A significant increase in total circulating mono-
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Carbohydrate and Muscle Glycogen Metabolism
Exercise Demands and Nutritional Influences

Anthony L. Almada
IMAGINutrition, Inc., Dana Point, CA, USA

“Science never gives up searching for truth, since it never
claims to have achieved it. It is civilizing because it puts truth
ahead of all else, including personal interests.” John C.
Polanyi, 1986 Nobel Laureate in Chemistry

The performance of muscular work is reliant upon
the delivery and utilization of fuel substrates to match
the metabolic demands and oscillations of the chosen
activity or sport. Alterations in fuel availability can thus
influence the volume and duration of work performed,
and alter the patterns of substrate selection, e.g., exer-
cise in a prolonged fasting or postprandial state.
Additionally, the rate and magnitude of repletion of
fuel substrate can also influence subsequent or repeat
performance, e.g., twice daily training, sequential/
same day heats in competition, cycling stage races.

Skeletal muscle is “omnivorous” in its use of fuel sub-
strates, which have both endogenous and exogenous ori-
gins. The metabolic plasticity of skeletal muscle enables
the organism to adapt to its state of nutriture, and the
varying metabolic demands it encounters. Carbohydrate
is the only fuel substrate of exercising muscle that (i) is
produced de novo (via gluconeogenesis), (ii) is capable of
acutely influencing performance when delivered from
exogenous sources, e.g., intravenous or oral, and (iii) can
attain augmented intramuscular concentrations within a
short duration of time (by glycogen supercompensation).

CARBOHYDRATE UTILIZATION DURING
EXERCISE

Endurance Exercise

Arguably, most study of carbohydrate utilization
during muscular work has been performed with

moderate intensity endurance exercise, employing
large muscle groups (whole body), with mixed diets
being the macronutrient intake background. At light
intensity work rates (25�30% of VO2max) carbohydrate
(muscle glycogen and plasma glucose) contributes
10�15% of the oxidized fuel substrate, increasing up to
approximately 75% of the energy supply during work
at 85% of VO2max, progressing to 100% of the energy
substrate during intensities of 100% VO2max or greater
[1,2]. More recent studies, employing direct measure-
ments of free fatty acid (FFA) oxidation via use of
[U-13C] palmitate tracer and 13CO2 production in
expired air, coupled with serial measurements of
whole muscle glycogen concentration and the rate of
disappearance (Rd) of [6,6-2H2] glucose, observed a
significant decrement in total fat oxidation at higher
work rates among trained cyclists [3]. van Loon and
colleagues noted carbohydrate delivered 45% of oxi-
dized energy substrates at 45% Wmax (maximal
power), 51% at 55% Wmax, and 73% at 75% Wmax.
Total fat oxidation fell precipitously between 55% (49%
of oxidized substrate) and 75% Wmax (24%) [3], indica-
tive of the markedly greater reliance upon carbohy-
drate at the higher exercise intensity and the
compromised ability of working muscle to utilize lipid
as a substrate.

Recent studies employing graded exercise intensities
with small muscle groups (knee extensions, quadri-
ceps) have also demonstrated a progressive increase in
carbohydrate oxidation (from whole muscle glycogen
and plasma glucose), yet unattended by a decline in
total fat oxidation rates over exercise intensities of
25%, 65% and 85% Wmax [4]. This maintenance of total
fat oxidation rates during high intensity exercise with
small muscle groups has been postulated to be due to
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the relative (to whole body exercise) blunting of cate-
cholamine response and the relatively augmented
blood flow, both of which can reduce glycolytic flux
and thereby protect the availability of free carnitine, a
permissive step for fatty acid oxidation [5].

Resistance Exercise

There do not appear to be any studies that have sys-
tematically examined, with quantitative measurements,
e.g., stable isotopes, glucose oxidation during resistance
or strength training. Nevertheless, several studies have
examined muscle glycogen utilization during intensive
resistance training bouts. One of the first studies
enrolled male bodybuilders and had them perform a
battery of resistance-training exercises to failure, tar-
geting the upper legs [6]. After a total of 20 sets (five
sets for each of four exercises; repetitions to self-
determined muscle failure on each set) total muscle
(left vastus lateralis) glycogen had fallen by 26% (the
paper stated a 40% decrement yet the pre-exercise
value was 160 mmol/kg wet weight (ww) muscle, and
the post-exercise was 118 mmol/kg ww, or a change of
42 mmol/kg ww). A later paper from the same labora-
tory and with the same experimental data [7] reported
a 28% decline (in the latter paper, muscle glycogen
was expressed in mmol/kg dry weight muscle).

Robergs et al. evaluated eight resistance-trained
males, subjecting them to two different, consecutive
exercise regimens on consecutive days [8]. On the first
day, all subjects performed six sets of six repetitions as
single leg extensions at 70% of one repetition maxi-
mum (1RM). The second exercise was performed the
following day, with subjects performing six sets of leg
extensions with the contralateral leg, yet at 35% of
1RM. Muscle biopsies (vastus lateralis) were taken just
prior to each exercise, after completion of the third and
sixth sets, and 2 hours post exercise (with no nutrient
intake during this period). The muscle glycogen decline
was similar in both exercises (46.9 mmol/kg ww, or
39% for 70% 1RM, and 46.6 mmol/kg ww, or 38% for
35% 1RM). The rate of muscle glycogen utilization
during the 70% 1RM bout was double that of the 35%
1RM, with the time to completion and repetitions/set
during the 35% 1RM exercise being approximately
twice that of 70% 1RM.

MacDougall and associates had eight experienced,
bodybuilding-type resistance-training men perform
one or three sets of single arm seated bicep curls at
80% 1RM [9]. Muscle biopsies of the biceps brachii
were taken from the control arm prior to the exercise,
and from the exercising arm after finishing either set.
A statistically non-significant (12%) decline in muscle
glycogen was observed after the single set, but after

the completion of three sets a significant 24% decre-
ment was measured.

In an elegant design, Churchley et al. had seven
males, experienced in resistance training, undertake an
acute diet and exercise regimen to achieve one leg
exhibiting a glycogen adequate (“Normal”) state, and
the contralateral leg in a glycogen reduced (“Low”)
state [10]. Subjects performed eight sets of five repeti-
tions of single leg presses at 80% 1RM, for each leg.
The Low leg commenced the exercise with 60 seconds
of rest before the Normal leg completed the same set.
Weight was adjusted down by 5% in sets where the
Low leg could not perform five repetitions. Muscle
biopsies (vastus lateralis) were collected prior to the
exercise, and upon completion of the last (eighth) set
for each leg. Despite the resting glycogen concentration
in the Low leg being significantly less than the Normal
leg (1936 29 (SD) and 4356 87 mmol/kg dry muscle
(dm), respectively), net glycogen utilization was simi-
lar between legs (Low 91 mmol/kg dm; Normal
123 mmol/kg dm). Relative glycogen utilization was
47% of baseline in the Low leg, and 28% in the Normal
leg. The work capacity of the Low leg was typically
less than that of the Normal leg (J. A. Hawley, per-
sonal communication).

Competitive Sport

Competitive sport is marked by modest to dramatic
inter-individual differences in performance, which are
likely reflected in muscle energy substrate preference
and magnitude of use (dependent on training state,
intra-competition nutrition/fueling strategies, and
work rates). Work by Sherman et al. revealed near
depletion of gastrocnemius muscle glycogen among
experienced runners following a marathon [11]. These
runners also engaged in a glycogen supercompensa-
tion program prior to the race and were able to main-
tain an average VO2max (mL kg21 min21) between
73.46 8.3 (SD) and 75.66 8.9 over the first two-thirds
of the race. Average VO2max over the latter third ran-
ged between 66.26 10.4 and 65.56 12.4. Unfortunately,
no information regarding intra-race nutrition was
provided.

Bangsbo et al. reviewed seven studies describing
muscle glycogen (vastus lateralis) decline after a soccer
match, with four also providing muscle glycogen
changes at half time [12]. Pre-game concentrations ran-
ged from 1126 20 (SD) to 45 mmol/kg ww. In one
study described in the review and conducted by the
authors the pre-game range was 97�157 mmol/kg ww
[13]. Within the four studies measuring muscle glyco-
gen content at half time the percent range of decline
from pre-game concentrations was 25�87%. Post-game
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percent decreases (from pre-game) ranged over
31�100%. The study by Krustrup and colleagues [13]
examined muscle fiber-specific changes in glycogen
utilization in a subset of ten Fourth Division male soc-
cer players. Prior to the “friendly” match 736 6% of all
fibers were deemed glycogen full, yet post-match this
fell significantly (P, 0.05) to 196 4%. Additionally,
almost half of the fibers analyzed post-game were clas-
sified as “almost empty” to “empty” (of glycogen).

A more recent study by Krustrup et al. measured
the change in muscle glycogen in seven First and
Second division Danish male soccer players after a
competitive match [14]. A control muscle glycogen
(vastus lateralis) biopsy was obtained from two of the
players 64 hours following the last training session
(biopsy timing relative to start of match not described).
The other five players had a control muscle biopsy col-
lected 5 days after the match. During the match the
players were allowed to drink only water. Fifteen min-
utes after the match a muscle biopsy was collected
from all seven players. Control muscle glycogen
(4496 34 (SEM) mmol kg21 dry weight (dw)) dropped
57% (1936 22 mmol kg21 dw).

A revealing series of muscle glycogen utilization
studies in an elite, age group triathlete were performed
by Gillam et al. [15] and Cuddy et al. [16]. In the first
study the subject competed in a half Ironman (1.2 mile
swim1 56 mile bike1 13.1 mile run) [15]. Muscle biop-
sies (vastus lateralis) were obtained 90 minutes pre-
race (just after breakfast) and immediately post-race.
Total carbohydrate intake during the race was 308
grams (liquid and gel forms). Muscle glycogen fell pre-
cipitously (227.1 mmol kg21 ww pre-race to 38.6 post-
race), a decline of 83%.

In a follow-up study with the same triathlete, yet
racing a full Ironman distance (World Ironman
Championships, Kailua-Kona, Hawaii; 2.4 mile
swim1 112 mile bike1 26.2 mile run), pre- and post-
race muscle (vastus lateralis) biopsies were again
obtained. The pre-race muscle glycogen value was
152 mmol kg21 ww (33% less than pre-race muscle gly-
cogen for the half Ironman [15]). Post-race glycogen,
obtained 30 minutes post-race, fell 68% (to
48 mmol kg21 ww). To complement muscle glycogen
measures Cuddy et al. also implemented doubly
labeled water (2H2

18O; DLW) ingestion to assess total
energy expenditure (TEE) [17,18]. The dose of DLW
was consumed approximately 64 hours prior to the
race. Carbohydrate intake (reported by subject, from
bars, liquids, and gels) intra-race was 632 grams (swim
0 g; bike 404 g; run 228 g). This was not accounted for
in the calculated carbohydrate and fat oxidation mea-
sures. DLW-determined TEE was 8,926 kilocalories
(kcal) over the race. Using a collection of laboratory
and field metabolic cart measurements (conducted

prior to the race), calculated energy expenditure dur-
ing the swim [19], average hourly power output
(watts) during the cycling leg of the race, and official
split times during the run, the authors determined that
1370 g of carbohydrate and 348 g of fat were oxidized
over the race. The TEE value comported with the indi-
rect calorimetry (metabolic cart) calculated TEE of
9029 kcal.

McArdle Disease—A Human “Knockout”
Model of Glycogen-Free/Alactic Exercise

The seminal work of Hermansen et al. [20] illumi-
nated the role of muscle glycogen as a pivotal energy
substrate during intense exercise. Additional insights
can be gleaned from evaluating persons living with
McArdle disease (MCD), first described in 1951 by
British physician Brian McArdle. McArdle noted a
patient unable to display an increase in venous lactate
(or pyruvate) during an ischemic exercise test [21].
MCD is the most common muscle metabolic disease,
defined by a lack of myophosporylase, the skeletal
muscle-specific isoform of glycogen phosphorylase
and the obligate enzyme involved in the degradation
of glycogen in skeletal muscle [22]. Given the inability
to activate glycogenolysis, persons with MCD com-
monly display “supraphysiological” muscle glycogen
concentrations, up to twice that of non-MCD persons
[23]. The conditional essentiality of muscle glycogen is
revealed when a person with MCD attempts to under-
take moderate to vigorous exercise. Within several
minutes after the commencement of exercise they will
demonstrate intolerance to further exercise, marked by
fatigue, tachycardia, and/or severe muscle pain (in the
absence of changes in muscle pH and lactate, or even
in the presence of a modest increase and decrease,
respectively).

The phenotypic hallmark of MCD is a “second
wind” [24] that spontaneously manifests after reducing
exercise intensity or a brief rest, following several min-
utes of sustained exercise. The attendant fall in heart
rate and improved exercise tolerance is indicative of
circulating extramuscular fuels (free fatty acids,
hepatic glucose production, and possibly circulating
lactate [25]) “catching” up with the bioenergetic
demands of exercise. Although increased fat availabil-
ity (through lipid infusion) does improve exercise
capacity in MCD [26], and whole body fat oxidation is
augmented in concert with the onset of the second
wind [27], both are unable to compensate for the glyco-
genolytic impairment and reduced glycolytic flux.

Haller and Vissing elegantly demonstrated the role
of glycogenolysis in persons with MCD, both those
with frank deficiency of myophosphorylase activity
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and in an individual with a residual (3% of non-MCD
control) amount of enzyme activity [28]. The spontane-
ous second wind was observed only in those lacking
myophosporylase activity. In the single subject with
partial myophosporylase activity, peak VO2 during the
first 6 to 8 minutes of exercise was 1.72 times greater
than the average peak VO2 of those devoid of myo-
phosporylase activity. Moreover, glucose infusion in
the subjects with frank myophosporylase deficiency
produced a “glucose-induced second wind”, and a
21% higher peak VO2, yet was ineffectual in the subject
with residual myophosporylase activity. Despite the
additional, incremental second wind and resultant
increase in oxidative capacity via glucose infusion, the
oxidative capacity of all the subjects was about half
that observed in healthy individuals.

A recent case report in a male adolescent with
MCD, undertaking a 6-week resistance-training pro-
gram (60�75% of 1RM; each training session was
preceded by ingestion of a carbohydrate-containing
drink and high carbohydrate meals), described
notable improvements in strength and force [29]. No
clinical or subjective measures of excessive muscle
damage were observed, and his self-reported exercise
tolerability improved to an “asymptomatic” level.
Given the higher glycolytic/glycogenolytic demands
of strength training, this isolated report temptingly
suggests that progressive resistance training may alter
the temporal and/or spatial kinetics of substrate avail-
ability in MCD during exercise.

Modulation of Muscle Glycogen I: Fasting

Submaximal exercise (approximately 75% of
VO2max) endurance capacity is compromised by
reduced muscle glycogen concentrations present prior
to exercise [30]. Numerous nutritional methods have
been developed and tested, aiming to (i) enhance mus-
cle glycogen stores, or (ii) shift substrate selection to
favor greater fat oxidation, thus “sparing” or decreas-
ing the utilization rate of muscle glycogen.

Ostensibly, the simplest dietary method to increase
fat utilization is fasting, although the rigor of adhering
to this “nutrition regimen” may render it the most
challenging for an athlete. Paleolithic humans likely
had to engage in “exercise-intensive” hunts in a
starved/prolonged fasted state, and thus conferred, in
an evolutionary sense, similar muscle metabolic plas-
ticity to current day humans. A few investigations
have explored glycogen substrate use during endur-
ance exercise in a starved state.

Loy and coworkers assessed glycogen utilization
rates among ten trained cyclists who did rides to
exhaustion at either 79% (n5 6) or 86% (n5 4) of

VO2max[31]. Each subject performed the cycling bout
3 hours (postprandial; PPR) or 24 hours (FAST) after a
355 kcal liquid meal (Ensures Plus; 52.8% carbohy-
drate, 32% fat, and 15.2% protein). The paper mentions
that during the 24 hour period prior to the exercise
tests the “. . .subjects were constantly supervised” yet
no description of the supervisory method was pro-
vided. Pre-exercise muscle (vastus lateralis; immedi-
ately before exercise) glycogen values did not
significantly differ between any treatments (likely due
to the small sample sizes), yet values in the 79%
VO2max/FAST state were 30% lower than those for
PPR. Despite dramatic differences in cycling times
between PPR and FAST, pre- and post-exercise muscle
glycogen values did not significantly differ between
dietary treatments.

Knapik and colleagues persuaded eight untrained,
lean male soldiers to undergo 3.5 days of starvation
(STV) within a supervised metabolic ward (the only
way to assure complete calorie deprivation; water and
caffeine-free teas were allowed for consumption) and
then perform cycling exercise at 50% of VO2max [32].
This was compared, in the same subjects, to cycling in
a post-absorptive (PA) state (14 hours without eating;
likely longer than most athletes endure day to day).
Expectedly, muscle glycogen (vastus lateralis) content
prior to exercise did not differ between the treatments.
However, muscle glycogen fell by 44%6 6% (SE) in
the PA state and 28%6 4% in the STV state (P, 0.01).
Although mean cycling time to volitional exhaustion
in PA was 21 minutes (15%) longer than in STV, this
difference was not statistically significant (p, 0.09;
athletically significant?). In contradistinction, glycogen
utilization rates did differ between treatments.
When calculated as the quotient of the difference in
glycogen (pre- minus post-exercise) and the time to
fatigue, glycogen utilization (per minute) was
0.316 0.04 μmol g21 ww under PA conditions, and
0.196 0.02 μmol g21 ww under STV (P, 0.01), a 39%
lower rate after prolonged fasting. The authors also
employed an infusion of [6,6-D2]-glucose to assess
endogenous glucose production (gluconeogenesis,
hepatic glycogenolysis; Ra) and whole body oxidation
(Rd). STV fostered a 40% relative drop in Rd and a
32% reduction in Ra, affirmed by the higher utilization
(via Respiratory Quotient; RQ) of lipid substrate.

Modulation of Muscle Glycogen II: Low
Carbohydrate/Ketogenic Diet

Restriction of carbohydrate intake in healthy indivi-
duals fosters the genesis of ketone bodies (β-hydroxy-
butyrate, acetoacetate) in metabolically significant
quantities. Due to the protracted intervention period
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needed to achieve metabolic adaptation during a keto-
genic diet [33], Phinney et al. had professional cyclists
equilibrate to such a diet (,2% carbohydrate, 85%
fat,� 13% protein; KT) for 28 days after a baseline diet
for 1 week (57% carbohydrate, 29% fat, 14% protein;
CHO) [34]. Subjects were required to maintain their
training volume and intensity over the 4-week KT diet.
Cycling performance (continuous 62�64% of VO2max,
until volitional exhaustion) was assessed while on
CHO and 4 weeks after a KT. Distinctively, time to
exhaustion did not differ between treatments. Notably,
muscle (vastus lateralis) glycogen content after the
exercise bout during CHO (536 5 (SEM) mmol glucose
kg21 ww) yielded a concentration only 30% less than
the pre-exercise concentration (766 4) after 4 weeks of
KT. However, pre-exercise CHO muscle glycogen was
1436 10 mmol glucose kg21 ww, 1.9 times that of pre-
exercise KT glycogen. The finding of partial glycogen
repletion suggests that gluconeogenesis was able to
support modest muscle glycogenesis, despite the sub-
jects being able to consume less than a surfeit of die-
tary protein (1.75 g kg21 day21). Post-exercise (in both
treatment stages) fiber-specific muscle glycogen con-
centrations revealed absolute depletion in type I (slow)
fibers only. Glycogen utilization rate during the bout
after KT was 21% of that during CHO.

A salient observation not reported in the publication
[34] was that the cyclists experienced an impaired abil-
ity to perform hill climbs during training while on the
KT diet [35], suggesting that the (presumably chronic)
near-depleted glycogen state could not adequately
support higher power outputs during training. The
training program employed by the cyclists was also
likely characterized by some variable intensity work
(absent from the laboratory-based cycling bouts to
exhaustion), which can modify fiber-specific glycogen-
olytic rates [36].

Lambert et al. [37] undertook a moderated approach
to that of Phinney et al. [34]. They enrolled five trained
cyclists with a relatively lower mean VO2max

(4.216 0.3 (SEM) vs 5.16 0.18) and an apparently
lower weekly training volume. The subjects were ran-
domly assigned to two diet treatments, each 2 weeks
in duration, followed by a two-week “washout” ad libi-
tum/”normal” diet and then crossing over to the other
diet. The high carbohydrate (HC) diet phase allocated
daily energy intake as 73.6%6 5.0% carbohydrate,
12.0%6 6.7% fat, and 13.5%6 1.6% protein. The high
fat (HF) diet provided 7.1%6 2.2% carbohydrate,
67.3%6 1.8% fat, and 25.5%6 2.5% protein. Although
the diets were isocaloric, total caloric intake was not
described. Exercise tests were performed at the end of
the HC and HF diet phases. Each subject performed a
series of 5-second tests on a cycle ergometer at maxi-
mal cadence, with variable loads. Each subject then

performed a 30-second Wingate test on the ergometer
[38]. After a 30-minute rest period following the single
Wingate test, subjects were biopsied (vastus lateralis)
and then performed a cycling bout to exhaustion at
approximately 90% of their VO2max (measured prior to
the diet period) with another biopsy collected from the
same leg at exhaustion. A 20-minute rest interval fol-
lowed the high intensity ride to exhaustion, which was
then proceeded by another ride to exhaustion, yet at
approximately 60% of each subject’s pre-determined
VO2max. HC muscle glycogen prior to the high inten-
sity cycling bout was 77% greater than at the same
time point for HF, while after the end of the bout HC
glycogen concentration was similar to the pre-exercise
muscle glycogen with the HF treatment. Muscle glyco-
gen utilization rates did not significantly differ
between treatments. The time to exhaustion during the
high intensity ride for HC was 12.56 3.8 (SEM) min-
utes and 8.36 2.3 for HF (a 51% greater duration) but
did not achieve statistical significance (likely due to
the sample size of five subjects). In contradistinction,
the time to exhaustion during the moderate intensity
bout was 42.56 6.8 minutes for HC and 79.76 7.6 for
HF (88% greater for HF). Unfortunately muscle
biopsies were not taken after the moderate intensity
ride. The nearly twofold higher fat and 42% lower
carbohydrate oxidation rates in HF may explain the
dramatically greater endurance time to exhaustion for
HF in the moderate intensity bout, contrasted to the
HC diet treatment, which had a greater reliance on
carbohydrate oxidation in the face of already compro-
mised muscle glycogen concentrations.

These limited data suggest that submaximal/moder-
ate intensity constant load exercise can be sustained in
the face of reduced muscle glycogen concentrations
(from fasting or carbohydrate restriction), with no
apparent compromise in performance (compared with
a “normal” mixed diet). However, near maximal/high-
er intensity, and perhaps variable load exercise capac-
ity may be compromised [39], even after one day
of glycogen depletion [10] (J. A. Hawley, personal
communication).

Repletion of Muscle Glycogen I: Glycemic
Index

As described above, muscle glycogen is a significant
and, sometimes, predominant fuel substrate utilized
during moderate to intense exercise, especially among
a variety of elite to professional athletes in competi-
tion. Systemically available dietary carbohydrate
sources remain the superior means of replacing muscle
(and liver) glycogen. The systemic availability of die-
tary carbohydrates in relation to muscle glycogen
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repletion following exercise can be determined only by
the quantitation of muscle glycogen concentrations,
e.g., by muscle biopsy and 13C magnetic resonance
spectroscopy [40].

The introduction of the concept and tool of the glyce-
mic index (GI) by Jenkins and collaborators in 1981 [41],
as a means of assessing the physiological response to a
dietary carbohydrate source, slowly ushered in a num-
ber of studies exploring the influence of foods and nutri-
tional supplements with varying GI values upon muscle
glycogen (reviewed in [42,43]). These few studies repre-
sent the majority of studies that have compared the gly-
cogen replacement efficacy of various foods. An
abundance of recommendations have been disseminated
in both academic and lay publications, centered upon
the assumption that a food or nutritional supplement
(carbohydrate source) that has a higher GI value exhibits
faster appearance in the blood than a low or lower GI
food or supplement [44], and elicits a more robust insu-
lin release reaction [45]. The glycemic index, which can
be determined only in vivo in humans after oral ingestion
of a candidate food or supplement, simply describes the
increment in blood glucose concentration over a fixed
period of time (usually 2 hours), relative to an “indexed”
food (dextrose or white bread) [41]. It does not describe the
glucose kinetics derived from a food, beverage, or nutritional
supplement. This also suggests that the results of muscle
glycogen repletion studies comparing foods with differ-
ent GI values [42,43] may not be explained by the rate of
glucose delivery to the circulation, as this has never been
measured.

A pioneering study in 2003 by Schenk et al. evalu-
ated the glycemic index of a classical low GI cereal (All
Bran, [41]) and a classical high GI cereal (corn flakes,
[41]) in fit males [46]. Additionally, they infused
[6,6-2H2] glucose into the subjects, to directly determine
the Ra and Rd of glucose. Expectedly, the bran cereal
yielded a low GI value (54.56 7.2 (SEM)) and the corn
flakes a GI value over twofold greater (131.56 33.0).
Distinctively, the Ra for each of the two cereal treat-
ments was virtually identical over a 3-hour period.
However, the bran cereal Rd over the 30�60 minute
postprandial period was 31% greater than for corn
flakes (P, 0.05), and was accompanied by a 54%
greater glucose clearance rate (P, 0.05). The authors
ascribed the greater glucose disposal rates observed
with bran cereal to the significantly greater insulin
concentration 20 minutes postprandial (P, 0.05) and
the more than twofold greater insulin area under the
curve 0�30 minutes postprandial (P, 0.05). Two addi-
tional studies by Eelderink et al., using various breads,
fiber additives, and pastas, have confirmed the observa-
tions of Schenk et al. and underscored hepatic

gluconeogenesis as another factor capable of modulat-
ing glucose kinetics from a dietary carbohydrate source
[47,48].

Repletion of Muscle Glycogen I: Carbohydrate
Plus Protein Combinations

Replacement and supercompensation of muscle gly-
cogen through dietary means, although effective [30],
may seem less than alluring to athletes assaulted by
advertising, exhortations by teammates and consul-
tants, and athlete/celebrity endorsements for nutri-
tional supplements. The first nutritional supplement
composition that showed superior muscle glycogen
replacement was a combination of carbohydrates and
protein. Zawadzki and coworkers [49] had nine male
cyclists perform glycogen-depleting rides and then, at
three different times, randomly assigned them to one
of three post-exercise nutritional supplements,
ingested immediately and 2 hours post-exercise. They
hypothesized that the addition of protein to carbohy-
drate would magnify the insulinemic response and
thus increase muscle glycogen resynthesis. The CARB
treatment was 112 g of carbohydrate from a dextrose
and chemically undefined maltodextrin mixture. The
PRO treatment delivered 40.7 g of protein from a milk
and whey protein isolate mixture. The CARB-PRO
mixture provided 112 g carbohydrate and 40.7 g pro-
tein, of the same sources as the other two treatments.
All treatments were consumed immediately 2 hours
post-exercise. Muscle biopsies (vastus lateralis) were
obtained immediately after exercise and 4 hours later.
PRO elicited a modest, statistically non-significant
increase in muscle glycogen, whereas CARB induced a
significantly greater (P, 0.05) increase than PRO.
CARB-PRO induced a significantly greater (P, 0.05)
increase than CARB. Postprandial blood insulin
response was significantly greater with CARB-PRO
than CARB or PRO through most of the postprandial
interval. In their discussion the authors (perhaps) pre-
sciently stated “. . .the addition of protein to a carbohy-
drate supplement may be beneficial only when an
inadequate CHO source is used.” [emphasis added].

A sequence of studies by the same group systemati-
cally addressed the caveat expressed by Zawadzki
et al. van Loon and colleagues first demonstrated that
post-exercise intakes of carbohydrate at 1.2 g kg21 h21

can attain greater muscle glycogen repletion than
0.8 g kg21 h21[50]; thereafter, Jentjens et al. revealed
that addition of protein to the higher carbohydrate
intake rate (1.2 g kg21 h21) confers no additional incre-
ment in muscle glycogen (over a 3-hour period),
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despite higher insulin concentrations [51]. Thus, for
athletes restricting carbohydrate intakes, the addition of
protein to a modest carbohydrate quantity will facili-
tate greater post-exercise muscle glycogen resynthesis.
Moreover, ingestion of protein alone will promote only
modest repletion of muscle glycogen [34,37,49].

Repletion of Muscle Glycogen I: Carbohydrate
Comparisons

A variety of nutritional supplements with “exotic”
carbohydrates or carbohydrate blends abound for the
athlete to choose from, claiming faster and/or greater
muscle glycogen restoration. Very few of these pro-
ducts have been the subject of controlled research
investigations, let alone been assessed for their impact
on muscle glycogen resynthesis after exercise. One of
the first comparison studies was undertaken by Jozsi
et al. in 1996 [52]. Eight trained cyclists completed a
glycogen-depleting bout of cycling exercise, with prior
dietary controls. Each subject was then immediately
biopsied (vastus lateralis) and given one of four differ-
ent carbohydrate drinks (� 19% solution; aspartame
sweetened): (a) dextrose, (b) maltodextrin (mean chain
length of 5 glucose units), (c) waxy maize starch
(Amiocat, National Starch, New York, USA; a slow
digesting, low glycemic, low insulinemic starch;
[53�55]), and (d) a resistant starch. Subjects then con-
sumed a high carbohydrate diet with all of the carbo-
hydrate coming from one of the four drinks, at
6.5 g kg21 body weight for 12 hours prior to sleep. The
subjects then returned 24 hours later for a second
biopsy. No significant differences in 24-hour post-exer-
cise muscle glycogen increment were noted, with the
exception of the resistant starch, which was signifi-
cantly less (P, 0.05) than the other three treatments.
Thirty minutes after the biopsy the subjects performed
a 30-minute time trial. No differences in work output
between treatments were observed.

The findings of Jozsi et al. contrast with those of
Piehl Aulin and colleagues, who compared a soluble,
high molecular weight (5�73 105) extract of potato
starch (Vitargos; Swecarb, Sweden) against a moder-
ately hydrolyzed maltodextrin with an average molec-
ular weight of 500 (Glucidexs IT 38, Roquette, Lille
Cedex, France) [56]. Thirteen multi-sport trained males
ran and cycled to exhaustion and were then given, at
two separate times, 75 grams of a carbohydrate in an
artificially sweetened and flavored (15%) solution at 0,
30, 60, and 90 minutes post-exercise. Muscle biopsies
(vastus lateralis) were collected at 5 minutes and 2 and
4 hours post-exercise. The glycogen synthesis rate

within 2 hours following 300 g of carbohydrate from
the starch extract was 68% greater (P, 0.06), while the
muscle glycogen increment was greater (P, 0.05),
compared with the maltodextrin. No differences were
seen between treatments after 4 hours.

Stephens and colleagues compared a cornstarch
extract form of Vitargo to a commercial corn malto-
dextrin composition (Maxijul, Nutricia Ltd,
Trowbridge, UK;� 88% oligosaccharides with a mean
chain length of 5 glucose units, 6.7% sugars) [57].
Eight recreationally active but untrained men per-
formed a cycling bout to deplete muscle glycogen
[58] and were then given 100 g of the starch extract,
100 g of the maltodextrin (both as a 10% solution), or
an artificially sweetened, flavored, non caloric bever-
age. After 2 hours of rest the subjects then performed
a maximal cycling endurance trial for 15 minutes.
The starch (P, 0.001) and maltodextrin treatments
(P, 0.01) were associated with significantly greater
total work output than the placebo. Additionally, the
starch extract treatment produced a significantly
greater total work output than the maltodextrin
(164.1 kJ6 21.1 (SD) and 149.4 kJ6 21.8, respectively;
P, 0.01). The authors speculated that the observed
greater recovery performance with the starch extract
was due to more rapid muscle and, perhaps, hepatic
glycogen repletion.

CONCLUSION

Skeletal muscle is metabolically promiscuous [59],
exhibiting plasticity in its selection of fuel substrate.
Uniquely, in healthy individuals, muscle glycogen is
always utilized to a variable yet appreciable degree,
independent of the work intensity. The metabolic inac-
cessibility of muscle glycogen in individuals with
glycogen-related conditions such as McArdle disease
illuminates the critical role muscle glycogen exerts in
any form of exercise. Dietary strategies designed to
restrict dietary carbohydrate in exercising/training
individuals, and consequently produce dramatic drops
in muscle glycogen, appear to be capable of sustaining
constant load exercise but may be inadequate in
variable load or high intensity training. Dietary and
nutritional supplement strategies to replace muscle
glycogen are best served by adequate carbohydrate
intakes, and perhaps by the selection of carbohydrate
supplements that have been demonstrated in compari-
son studies to produce greater muscle glycogen incre-
ments, rather than blood measures, e.g., glycemic
index.
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INTRODUCTION

The term adaptogen refers to a substance that can
effect a state of raised resistance [1] enabling an organ-
ism to cope with different kinds of stressful situations
[2]. This concept is derived from the “general adapta-
tion syndrome” [3,4] and proposes that an organism
when facing a stressful situation goes through three
physiologic phases: (a) alarm, (b) resistance, and
(c) exhaustion. According to this syndrome, an organ-
ism has a limited capacity to cope with environmental
aggression, and this capacity may decline with contin-
uous exposure to such aggression, resulting in health
disturbances and disease. An adaptogen is a phytonu-
trient that has the ability to help normalize or “adapt”
the body’s physiologic functions to a higher rate of
functioning, regardless of the person’s current health
status (i.e., whether one is an athlete or chronically ill).
As adjuvant to other specific treatments, adaptogens
can also help in altering the course of the disease.

The adaptogenic herbs contain active plant constitu-
ents known as phytochemicals. Examples of phyto-
chemicals that contribute to our wellbeing are
triterpenes, phenylpropanes, oxylipins and polysac-
charides. They help to stimulate the immune system
and increase overall vital energy. Adaptogens are a
pharmacotherapeutic group of herbal preparations
used to increase attention and endurance during
fatigue, and to prevent, mitigate or reduce stress-
induced impairments and disorders related to neuro-
endocrine and immune systems [5].

Another definition of adaptogen is in terms of phys-
iologic conditions: adaptogenic substances are stated
to have the capacity to normalize body functions and
strengthen systems compromised by stress. They are

reported to have a protective effect on health against a
wide variety of environmental assaults and emotional
conditions. Adaptogens are compounds which could
increase “the state of non-specific resistance during
stress” [6,7]. Adaptogens are innocuous agents, non-
specifically increasing resistance against physically,
chemically, biologically and psychologically noxious
factors (“stressors”), whose normalizing effect is inde-
pendent of the nature of the pathologic state [8].
Adaptogens are substances which elicit in an organism
a state of nonspecifically raised resistance allowing
them to counteract stressor signals and to adapt to
exceptional strain [9].

Adaptogens typically act upon the neuroendocrine
immunologic system, which is an all-encompassing
description of how the immune system and brain
interact with hormones. The term adaptogen has not
yet been accepted in medicine. This is probably due to
the difficulties in discriminating adaptogenic drugs
from immunostimulators, anabolic drugs, nootropic
drugs, and tonics. There can be no doubt, however,
that, at least in animal experiments, there are plant
drugs capable of modulating distinct phases of the
adaptation syndrome as defined by Seyle [2]. These
drugs reduce stress reactions in the alarm phase, or
retard/prevent the exhaustion phase, and thus provide
a certain degree of protection against long-term stress.
The small number of drugs whose anti-stress activity
has been proven or reported includes, among others,
the plant drugs Withania, Rhodiola, Ginseng,
Eleutherococcus, Ocimum and Codonopsis. Though scien-
tifically unproven, they are marketed as supplements
to increase resistance to stress, trauma, anxiety and
fatigue. The term is used mainly by herbalists who
also refer to adaptogens as rejuvenating herbs, tonics,
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rasayanas, or restoratives. One specific characteristic of
adaptogen action is that its effect is believed to help
the body return to a balanced state. However, there is
no strict definition of the adaptogenic characteristics of
a plant product, leading to a generalized usage of the
term for commercial or pseudoscientific reasons.

An adaptogen must have the following
properties [6]:

1. Show a nonspecific activity, i.e., increase in power
of resistance against physical, chemical or biological
noxious agents;

2. Have a normalizing influence independent of the
nature of the pathological state;

3. Be innocuous and not influence normal body
functions more than required.

It is accepted that adaptogen plants, when chronically
used, are able to increase the animal’s capacity to endure
physical, chemical, or environmental aggressions. As a
consequence, there is a general improvement in
health conditions, which can be manifested, among
other things, through the betterment of cognitive
functions (such as learning and memory capacities)
and an increase in quality of sleep and sexual perfor-
mances [6�8]. On the other hand, it is doubtful
whether these beneficial effects are directly mediated
through the CNS, it being very likely that the endo-
crine system plays a major role [2]. Adaptogens
improve the response to stress [9]. They help the
body to adapt by normalizing physiological processes
in times of increased stress [10].

WITHANIA AS ADAPTOGEN

Withania somnifera is also known as ashwagandha.
The Ayurveda, which is gaining in popularity in many
western countries, states that, because the primary
quality and flavor of ashwagandha is sharp and pun-
gent, this indicates that it is warming, raises metabo-
lism, stimulates digestion, clears mucus, and improves
circulation. The Ayurveda also identifies a secondary
post-digestive flavor, which for ashwagandha is sweet.
It is this effect, which is not necessarily directly identi-
fied by one’s sense of taste, that occurs when a sub-
stance is converted into a still purer nutritive extract
[10]. Following this, the post-digestive sweet flavor of
ashwagandha represents its deep nutritive, hormonal
properties as well as its ability to strengthen and nour-
ish the nervous system. The distinctive earthy odor
and flavor of ashwagandha is due to the presence of
certain steroidal lactones or withanolides [11]. It is
from this characteristic odor that its Sanskrit name,
“like a horse”, derives. While most medicinal herbs are
not particularly prized or known for their appealing

flavor, ashwagandha for most may be promoted to the
forefront of those herbs with the least taste-smell
appeal. It is commonly referred to as Indian Ginseng.
Ashwagandha is unique as a tonic herb in that it is
exceptionally easy to cultivate and is ready for harvest
in only one year of growth.

Withania has immunomodulatory, anti-inflammatory
but most significantly adaptogenic effects, which may
result from the complex of the many steroidal withano-
lides found in the root of the herb [12,13]. The withano-
lides are the major chemical constituents ofWithania, and
the plant has been the subject of considerable modern
scientific attention [14]. Most of the studies on Withania
have used rat experimental models, but in one human
clinical trial the anxiolytic efficacy of an ethanolic
extract of the herb was evaluated [15]. In that double-
blind placebo-controlled study, 20 patients suffering
from anxiety disorder received an extract of Withania
in the form of a tablet whilst 19 people received a pla-
cebo, and patients were assessed at baseline, the end
of week 2 and at the end of week 6 (the treatment
endpoint). This study demonstrated a trend for the
anxiolytic superiority of Withania over placebo and the
authors concluded that Withania has useful anxiolytic
potential and merits further investigation [13]. As
anxiety can be one outcome of chronic or severe stress,
Withania may well have a role in stress management.
However, the study was not large enough with only 39
people involved and it was conducted over a very
short period, only 6 weeks.

Another randomized human trial investigated the
effectiveness of naturopathic care on anxiety symp-
toms, and Withania was used in the treatment group
alongside other therapies rather than alone [16]. The
trial was double-blinded, randomized, with 41 partici-
pants in the treatment group who received dietary
counseling, deep breathing relaxation techniques, a
standard multivitamin, and Withania root standardized
to 1.5% withanolides, 300 mg twice daily [16]. The con-
trol group of 40 participants received psychotherapy,
matched deep breathing relaxation techniques, and
placebo. The primary outcome measure the Beck
Anxiety Inventory (BAI), decreased by 56.5% in the
treatment group compared with 30.5% in the control
group. These scores were statistically significant,
although it would be difficult to determine which
treatment was of benefit: the counseling, relaxation,
multivitamin, Withania, or a combination. A recent
study was conducted on Swiss albino mice to see the
effect of withanolide A (isolated from Withania somni-
fera root extract) on chronic stress-induced alterations
on T lymphocyte subset distribution and correspond-
ing cytokine secretion patterns [17].

The adaptogenic effects of Withania were studied in
a clinical trial using a rat model of chronic stress

344 34. AN OVERVIEW OF ADAPTOGENS WITH A SPECIAL EMPHASIS ON WITHANIA AND RHODIOLA

5. MINERALS AND SUPPLEMENTS IN MUSCLE BUILDING



produced by random regular foot shock. The chronic
stress induced significant hyperglycemia, glucose
intolerance, increased cortisol levels, immunosuppres-
sion and gastric ulceration. Withania administered
1 hour before foot shock was found to attenuate these
effects and demonstrated significant anti-stress and
adaptogenic activity similar to that of Panax Ginseng
[18]. Withanolide A was orally administered once daily
on the stressed experimental animals and was found
to cause significant recovery of the stress-induced
depleted T cell population, with an increase in the
expression of IL-2 and IFN-gamma (a signature cyto-
kine of Th1 helper cells) and a decrease in the concen-
tration of corticosterone [17]. This study supports
Withania’s role in stress management including
immune function regulation. The involvement of such
immunoregulatory cells induced by Withania somnifera
(WS) might have several functions: such as regulating
antigen presentation and an immunosuppressive
microenvironment along with a physiological cytokine
milieu for an effector T cell function. It is intriguing
that the treatment with Withania induces a Thl
cell-mediated immune response and an elevation of
IgG2a-mediated humoral immune responses [19,20].
In addition, aqueous suspension of WS shows anti-
inflammatory and immunosuppressive effects by
inhibiting the complement system, mitogen-induced
lymphocyte proliferation and delayed type hypersensi-
tivity (DTH) in rats [21]. Although in this investigation
no effect on the humoral response was observed,
others have reported elevated levels of IgG2a over
lgGl in WS-treated BALBIc mice [20].

As previously stated, chronic stress can result in
memory impairment. In another study, researchers
investigated the effect of withanolide A on memory-
deficient mice showing neuronal atrophy and synaptic
loss in the brain [22]. Stress parameters were reduced
in the treatment group compared with controls, and
blood parameters revealed a decrease in CPK, lactase
dehydrogenase (LDH) and lipid peroxidation (LPO) in
the treatment group compared with controls. There
was also a reduction in serum corticosterone in the
treatment group compared with controls.

The anti-stress activity of WS root extract has been
explained by the fact that it has antioxidant property.
Chronic fatigue induced by forced swimming for
15 days induced a significant rise in brain malondial-
dehyde (MDA) levels as compared with naı̈ve mice,
indicating the oxidation of proteins, DNA and lipids.
Administration of WS (100 mg/kg p.o.) significantly
reversed the extent of lipid peroxidation [23]. Withania
has demonstrated activity on the CNS and the HPA
axis as well as having profound antioxidant properties.
Identified actions on the CNS include neurotransmitter
function (catecholamines), acetylcholine regulation,

and a serotonergic effect which may be responsible for
memory-enhancing and cognitive function.

WS demonstrated a GABA-mimetic effect which
plays an important role in reducing psychological
stress, a well-known factor in the evolution of disease
states [24]. Activity on the HPA axis was postulated as
a mechanism of action [25] in a study to test the
adaptogenic effect of WS on chronic stress using a foot
shock model. The symptoms of stress from foot shock
manifest in a variety of nonspecific maladies including
gastric ulcer, hyperglycemia, glucose intolerance,
increased plasma cortisone, sexual dysfunction in
males, cognitive deficits, immunosuppression and
mental depression.

The anti-stressor effect of ashwagandha was investi-
gated in rats using a cold water swimming stress test.
The treated animals showed better stress tolerance
[25]. A withanolide-free aqueous fraction isolated from
the roots of WS exhibited anti-stress activity in a dose-
dependent manner in mice [26].

RHODIOLA AS ADAPTOGEN

Rhodiola rosea L. is a valuable medicinal plant known
mainly as an adaptogen, increasing resistance to harm-
ful effects of various stressors [27�33]. Also known as
golden root, rose root, or Arctic root, it belongs to the
plant family Crassulaceae and genus Rhodiola. It is
found at high altitudes in the Arctic and mountainous
regions throughout Europe and Asia, and has been
used medically in Russia, Scandinavia and many other
countries for a range of conditions such as stress-
induced depression and anxiety, fatigue, anemia,
impotence, infections (including colds and influenza),
cancer, nervous system disorders and headache. It is
classified as an adaptogen. It has been widely studied
in Russia and Scandanavia for over 35 years and is
thought to stimulate the nervous system, decrease
depression, enhance work performance, and eliminate
or reduce fatigue [34]. It is also regarded as a tonic and
stimulant and used to increase physical endurance,
stress resistance, attention span, memory, work pro-
ductivity, and resistance to high-altitude sickness.

Small doses of R. rosea increase the bio-electrical
activity of the brain [35]. It prolongs the actions of neu-
rotransmitters such as adrenaline, dopamine, serotonin
and acetylcholine in the central nervous system and
brain by inhibiting the activity of enzymes responsible
for their degradation [36]. Consequently, the cognitive
functions of the cerebral cortex, and the attention, mem-
ory and learning functions of the prefrontal and frontal
cortex, are enhanced [37]. R. rosea prevents the rise in
mediators of the stress response—phosphorylated
stress-activated protein kinase, nitric oxide and
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cortisol—following immobilization stress [38]. R. rosea
prevents exercise-induced ATP decrease in mitochon-
dria after exhaustive swimming [39]. It can also be
applied in cases of borderline nervous-mental diseases,
neuroses, neurotic disorders and psychopathies [40]. In
psychiatric practice, extracts of R. rosea are indicated for
the correction of neurological side-effects associated
with psychopharmacological therapy, and for the
intensification and stabilization of remissions of
asthenic and apathistical-aboulic type schizophrenia
patients [35�41].

In human studies, this root has been shown to be
effective for treating mild depression, neurasthenia
[41], impaired cognitive function [42], erectile dysfunc-
tion, amenorrhea, and infertility in women. Rhodiola is
useful for people with deficient (asthenic) depression,
altitude sickness (use it with Cordyceps, Reishi, and
Holy Basil), and to aid in recovery from head trauma
injury. Traditionally, Rhodiola is used in Tibetan medi-
cine for nourishing the lungs, to increase blood circula-
tion, and for fatigue, altitude sickness, and weakness.

The compound salidroside (Also known as rhodio-
loside or rhodosin) is the most biologically active
compound in Rhodiola. It shares many of its effects
with its sister compound rosavin. Salidroside can also
influence the uptake of glucose into muscle cells via
activation of AMPK. The compound rosavin accounts
for the highest percent of R. rosea active constituents
per gram, and is the measure by which to standardize
SHR-5 (a special extract from R. Rosea). The component
rosidirin acts as a MAO-a/b inhibitor; monoamine
oxidase (MAO) is an enzyme that degrades
dopamine, serotonin and adrenaline (epinephrine).
Supplementation with MAO inhibitors is related to
temporary increased levels of certain neuropeptides
(such as the three just named).

Rhodiola also contains proanthocyanidins (antho-
cyanidins are the beneficial compound in blueberries)
and may be in part the reason why Rhodiola rosea
exerts such a potent antioxidant effect in vitro.
Proanthocyanidins exert a powerful antioxidant effect
and can be measured via oxygen radical absorbance
capacity (ORAC) but they are not causative of the
increase in intrinsic antioxidant defenses typical of
R. rosea. Proanthocyanidins are also quite neuroprotec-
tive in nature, but this is also mostly through antioxi-
dant abilities.

It seems that Rhodiola rosea is capable of both induc-
ing a stress response, and either the plant itself or a
downstream effect of its ingestion protects cells from
being overly damaged from this induced stress [43].
Whether piling one adaptogen onto another during
exercise causes adaptation to a super-stressor, as each
adaptogen has different mechanisms of action, is not
known. The pharmacological effects of R. rosea are

very enticing, as many seem to be able to induce and
adapt to stresses (induce stress yet prevent it from
becoming excessive and hurting the body, then allow
the body to respond beneficially). This may lend some
notions as to why the body ‘adapts’ with adaptogens.
The ability of R. rosea to exert its own antioxidant pro-
tective effects in addition to helping produce some of
the body’s intrinsic antioxidant systems (primarily the
H2O2 defense system via the stress response) is inter-
esting, and R. rosea’s various protective effects on neu-
rons and cardiac cells from stimulation-induced death
via either substrates of R. rosea (salidroside) or via heat
shock proteins (HSPs) should be of interest to anybody
who takes the idea of ‘excess’ to the extremes.

Research into the adaptogenic effects of the herb has
revealed that there are many different species of
Rhodiola; however, R. rosea is the most extensively
researched. R. rosea can also been found to affect mem-
ory abilities, have activity on neurotransmitters in neu-
ronal pathways, suppress inhibition of acetylcholine
with age-associated memory loss, and reduce oxidative
damage, all of which are consequences of stress [44].
R. rosea has been seen to reduce symptoms of physi-
cally and psychiatrically induced asthenia and to
increase intellectual capacity [44]. It has been shown
to improve the effects of tricyclic antidepressants and
to decrease their side effects [44]. In a study investigat-
ing the antioxidant potential of three adaptogen
extracts—Rhodiola rosea, Eleutherococcus senticosus and
Emblica officinalis (Indian gooseberry)—it was found
that Rhodiola had the highest potential for singlet oxy-
gen scavenging, hydrogen peroxide scavenging, ferric
reduction, ferrous chelation, and protein thiol protec-
tion of the three extracts [44]. Rhodiola also exhibited
the highest polyphenol content, which may not only
have adaptogen properties but may decrease the risk
of complications induced by oxidative stress [45].

Research has shown that the consumption of
Rhodiola rosea for 20 days significantly improved physi-
cal fitness, and reduced mental fatigue [46]. The sub-
jects in this study were students who were in the
middle of an exam period and so were under a higher
than usual level of stress. The R. rosea therefore helped
their body to adapt and cope with the increased levels
of stress.

Further research, looking at the effect of supple-
mentation, with a low-dose of Rhodiola rosea, on the
mental fatigue of 56 young and healthy medical phy-
sicians on night duty [43] found that mental fatigue
was significantly reduced following supplementation.
This indicates that the R. rosea supplement allowed
them to better adapt to the increased stress of the
situation, and reduced their level of physical and
mental fatigue.
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Rhodiola rosea appears to be a promising endurance
supplement that may enhance fatigue resistance.
Following 4 weeks of supplementation, subjects signi-
ficantly increased their time to exhaustion, from 16.8
to 17.2 minutes, and significantly improved
their aerobic capacity (VO2max), from 50.9 to
52.9 mL kg21 min21[32]. The swim time to exhaustion
in rats increased by 139�159% following supplementa-
tion [47]. Other positive effects of R. rosea supplementa-
tion include: protection against stress-induced damage
to the heart muscle [48], a protective effect against can-
cers [49,50], and possibly reduction in liver toxicity [50].

The stress-protective effect of Rhodiola, which
increased survival of simple organisms and isolated
cells in oxidative stress, is not purely associated with
its antioxidant or pro-oxidant effects [50�52], because
Rhodiola can enhance survival against oxidative stress
at dose levels that do not elevate the major antioxidant
defenses, activate the antioxidant response element, or
degrade H2O2. The adaptogenic effect of Rhodiola root
SHR-5 extract have been shown in several double-
blind, randomized controlled clinical trials. Orally
administrated for 2�6 weeks, dry SHR-5 extract pre-
pared with ethanol�water (ethanol 70% v/v) in daily
doses of 288�680 mg (1�4 tablets) has been shown to
improve mood [53], cognitive performance and atten-
tion [54�56], and relieve fatigue [57] in stress-related
conditions. A single-dose effect is achieved in 1�2
hours after administration of Rhodiola extracts [58�62].
The adaptogenic effect of Rhodiola root water�alcohol
extracts have been confirmed in many preclinical
studies [63�74].

Numerous in vitro and in vivo studies on animals
have demonstrated CNS-stimulating [75�84] neuro-,
cardio- and hepato-protective effects [84], increasing
life-span [68], and MAO inhibitory [85], immunotropic
[86] and antibacterial activity [78]. Using animal mod-
els, bioassay-guided fractionation of various extracts of
plant adaptogens has shown that the active principles
are mainly phenylpropane and phenyl ethane deriva-
tives, including salidroside, rosavin, syringin, trian-
drin, tyrosol, etc. Of these, rhodioloside/salidroside
and triandrin were reported to be the most active in a
number of different test systems [77,78].

Other reviewed studies suggested that increased
resistance to nonspecific stress may be due to a seroto-
nergic action, an increase in [beta]-endorphins, and
that it moderates opioid peptide, an excess of which
may damage the brain and heart. R. rosea acts on the
neuroendocrine system similarly to other adaptogens
and has strong antioxidant properties that can reduce
toxicity from drugs. Animal studies have shown that
R. rosea decreases toxicity from cyclophosphamide,
rubomycin and adriamycin (anti-cancer drugs), while
it enhances their anticarcinogenic effects [88�90].

Further studies confirm that the anti-aging activity
of herbal medicines such as those containing Rhodiola
may be due to oxygen-scavenging molecules that
reduce imbalanced redox reactions and restore defense
against free radicals [90]. Induction of iNOS gene
expression by Rhodiola sachalinensis, leading to NO syn-
thesis, was another proposed mechanism of action
[91]. In another study using rabbits, the objective was
to ascertain which mediators of stress response are sig-
nificantly involved in the mechanisms of action of
adaptogens and to determine their relevance as bio-
chemical markers for evaluating anti-stress effects. It
was suggested that the inhibitory effects of R. rosea
and Schisandra chinensis on phosphorylated kinase
p-SAPK/p-JNK activation may be associated with their
antidepressant activity as well as their positive effects
on mental performance under stress [92]. Additionally,
a study to test the effect of Astragalus and Rhodiola spe-
cies on noise stress observed a reduction in hepatic
glycogen, lactic acid and cholesterol which may be
ultimately controlled by the HPA axis as an adaptive
response [93]. Finally an anti-inflammatory action was
seen as a mediator of adaptation, as levels of
C-reactive protein and creatine kinase were reduced in
untrained volunteers before exercise in a treatment
group. In a recent study of 60 individuals (30 in treat-
ment group, 30 in placebo group), Rhodiola was used
to treat stress-related fatigue [56]. It was concluded
that repeated administration of R. rosea extract SHR-5
exerts an anti-fatigue effect that increases mental per-
formance, particularly the ability to concentrate, and
decreases cortisol response to awakening stress in
burnout patients with fatigue syndrome [56].

Based on the proposed mechanism of action and
available experimental data, Rhodiola appears to offer
an advantage over other adaptogens in circumstances
of acute stress. A single dose of Rhodiola rosea (SHR-5)
prior to acute stress produces favorable results and
prevents stress-induced disruptions in function and
performance. Since many stressful situations are acute
in nature, and sometimes unexpected, an adaptation
that can be taken acutely in these circumstances, rather
than requiring chronic advance supplementation,
could be potentially very useful. Rhodiola also offers
some cardio-protective benefits not associated with
other adaptogens. Its proposed ability to moderate
stress-induced damage and dysfunction in cardiovas-
cular tissue might make Rhodiola the adaptogen of
choice among patients at higher risk for cardiovascular
disease [94]. However, it is important to reproduce
and confirm the nonclinical studies and plan for
human trials conducted according to good clinical
practice.

The clearest emerging indication for R. rosea prepa-
ration is as a drug as a tonic during convalescence to
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increase both mental and physical work capacity
against a background of fatigue and/or stress. Some
animal and preliminary clinical evidence suggests the
need for a well-defined range of therapeutic dosage of
Rhodiola. It may be concluded from the review of evi-
dence presented in this chapter that encouraging sup-
port exists for Rhodiola’s beneficial effect on cognitive
function and fatigue, as demonstrated by numerous
nonclinical and several clinical studies. Rhodiola’s
adaptogenic effect increases attention and endurance
in situations of decreased performance caused by
fatigue and sensation of weakness, and reduces stress-
induced impairments and disorders related to the
function of neuroendocrine and immune systems.
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INTRODUCTION

An understanding of basic scientific principles
related to resistance training is necessary in order to
optimize training responses. Resistance training, ade-
quate nutrition and appropriate rest period to recover
from the exercise are needed for muscle and bone
growth. Resistance training causes microscopic dam-
age to the muscle cells (catabolism), which in turn are
quickly repaired (anabolism). The muscle cells adapt
to the extra workload by enlarging (hypertrophy) and
recruiting greater numbers of nerve cells to aid con-
traction [1�2]. Optimal nutrition enhances the anabolic
effect of resistance training. The present chapter
reviews the anabolic effect of resistance training and
nutrition. In addition, suggestions are provided for
clinicians as to how to perform effective resistance
training for patients with the frailty (sarcopenia and
osteoporosis) and metabolic syndromes.

RESISTANCE TRAINING

The goal of resistance training is to progressively
overload the musculoskeletal system. Regular progres-
sive resistance training develops the strength and size
of muscles [3] and increases bone mass [4] from young
male athletes to older women. To receive lasting
results, resistance training should be an uninterrupted
part of lifestyle. Typically, each large muscle group
(for a whole-body resistance training program) is
trained for two to three times per week (on non-
consecutive days). One training session per week
might be enough to maintain the gained results.
However, more-advanced practitioners such as

bodybuilders split the training program. A split
resistance-training program involves working no more
than two or three muscle groups or body parts per
day. Muscles are trained once or twice per week and
allowed roughly 72 hours to recover. It involves fully
exhausting individual muscle groups during a work-
out, then allowing several days for the muscle to fully
recover.

Higher training efficiency is superior to lower for
improving muscle strength [5] and bone mineral den-
sity [4]. Therefore, each set (usually two to four) or at
least the last set(s) of an exercise are performed to
fatigue, the state where the subject cannot make one
more repetition with good form. Therefore, to specifi-
cally increase muscle size (hypertrophy-specific train-
ing) medium to heavy loading is needed: 70�80% of
one repetition maximum (1RM). When the training
goal is muscular hypertrophy, sets with short rest
intervals (about 1�2 minutes) are suitable, whereas
longer resting periods (several minutes) are needed to
increase especially absolute strength [6]. Optimal exer-
cise time is below 45�60 minutes since, thereafter,
training intensity reduces significantly. Resistance
training under the supervision of a personal trainer
usually leads to greater workout intensities [7]. By
varying the number of repetitions and length of rest
and to some extent the types of exercises over time
(periodization), it may be possible to achieve greater
benefits.

NUTRITION

In adults, daily protein supply, measured as intake
per body weight, is 0.8�1.0 g/kg. However, active
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people and athletes require elevated protein intake. In
intensive resistance training, adequate protein supply,
from 1.5 to 2 g/kg per day [8], is required for maximal
muscle growth. There is no significant evidence for a
detrimental effect of this amount of protein intake on
kidney function in healthy subjects [9]. However, die-
tary protein restriction might be necessary by an indi-
vidual with existing renal disease. Daily protein
supply should be divided across several meals (B20 g
per meal) [10]. Therefore, it is reasonable to eat at regu-
lar intervals and split daily food intake into four to six
protein rich meals instead of the traditional three meals
a day. In addition, adequate amounts of vitamin D
and calcium intake are important for bone growth.
Also an adequate supply of carbohydrates is needed as
a source of energy. A light, balanced meal prior to the
workout ensures that adequate energy and amino
acids are available during the intense bout of exercise.
Water should be consumed throughout the course of
the workout to prevent poor performance due to
dehydration.

Whey protein and creatine seem to have positive
effects on muscle size, strength and athletic perfor-
mance without major adverse effects and high costs.
However, creatine supplementation should not be used
by an individual with existing renal disease. Most stud-
ies have shown that supplementation of whey
(B15�30 g) alone or with carbohydrates immediately
after and possibly before and during resistance exercise
can enhance the muscle hypertrophy response to resis-
tance training [11] because both protein uptake and
protein usage are increased at this time. Some studies
also suggest that whey protein may enhance recovery
from heavy exercise and possibly decrease muscle
damage and soreness [8]. Creatine has been studied in
several clinical trials and has shown benefits including
increased muscle strength, endurance and size [12]. In
addition, creatine may increase bone mineral content
and enhance muscle mass, with potentially greater ten-
sion on bone at sites of muscle attachment [13]. The
most common creatine monohydrate loading program
involves an initial loading phase of 20 g/day for 5�7
days, followed by a maintenance phase of 3�5 g/day
for differing periods of time [12].

CLINICAL ASPECTS

The importance of resistance training is well recog-
nized in physiatrics and rehabilitation medicine. In
addition, resistance training is currently the most effec-
tive known strategy to combat sarcopenia, by stimulat-
ing hypertrophy and increasing muscle strength [14].
Based on a randomized controlled clinical trial Strasser
et al. [15] concluded that to promote hypertrophy with

resistance training in elderly adults, loading intensity
should approach 60�80% of 1RM with an exercise vol-
ume ranging from three to six sets per muscle group
per week of 10�15 repetitions per exercise. Progressive
resistance training is an effective and safe tool against
sarcopenia even in geriatric subjects [16]. In general,
significant ameliorations (up to .50% strength gain)
can be expected even with 6 weeks of resistance train-
ing at a rhythm of two to three sessions per week.
Therefore, from a preventive viewpoint, all elderly
subjects should be advised to begin such an exercise
program and continue it as long as possible.

Osteoporosis can be thought of as a bone analog of
sarcopenia. Many studies have shown that resistance
training can maintain or even increase bone mineral
density in postmenopausal women [17]. It seems that a
combination of high-impact (i.e., jumping) and weight-
lifting exercises might be superior for bone stimulation
in adults [18]. Chilibeck et al. [13] demonstrated that
resistance training, significantly increased whole-body
and leg bone mineral density by approximately
0.5�1% in older men as early as 12 weeks. The BEST
(Bone-Estrogen Strength Training) [19] project identi-
fied six specific resistance training exercises that
yielded the largest improvements in bone mineral den-
sity. This project suggested squat, military press, lat-
eral pull down, leg press, back extension, and seated
row, with three weight-training sessions a week of two
sets of each exercise, alternating between moderate
(6�8 reps at 70% of 1RM) and heavy (4�6 reps at 80%
of 1RM).

At rest, skeletal muscle consumes 54.4 kJ/kg
(13.0 kcal/kg) energy per day, which is larger than adi-
pose tissue at 18.8 kJ/kg (4.5 kcal/kg) [20]. Since resis-
tance training increases muscle mass, it does not result
in weight loss without caloric restriction. However,
resistance training, even without caloric restriction, has
a favorable effect on body composition since it
decreases fat mass, including abdominal fat [21].
Skeletal muscle is an important determinant of insulin
sensitivity. In many studies, resistance training has
enhanced insulin sensitivity and improved glucose tol-
erance [21]. Improved glucose uptake appears not to
be a mere consequence of the increased muscle mass
associated with resistance training, but seems to be
also a result of qualitative changes in resistance-
trained muscle [22]. In a meta-analysis, progressive
resistance training led to small but statistically signifi-
cant absolute reductions in glycosylated hemoglobin
A1c (HbA1c) of 0.3% in subjects with type 2 diabetes
[23]. Bweir et al. [24] demonstrated that resistance
training lowers HbA1c by 18% with type 2 diabetes. In
this study, the resistance-training group used seven
exercises that encompassed knee and hip flexion/
extension, shoulder flexion/extension, adduction/
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abduction, elbow flexion/extension and a chest press.
Three sets of 8�10 repetitions were performed for all
exercises with a rest period of 2 minutes between sets
in 30�35 minutes three times per week for 10 weeks.

More clinical studies are needed to further investi-
gate the effect of different training protocols, long-term
effects, and the role of optimal nutrition in frailty and
metabolic syndromes. It is important to compare
whole-body and split resistance training programs on
these syndromes. Less is also known about the long-
term (. 6 months) hypertrophic response to resistance
training. Therefore, studies with years of training are
needed, as the beneficial effects would be even more
pronounced. In addition, the effect of nutrition during
resistance training has not been studied extensively in
these syndromes. It is possible that optimal nutrition
would improve the results in clinical studies.
Malnutrition is a common feature associated with
frailty syndrome. Esmarck et al. [25] demonstrated that
immediate intake of a protein supplement following
resistance training is more effective than delayed
intake for the maximal development of muscle hyper-
trophy in elderly men. Therefore, nutritional evalua-
tion is needed in future studies. Adequate protein
supply (e.g., 1.5�2.0 g/kg per day) and a whey protein
shake (15�30 g) immediately following the exercise
might increase the beneficial effects of resistance train-
ing in frailty syndrome. Finally, subjects with frailty
syndrome may benefit from creatine supplementation
(3�5 g per day).
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ENERGY REQUIREMENTS

Introduction to Energy Needs

The central component of success in sport begins
with adequate energy intake to support caloric expen-
diture and promote the maintenance or improvement
in strength, endurance, muscle mass, and health.
Athletes consuming a well-designed diet that includes
both adequate amounts and proportions of the macro-
nutrients (carbohydrates, proteins, and fat) will pro-
mote peak performance [1,2]. Inadequate energy intake
relative to energy expenditure will reduce athletic per-
formance and even reverse the benefits of exercise
training. The result of limited energy will cause the
body to break down fat and lean tissue to be used as
fuel for the body. Meanwhile, inadequate blood glu-
cose levels will increase fatigue and perception of exer-
cise effort and ultimately reduce performance. Over
time this could significantly reduce strength and
endurance performance, as well as compromise the
immune system, endocrine, and musculoskeletal
function [3]. Additionally, sport-specific energy
requirements vary greatly between sports where sport-
specific energy needs should be determined, but over-
all athletes and coaches are highly encouraged to focus
upon daily energy intake before concerning themselves
too much with optimal intakes of the macronutrients.

Estimating Energy Needs of Athletes and Active
Individuals

Estimation of energy needs for active individuals as
well as athletes can be done using several resources.

Typically in the field, an accessible as well as practical
way to estimate energy expenditure of an athlete or
active individual is to use prediction equations that
have been developed based on assessments of resting
metabolic rate and energy cost of physical activity (see
Table 36.1) [3]. It is important to keep in mind during
assessment that height, weight, age, body composition,
and gender will influence caloric expenditure and alter
the quantification of daily caloric needs, thus the initial
computed outcome from these predictive approaches
should be viewed as a general guideline or simply a
starting point and not a final and conclusive number.
Athletes and coaches should always measure height
and weight when utilizing a predictive equation.
Ideally, those wanting to quantify their personal rest-
ing metabolic rate without the use of a prediction
equation can have it assessed using indirect calorime-
try. Measuring resting metabolic rate using this
preferred approach, however, can be costly to athletes,
and it may become difficult to find a credible labora-
tory or location for all athletes to be measured using
standardized conditions (e.g., fasting state, no recent
stressful bouts of exercise, refrain from caffeine,
alcohol, nicotine, etc.).

Once resting energy expenditure has been esti-
mated using an appropriate prediction equation or
measured, the value is then multiplied by the daily
total energy expenditure. For simplicity, a physical
activity level (PAL) factor is applied in order to aver-
age the daily total energy expended (see Table 36.1)
and are intended to adjust daily energy intake needs
relative to the individual’s activity level. Typically,
individuals who participate in recreational exercise or
an overall fitness program (30 to 45 min/day, 3 to 4

355
Nutrition and Enhanced Sports Performance.

DOI: http://dx.doi.org/10.1016/B978-0-12-396454-0.00036-9 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-396454-0.00036-9


times/week) do not typically need to alter their daily
intake to meet nutritional needs. A typical diet of
25 to 35 kcal kg21 day21, or approximately 1800 to
2400 calories per day, will likely be sufficient for a
recreational athlete because caloric expenditure
demands from exercise are not large (i.e., 200 to
400 kcal/session). However, athletes who are involved
in moderate levels of exercise training for longer dura-
tions (i.e., 2 to 3 hours/day) multiple times per week
(5 to 6 times/week), or high-intensity power or resis-
tance training (3 to 6 hours/day) comprised of high-
intensity or high-volume training multiple times per
week (5 to 6 times/week) can expend 600 to 1200 or
more kcal/hour of exercise [8,9].

Energy Needs of Endurance Athletes

Depending on the training schedule and exercise
intensity of an endurance athlete, field research has
documented hourly caloric expenditure in the range
of 600 to 1200 kcal/hour. Consequently, estimated
energy needs of such athletes are routinely in the
range of 50�80 kcal kg21 day21[8,9]. This means that
depending on body size, a 50�100 kg endurance ath-
lete will need to consume 2500 to 8000 calories per
day in order to maintain energy balance to promote
optimal endurance training and recovery. Extensive
research has investigated the importance of ensuring
adequate caloric intake for endurance athletes in order
to maintain energy substrate during exercise, for
mental function as well as muscular contraction.
However, to delay the onset of fatigue from

endurance activity, repletion of calories may be neces-
sary during a training bout lasting longer than 60 to
90 minutes. Field research with ultra-endurance ath-
letes recommends caloric intake to range from 100 to
430 calories per hour to maintain force output during
exercise for endurance athletes [10].

Energy Needs of Strength and Power Athletes

Energy intake recommendations for strength and
power athletes (i.e., sprinters, team sport athletes such
as American football or rugby, weightlifters, throwing
athletes, and bodybuilders) can vary greatly from those
for endurance athletes. Unlike endurance athletes,
quantification of caloric expenditure is much harder to
determine for strength and power athletes, because of
the variability in high-intensity bursts and power, vary-
ing lengths of recovery periods from training and com-
petition, and a significant contribution of eccentric
contractions which are known to instigate greater mus-
cle damage and compromised recovery [11�13].
Similar to endurance athletes, caloric recommendations
should be determined based on individual needs and
goals as well as age, height, and weight (see Table 36.1).
High-intensity activity requires a high level of energy
production, typically followed by periods of rest inter-
vals, which will create periods of high caloric expendi-
ture to periods of recovery. For example, a sprint
athlete during a 100-meter dash will perform for
approximately 10 seconds or less supra-maximally fol-
lowed by a recovery period. The ability of the athlete to
recover between supra-maximal bouts can influence

TABLE 36.1 Mifflin-St Joer [4] and Harris-Benedict [5] Resting Metabolic Rate Prediction Equation and Physical Activity
Level (PAL) Factors.

Mifflin-St Joer

Men RMR5 (9.993weight in kg)1 (6.253height in cm)2 (4.923 age)1 5

Women RMR5 (9.993weight in kg)1 (6.253height in cm)2 (4.923 age)1 161

Harris-Benedict

Men RMR5 66.471 (13.753weight in kg)1 (5.03height in cm)�(6.753 age)

Women RMR5 665.091 (9.563weight in kg)1 1.843height in cm)�(4.673 age)

Physical Activity Level (PAL) factorsa

1.0�1.39 Sedentary, typical daily living activities (e.g., household tasks, walking to bus)

1.4�1.59 Low active, typical daily living activities plus 30�60 min of daily moderate activity (e.g., walking @ 5�7 km/hour)

1.6�1.89 Active, typical daily living activities plus 60 min of daily moderate activity

1.9�2.5 Very active, typical daily activities plus at least 60 min of daily moderate activity plus an additional 60 min of vigorous activity or
120 min of moderate activity.

aEach factor is associated with a range that is intended to be viewed as a general starting point rather than a specific ending point. Manipulation within each range should be
performed and should be performed on a largely individual basis.
RMR, resting metabolic rate.

From Dietary Reference Intake (DRI) [6] and other sources [1,7].
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performance during training or competition. The vari-
ability in training volume, duration, and recovery peri-
ods adds to the complexity of energy needs and
associated global recommendations of energy require-
ments for these athletic populations. Regardless, ensur-
ing adequate energy balance will optimize force
production per active bout, whether it is a sprint or
weight workout, and will aid in optimal recovery.

Elite strength and power athletes utilize intermittent
bouts of high-intensity force output or high-volume
repetitive muscle contractions 3 to 6 hours/day up to
5 to 6 times/week. They can expend 600 to 1200 calo-
ries or more per hour of exercise [8,9]. The typical range
of caloric expenditure per minute can be from 5.2 to
11.2 kcal/minute [9]. Variability occurs with body size,
gender, age, amount of muscle mass activated during
the lift, number of sets and repetitions completed, rest
periods given, and time the contraction is held. Given
the extreme muscularity of most strength athletes and
the relationship between amount of muscle mass and
total energy expenditure, it is not surprising that the
current recommendations for energy intake range from
44 to 50 kcal kg21 day21 [9,14], particularly when one
also considers that most of these athletes also seek to
induce skeletal muscle hypertrophy, a process which
demands even more energy.

Additional Considerations for Optimal Energy
Intake

Regardless of athletic type, highly trained athletes
who perform multiple bouts of high-volume, moderate-
to high-intensity workouts each week have enhanced
energy needs. Due to these increased energy demands
in combination with other social or sport-specific fac-
tors, the athlete may be reticent about ingesting such
large quantities of food for fear of the associated
changes (perceived or real) to their bodies and phy-
sique. These concerns, in addition to the immense logis-
tical planning which must be completed by the athlete
and coaches to optimally meet energy needs can result
in suboptimal energy intake. As mentioned previously
in this section, inadequate energy intake puts the
human body in a situation where it must unfavorably
allocate various nutrient supplies to meet everyday cel-
lular demand, which in the case of an exercising athlete
can result in altered protein metabolism, poor recovery,
and other associated outcomes linked to over-reaching/
under-recovery. In this respect, the athlete and coach
should be readily aware of this possibility and take
great measures to ensure adequate energy as well as
optimal amounts and ratios of the macronutrients are
ingested, a point which will be developed in greater
detail in the remaining sections.

CARBOHYDRATES

Structure and Function of Carbohydrates

Particularly in the context of increased energy
demands from physical activity, carbohydrates are one
of the most important nutrients for an exercising ath-
lete. Carbohydrates serve as the primary fuel for work-
ing muscles during exercise, particularly as the
intensity of exercise increases [15]. Moreover, carbohy-
drate in the form of glucose is often viewed as the
exclusive fuel source for tissues such as the brain, spi-
nal cord, and red blood cells. Generally speaking, the
proportion of carbohydrates in the human diet is
recommended to be around 55% of total calories, with
an absolute daily requirement of 100�120 grams, but
as will be explained in greater detail, the carbohydrate
needs for endurance and resistance athletes surround-
ing workouts have much greater specificity.

Carbohydrate Types and Quality

Carbohydrates are found in the diet as grains, fruits,
beans, legumes and dairy products and collectively are
comprised of sugar units called saccharides. A
common way of categorizing carbohydrates is based
upon the number of saccharide units (e.g., mono-, di-,
oligo- and polysaccharides) found within the overall
carbohydrate molecule. The predominant forms of
carbohydrate in the human diet are polysaccharides in
the form of starch. This basis has also created a simple
but easy to grasp concept of qualitatively assessing the
complexity of a carbohydrate whereby mono- and dis-
accharides are commonly referred to as “simple”
sugars and oligo- and polysaccharides are referred to
as “complex” carbohydrates. While overly simplistic,
this paradigm has meshed well with glycemic index
and glycemic load, the most widely accepted means of
objectively assessing carbohydrate quality.

Briefly, glycemic index refers to a rating or score
assigned to a food that reflects the change in blood
glucose which occurs after ingesting a standardized
amount of carbohydrate of the food in question, rela-
tive to that for an identical amount of a standard test
food such as white bread or pure glucose. Importantly,
ratings have been established for a wide variety of
carbohydrate-containing foods and, even though its
application and utility have been met with much con-
fusion and misuse, it remains as both the most recog-
nized and accepted means of evaluating carbohydrate
quality. Glycemic load refers to a number assigned to
a food or meal that considers both the glycemic index
of that particular food and the carbohydrate content of
the food in question.
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Carbohydrate Recommendations for Endurance
Athletes

There is a great range of carbohydrate recommenda-
tions for an athlete, which depend largely upon inten-
sity and duration of exercise. According to a recent
position statement and other recent review articles, a
recommended carbohydrate intake for athletes is
6�10 g kg21 day21 [1,3,8,16,17]. Importantly, as exer-
cise intensity increases, so does the reliance on carbo-
hydrates for energy—research has shown that
approximately 50�60% of energy substrate utilization
during 1�4 hours of continuous exercise at 70%
VO2max is derived from carbohydrates [15]. As endur-
ance training proceeds, energy expenditure does not
change, but the reliance on carbohydrate decreases in
favor of lipids at any given exercise intensity [15].
Ensuring adequate carbohydrate intake is necessary to
guarantee adequate glycogen concentration, and strate-
gies exploiting both the composition and timing of car-
bohydrate intake can have an effect on glycogen stores
within the muscle and liver. Specifically, increasing
glycogen stores within the muscle can play an influen-
tial role on carbohydrate availability during exercise
and subsequent exercise performance.

Utilization of a high-carbohydrate diet in endurance
athletes will promote elevated glycogen stores. In
endurance sports lasting .90 minutes, it is suggested
that super-saturated glycogen stores within the muscle
will improve performance for low- to moderate-
intensity long-duration exercise. To maximize glycogen
refueling in preparation for a race or to maximize
recovery following an intense training session, endur-
ance athletes should consume approximately
7�10 g kg21 day21. Manipulating the timing of carbo-
hydrate intake and type of carbohydrate in preparation
for a race or intense training may provide advantages
metabolically during the race as well as following the
race for refueling. Carbohydrate recommendations for
both endurance and strength and power athletes are
summarized in Table 36.2, and subsequent sections will
further detail strategies to meet carbohydrate require-
ments surrounding a workout or competitive bout.

Carbohydrate Recommendations for Strength
and Power Athletes

Consuming adequate carbohydrates for strength
and power athletes is vital for optimal power output
and overall performance. Intense intermittent muscle
contractions lasting 1�5 minutes in duration, using
exercises that recruit large masses of muscle, combined
with short rest intervals can decrease glycogen stores
by 24�40% [19�22]. Certainly the magnitude of mus-
cle glycogen depletion depends on the intensity, dura-
tion, and amount of muscle mass that is recruited
during the training session. It is commonly recom-
mended that strength and power athletes who utilize
training regimens that include high repetitions with a
moderate to high level of resistance to maximize both
strength and power adaptations as well as muscle
hypertrophy will deplete greater concentrations of gly-
cogen. For these reasons, an intake of 5�10 g kg21

day21 is sufficient to maintain optimal glycogen stores
in strength and power athletes [18].

Carbohydrate Intake for Pre-Training/Pre-
Competition

The ideal pre-competition meal should contain 150
to 300 grams of carbohydrate (3 to 5 g kg21 body
weight) approximately 3 to 4 hours prior to exercise.
This amount consumed prior to exercise will maximize
muscle and liver glycogen stores and help to sustain
blood glucose concentrations throughout prolonged
bouts of moderate- to high-intensity exercise [23].
Additional considerations for the pre-exercise meal
include food choices that contain little fat and fiber, to
maximize gastric emptying and minimize gastric
upset.

Carbohydrate Intake During Exercise

Moderate- to high-intensity exercise is characterized
by high oxidation rates of carbohydrate whereby such
values have commonly been reported to be in the

TABLE 36.2 Average Macronutrient Requirements for Athletesa.

Endurance Athletes Strength Athletes

Carbohydratesb 6�10 g kg21 day21 3.9�8.0 g kg21 day21

Proteinb 1.2�1.4 g kg21 day21 1.2�1.7 g kg21 day21

Fat 20�30% of Total Energy Intake (10% saturated,
10% polyunsaturated, 10% monounsaturated)

20�30% of Total Energy Intake (10% saturated,
10% polyunsaturated, 10% monounsaturated)

aVariability depends on sport or mode, intensity, duration, and skill of the athlete.
bkg represents kilogram body weight.
Adapted from Genton et al [18], The Institute of Medicine Guidelines 2005 [9], and The ADA/ACSM Position on Nutrition and Athletic Performance [1,17].
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order of 1.0�1.2 grams of carbohydrate per minute
(60�72 grams per hour) of exercise [24,25]. At these
rates, high-intensity endurance exercise (e.g., .70%
VO2max) that lasts approximately 1 hour can exhaust
liver glycogen stores and significantly deplete muscle
glycogen stores in as little as 2 hours. For these rea-
sons, optimal repletion of carbohydrates and energy is
vital to continue exercise and/or maintain force out-
put. According to research done with endurance ath-
letes, it is recommended that 60 grams or
0.5�1.0 g kg21 of liquid or solid carbohydrates be con-
sumed each hour of moderate- to higher-intensity
endurance exercise lasting longer than 1 hour [3,16].
Moreover, decades of sport nutrition research tells us
that glucose-electrolyte solutions which deliver carbo-
hydrate concentrations of 6�8% carbohydrate (6�8
grams of carbohydrate per 100 mL of fluid) offers the
ideal balance between non-episodic gastric emptying
and efficient energy delivery [3,24]. These solutions are
recommended to be ingested every 15 to 30 minutes,
which effectively provides a continual supply of carbo-
hydrate to the working muscles. A host of positive
effects arise from this strategy, including an optimal
maintenance of blood glucose levels which aids in pre-
venting common hypoglycemic symptoms such as
headaches, lightheadedness, nausea, and muscular
fatigue while also delivering a preferred fuel source
which can be rapidly oxidized in favor of limited gly-
cogen stores located in the liver and muscle. This feed-
ing strategy has been shown in a number of studies
and recent reviews to minimally maintain and likely
have ergogenic benefits [1,3,8,26]. Finally, and while
most of this research has used endurance modes of
exercise, a number of studies are also available demon-
strating that providing a glucose-only beverage or a
combination of carbohydrate and protein or amino
acids favorably impacts performance, muscle damage,
and recovery [27�30].

Carbohydrate Intake into Recovery

The extent to which carbohydrate intake should be
considered depends largely upon the duration and
intensity of exercise, but an equally important factor is
the time available for recovery to take place. A number
of strategies including but not limited to the glycemic
index of the carbohydrates being consumed, adding
protein to carbohydrate, and adding caffeine have
been examined for their ability to favorably influence
both the rate and extent to which recovery of lost mus-
cle glycogen occurs [3,31,32]. Collectively, these studies
indicate that the single most important variable to opti-
mize recovery of lost muscle glycogen is the absolute
amount of carbohydrate intake [3,31]. Table 36.2

highlights specific recommendations regarding carbo-
hydrate intake.

Briefly, carbohydrate intake following an exercise
bout should begin immediately, to take advantage of
favorable hormonal environments upon which timely
nutrient administration can both facilitate recovery
of lost glycogen and minimize muscle protein break-
down. As duration, intensity, or both increases,
carbohydrate intake should also increase. For
moderate-intensity exercise lasting 45 minutes to 1
hour, daily carbohydrate intake of 5�7 g kg21 body
weight day21 is necessary. For moderate exercise last-
ing one to three hours, it is recommended that athletes
consume 7�10 g kg21 day21, while exercise lasting
4�5 hours or greater should consume 10�12 or more
g kg21 day21 (see Table 36.2). The timing and amounts
of carbohydrate ingested take on an even higher level
of importance if time is short between the end of the
exercise bout and commencement of subsequent bouts:
e.g., for extremely long training sessions (4�8 hours)
or multiple training sessions or competitions per day
[3,26]. Generally speaking, if an exercise bout consists
of moderate-intensity exercise spanning 30�45 min-
utes, carbohydrate replacement should not be a critical
consideration.

Low-Carbohydrate High-Protein Diet: Is it a
Good Idea for Athletes?

Popularity of higher-protein lower-carbohydrate
diets has grown in our society, which can have poten-
tially negative complications for some athletes.
Athletes and coaches need to understand the appropri-
ate energy intake for athletes because of the direct rela-
tionship it has with sport-specific energy substrate
distribution that can help or hurt performance.

As previously mentioned, the current recommenda-
tion for carbohydrate intake for endurance and
strength athletes is anywhere between 5 and 12 g kg21

day21 depending upon the intensity and duration of
exercise. Because endurance athletes, especially, rely
on glucose in the form of glycogen as a main energy
source during endurance exercise, low blood glucose
can cause symptoms such as mental fatigue or muscu-
lar fatigue where the athlete feels lethargic or tired,
which will dramatically decrease force output as well
as decrease the amount of time they can perform exer-
cise. For strength and power athletes, the use of a low-
carbohydrate diet will decrease the amount of force
that can be exerted per muscle contraction, which can
decrease strength performance. Other symptoms
include changes in mood, constipation, headache, and
dehydration. For a typical non-athlete a minimal intake
of 150 grams of carbohydrate is recommended per
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day, while athletes require much more. If you are an
athlete, or a coach with an athlete, who has these
symptoms, increasing carbohydrate intake may be
advantageous to performance.

PROTEIN

Structure and Function of Proteins

Proteins, carbohydrates, and fats are the three nutri-
ents ingested in the human body that have the poten-
tial to produce energy for the body to perform various
types of work. Proteins are distinguished from carbo-
hydrates and fats by the presence of an amino or
amine (2NH2) group, which creates the framework
for how dietary status and protein needs have evolved.
While much of the focus for protein, particularly in the
context of exercise and performance, seems to center
upon muscle protein and its balance, nearly every one
of the human body’s 100 trillion cells is composed of
various proteins. Thus, they are ubiquitous and func-
tion in numerous capacities within the physiology and
biochemistry of the human body. The current recom-
mended dietary allowance for protein is 0.8 g kg21

day21 [17].

Essentiality of Amino Acids

Proteins are composed at the individual level of
amino acids, and approximately 20 amino acids are
used by the body to build proteins. Unlike carbohy-
drates or fat, no reservoirs of protein exist in the
human body, but protein exists throughout the body
as pools of amino acids. These pools are in a constant
ebb and flow based largely upon physiological supply
and demand [33,34]. This ongoing and dynamic state
of amino acid movement highlights the importance of
dietary intake of protein as well as the concepts of
essentiality and protein completeness. Of the 20 amino
acids used to build protein, the essential amino acids
cannot be produced by the body, which creates an
absolute requirement of their intake in the diet. The
nonessential amino acids are subsequently considered
as such because they can be made in vast amounts
inside the human body. Finally, some amino acids are
considered to be conditionally essential, which means
that in a normal physiological setting, the body is able
to produce adequate amounts, but if the body becomes
stressed or physiologically challenged, the production
rates become inadequate. In this respect, the indispens-
able or essential amino acids are histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine). Optimization of human per-
formance places a great deal of focus upon the balance

of proteins found within skeletal muscle, and it is
worth mentioning that studies indicate an absolute
requirement exists for the essential amino acids to
maximize muscle protein synthesis [35,36].

Protein Type and Quality

A number of protein types exist which are available,
and a complete discussion of each is beyond the scope
of this chapter. Within the framework of protein
requirements, the notion of protein quality and therein
protein completeness will be discussed. A number of
ways exist for protein quality to be assessed, and the
reader is referred to excellent summaries by Phillips
[2] and Rodriguez [37]. Briefly, the protein digestibility
corrected amino acid scores (PDCAAS) and protein
efficiency ratios (PER) are commonly considered meth-
ods to assess protein quality. Using these approaches
and all other approaches, the milk proteins (whey and
casein) are typically rated as one of the highest quali-
ties of proteins available. However, protein sources
from egg, beef, poultry, fish, and other dairy sources
should still be viewed as excellent sources of protein.

A complete protein is any protein source that pro-
vides all of the essential amino acids in both the cor-
rect amounts and proportion to stimulate and support
the synthesis of new proteins [2]. In this light, incom-
plete protein sources fail to provide at least one (or
more) of the essential amino acids in the correct
amount and proportion. Moreover, even protein
sources which lack only one amino acid in adequate
amounts are viewed to be incomplete (e.g., most ver-
sions of soy protein lack adequate required amounts of
methionine). For this reason, complete protein sources
are considered to be of higher quality, and dietary pro-
tein sources of animal origin (e.g., egg, milk or dairy,
and flesh proteins such as fish, poultry, beef, pork,
bison, etc.) are broadly classified as complete protein
sources. Protein sources derived from plants or
vegetables are commonly void of one or more of the
essential amino acids and must be combined with
complementary incomplete protein sources to produce
a complete protein.

Protein Requirements of Endurance Athletes

As with other nutrients, “blanket” or “cookie-cutter”
recommendations are not appropriate for the dietary
protein requirements of endurance athletes. Certainly,
the provision of recommendations to multiple athletes
lends itself to overgeneralization, but the diligent ath-
lete, coach, or practitioner will closely evaluate and
consider other important factors such as training sta-
tus, exercise intensity, workout duration, gender of the
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athlete, and dietary energy and carbohydrate intake. In
this regard, a prudent approach to recommendations
was adopted by Tarnopolsky [38] where he classified
athletes as either recreational athletes (those predomi-
nantly performing low- to moderate-intensity endur-
ance exercise), modestly trained athletes, and top sport
or elite endurance athletes.

For recreational athletes, a number of previously
published reports have reached a consensus that this
amount and intensity of endurance exercise does not
appear to markedly alter the balance of protein or
amino acids throughout the body, particularly when
energy intake is adequate [6,38�42]. For example,
El-Khoury and colleagues determined that a protein
intake of 1.0 g kg21 day21 in young men performing
two 90-minute bouts of exercise at 50% VO2max yielded
a neutral nitrogen balance [43]. Extensions of this work
showed that, when additional protein was provided in
the diet, increases in leucine oxidation (an indicator of
excess protein intake) occurred [44,45].

The report by Tarnopolsky highlighted three studies
which examined protein intake needs of modestly trained
endurance athletes [38]. Meredith and investigators had
younger (27 years, VO2max5 65 mL kg21 min21) and
middle-aged men (52 years, VO2max5 55 mL kg21 min21)
consume three different protein intakes (0.61, 0.92, and
1.21 g kg21 day21) and reported that a protein intake of
0.94 g kg21 day21 resulted in a zero net balance of protein
[46]. Additionally, Phillips determined nitrogen balance
in a group of well-trained men and women who
consumed a diet that contained 0.86 g kg21 day21

protein, which resulted in a net negative balance of
protein [47]. Of particular interest, additional analyses
revealed that these subjects were in energy balance.
Finally, a diet which contained a protein intake of
1.0 g kg21 day21 was insufficient to prevent a net nega-
tive balance of protein [48]. Collectively, it can be
concluded that in modestly trained endurance athletes,
independent of gender, protein intake ranging from the
current recommended daily allowance (RDA) of
0.86 g kg21 day21 up to 1.0 g kg21 day21 is inadequate to
prevent a net loss of body protein [38].

A small collection of studies has examined the protein
requirements and protein metabolism of top sport
endurance athletes. Tarnopolsky and colleagues com-
pleted a nitrogen balance experiment in six elite male
endurance athletes and determined a protein intake of
1.6 g kg21 day21 was needed [49]. Friedman and Lemon
also determined nitrogen balance in a group of five elite
endurance runners and concluded a protein intake of
1.49 g kg21 day21 was advised [50]. A Tour de France
simulation by Brouns in well-trained cyclists yielded a
protein requirement of 1.5�1.8 g kg21 day21 [51,52].
Furthermore, a randomized crossover approach using
highly trained (VO2max5 70.66 0.1 mL kg21 min21)

male endurance runners, where they consumed three
diets providing varying amounts of dietary protein (low-
protein 0.8, moderate-protein 1.8, high-protein 3.6 g kg21

day21) determined that nitrogen balance was negative
during the low intake of protein and was positive during
both the moderate- and high-protein intakes.
Additionally, markers of excessive protein intake and
oxidation were evident for the high-protein intake. The
authors concluded that a protein intake of 1.2 g kg21

day21 was needed to achieve a positive net protein bal-
ance [7].

In summary, the protein needs of endurance-
training athletes depend upon many factors, includ-
ing volume, intensity and duration of training, gender
of the athlete, energy and carbohydrate intake, and
the current fitness level or training status of the ath-
lete. Of these factors, it is important to highlight the
impact of gender on dietary protein needs. In this
respect, Tarnopolsky used data from six published
reports to clearly highlight that the protein require-
ments for men are approximately 25% greater than
those for women.

It remains that recreational athletes performing low-
to moderate-intensity endurance activity do not have
increased requirements for dietary protein, whereas
modestly trained athletes may have a 25% increase in
protein needs (to B1.1 g kg21 day21) [38]. Only elite
athletes or those with exemplary fitness status and
who are performing extremely high volumes of train-
ing exhibit markedly increased protein requirements,
which amount to approximately 1.6 g kg21 day21.

Protein Requirements of Strength and Power
Athletes

Acute resistance exercise increases rates of both
muscle protein synthesis [53�56] and muscle protein
breakdown [53�55]. If food intake is absent, net pro-
tein balance remains in a negative state [53,54]. While
ingestion of carbohydrate helps to attenuate changes in
muscle protein breakdown, which improves overall
net protein balance [57�59], ingestion of protein and/
or amino acids alone or in combination with carbohy-
drate is required to yield a net positive protein balance
[58,60�63]. Increases in lean body mass are the result
of chronic resistance training and provision of amino
acids and/or protein which results in a robust increase
in net protein balance. Additionally, regularly resis-
tance training invokes additional sources of stress and
trauma that in turn require greater amino acid/protein
availability to repair any ultrastructural damage which
may be occurring secondary to the resistance training.
This theoretical framework suggests that resistance
training athletes would have an increased requirement
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of dietary protein. Indeed, studies which have directly
compared the protein requirements of individuals
habitually performing resistance training with those of
sedentary individuals indicate that protein needs are
in fact greater [49,64,65].

As with endurance training, a number of factors
impact protein turnover, but training status appears to
greatly impact the efficiency with which the body pro-
cesses protein [54,66]. For example, untrained or unac-
customed individuals who begin performing resistance
training almost universally have been shown to have
increased requirements of dietary protein. But as the
resistance training becomes habitual, the efficiency
with which the body handles or processes its protein
stores goes up, and several published reports indicate
that more-trained individuals have lesser dietary pro-
tein requirements [54,66]. As a result, no consensus
exists on whether resistance exercise increases protein
requirements, largely because of concerns over which
is the best method to assess protein requirements [67].

Tarnopolsky and colleagues estimated the protein
requirements for American football and rugby players
by comparing protein turnover rates using a combina-
tion of nitrogen balance and kinetic measurements after
the athletes consumed diets which contained a low,
moderate, or high amount of protein: 0.86, 1.4, or
2.4 g kg21 day21, respectively. The authors concluded
that the lowest intake of protein compromised protein
synthesis when compared with the diets which provided
moderate and high amounts of protein [64]. Other stud-
ies which determined dietary protein needs in
resistance-trained athletes to be in the range
1.4�1.7 g kg21 day21 [64,65] are commonly reported in
the literature to justify increased protein intakes, but crit-
icism regarding utilization of the nitrogen balance
approach has precluded full acceptance of these recom-
mendations [67]. While controversy abounds, a well-
crafted position statement from the International Society
of Sports Nutrition (http://www.sportsnutritionsociety.
org), a professional organization devoted to the profes-
sional advancement of the field of sport nutrition, recom-
mend protein intakes for resistance-training athletes to
be in the range of 1.4�2.0 g kg21 day21 [68], and a recent
consensus statement from the American Dietetic
Association (http://www.eatright.org), American
College of Sports Medicine (http://www.acsm.org), and
Dietitians of Canada (http://www.dietitians.ca) recom-
mended a general protein intake of 1.2�1.7 g kg21 day21

[1,17]. Moreover, a regression approach of nitrogen bal-
ance data from studies of people who were undergoing
regular resistance training was employed by Phillips to
determine an optimal daily intake of dietary protein [67].
Using this approach, he concluded that on average these
athletes required approximately 49% more protein than
the current RDA, or a value of 1.19 g kg21 day21. When

a 95% confidence interval was included, a protein intake
of 1.33 g kg21 day21 was determined (see Figure 36.1).

In conclusion, optimal protein intake is a key factor
to facilitate optimal adaptations and recovery from
stressful exercise, regardless of whether it is endurance
or resistive in nature. Studies clearly indicate that, when
athletes are regularly performing exercise of appropri-
ate intensity, volume and duration, protein needs are
increased. The extent to which these values are
increased invites controversy, but recent position state-
ments and review papers reveal that a protein intake of
1.2�2.0 g kg21 day21 should more than capture the pro-
tein needs of exercising athletes. Outside of these gen-
eral guidelines, specific considerations should be made
after closely assessing key factors such as energy and
carbohydrate intake, gender (particularly for endurance
athletes), and training status. Finally, analyses of nutri-
tional intakes of athletes routinely and almost unani-
mously indicate that athletes do an exceptional job of
consuming even these greater recommended amounts
of protein (see Figure 36.2) [67]. While these data pro-
vide sound evidence with which to advise athletes
against protein supplementation, other factors such as
optimal nutrient timing, and leucine and essential
amino acid intake during acute or immediate recovery,
will continue to fuel these recommendations.

FATS

Structure and Function of Fats

Dietary lipids are often long hydrocarbon chains,
highly insoluble in water and, like carbohydrates, con-
tain carbon, hydrogen and oxygen. Lipids are primar-
ily incorporated into bodily tissues as triglycerides in
adipose tissue. Triglycerides consist of two primary
components: a glycerol backbone and three fatty acids.
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FIGURE 36.1 A regression approach of nitrogen balance data

indicating estimated protein requirements. Figure used with permis-
sion from Phillips [67].
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Glycerol production typically derives through its
incorporation into the glycolytic process, where fatty
acids can range from short-chains to the most common
long-chains, typically 16�20 carbons in length. As
nutrients, lipids or fats are the most energy dense and
serve primary functions as insulator, energy supply,
backbone of cholesterol and fat-soluble vitamins, and
key components of cell membranes and nervous tissue.
The American Dietetic Association recommends that
30% of total calories come from dietary fat.

Fat Types and Quality

A number of different types of fat exist. The primary
means of differentiation is the degree of saturation
whereby fully saturated fatty acids contain no double
bonds, and mono- and polyunsaturated fatty acids con-
tain one or more than one double bond, respectively.
Nutritional epidemiology studies indicate that higher
dietary intakes of saturated fatty acids and cholesterol
exert negative impacts on cardiovascular health whereas
mono- and polyunsaturated fatty acids exert more
healthful impacts. Other classes of lipids include the
phospholipids, which are incorporated into several dif-
ferent aspects of membrane structures, and the lipopro-
teins, which are a class of lipids with varying amounts of
lipid, cholesterol and protein. Due to their insoluble
nature, lipids must be incorporated into lipoproteins to
allow for their transport in the highly aqueous medium
of the blood. Finally, lipids incorporated into sterols, of
which cholesterol and its esters are the most predomi-
nant, have central roles in sterol production.

Fat Requirements of Athletes

Increasing the proportion of dietary fat has been a
dietary strategy employed by athletes. The rationale for

this approach is based primarily upon enhancing
endogenous stores of intramuscular triglycerides,
which, as the theory goes, should improve prolonged
exercise performance while preserving glycogen stores
[18]. This theory and approach has been considered by
endurance athletes to enhance performance of this type
of exercise. In contrast, little consideration of modifying
fat intake has been considered by strength and power
athletes. While high-fat diets are employed by indivi-
duals interested in maximizing leanness as part of the
sport of bodybuilding, these considerations lack the
necessary relevance to enhancement of sporting perfor-
mance and for this reason won’t be discussed in this
chapter. Burke and investigators appeared to offer
exciting data after they demonstrated that 5 days of a
high-fat (B65% of total calories from fat) and low car-
bohydrate (2.5 grams carbohydrate per kilogram body
mass per day) enhanced fat utilization and still allowed
the athletes to complete high-intensity/high-volume
training [69]. Further, the increases in fat utilization
even persisted after a carbohydrate loading protocol
was followed and muscle glycogen levels were replen-
ished. Collectively, this diet manipulation provided
indications that high fats followed by a carbohydrate
loading could create a favorable scenario where skeletal
muscle was able to oxidize more fat while also having a
plentiful supply of muscle glycogen. Subsequent
research, however, failed to demonstrate increases in
exercise performance [70], and in fact rates of muscle
glycogen utilization were found to be reduced through-
out the exercise bout [71]. When one considers that
greater availability of carbohydrate should facilitate
enhanced power production and exercise intensity, par-
ticularly towards latter periods of a prolonged exercise
bout (i.e., the “kick” or “final push”), these findings
were considered to be counterproductive.

While a good bit of research has been conducted to
examine the efficacy of high-fat diets, a consensus
appears to exist that increasing the proportion of die-
tary fat is not a recommended strategy for enhance-
ment of sport performance. Johnson completed an
excellent review of the literature and stated the follow-
ing regarding the impact of a high-fat diet on physical
activity performance: (i) no definitive conclusions can
be drawn to indicate that depletion of intramuscular
triglycerides negatively impacts performance (one of
the underlying theories suggested to improve perfor-
mance); (ii) high-fat diet consisting of .46% of total
calories as fat and ,21% of total calories as carbohy-
drate stimulates fat oxidation through mechanistic
adaptations including increased fatty acid oxidation
enzymes as well as enhancements of both fatty acid
transport and beta-oxidation; and (iii) exercise perfor-
mance was not improved and in some cases it was
negatively impacted [18].
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FIGURE 36.2 Reported habitual protein intakes in resistance-
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Increasing dietary fat intake has been suggested to
favorably impact substrate utilization, but negative
performance outcomes and reports of both reduced
carbohydrate utilization and gastrointestinal upset
have led to the consensus that high-fat diets are not
recommended. Irrespective of whether the high intake
of dietary fat or the likely concomitant reduction in
dietary carbohydrate is responsible for untoward out-
comes, the practice of high-fat diets is not advised. A
consensus statement by the American College of
Sports Medicine, American Dietetic Association, and
Dietitians of Canada advise a fat intake of 20�35% of
total calories from fat [1,17]. These groups further
advised that diets with less than 20% of total calories
from fat do not benefit performance, since fat is a
source of energy and necessary for production of both
fat-soluble vitamins and essential fatty acids.

CONCLUSIONS

Optimal exercise performance is first predicated
upon adequate energy intake that will allow for effec-
tive delivery of required fuels not only during the
energy-demanding exercise period, but also during
needed recovery. Ensuring appropriate energy intake
is a critical first step for any athlete who desires to
achieve optimal performance. Carbohydrates are the
preferred, but substantially limited, source of fuel used
by nearly every type of athlete who performs at high
levels of their ability. Aggressive strategies must be
employed to ensure optimal carbohydrate is available.
Equally important is meeting the required demands
for dietary protein, which facilitates optimal recovery.
Dietary needs and requirements for both carbohydrate
and protein are increased in nearly every exercising
population. Lastly, adequate fat intake is also impor-
tant and, while fat loading or high-fat diets have
proven to be ineffective, a diet which provides
20�30% of its total calories from fat is recommended
to ensure optimal fat intake is achieved.
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INTRODUCTION

Skeletal muscle is highly adaptable in response to
exogenous stimuli such as mechanical overload (e.g.,
through resistance exercise) and endurance, hormonal
and dietary (protein and amino acids) factors [1]. This
responsiveness confers to muscle tissue the character-
istic named “plasticity”. Considering a healthy adult
of 70 kg as reference, skeletal muscle comprises
B75% of lean body mass and B40% of the peripheral
tissue. Furthermore, 60�75% of all protein in the
body is located in the skeletal muscle, and B35% of
the indispensable amino acids in muscle protein are
branched-chain amino acids (BCAA): leucine, isoleu-
cine, and valine [2]. Amino acids are the building
blocks of muscle proteins. Twenty amino acids are
required for skeletal muscle protein synthesis and,
in healthy adults, nine of these amino acids (includ-
ing BCAA) are considered essential because their
carbon skeletons cannot be synthesized endogenously
and must be acquired through diet or nutritional
supplementation.

Some decades ago, skeletal muscle anabolism and
catabolism were compared to a “brick wall”: i.e.,
energy is spent in a specific manner to build it, but
little energy is spent in its “demolition” (degrada-
tion), and that is spent in a totally unspecific way.
However, molecular biology studies have identified
transcription factors, proteins and molecular path-
ways that can modulate both synthetic and catabolic
pathways. Additionally, it has been reported that

myofibrillar protein degradation is not an unspecific
process and requires energy [3]. Thus, protein synthe-
sis and degradation are integrated processes. In this
context, amino acids (especially the BCAA leucine)
are well known to modulate some proteins at the
post-translational (phosphorylation) level in order to
both stimulate protein synthesis and indirectly atten-
uate muscle wasting and can also interact with the
proteolytic machinery in order to attenuate muscle
catabolism [4].

However, some studies have demonstrated that
such proteins involved in molecular signaling differ in
terms of time- and dose-response and are not always
involved in muscle adaptation [5]. Therefore, it is
important to emphasize that such signaling must be
translated into a physiological response. Regarding
skeletal muscle, muscle mass and strength are strong
adaptive markers of muscle responsiveness and func-
tionality and must be considered.

This chapter describes the metabolism and signaling
pathways of essential amino acids and the physiologi-
cal and functional effects of their supplementation on
skeletal muscle mass and strength. The chapter high-
lights the importance and effects of the BCAA leucine
in skeletal muscle remodeling and presents a great
body of evidence describing its effects on muscle
anabolism. The studies presented were conducted in
humans in randomized, double-blind, and placebo-
controlled design, thus establishing considerable
external validity of the information described and
promoting its practical application.
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AMINO ACIDS METABOLISM IN
SKELETAL MUSCLE

Amino acids metabolism and function in skeletal
muscle have been extensively investigated by many
research groups focusing both on ergogenic and thera-
peutic effects. Some studies evaluating nutritional
strategies capable of increasing sports performance
(i.e., skeletal muscle strength) or to attenuate or even
treat some atrophic muscular diseases (i.e., cancer, sar-
copenia and muscle disuse) have revealed that such
effects can be safely achieved by means other than
pharmacological compounds. In view of this, it is
understandable that the nutritional products industry
has constantly invested and encouraged research into
amino acids supplementation and its effects on skeletal
muscle metabolism and function.

In this context, branched-chain amino acids
(BCAA), especially leucine, have demonstrated the
most promising effects regarding skeletal muscle mass.
BCAA metabolism is unique in that it is finely regu-
lated by enzyme compartmentalization. In general,
BCAA metabolism can be summarized into two major
steps: transamination and oxidative decarboxylation
[6]. Transamination is a reversible reaction catalyzed
by the enzyme branched-chain aminotransferase
(BCAT) found both in cytosol (BCATc) and in mito-
chondria (BCATm). However, the proportion of the
enzymes’ reaction differs substantially by organ: B75%
and 22% cytosolic in brain and kidney of rats, respec-
tively [6]. Ichihara et al. [7] proposed a classification for
the BCAT enzyme into: isoform I, which accepts all
three BCAA; isoform II, which is specific for leucine;
and isoform III, which has not been totally character-
ized. BCAT is a pyridoxine phosphate-dependent
enzyme, exhibiting the “ping pong” kinetic mechanism.
Methionine aminotransferase is another enzyme that
accepts leucine as substrate [6].

As described by Hutson et al. [8], the transamination
reaction comprises the following steps. (a) Pyridoxine
phosphate reacts with the amino group of the BCAA.
(b) The pyridoxine monophosphate form of the enzyme
releases a branched-chain keto acid (BCKA) which is
specific to each BCAA: α-keto-isocaproate (α-KIC) from
leucine; α-keto-β-methylvalerate (α-KMV) from isoleu-
cine, and α-keto-isovalerate (α-KIV) from valine.
(c) Pyridoxine monophosphate enzyme aminates the
amino acceptor α-keto-glutarate (α-KG), reforming pyri-
doxine phosphate enzyme and releasing glutamate, or
reaminates the BCKA to their respective amino acid. In
the first reaction, BCAT presents preference for isoleuci-
ne. leucine.valine, and α-KG is the preferred
substrate for the second half-reaction. Thus, the main
products of BCAA transamination are BCKA and

glutamate and, unless BCKA is rapidly removed (oxi-
dized) or reaminated, nitrogen excretion is expected to
occur between BCAA and glutamate. Figure 37.1 illus-
trates the BCAA metabolism in skeletal muscle.

The major situ for BCKA oxidation are tissues that
present elevated activity of branched-chain α-keto
acid dehydrogenase complex (BCKDH). Human skele-
tal muscle presents a high BCAT:BCKDH activity ratio
(B13% of whole body distribution of BCKDH capac-
ity), which favors BCAA transamination by skeletal
muscle and oxidation out of this tissue. The major tis-
sue responsible for BCAA oxidation is the liver, which
presents a high BCKDH:BCAT activity ratio [8]. In
this complex, the BCKA is oxidatively decarboxylated
(irreversible loss of BCAA carbon skeletons) in the
mitochondria, forming acyl-CoA and NADH. Leucine
is a ketogenic amino acid, and from its keto acid
(α-KIC) derives aceto acetyl-CoA. The BCKA from
isoleucine and valine (α-KMV and α-KIV) produce
succinyl-CoA [6].

Three enzymes constitute the BCKDH complex: E1
(branched-chain α-keto acid decarboxylase), E2 (dihy-
drolipoyl transacylase), and E3 (dihydrolipoyl decar-
boxylase). The BCKDH complex is mainly controlled
by post-translation modification through a kinase
(BCKDH kinase, or BDK) and a phosphatase (BCKDP
phosphatase, or BDP). Phosphorylation of this complex
results in its inactivation, while the removal of the
phosphate group results in its activation. Low-protein
diets, protein synthesis, and/or enzymatic saving are
situations characterized by attenuation of protein
catabolism/degradation and promote activation of

FIGURE 37.1 BCAA metabolism in skeletal muscle. BCAA are
transaminated in skeletal muscle through the branched-chain amino
transaminase (BCAT) enzyme, producing a branched-chain keto acid
(BCKA). The amino group derived from BCAA transamination can
be incorporated by α-keto glutarate (α-KG), producing glutamate.
Accumulation of glutamate in skeletal muscle can lead to transami-
nation of pyruvate to alanine through the pyruvate transaminase
(PAT) enzyme. Glutamate can also favor the conversion of oxaloace-
tate (OAA) to aspartate (ASP) through the glutamate-oxaloacetate
transaminase (GOT). Glutamate can also be converted to glutamine
through glutamate dehydrogenase (GDH).
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BDK and, consequently, inactivation of the BCKDH
complex. In contrast, high-protein diets, fasting, diabe-
tes, sepsis, cancer, and pro-inflammatory cytokines are
well-characterized catabolic stimuli able to activate
BDP and inhibit BDK activity, which results in
BCKDH complex activation [9].

Some studies have reported that administration of
an isolated BCAA, leucine, may result in the plasmatic
imbalance of essential amino acids [10,11]. This obser-
vation was reported by studies investigating the poten-
tial ergogenic/therapeutic effects of leucine on skeletal
muscle, showing reduced plasmatic concentrations of
other essential amino acids, mainly isoleucine and
valine. The proposed mechanisms for such a response
were: (a) increase in net tissue protein synthesis,
(b) transporters activity that could alter body amino
acid distribution, and (c) increased BCAA oxidation.
The first hypothesis was refuted by ex vivo and in vivo
studies demonstrating no significant data to support
the decrease in isoleucine and valine degradation
through protein synthesis and degradation after
increased plasma leucine. The second mechanism also
is unlikely since studies in rats demonstrated that tis-
sue and plasma pools change similarly during leucine
infusion. The third mechanism appears to be more
consistent since α-KIC is a potent inhibitor of BDK
activity and, consequently, activates indirectly the
BCKDH complex [6]. Thus, elevating leucine intake

results in increased α-KIC production and enhances
BCKDH complex activity which oxidizes isoleucine
and valine. The result of such a “pathway” is the
imbalance in plasmatic BCAA concentration that may
impair protein balance in peripheral tissues, such as
skeletal muscle.

It is important to emphasize that such a decrease in
plasma amino acids may not impair physiological
events such as skeletal muscle remodeling. Recently,
some authors reported that isolated leucine administra-
tion to humans promoted a significant decrease in plas-
matic concentration of isoleucine and valine. However,
this reduction was still within physiological levels [10].
In order to know that the reduction was within physio-
logical levels, one must know that there is a physiologi-
cal range (for details see [11a]). Figure 37.2 illustrates
the regulation of the BCKDH complex activity.

Table 37.1 describes the enzymatic distribution of
BCAT and BCKDH in human tissues.

MOLECULAR PATHWAYS OF AMINO
ACIDS IN SKELETAL MUSCLE

The major cellular pathways involved in skeletal
muscle remodeling can be summarized as transcription
and translation, which involves the generation of a mes-
senger RNA (mRNA) and its subsequent translation
into protein. These processes result in accumulation of
contractile material (sarcomeric proteins), i.e., muscle
hypertrophy [13]. In general, amino acids (especially
the BCAA leucine) do not interact directly with the
DNA in the nucleus, but can modulate transcription
through post-translational modifications of transcription
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FIGURE 37.2 BCKDH complex regulation in liver of rodents
and humans. The BCKDH complex is composed of three enzyme
isoforms (E1, E2 and E3) and is regulated by post-translational modi-
fication (phosphorylation). The branched-chain dehydrogenase
kinase (BDK) phosphorylates the BCKDH complex, leading to its
inactivation. In contrast, the branched-chain phosphatase enzyme
(BDP) removes the phosphate (P) from the BCKDH complex, leading
to its activation. Branched-chain keto acids (BCKA) are indirect acti-
vators of the BCKDH complex through inhibition of BDK activity. In
basal condition, rodents present BCKDH complex phosphorylated,
while in humans it is dephosphorylated.

TABLE 37.1 Distribution of BCAA Transamination and
Oxidation Capacity in Human Tissues

Tissue BCAT BCKDH (actual/total)

Units/100 g
BW

% of
Total

Units/100 g
BW

% of
Total

Skeletal muscle 5.1 65.4 0.04/0.21 54/66

Kidney 0.3 3.8 0.01/0.03 13/9

Liver 0.6 7.7 0.006/0.04 8/13

Brain 1.2 15.4 0.015/0.03 20/9

Stomach1 intestine 0.6 7.7 0.003/0.01 4/3

Total 7.8 0.074/0.32

BCAA, branched-chain amino acids; BCAT, branched-chain amino

transaminase; BCKDH, branched-chain α-keto acid dehydrogenase complex.

BCKDH actual activity reflects the activity state of BCKDH in the tissue, and

BCKDH complex activity is an estimate of enzyme amount measured after

activation of the complex.

Adapted from Hutson et al. [8]; Data are from Suryawan et al. [12].
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factors (i.e., phosphorylation) [14]. Regarding protein
translation, amino acids can also promote post-
translation modification in order to stimulate the first
step of translation called initiation [15]. Therefore,
amino acids can increase the efficiency and the effec-
tiveness of the first step of protein translation in order
to favor the binding of the ribosome to the mRNA.
Thus, amino acids are signaling nutrients able to pro-
mote post-translational effects (mainly phosphorylation)
that interact with both transcription and translation.

Some cellular pathways have been characterized to
elucidate the stimulation of protein synthesis in
response to mechanical stimuli combined with amino
acids supplementation. The signaling pathway regu-
lated by protein activity with serine/threonine kinase
mTOR (mammalian target of rapamycin) is considered
extremely important in the control of muscle protein
synthesis [16,17]. Its activation has been linked to sev-
eral conditions where protein synthesis is increased.
For example, treatment of skeletal muscle cells with
the insulin-like growth factor (IGF-1) can induce a sig-
nificant increase in caliber of myofibers per muscle by
stimulating the mTOR pathway and its effector, the
70 kDa ribosomal protein S6 kinase (p70S6K) and the
eukaryotic translation initiation factor 4E-binding pro-
tein 1 (4E-BP1). Similarly, after ingestion of the amino
acid leucine, protein synthesis suffers parallel increase in
the phosphorylation of these proteins [14]. The protein
4E-BP1 appears to be more responsive to leucine. This
protein activates the process of protein synthesis through
the release of eukaryotic initiation factor 4E (eIF4E),
favoring the formation of the eukaryotic initiation
complex 4F (eIF4F) and subsequent interaction of the
messenger RNA with the 40S ribosomal subunit, which
is the beginning the protein translation process [18].

Importantly, some proteins were recently identified
as candidates to mediate the nutritional signal of leu-
cine to the biological effect of muscle protein synthe-
sis. Among these, we highlight the hVps34 (human
vacuolar protein sorting 34) and MAP4K3 (mitogen
activated protein kinase kinase kinase kinase-3).
Therefore, activation of the mTOR pathway appears to
be crucial in the control of muscle protein synthesis.
Figure 37.3 summarizes the main mechanisms of
muscular protein translation stimulated by leucine
supplementation.

Recently, our research group described a hypothesis
whereby leucine could modulate the innate immune
response (Figure 37.4). Under pro-inflammatory and
catabolic conditions, leucine could be transaminated in
order to promote glutamine synthesis [19]. This, in
turn, could be used as a substrate for macrophages
and neutrophils and thus modulate cytokine expres-
sion. Consequently, conditions that are also character-
ized by increased oxidative stress have such a

response attenuated. This modulation could reflect
inflammatory benefits for muscle remodeling in order
to reduce the blocking of the cellular pathways of pro-
tein synthesis and reduce the stimulation of the muscle
degradation pathways.

EFFECTS OF AMINO ACIDS
SUPPLEMENTATION ON MUSCLE MASS

AND STRENGTH

There are no chronic studies in healthy adult
humans evaluating the effects of BCAA or leucine sup-
plementation combined with resistance exercise on
muscle mass or strength, except for the studies of
Verhoeven and Leenders which evaluated the effects
of chronic leucine supplementation without resistance
exercise. Thus, the current available evidence regard-
ing amino acids supplementation and resistance exer-
cise is derived from acute studies that measured the
phosphorylation of proteins involved in the synthetic
response of skeletal muscle after these interventions
(supplementation1mechanical stimuli). It is expected
that the chronic effect of supplementation and exercise
in skeletal muscle is the result of the accumulation of
repeated acute loads.

Karlsson et al. [20] conducted a randomized, dou-
ble-blind, cross-over study in order to investigate the
effects of resistance exercise, combined or not with
BCAA supplementation, on the phosphorylation of
proteins involved in muscle synthesis. The resistance
exercise protocol consisted of leg press (4 sets of
10 repetitions at 80% 1RM) on two occasions. The sup-
plementation protocol was composed of 150 mL pla-
cebo (flavored water) or BCAA (45% leucine, 30%
valine, 25% isoleucine) totaling 100 mg/kg of BCAA.
The subjects consumed the supplement prior to warm-
ing up, immediately before, during, immediately after,
and 15, 30, 60 and 90 minutes after the exercise proto-
col. The exercise promoted a significant increase in the
phosphorylation of p70S6kSer424 and p70s6kThr421

which persisted until 2 hours after the end of the exer-
cise session. BCAA supplementation increased the
phosphorylation 3.5-fold during the recovery period,
and phosphorylation of p70S6kThr389 increased only in
the group supplemented with BCAA.

The same research group conducted a randomized,
double-blind, cross-over trial in order to distinguish
the influence of resistance exercise and BCAA supple-
mentation on the expression of proteins involved in
protein synthesis. The volunteers underwent two
sessions of unilateral resistance exercise separated by
an interval of 1 month. The exercise protocol per-
formed consisted of leg press (4 sets of 10 repetitions
at 80% 1RM, followed by 4 sets of 15 repetitions at
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65% 1RM, with an interval of 5 minutes between sets).
The subjects ingested 150 mL of a solution containing a
mixture of BCAA (45% leucine, 30% valine, 25% iso-
leucine), totaling 85 mg/kg of BCAA or flavored water
prior to warming up, immediately before protocol,
after the fourth set of exercise, immediately after the
protocol, and 15 and 45 minutes into the recovery
period. The authors found that, regardless of suppl-
ementation, the phosphorylation of mTORSer2448

increased significantly in both legs after exercise.
Phosphorylation of p70S6kThr389 did not increase after
the resistance exercise. However, with BCAA supple-
mentation, phosphorylation of p70S6kThr389 increased 11-
and 30-fold immediately and 1 hour after the exercise
session, respectively, when compared with the non-
exercised leg. Surprisingly, phosphorylation of
p70S6kThr389 in the non-exercised leg increased 5- and
16-fold immediately and 1 hour after the exercise, respec-
tively, when compared with baseline. Phosphorylation of

eukaryotic elongation factor 2 (eEF2) was attenuated
1 hour after the exercise session in both control (10�40%)
and exercised leg (30�50%) in both conditions [21]. The
increase in phosphorylation in the control leg may indi-
cate a possible neural effect (cross-education) that may
have compromised the cross-over design of the study.

Dreyer et al. [22] randomized male and sedentary
subjects into two groups (control and essential amino
acids plus carbohydrate) to investigate the mechanisms
of increased muscle protein synthesis observed with
supplementation after exercise. The solution of carbo-
hydrate and essential amino acids contained 35% of leu-
cine, 8% of isoleucine and 10% of valine and 0.5 g/kg
of lean body mass of sucrose. Subjects received
supplementation 1 hour after the exercise bout. The
exercise protocol consisted of 10 sets of 10 repetitions at
80% 1RM with 3 minutes interval between sets of knee
extension. The authors found that muscle protein syn-
thesis was elevated in both groups 1 hour after the
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p70S6K1

eEF2K rpS6
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eEF2
mRNA translation initiation
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FIGURE 37.3 Summary of key cellular mechanisms of action of leucine on protein synthesis in skeletal muscle. 4E-BP1, eIF4E binding
protein 1; AMPK, AMP-protein kinase; eEF2, eukaryotic elongation factor 2; eEF2k, eukaryotic elongation factor 2 kinase; hVps34, human vac-
uolar protein sorting 34; IRS, insulin receptor substrate; MAP4K3, mitogen activated protein kinase kinase kinase kinase-3; mTORC1, mamma-
lian target of rapamycin complex 1; p70S6k1, 70 kDa ribosomal protein S6 kinase 1, PI3K, phosphoinositide 3-kinase; Rheb, Ras homolog
enriched in brain; rpS6, ribosomal protein S6; TSC1/2, tuberous sclerosis complex 1/2. Extracted from Pasiakos & McLung [18a].
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exercise session at the same magnitude but it was
higher only in the supplemented group 2 hours after
the exercise. This increase was associated with
increased phosphorylation of S6K1 and mTORSer2448.
Phosphorylation of AktSer473 increased 1 hour after exer-
cise and returned to baseline after 2 hours in the control
group, but remained elevated in the supplemented
group. Similarly, phosphorylation of 4E-BP1Thr37/46

remained high only in the supplemented group.
These acute studies demonstrate that isolated amino

acids, particularly BCAA and leucine, are able to mod-
ulate phosphorylation of proteins involved in muscle
protein synthesis. It is supposed that the accumulation
of these effects can promote and elucidate the chronic
effects on muscle mass and strength. However, chronic
studies are necessary to confirm the acute evidences.

DIETARY SOURCES AND PRACTICAL
APPLICATION OF PROTEIN

SUPPLEMENTATION

Recently, studies have investigated the role of
amino acids supplementation, from protein sources,
post resistance exercise in order to optimize muscle
mass and strength gains. These studies have demon-
strated that protein supplementation post resistance
exercise through bolus (1 dose) can promote significant
increase in skeletal muscle protein synthesis. Tang
et al. [23] investigated the supplementation of 21.4 g of
whey, 21.9 g of casein, or 22.2 g of soy (each drink

provided B10 g of essential amino acids) at rest and
after resistance exercise in healthy humans. The
authors observed that whey protein supplementation
promoted higher increments in muscle protein synthe-
sis than casein and soy in both rest and after resistance
exercise. This great response with whey protein
supplementation can be attributed to two main factors:
distinct concentrations of amino acids and/or diges-
tion and absorption rate. The first argument does not
appear to be determinant since the differences among
the protein sources were quite small (i.e., 2.3 g of leu-
cine in whey versus 1.8 g in both soy and casein).
Thus, digestion and absorption rate appears to be
determinant in modulating muscle protein synthesis
since the plasmatic amino acid pattern observed after
the supplementation was quite different. Whey protein
supplementation promoted a high and transient plas-
matic peak (30 minutes) of essential amino acids and
leucine (B2.5 times the basal value), whereas casein
and soy promoted a slow and prolonged increase in
plasmatic amino acids.

However, one can argue that the compositions of
these protein sources are different and that similar
results would be observed if this variation were
absent. In view of this, West et al. [24] investigated the
effects of 1 dose of 25 g or 10 doses of 2.5 g of whey
protein after resistance exercise. The authors intended
to promote the same aminoacidemia pattern of casein
and soy with whey protein and to compare the effects
with the same protein consumed in 1 dose. Although 1
dose of whey protein promoted a rapid and transient

TNF-α

NF-κB
BCAA

BCAA

ROS ROSIL-6

Proteolysis Synthesis

Skeletal muscle inflammation
(e.g., cancer, sepsis, heart failure, rheumatoid arthritis)

FIGURE 37.4 Cellular signaling pathways related to inflammation and muscle remodeling in pro-inflammatory conditions—possible

role of leucine. BCAA, branched-chain amino acids; ROS, reactive oxygen species; IL-6, interleukin-6; NF-κB, nuclear factor kappa B; TNF-α,
tumor necrosis factor alpha. Extracted from Nicastro et al. [19].
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increase in plasma amino acids, muscle protein synthe-
sis was increased 1�3 hours post resistance exercise
and remained elevated until 3�5 hours. The consump-
tion of fractionated doses promoted a slow and
prolonged increase in aminoacidemia. However, mus-
cle protein synthesis was elevated only 3�5 hours post
exercise but to a lesser extent than with bolus supple-
mentation. Therefore, we can conclude that skeletal
muscle response to protein and amino acids supple-
mentation is greater when there is a rapid and
transient increase in plasma amino acids concentration,
especially leucine.

If skeletal muscle protein synthesis reaches a
plateau after 25 g of a rapid digestive and absorptive
protein source and this effect remains for 5 hours, how
many doses of protein is it possible to supplement in
24 hours? In a dose-response design, Moore et al. [25]
investigated the effects of 0, 5, 10, 20, or 40 g of whey
protein after resistance exercise on muscle protein syn-
thesis. The authors demonstrated that skeletal muscle
is refractory to amino acids, i.e., presents a limited
response. It was shown that 20 g of whey protein (the
same amount used in the previous studies) promoted
the maximal effect on protein synthesis. Considering
that this dose easily reaches a plateau in protein syn-
thesis and that this effect remains for 5 hours, even
when plasma amino acid concentration returns to the
baseline values, the authors suggested that 2 or 3 doses
are the maximal tolerated in one day. Atherton et al.
[5] named this phenomenon as “muscle full effect”.
Figure 37.5 illustrates the relation among dietary

protein sources, plasma amino acids, and skeletal mus-
cle protein synthesis.

In conclusion, the consumption of 20�25 g of a rap-
idly digested and absorbed protein (composed of
B10 g of essential amino acids, including 2�3 g of leu-
cine) can promote a rapid and transient increase in
protein synthesis after resistance exercise, and supple-
mentation with high doses does not promote further
increase in protein synthesis.

AMINO ACIDS—PRACTICAL
RECOMMENDATIONS

BCAA are mainly found in animal food sources,
such as milk. Some vegetable foods also contain a
smaller amount of amino acids (e.g., soy). In this con-
text, the protein isolated from milk (whey protein) is
rich in BCAA and leucine. Table 37.2 lists the amount
of BCAA and leucine in some foods and dietary
supplements.

Nitrogen balance studies are criticized because of the
experimental limitation associated with higher energy
intake and the exclusion of the miscellaneous losses. Rose
[27] and Leverton and coworkers [28�32] demonstrated,
through nitrogen balance, that leucine recommendation
for humans is B10 mg kg d21. The use of tracer method-
ology in more recent studies suggested that the daily
recommendation for leucine is greater than that sug-
gested by nitrogen balance studies.

Dietary reference intakes (DRI) recommend the
daily ingestion of 34, 15 and 19 mg kg d21of leucine,
isoleucine and valine, respectively. Therefore, the DRI
for protein and amino acids is quite similar to the
recommendations presented in the tracer and current
practical studies. For example, considering an adult
man of 80 kg of body weight, the recommendation of
daily BCAA intake would be 2.7 g of leucine, 1.2 g of
isoleucine and 1.5 g of valine based on DRI recommen-
dation. Recently, Elango et al. [33] investigated the

FIGURE 37.5 Relation among dietary protein source, plasma

amino acids, and muscle protein synthesis—the “muscle full

effect”. Whey protein promotes a rapid and transient increase in
plasma amino acids which reflects greater response of skeletal mus-
cle protein synthesis after resistance exercise that remains elevated
for up to 5 hours. In contrast, soy and casein, which are slowly
digested and absorbed, promote a slow and prolonged increase in
plasma amino acids resulting in a small increase in muscle protein
synthesis that begins to increase B3�5 hours after resistance exercise
and is small compared with that for the whey protein. Adapted from
data of Tang et al. [23]. The values presented in x and y axes are didactic.

TABLE 37.2 Content of BCAA and Leucine in 100 g of
Protein Sources

BCAA Leucine

Whey protein isolate 26% 14%

Milk protein 21% 10%

Egg protein 20% 8.5%

Muscle protein 18% 8%

Soy protein isolate 18% 8%

Wheat protein 15% 7%

BCAA, branched-chain amino acids.

Adapted from Layman & Baum [26]; Source: USDA Food Composition Tables.
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upper level for leucine intake in adult men. The
authors provided 50, 150, 250, 500, 750, 1000 and
1250 mg kg d21 acutely, which corresponds to 3�25
times the amount of Estimated Average Requirement
(EAR), and identified the upper level through the mea-
surement of plasma and urinary biochemical variables
and changes in leucine oxidation (L-[1-13C]leucine). It
was observed that the upper level of leucine intake could
be 500 mg kg d21, which is equivalent to 35 g/day for a
70 kg man. Therefore, at least acutely, the human body
presents a high tolerability for amino acids excess even if
this amino acid is provided alone. It is important to
emphasize that long-term studies are needed in order to
support this evidence.

However, it is important to point out that the physio-
logical condition must be considered before consuming
high levels of protein and amino acids. Some authors
have identified that the association between high-fat
diets and BCAA supplementation can promote insulin
resistance. In this condition, BCAA promotes metabolic
signatures related to the fatty acids metabolism that are
related to insulin resistance [34]. This evidence suggests
interplay between amino acids and fatty acids in the
development of metabolic disease. Therefore, it is quite
important to evaluate the dietary background of the
individual before recommending the use of amino acid
supplementation. Individuals consuming high-fat diets
should adapt their dietary intake prior to the amino
acid supplementation in order to avoid such metabolic
deleterious effects.

Recently, Churchwarde-Venne et al. [35] investi-
gated the effects of leucine supplementation on muscle
protein synthesis in both rest and after resistance exer-
cise in healthy humans. Subjects were supplemented
with 25 g of whey protein, a well-characterized dose
able to maximally stimulate muscle protein synthesis
after resistance exercise (described above) with 3.0 g of
leucine, 6.25 g of whey protein with 3.0 g of leucine, or
6.25 g of essential amino acids with 0.75 g of leucine.
Plasma amino acids concentration demonstrated that
whey protein promoted a higher peak of rapid and
transient aminoacidemia (BCAA, essential amino
acids, and total amino acids) when compared with the
other interventions, and plasma leucine concentration
was greater in the group supplemented with 6.25 g of
whey protein and 3.0 g of leucine. Muscle protein syn-
thesis at rest was stimulated after 1�3 hours and
returned to baseline after 3�5 hours in both interven-
tions. This evidence suggests that leucine alone can
stimulate protein synthesis at rest at the same level as
can whey protein and that a mixture of essential amino
acids without leucine also can promote the same effect.
Thus, the composition of the dietary protein and the
pattern of plasma amino acids does not influence mus-
cle protein synthesis at rest. The same results pattern

was observed 1�3 hours after resistance exercise.
However, only whey protein promoted a significant
increase in muscle protein synthesis until 5 hours after
resistance exercise, suggesting that leucine alone can-
not maintain muscle protein synthesis elevation for
more than 3 hours. Also, a mixture of essential amino
acids without leucine can also promote the same effect
as leucine alone, which suggests that other amino acids
(e.g., isoleucine) can compensate for leucine deficiency.

Therefore, leucine alone can stimulate muscle protein
synthesis after resistance exercise, but to a limited extent
(for 1�3 hours). The absence of leucine in a mixture of
essential amino acids can also promote the same molecu-
lar effect, indicating that other amino acids can play the
same role on muscle signaling pathways. These results
demonstrate that a high-quality protein with high digest-
ibility and absorption is necessary to promote a signifi-
cant increase in muscle protein synthesis.

Arginine has also been considered as an amino acid
potentially able to modulate muscle mass because of
its properties in stimulating nitric oxide (NO) metabo-
lism and to possibly act, as does leucine, as a nutrient
able to stimulate phosphorylation of proteins involved
in translation initiation. Tang et al. [36] investigated
such effects through supplementation of 10 g of argi-
nine both at rest and after resistance exercise. Arginine
supplementation was given with other essential amino
acids in order to provide substrate for protein synthe-
sis. No significant changes were observed in muscle
blood flow after arginine supplementation at rest and
after resistance exercise. Only the mechanical stimulus
was able to increase muscle blood flow. Regarding
muscle protein synthesis, arginine supplementation
did not promote an increase in either mixed or myofi-
brillar synthetic rate at rest or after exercise. Therefore,
arginine supplementation appears to be ineffective in
stimulating muscle protein synthesis and increasing
muscle blood flow even when provided with sufficient
amounts of essential amino acids.

CONCLUSION AND PERSPECTIVES

Nutritional supplementation represents a wide field
of investigation. Protein and amino acid supplementa-
tion to promote muscle mass and strength gains are con-
stantly being debated in order to elucidate the best
protein source, amount and timing of consumption.
Recent evidence is helping professionals to develop
more accurate supplementation protocols. Undoubtedly,
amino acids are signaling nutrients able to modulate the
remodeling processes (synthesis and degradation).
However, it is important to emphasize that chronic stud-
ies must be conducted in order to verify whether the
acute effects are reproduced chronically.
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INTRODUCTION

To avoid adverse effects of hypohydration due to
exercise on performance and health, fluid ingestion is
recommended in accordance with individual, environ-
mental and exercise characteristics. Attention has been
given not only to the timing and the volume of fluid
intake, but also the type and the composition of the
fluid to be ingested. Research has consistently demon-
strated that under conditions of profuse sweating,
electrolyte loss and glycogen depletion, ingestion of
solutions containing a proper combination of electro-
lytes and carbohydrate (sports drink) may be advanta-
geous compared with plain water [1�3]. Ingestion of a
sports drink may therefore benefit those who practice
prolonged exercises, especially in the heat, or high
intensity and intermittent frequent efforts. Such drinks
(e.g., Gatorade and Powerade) have the purpose of
optimizing body hydration, replacement of electrolytes
(mainly sodium), and maintaining high rates of carbo-
hydrate oxidation as energy supply which may guar-
antee performance. Sports drinks are commercially
available in different flavors and colors, with bottles
ergonomically designed to stimulate voluntary drink-
ing, although excessive fluid ingestion during exercise
and hyperhydration are also undesirable. These drinks
are commonly used by a wide age-range of athletes
and active individuals during and after physical activi-
ties, being very popular among school-aged children
[4]. “Energy drinks” containing other ingredients (caf-
feine, vitamins, or amino-acids such as taurine) have
also been commercialized, but so far no convincing
evidence exists to support their inclusion during exer-
cise. In fact, energy drinks may cause adverse effects
in the young population [5] and, according to a recent
statement from the Committee on Nutrition and the

Council on Sports Medicine and Fitness of the
American Academy of Pediatrics [6], they should not
be promoted for children, adolescents and young
adults. The purpose of this chapter is to summarize
the general impact of hypohydration in a variety of
performance scenarios, highlight age-related concerns
relative to children, adolescents and older individuals,
and provide practical fluid intake recommendations.

EFFECTS OF HYPOHYDRATION

Aerobic Performance and Endurance Activities

There is sufficient evidence to indicate that hypohy-
dration impairs aerobic and endurance performance
and these effects are related to the degree of body
water deficit [7,8]. The premature fatigue in sustained
aerobic exercise due to hypohydration is explained by
thermoregulatory, cardiovascular and metabolic fac-
tors. Compared with a euhydrated state, gradual dehy-
dration increases core temperature and causes
elevation in heart rate parallel to a decrease in blood
flow, stroke volume, cardiac output, and skin blood
flow. These responses, proportional to the hypohydra-
tion level, may be accentuated in a warm environment
[7�9]. The reduced blood volume, combined with a
greater blood flow demand to the periphery and
exercising muscles, may impair sweating. As evapora-
tion is the most effective manner of heat loss during
exercise under warm ambient conditions, core body
temperature rises at a greater extent as hypohydration
levels increase. Hypohydration also affects muscle
metabolism by accelerating the rate of glycogen deple-
tion and affects central nervous system functioning by
reducing motivation and effort [10].
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Intermittent High Intensity Activities and
Sports

Hypohydration and its consequences may happen
in sport modalities that require high intensity and
intermittent bouts of effort over a period of hours.
Another risky aspect is the carry-over effect of succes-
sive training and competition events performed in a
single day [11]. Inadequate time between multiple
events may not allow for optimal rehydration, as indi-
cated in a recent review [12] that identified ten recent
studies in which players arrived to their practices or
competitions already in a state of hypohydration,
according to urinary markers.

In soccer, for example, dribbling performance was
impaired after a simulated game when the players
reached levels of hypohydration of B2.4% compared
with when they were kept euhydrated [13]. Performance
in an intermittent shuttle run test was also impaired
when soccer players (B25 years old) reached hypohy-
dration levels ofB2% [14].

In basketball, the consequences of hypohydration
are inconsistent but can also be explained by limita-
tions in attempts to simulate in-field conditions and by
different study protocols and testing models. When
ten basketball players (B17 years old) dehydrated by
B2% [15] no impairment was found in shooting per-
formance, anaerobic power, vertical jumping height, or
counter movement jump, compared with when they
ingested water and were kept euhydrated. However,
in players who were younger (12 to 15 years old) [16]
or adolescent and young adults (17 to 28 years old)
[17], hypohydration as mild as 2% impaired basketball
skills. A recent study [18] showed no impairment in a
set of basketball drills in adolescents (14 to 15 years
old) that reached levels of hypohydration of 2.4% from
a previous 90-min training session, although the rate
of perceived exertion increased.

The inconsistent results from the above-mentioned
studies demonstrate some limitations when simulating
in-field conditions to research laboratory models.
Different protocols, recovery times and/or age-
maturational factors may influence a given perfor-
mance test. It may also be difficult to isolate a given
skill or ability from other factors that may also be
affected by hypohydration, such as a cognitive func-
tion, which is discussed below.

Muscular Strength

It is still unclear how much hypohydration impairs
muscular strength, and inconsistent outcomes may be
due to the use of different protocols to achieve hypohy-
dration and to the hypohydration level [19]. For exam-
ple, if strength testing is preceded by hypohydration

due to running or cycling in heat, increased fatigue is
expected in the leg muscles [20,21]. An option could be
to test arm strength; nonetheless, other factors such as
the body temperature should also be taken into consid-
eration. Increases in core temperature may affect the
sequence of muscle strength production by reducing
the motor cortex activation, the peripheral stimulus and
power output [22�24]. Other confounding factors are
the fitness and heat acclimatization levels, nutritional
status and initial hydration status [19].

Another explanation for muscle strength
impairment due to hypohydration is a reduction in the
number of motor units recruited. Ftaiti et al. [25].
observed a reduction of B40% and 25% in the respec-
tive isometric and isokinetic knee extensor contractions
with a 2% hypohydration level induced by running as
assessed by electromyography. However, Hayes and
Morse [26] found no changes in the electromyography
activity of the vastus lateralis muscle during isometric
and isokinetic knee extensor strength tests, even at
B4% hypohydration level induced by running in the
heat. Therefore, more research is needed to test the iso-
lated effects of gradual hypohydration on muscle
strength and to clarify the underlying mechanisms.

Cognitive Aspects

In addition to physical conditioning, many sport
situations require cognitive and reaction abilities.
Some studies indicate that a variety of cognitive func-
tions such as vigilance, alertness, perceptual discrimi-
nation, arithmetic ability, visuomotor tracking, and
psychomotor skills are affected by a moderate (B2%)
level of hypohydration [27�29]. Short term memory
was also shown to be altered across a wide age range
[30]. However, cognitive parameters are not always
impaired in a similar way and may be dependent on
the methods employed to achieve hypohydration and
to evaluate the cognitive parameter.

When subjects were dehydrated (B3%) by exercis-
ing on a treadmill in a warm environment, impairment
was observed in tasks involving visual perception,
short term memory, and psychomotor ability [28,29].
In another study [31], using exercise combined with
water restriction to achieve hypohydration, less
impairment was found in cognitive function of young
adult athletes, but significant increases in fatigue, con-
fusion and anger were observed. When only water
restriction over a 24 h period was used to induce hypo-
hydration by B2.5%, no impairment in cognitive
performance was observed [32]. It is therefore possible
that heat stress alone may have an important influence
on cognitive performance when it is used to induce
hypohydration.
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In the paediatric population, maintenance of euhy-
dration seems to be important for cognitive perfor-
mance [33]. A group of children (10 to 12 years old)
who were restricted from drinking for a few hours had
decreased task scores of short term memory and verbal
analogy compared with a group that maintained the
scores and were kept euhydrated [34]. Two studies
[35,36] used a protocol in which children (6 to 9 years
old) were tested before and after they ingested water,
and some visual attention tasks were improved.

SPECIAL POPULATIONS

Children and Adolescents

Children may potentially dehydrate as much as
adults [37] even though their sweat rate is lower when
exercising at a similar intensity and in similar environ-
mental conditions and when corrected for body surface
area [38]. Both laboratory-based [39,40] and in-field
(trainings and competitions) studies [12] have shown a
trend towards body water deficit of B2%, but it may
reach higher levels. In a triathlon conducted in Costa
Rica [41], it was observed that B20% of the competitors
from 9 to 13 years of age and B25% of those from 14 to
17 years of age reached hypohydration levels .2%.

Insufficient fluid intake has been attributed to a thirst
perception delay and lack of recognition of the need to
replace the fluid lost from sweating. However, the type
of fluid available (flavor and composition) seems to have
a major impact on fluid intake in children and adoles-
cents. After 29 children (9 to 13 years old) achieved mild
hypohydration (B0.8%) by cycling in the heat, thirst per-
ception level increased significantly and, during recov-
ery, voluntary fluid intake was greater with flavored
beverages (grape and orange) than with plain water [42].

Beverages containing electrolytes and carbohydrate
in concentrations consistent with commercially avail-
able sports drinks seem to prevent dehydration by
stimulating thirst and fluid retention. In a laboratory
study [43], 12 heat-unacclimatized boys cycled inter-
mittently for 3 hours in the heat (35�C, 43% relative
humidity) in three separate sessions. In a randomized-
order and double-blinded design, the boys in each of
these sessions could drink as desired one of the follow-
ing drinks: a grape-flavored sports drink, grape-
flavored water, and plain water. Voluntary fluid intake
was greater with the grape-flavored drinks, but further
intake was observed in the sport drink session which
was sufficient to avoid dehydration. Subsequent stud-
ies, one from the same laboratory [44] and another [45]
testing heat-acclimatized athletic boys who cycled and
rested intermittently for 180 min in the outdoor warm
conditions of Puerto Rico, showed this consistency of

increased volume intake with sports drinks at volumes
that maintained euhydration. In another laboratory
study [46] in which young adolescent athletes had
access to a lemon-lime-flavored sport drink while run-
ning for 1 hour, no dehydration was observed, possi-
bly because of the characteristic of the drink. However,
in another study [47] neither drink flavor nor composi-
tion had significant effect on fluid intake of adolescent
runners who exercised intermittently for 2 hours in the
heat at higher intensity and with shorter rest periods.

The aforementioned studies where performed under
a controlled design of endurance type of exercise and
may not reflect the fluid ingestion pattern of sports
that are characterized by stop-and-go intermittent
bouts of high intensity exercise. When adolescent ten-
nis players (15 years old) trained two sessions of
120 min of tennis in the heat, the volume of water
intake (B1750 mL) was similar to that of a typical
carbohydrate-electrolyte sport drink (B1900 mL) [48].
However, the resultant hypohydration level was lower
in the sport drink training session (0.5%) compared
with that of water (0.9%). This could be explained by a
greater intestinal absorption of the fluid and lower
urine output when, instead of plain water, sports
drinks are chosen as a rehydration beverage [3].

The importance of hydration for children and adoles-
cents is highlighted by the unique physical and physio-
logical characteristics that may impair thermoregulation
of children exercising in the heat [49]. It was observed
that children, compared with adults, present a greater
increase in core temperature as they become dehydrated
[39] ,which may be related to their increased metabolic
cost of locomotion [50]. Their higher surface area per
body mass may cause a higher heat gain when air tem-
perature is higher than skin temperature [51]. The heat
acclimatization process, due to repeated heat exposure,
may be delayed in children, as compared with adults
[52]. Therefore, at the start of the warm season, it is pos-
sible that children are at greater risk for hypohydration
and associated heat-related problems due to insufficient
heat acclimatization parallel to an increase in physical
activity levels [53,54]. Of concern is the elevation from 15
to 29 in the reported number of American high school
and college deaths in football players due to heat stroke
in the past 10 years [55]. A recent Policy Statement of the
American Academy of Pediatrics [56] addresses the
problem and provides preventive strategies to avoid
heat-related illness among exercising children under cli-
matic heat stress.

Older Individuals

There are some characteristics in older individuals
that may interfere with their hydration status and
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thermoregulation during exercise. While some changes
are expected, others are preventable and related to
their trend for a lower level of physical activity.

Some of the expected aging changes are the
decrease in: thirst perception, body water content,
peripheral blood flow and possibly in sweat rate [57].
Lower thirst perception and fluid intake following
water deprivation have been documented in older
compared with younger individuals [58,59]. It was
found that, for a given degree of hypohydration, older
individuals, in comparison with younger adults, pre-
sented an inability to rehydrate, a decreased thirst
perception and a greater core temperature [60]. This
lower sensitivity for thirst perception may be
explained by central regulatory mechanisms that affect
both osmoreceptors and baroreceptors [61].

Because older individuals also have lower body
water content and may have difficulty in identifying
signs and symptoms of hypohydration, it is advisable
to educate them about the importance of hydration in
the context of exercising in the heat.

However, much of the heat intolerance of older
individuals could be due to their less active or seden-
tary lifestyle, which impairs their aerobic fitness and
acclimatization. Other aggravating factor can be the
presence of chronic diseases such as hypertension and
diabetes, kidney problems and the use of medications
such as diuretics and beta-blockers. Old individuals
who are physically active and on salt restriction (6 g of
salt or 2.4 g of sodium a day) need not rule out sports
drinks as a choice of rehydration when exercising. For
example, the amount of sodium in 230 mL of a sports
drink is about 0.110 g. It is unexpected that an individ-
ual ingests in one day such a large volume (5 L) of a
sports drink to reach 2.4 g of sodium. Therefore, older
individuals should be encouraged to rehydrate during
or after exercise, but they should also consider the
risks of excess water (i.e., hyponatremia) or sodium
ingestion (i.e., hypertension) because they may be
slower in excreting both the water and electrolytes.

HYDRATION FOR PHYSICAL ACTIVITIES

It is important to prepare effective hydration proce-
dures to guarantee optimal performance and well-
being in exercise activities that may potentially disturb
body fluid homeostasis. Since sweating rate and fluid
intake vary widely according to factors related to activ-
ity and environmental conditions, recommendations
should, as far as possible, be individualized. Therefore,
it is generally advisable to periodically evaluate the
individual’s tendency to body water changes during
their usual physical activities. This can be simply
determined by the change in body weight before and

after exercise, having the individual wearing no or
minimal clothes and their bladder emptied. On a regu-
lar basis, body hydration status of a resting condition
and prior to an exercise event may be evaluated by
blood and urine markers. Blood markers (e.g., osmolal-
ity and hematocrit) are more sensitive to acute changes
of body hydration status, but they have been used mostly
for research purpose since they are not as feasible to
assess as urine markers (e.g., osmolality, specific gravity,
and color). A urine osmolarity .700 mOsmol kg21 is an
indication of hypohydration [1]. The urine specific
gravity can be determined using a handheld pocket
refractometer in which values .1.020 indicate hypohy-
dration, and .1.030 indicate significant hypohydration
[62,63]. Even more feasible is the 8-level color chart
which is handy for self-assessment and follow-up. This
chart classifies as well hydrated (1�2), or minimal (3�4),
significant (5�6) and serious (. 6) hypohydration. Once
an individual is aware of his/her hydration needs during
exercise, other recommendations would include the type
of beverage (composition) to be consumed and the tim-
ing of fluid ingestion before, during and after exercise.

Drink Composition and Choice of
Rehydration Beverage

Plain water intake will likely be a proper rehydra-
tion choice for the majority of healthy individuals who
follow adequate nutritional habits and perform physi-
cal activities lasting less than 60�80 min. However,
under some circumstances, individuals may benefit
from ingesting carbohydrate-electrolyte beverages
which are commercially known as sports drinks and
are available in various fruit-related flavors. The carbo-
hydrate content will provide the energy required for
prolonged or intermittent high intensity exercises. The
electrolytes (sodium, chloride and potassium) help
replace the losses from sweat, with sodium being the
major one. Although sodium sweat concentration may
vary widely (20 to 80 mmol L21), its concentration is
lower than that of plasma (138�142 mmol L21). A risk
of hyponatremia (serum sodium concentration
,130 mmol L21) may exist during prolonged exercises
in which heavy sweating is accompanied by excessive
intake of sodium-free beverages [64]. The presence of
sodium appears to stimulate thirst and retain body
fluid, which may help a faster fluid replenishment
after exercise (see below).

For comparative purposes, Table 38.1 shows the
composition and osmolarity of common sports drinks
and other common groups of beverages. The compo-
nents of sports drinks are similar, as they have been
developed on the basis of similar physiological princi-
ples to optimize rehydration under conditions of
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considerable sweating. The carbohydrate portion of
these beverages is generally composed of monosacchar-
ides and disaccharides ranging from 6% to 9% weight/
volume. The electrolyte portion of sports drinks may
present some variation; however, concentrations are
lower than (or at least equal to) those of the sweat. When
combining these ingredients, further attention is given to
obtaining an “isotonic” solution (i.e., beverage osmolal-
ity of B300 mOsm.kg21). Such isotonic characteristics
should facilitate gastric emptying and intestinal absorp-
tion, thus avoiding gastrointestinal discomfort and opti-
mizing rehydration. Other beverages in Table 38.1 may
not offer a suitable combination of carbohydrate and
electrolyte content for an exercising condition. For exam-
ple, a soda (or soft drink) may present an excess of car-
bohydrate, low in electrolytes, and still be hypertonic.
“Energy drinks” usually add extra carbohydrate and
substances that have no evidence of improvement in per-
formance during exercise; these drinks may also contain
stimulants and be potentially dangerous when ingested
in excess [2]. Oral rehydration solutions (e.g.,
Pedialytes) prescribed for the management of diarrhea-
induced dehydration, have higher sodium and potas-
sium concentrations and lower carbohydrate content.

Due to the presence of electrolytes, low fat milk has
been shown to be effective for body fluid restoration
in adults [65,66] and in children [67] after hypohydra-
tion induced by exercise. Skim milk has a similar
amount of sodium compared with sports drinks and
carbohydrate to replenish muscle glycogen; it also
provides protein, which could enhance muscle recov-
ery. Thus, as mentioned, skim milk could be a viable
rehydration beverage for those individuals who are
lactose tolerant.

Timing of Fluid Ingestion

Before Exercise

It is important to start physical activities in a euhy-
drated state, which can be achieved by daily adequate
hydration. To ensure euhydration, especially in endur-
ance events, fluid intake in the preceding 3 to 4 hours
of an exercise event is recommended in amounts that
may vary from 5 to 7 mL per kg of body mass (i.e., 350
to 500 mL for a 70 kg body weight subject) [1]. This
gives time for the kidney to eliminate extra water. If
no urine is eliminated, or if urine is dark (for exam-
ple. #5 of the urine color chart previously men-
tioned), it is recommended to keep drinking gradually
until a clearer urine is produced.

Hyperhydration prior to exercise does not appear to
help performance or thermoregulation improvement
[68]. Intake of substances that expand plasma volume
may increase the risk of dilutional hyponatremia and
associated symptoms, especially if drinking is exces-
sive during exercise [1,64]. Another inconvenience of
prior hyperhydration may be the need to void during
competition [69]. In addition, as plasma expanders
such as glycerol may work as a masking agent, their
use is banned by the World Anti-Doping Agency [70].

During Exercise

During exercise, if necessary, individuals should drink
periodically in amounts according to their sweating rate.
Due to the great variability in body fluid losses, rather
than stipulating fixed volume intakes, a reasonable
approach is to educate the individual that body weight
loss should not be greater than 2% during exercise [1].
As mentioned above, if the activity is prolonged (. 1 h)

TABLE 38.1 Carbohydrate-Electrolyte Composition and Osmolarity of Some Sports Drinks and Other Types of Beverages

Carbohydrate Sodium Potassium Osmolarity

(g/100 mL) (mOsm/kg.H2O)

Sports Drinks

Gatorades 6 46 12 280

Powerades 8 22.5 12 381

Lucozades 6.4 50 12 285

Isostars 7.7 70 18 322

Other Beverages

Soda (Coca-Colas Classic) 11 5 0 700

Skim milk (0.1%) 5.2 53 172 283

Orange Juice (Tropicanas) 10.8 0 190 663

Energy Drink (Red Bulls) 11.3 80.5 0 601

Oral Rehydration Solution (Pedialytes) 2.5 104 79 250
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or intense and intermittent, sports drinks may be advan-
tageous compared with plain water.

After Exercise

It has been shown that, to achieve proper rehydra-
tion from prolonged exercise, the volume of fluid
intake for every kg (or L) of body weight loss should
be 1.5 L (or 1.5-fold) [71,72]. This may be due to the
ongoing fluid losses from urine and sweat production
that continues after prolonged exercise. Besides the
volume, a beverage containing electrolytes (about
0.3�0.7 g of sodium per liter to replace losses), carbo-
hydrate (to restore glycogen) and perhaps protein may
be effective in promoting recovery [73]. This so-called
“recovery” beverage has been used by endurance and
by team-sport athletes between exercise sessions.

CONCLUSIONS

Body fluid may become disturbed under exercising
conditions in which sweat losses are not matched by
fluid intake. Hypohydration is more prevalent than
hyperhydration or hyponatremia. Hypohydration in
excess of 2% impairs endurance performance, as it
“overloads” the cardiovascular and thermoregulatory
systems, increases perceived exertion and decreases
motivation, mainly when exercise is performed in the
heat. Some studies have shown that hypohydration
may also affect muscular strength and cognitive func-
tion; however, more studies are necessary to ascertain
whether the performance of intermittent high intensity
sports is impaired by hypohydration. Hypohydration is
also an aggravating factor for exertional heat-illness
with the young and older populations at particular risk.

To avoid hypohydration, fluid should be ingested
during exercise so as to avoid a 2% loss of body
weight. After exercise, body fluids should be restored
rapidly, especially if recovery time is short between
exercise events. Plain water intake is an option for
most people who are involved in activities lasting
,60�80 min. For longer or intense intermittent activi-
ties, sports drinks offer benefits due to their combina-
tion of carbohydrates and electrolytes that optimize
body fluid restoration.
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INTRODUCTION/OVERVIEW

Creatine (methylguanidino acetic acid) is a biochem-
ical compound found mainly in skeletal muscle
(B94�97%), with much smaller amounts in cardiac
muscle [1,2]. Scholossmann and Tiegs first showed
that diffused creatine (Cr) increased during muscular
contraction, while Fiske and Subbarow [3] discovered
phosphocreatine in the 1920s. Chevreul identified Cr
in 1835 when investigating meat extract, and later, in
1847, Liebig discovered that Cr was in several different
kinds of muscle and not in the other tissues that he
examined [3]. The relationship between Cr and neuro-
muscular function has thus been of scientific interest
for almost a century and its implications on muscular
development are explored to this day.

Cr is an important physiological compound as part
of the adenosine triphosphate (ATP)/phosphocreatine
(PCr) phosphogen energy system. Cr and inorganic
phosphate combine to form phosphocreatine, and a
greater Cr pool allows for higher concentrations and/or
rates of PCr biosynthesis in the muscle. The breakdown
of PCr allows for increased and rapid biosynthesis of
ATP. Thus, PCr is an immediate fuel reserve for the
replenishment of ATP in the ATP/PCr energy system,
and Cr is an important substrate supporting this
system.

Skeletal muscle is the primary end point (or biologi-
cal sink) for exogenous Cr taken in as a dietary supple-
ment. Cr is not an essential dietary nutrient; the body
can produce Cr through endogenous pathways, and the
rates of biosynthesis maintain normal concentrations in

the muscle. While not an essential nutrient, Cr is a safe,
legal, and effective method to help enhance lean body
mass by optimizing quality of the training as well as
maximal strength and power performance. Cr has
become one of the most popular nutritional supple-
ments among athletes [4].

The purpose of this chapter is to overview the phys-
iological basis for Cr supplementation. We will explore
how this supplement is used as an ergogenic aid for
athletes attempting to gain muscle and improve
performance. We will further describe how these same
attributes are important for other populations, includ-
ing the elderly. Finally, the potential effects of Cr sup-
plementation on medical disorders will be described.

CREATINE BIOSYNTHESIS, UPTAKE,
AND DEGRADATION

The biosynthesis of Cr takes place primarily in the
liver. It requires two amino acids: arginine and glycine.
It also requires a methyl donor, typically S-adenosyl-
methionine (SAM) [2]. The initiation of Cr synthesis
begins with the transfer of the amidino group of arginine
to glycine through the enzyme L-Arginine : glycine
amidinotransferase (AGAT). The products of this
activity include L-ornithine and guanidinoacetic acid.
Guanidinoacetic acid is then methylated by SAM
through the enzyme S-adenosyl-L-methionine : N-guani-
dinoacetate methyltransferase (GAMT), resulting in the
endogenous production of Cr (see Figure 39.1).
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In addition to endogenous synthesis, muscular Cr
stores are obtained from exogenous dietary intake [2].
Foods highest in Cr come from the flesh of animals
and fish. However, food preparation can have an
impact on the total Cr obtained in a serving; well-
cooked meats, for example, will have less Cr than red
meat that is uncooked. Cr can be found in foods other
than meat but typically in significantly smaller
amounts. Table 39.1 lists some exogenous food sources
of Cr and their respective amounts. Examination of
this table reveals that the amount of Cr obtained from
dietary sources is very low and that concentrations
obtained through supplementation would be very
hard to mirror through dietary intake alone. Cr load-
ing (10 to 25 g per day) is very difficult to achieve with
normal dietary intakes of regular food. Thus commer-
cial products are needed for the higher concentrations
of Cr that result in effective ergogenic effects (see

Figure 39.2). It is not possible to perform a fast load
with normal dietary food intakes.

Creatine obtained through the diet has a high bio-
availability, allowing it to pass through the digestive
tract and directly into the bloodstream [2]. Plasma levels
of Cr on average are B50 mmol L21. In one investiga-
tion, consuming 2 g of Cr in solution resulted in a peak
plasma concentration of 400 mmol L21 at 30�60 min,
while a similar dosing of Cr from steak resulted in a
smaller peak but more extended plasma elevations [2].
Once in the bloodstream, Cr is either taken up by tissue
(primarily skeletal muscle) or is excreted by the kidneys.
Muscle uptake of Cr occurs via sodium-dependent

FIGURE 39.1 Cybernetic interactions between creatine and muscle. (A) Normal creatine dynamics without supplementation.
(B) Creatine cybernetics with supplementation. Following supplementation, creatine from the liver plays a diminished role, but normal func-
tion returns after stopping supplementation.

TABLE 39.1 The Amount of Creatine in Common
Foods

Food (1 g) Cr Content (g)

Beef 0.0045

Pork 0.005

Cod 0.003

Herring 0.0065 to 0.01

Salmon 0.0045

Shrimp trace

Tuna 0.004

Milk 0.0001

Cranberries 0.00002

FIGURE 39.2 While many dieticians want to use natural food to
produce the effects that supplements do (pills or powders) the
amount of meat that would have to be consumed for 3 to 6 days for
a fast-loading phase for creatine is not possible, as demonstrated in
this comparison of steaks, pills and powder to equate to the 25 grams
per day that would be ingested (e.g., 5 grams five times a day).
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CreaT transporters within the muscle membrane [5].
Once Cr is in the myocyte (muscle cell), it becomes phos-
phorylated by the enzyme Cr kinase. The concentrations
of phosphocreatine and Cr are based on the energy state
of the cell, but typically B40% is Cr and B60% is in the
phosphorylated form [6].

Cr degradation is on average approximately 2 g d21,
which may be replenished exogenously to maintain
muscular concentrations. Nonenzymatic breakdown of
Cr occurs hepatically to form creatinine [2]. Creatinine, a
membrane permeable molecule, is picked up by systemic
blood flow and excreted to the urine by the kidneys.

BIOENERGETICS AND MECHANISMS OF
ACTION

In addition to serving as a fuel reserve for ATP, Cr also
plays a role in spatial energy and proton buffering as well
as modulating glycolysis. Phosphocreatine (PCr) acts as
an immediate fuel reserve for the replenishment of aden-
osine triphosphate (ATP) [5]. PCr works to rephosphory-
late adenosine diphosphate (ADP) to ATP between rest
and exercise via the enzymatic action of Cr kinase.

PCr1ADP’Cr kinase-ATP1Cr ð39:1Þ
While ATP/PCr is a phosphogenic system, the

resynthesis of PCr is an oxygen-dependent process
that has both a fast and slow component to it [6]. The
fast component lasts around 21�22 seconds, and the
slow component tends to be over 170 seconds.

The amount of PCr in the sarcoplasm of the muscle
determines both the rate and maintenance of the ATP
turnover. The storage capacity for PCr is limited in the
body and is depleted rapidly (with enough to last
approximately 4�5 s) [7]. While Cr storage within skel-
etal muscle is low, its storage can grow with Cr sup-
plementation to about 20%, with one third of Cr in the
form of PCr [8,9]. This is particularly relevant to short,
intense bouts of exercise, where PCr resynthesis affects
the ATP turnover rate and is crucial to the success of
exercise performance [7].

The primary energy system at the outset of short-
burst, high-power, and high-force anaerobic activities
is the ATP-PCr system. The ATP-PCr system will be
central to the ergogenic effects of Cr as described fur-
ther in our section on acute training effects.

LIMITS OF CREATINE STORAGE
CAPACITY WITH SUPPLEMENTATION

Several studies have examined what is believed to
be the maximal storage capacity for Cr within the

muscle. In one investigation, pre- and post-exercise
muscle biopsies of the vastus lateralis were examined
after Cr supplementation of 5 g Cr monohydrate
ingested 4�6 times a day for more than 2 days [9].
Mean total Cr content in the 17 subjects was found to
be 126.8 mmol kg21 dry muscle prior to the supple-
mentation and 148.6 mmol kg21 after. Both PCr and Cr
content increased, but there was no subsequent increase
in the ATP concentrations. The study concluded that
approximately 155 mmol kg21 of dry muscle may be the
maximum amount of total Cr stored when supplement-
ing dosages in the range 20�30 g day21. Many studies
use rapid loading schemes to assure such increases.

Increases in Cr among the subjects may be anywhere
between 20% and 40% of resting values. Increases in
muscle Cr concentrations after supplementation appear
to be inversely related to the initial concentration. For
this reason, there is significant variability seen in the
initial gain in mass; for example, the more Cr that
enters the muscle, the more water will be retained.
Individuals who have near maximal levels of Cr will
not see great increases compared with those who start
with minimal Cr stores. Thus, there appears to be a
genetically determined dichotomy between “respon-
ders” and “non-responders”, as identified by body
mass gains after a loading phase is completed, and
those who are non-responders do not see the benefits of
Cr supplementation.

BODY MASS, BODY COMPOSITION, AND
BODY WATER

During the initial loading phase of Cr supplementa-
tion, gains in body mass are typically attributed to an
increase in water retention [10]. Water retention is
caused by the osmotic activity of Cr; the increase in Cr
concentration within the sarcoplasm of the muscle
fiber draws water into the cell. It is because of this
action that “cell swelling” or “Cr bloat” is initiated.
While most mass gained during the loading phase of
Cr supplementation is water, evidence indicates such a
signal is part of the initial hypertrophic mechanisms
that stimulate protein synthesis.

Increase in water weight influences hydrostatic
weighing numbers such that gains obtained by the
subjects appear with an increase in percent body fat
[11]. If this occurs, a “false” increase in body fat should
be observed. However, in one investigation with
7 days of Cr loading at 0.3 g kg21, older men had expe-
rienced a 7.7 to 11.0 lb (3.5 to 5.0 kg) increase in body
mass despite a slight decrease in body fat; this indi-
cated that the mass gained was not entirely due to
increased water weight [12]. Even if all of the Cr
ingested had been stored, it would have accounted for
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less than a pound of the weight gain observed. As pre-
viously described, the acute increases in body mass
demonstrated after 1 week of supplementation may be
due in part to hydrostatic stretching triggering a pro-
tein synthesis mechanism. While theoretical, no other
mechanisms have been identified for how Cr may
stimulate protein synthesis in this manner.

MUSCLE FIBER TYPE ADAPTATIONS

Muscle recruitment is related to the recruitment of
Type I and Type II motor units containing Type I and
Type II muscle fibers, respectively. Type I skeletal
muscle fibers are characterized by thicker non-
contractile proteins (e.g., Z lines and titan), slower
myosin ATPase enzymes, and reliance upon reduc-
tions in degradation rates rather than increases in syn-
thesis rates. Conversely, Type II skeletal muscle fibers
have less dense non-contractile proteins, faster myosin
ATPase enzyme, and rely more on increasing protein
synthesis rates to increase cross-sectional fiber size.
The electrical threshold of each motor unit dictates the
recruitment of motor units and their associated muscle
fibers, from low threshold (Type I muscle fibers) to
high threshold (Type II muscle fibers) (this is known
as the Size Principle). The recruitment of higher
threshold motor units with heavy resistance also
recruits the lower threshold motor units but stimulates
overall greater muscle fiber hypertrophy.

The metabolic system used in obtaining ATP for the
myosin motor of each muscle fiber is dependent upon
the exercise stress. For aerobic activities, the repetitive
use of lower-threshold motor units relies upon the
oxidative metabolic system. Conversely, short-burst,
heavy-load, and high-power exercises depend upon
the ATP/PCr and anaerobic glycolysis metabolic sys-
tems. As previously described, this Type II ATP-PCr
energy focus during exercise is where Cr loading has
the opportunity to be beneficial to the bioenergetics of
the tasks.

A characteristic of PCr within the sarcoplasm of
skeletal muscle is that is appears to be fiber Type
dependent. Type II fibers can generate a quick muscle
action due to the fast myosin ATPase isoform that
makes up most of its cross-bridge heads. The faster the
ATPase is, the faster the hydrolysis of ATP, and the
quicker the muscle actions. Type II fibers at rest have a
5�15% higher PCr concentration than Type I fibers
because of their role in high force/power activities.
The rate of PCr degradation is greater in Type II fibers
than in Type I during sprint exercise lasting 10�30
seconds [13]. However, Type I fibers were shown to
resynthesize PCr at a slightly faster rate than Type II
fibers in recovery from sprint exercises, as they are

recruited (and PCr depleted) whenever Type II fibers
are recruited (according to the size principle) [14]. In
one study, Cr supplementation increased the mRNA
expression of myosin heavy chain contractile proteins
when combined with resistance training [15].
Supplementation with Cr has been show to increase
both fiber types’ concentrations of Cr/PCr, with a
trend towards larger increases in Type II fibers
because of their larger size.

ACUTE ANAEROBIC BENEFITS

Cr monohydrate supplementation can improve the
quality of any exercise that stresses the ATP-PCr sys-
tem [7]. As previously described, the acute effect of Cr
supplementation is to enlarge the pool of PCr for rapid
ATP resynthesis, delaying the depletion of PCr and
delaying fatigue. An increase in the rate of PCr resyn-
thesis during rest can allow for a higher storage of PCr
at the beginning of each subsequent set [8]. The
increased quantity of free Cr and PCr also allows for
improved buffering of the ADP that results from ATP
hydrolysis. Cr can therefore enhance the capacity to
perform short bouts of exercise, delay the onset of
fatigue, promote recovery between sets, [16,17] and
improve training quality. The overall mechanisms for
Cr’s ergogenic effects are shown in Figure 39.3.

In view of the metabolic pathways that mediate Cr
action, it is evident that Cr loading works best for
strength and power. Supplementation acutely
increases muscular strength and increases the number
of repetitions performed at a given resistance load
after 5 to 7 days (with or without training) [6,16,18].
Within 5 to 7 days, Cr supplementation (20�30 g d21)
also helps to maintain power and force output with
repeated jumping [6,16,19], swimming [20,21], and
exhaustive bouts of cycling [22]. (See Figure 39.4 for an
example of the squat jump power output [6].) Arciero
et al. [23] conducted an investigation on the effect of
Cr without training and with resistance training.
Groups that did not train had an 8% and 16% increase
in maximal bench press and leg, respectively, while
groups that trained showed an 18% and 42% increase,
respectively. Acute Cr ingestion explained 40% of
strength improvements, while the remaining 60% may
be due to other mediating mechanisms. This, increases
in intracellular Cr can improve strength and power
exercises by increasing PCr storage.

CHRONIC ANAEROBIC ADAPTATIONS

Chronic adaptations to Cr supplementation may
arise from the accumulation of acute improvements to
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force/power production with each repetition and total
exercise volume (repetitions3 sets3 load) [4]. In a
training program with controlled workloads and repe-
titions, there was an increase in total work performed
with Cr supplementation as compared with placebo
groups over several weeks of training [16,24]. As

previously mentioned, this increase in performance
may be attributed to increases in the pool of Cr and
PCr in the muscles, thereby increasing training inten-
sity, training stimulus, and ultimately, physiological
adaptations to training.

Muscular Hypertrophy and Activation of
Satellite Cells

The increased work, force, or power production with
Cr supplementation creates a higher-quality exercise stim-
ulus and a faster rate of muscle fiber hypertrophy over
time. Twelve weeks of heavy resistance training combined
with either 6 g d21[15] or 25 g d21 for a 1 week loading
phase with a 5 g d21 maintenance dose [25] increased fat
free mass [15,25], thigh volume [15], cross-sectional area
[25,26], and muscle strength [15,25,26]. Cr supplementa-
tion augments the training-related gains not only in the
Type II muscle fibers but also the Type I muscle fibers, as
shown in Figure 39.5 [25].

The various mechanisms that explain muscle hyper-
trophy (or an increase in cross-sectional area) are not
completely understood, but our understanding is
slowly evolving. Skeletal muscle is unique, with

FIGURE 39.4 Acute response of squat jump performances with
and without short-term creatine loading. Modified from Volek and
Kraemer [6].
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FIGURE 39.3 A multitude of mechanisms exist to mediate creatine’s effects in the body.
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multinucleated cells and each myonucleus responsible
for a given amount of fiber protein (i.e., myonuclear
domain). An initial increase in cross-sectional area of
muscle is mainly due to the increase in the myonu-
cleus protein domain—in other words, an increase in
the amount of protein in a fiber that is controlled by
one myonucleus. However, increasing muscle fiber
size greater than about 15�25% may require the addi-
tion of more myonuclei to manage the larger muscle
fiber protein mass [27]. This is accomplished through
satellite cells, an undifferentiated pool of stem cells
found between the sarcolemma membranes of the skel-
etal muscle [28]. These cells contribute daughter myo-
nuclei to address the demands for viable control of
myonuclear domains with increased protein accretion.
Satellite cells can also differentiate into myoblasts for
muscle fiber repair and regeneration. In adulthood, the
satellite cells are in a quiescent stage. Stimulation
induced by loading (e.g., eccentric stress) and/or along
with hormones and cytokines is required to activate
the satellite cells, so that they can undergo differentia-
tion and proliferation in part producing myoblasts or
contribution to a new generation of myonuclei [28].
Interestingly, a group of investigators showed
increases in the absolute satellite cell number per fiber
and relative number of satellite cells in both a Cr and
protein group during weeks 4, 8, and 16 of resistance
training with 6 g d21 supplementation [26]. However,
only the Cr group showed an increase in muscle myo-
nuclei content per fiber and increase in mean muscle
fiber cross-sectional area across the 16 weeks. These
results may indicate that Cr plays an important role in
differentiating the satellite cells into myonuclei, allow-
ing an enhanced amount of protein synthesis when the
number of myonuclei is a limiting factor in muscle

fiber hypertrophy. As noted previously, a positive
association has been shown between area of the mus-
cle fibers and myonuclei content [26].

From stimulating the satellite cells to generating
new myonuclei, the myogenic regulatory factors
(MRF) play several roles in differentiating myonuclei.
Myogenic regulatory factors include Myo-D, myogen-
in, MRF-4, and Myf5. These proteins act as transcrip-
tion activators, initiating transcription and regulating
gene expression for myosin heavy chains (MHC) and
myosin light chains [29]. Cr supplementation has been
shown to play a cofactor role in gene transcription
together with Myo-D, MRF-4, and myogenin in regu-
lating the expression of MHC [29]. One investigation
used 2 weeks of lower-limb immobilization and
followed it with 10 weeks of Cr supplementation [30].
The first week of Cr loading (20 g d21) was followed
by a 9-week maintenance dose using 5 g d21 during
which resistance training was performed 3 days per
week. The results demonstrated a positive relationship
in muscle fiber size and the MRF-4 protein expression
[30]. Based on these results, the authors suggested that
the increase in the muscle fiber size was due to the
increased number of myonuclei donated from the
satellite cells, and Cr played a role in enhancing the
myogenic transcription factor MRF-4 [30]. Thus, Cr
supplementation appears to interface with the cellular
mechanisms of muscle hypertrophy associated with
resistance training.

ENDURANCE EXERCISE ACUTE
EFFECTS AND ADAPTATION

Acute

While there is convincing evidence for the positive
effects of supplementation with Cr on anaerobic exer-
cise, there is less evidence for its benefit in endurance
exercise. Cr supplementation does not appear to bene-
fit performance with 120% maximal oxygen consump-
tion for treadmill running [17], repeated 60 m dash
[31], or the 700 m run [32]. Lack of an effect may be
explained by confounding experimental factors; the
bioenergetic ATP/PC mechanism may not have been
the most significant mediating mechanism for the mus-
cular force or power in the event, the subject popula-
tions in the study may have had non-responders as
part of the subject pool, and/or more importantly, the
test-retest reliability of the test may not have been high
enough to pick up a 5�10% treatment effect. Many
endurance athletes still use Cr, although not for their
event; its purpose is to improve interval sprint training
and strength training that enhance ground reaction
forces, exercise efficiency, and exercise economy.

FIGURE 39.5 Changes in muscle fiber cross-sectional areas of

Type I and Type II muscle fibers with resistance training with or
without creatine supplementation. Modified from Volek et al. [25].
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The enhanced muscle Cr and PCr storage with Cr
supplementation can help reduce the dependence on
the glycolytic pathway, cause shifts relative to the oxi-
dative pathway, reduce blood lactate, maintain blood
pH, and either prolong exercise duration or increase
exercise intensity. Five days of Cr supplementation in
rats lowered blood lactate in response to 6 bouts of
high-intensity intermittent maximal exercise test when
compared with a placebo group. Glycogen storage in
the soleus was not significantly higher with Cr than
with placebo supplementation; however, Cr supple-
mentation showed significantly higher glycogen stor-
age post exercise compared with placebo [33]. Another
group observed a B42% reduction in basal lactate pro-
duction and a B40% increase in basal CO2 production
in the Cr group when compared with the control [34].
Thus, intermittent exercise performance can be
enhanced with Cr supplementation in part by main-
taining pH.

Chronic

Maximum oxygen consumption (VO2max), a mea-
sure of endurance performance, is measured via
indirect spirometry using various incremental exercise-
testing protocols (typically on a cycle ergometer or
treadmill) to volitional fatigue. Following Cr supple-
mentation, VO2max either did not change [35,36] or
slightly increased [17]. In terms of submaximal VO2,
studies have shown increases [37,38] and decreases at
a given intensity (that is, improved performance at a
given intensity) [39�42]. Authors have speculated that
the significant reduction in submaximal VO2 after Cr
supplementation would be due to improved mainte-
nance of the ATP:ADP ratio, postponing the activation
on the aerobic metabolism pathway, and thus improv-
ing the exercise efficiency [39,43].

Time to exhaustion (enhanced resistance to fatigue)
is another way to measure endurance capacity. Cr sup-
plementation has been shown to be most effective for
time to exhaustion with shorter-duration exercise
[17,43�46] and the least effective in longer-duration
exercise [37,39,40]. The anaerobic metabolic pathways
of shorter-duration exercise may once again explain
these results.

Substrate Use

In shorter-duration testing (3 to 12 minutes), Cr sup-
plementation may play a role in preserving muscle
glycogen during exercise by delaying the use of the
glycolytic pathway in favor of the ATP-PCr pathway.
Post-exercise muscle glycogen storage is enhanced by
Cr supplementation with carbohydrate [47] and with

regular diets, similar to a typical carbohydrate-loading
diet [48]. Hyperglycemic mice experienced significant
decrease in blood glucose with Cr supplementation, as
well as improving the glucose responses after intrave-
nous injection of glucose [49].

It is theorized that the glucose response in the mus-
cle after Cr supplementation may be caused by direct
alterations inside the cell membrane to glucose trans-
porter 4 (GLUT4). GLUT4 is translocated to the surface
of the cell (typically in response to a conformational
signal from insulin) to take up glucose from the blood-
stream. It was reported that GLUT 4 content increased
by B40% in vastus lateralis with Cr supplementation
after an immobilization of the lower limb for 2 weeks
followed by 10 weeks heavy resistance training [48].
Furthermore, an increase in GLUT 4 translocation has
been shown in patients with Type 2 diabetes after a
5 g d21 supplement of Cr combined with 2 d wk21

exercise for 12 weeks [50]. Some in vitro studies of
non-contracting cell lines have not seen the same
effects. It is speculated the inconsistent results might
be due to the different study protocol, since studies
showed a positive alteration in exercising muscle gly-
cogen storage [47,48] and GLUT 4 translocation [50]
after Cr supplementation but not in the non-
contracting cells [34,48,51]. Insulin is an important
signal to trigger muscle glucose uptake from the circu-
lation, but insulin does not increase after 5 days and
3 days of 20 g d21 Cr supplementation [52,53] or 5
days [51] at 300 mg kg21 d21. As serum insulin concen-
trations are not altered with Cr ingestion, Cr may have
a separate role in stimulating GLUT 4 activity.

Since an alteration in GLUT4 translocation and in
muscle glucose storage has been shown to occur post-
exercise, it is crucial to understand what causes it.
AMP-activated protein kinase (AMPK) is one of the
energy-sensing proteins that monitor the change in
energy states in the muscle and trigger different meta-
bolic pathways to maintain ATP concentrations [54].
AMPK is activated and inhibited by the increased
concentration of adenosine monophosphate (AMP)
and ATP, respectively. AMP concentrations increase
and PCr concentrations decrease especially during and
after exercise, which activates AMPK allosterically
[54]. Activated AMPK causes an elevation in GLUT 4
concentration [55] with a positive association between
changes in AMPK-α and GLUT 4 translocation [50].
The increases in either GLUT4 or muscle glycogen
storage with Cr supplementation following exercise
are believed to coincide with an alteration in energy
state of the muscle. Contributors to this phenomenon
may include a decrease in the ATP : AMP ratio, an
increase in the AMPK activation, an increase in
GLUT4 translocation, and enhanced muscle glycogen
storage. However, elevations in AMPK can be
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counterproductive to protein synthesis, rendering the
mechanisms that interact with this process unclear.

The ratio between PCr and TCr (total Cr) is also an
indication of energy state in the muscle [48], and stim-
ulation of AMPK can be altered by the ratio [56].
Copious studies have reported a fall in PCr : TCr ratio
after Cr supplementation, altering the energy state in
the cell [51�53]. The fall in the ratio may be mainly
due to the disproportional increase in the total Cr and
PCr after Cr supplementation [51�53]. For example,
after 5 weeks of 300 mg g21 d21 Cr supplementation,
rat plantaris muscles exhibited an increase of 23% and
12% in free Cr and TCr, respectively. The calculated
PCr was not significantly different between Cr and
control group. It follows that the PCr : TCr ratio
decreased in the supplemented rats (0.26) when com-
pared with the control rats (0.33) [51]. Ceddia [34] also
observed a drop in the ratio between control (0.67) and
Cr (0.37) cells with an B1.8-fold increase in AMPK
phosphorylation.

In summary, Cr and PCr storage in muscle
increases, AMPK phosphorylation is enhanced, GLUT4
activation increases, and glycogen storage in muscle
increases after Cr supplementation combined with
exercise. How this constellation of events impacts pro-
tein synthesis under the circumstances of an increase
in AMPK is counter to optimal anabolic conditions for
muscle proteins. Some investigations suggest that Cr
supplementation improves exercise economy and sub-
strate utilization with exercise. While there appear to
be some positive benefits of Cr supplementation on
aerobic exercise performance, this area warrants fur-
ther investigation.

ROLE OF CREATINE SUPPLEMENTATION
FOR USE TO COMBATAGING

Both muscular power and strength in men and
women peak between the ages of 20 and 35 years [57].
While strength and power reductions are slow at first, at
approximately the 60th year of life significant decreases
start to be observed [58]. Decreased muscle mass (sarco-
penia) is one of the primary reasons for the age-related
reductions in strength and power [59]. Atrophy occurs
primarily in Type II skeletal fibers and is responsible for
the reduction in contractile strength and power of mus-
cle [60,61]. As a result of decreased strength and power,
common activities (such as getting up and down or
climbing stairs) become progressively more challenging,
leading to a diminished quality of life.

Cr supplementation in the elderly has been shown
to increase dynamic muscular strength, isometric

strength, lower-body explosive power, and lower-
extremity functional capacity. Following 7 days of Cr
supplementation in men aged 59�73, significant
improvements were seen in knee extension/flexion
maximal force, lower-body peak and mean power, sit
and stand, and the tandem gait tests in the Cr supple-
mented group while not in the placebo group [12]. The
Cr group also showed significant increases in body
mass as well as fat free mass when compared with the
placebo group [12]. In a similar study of elderly
women, improvements were seen in the sit-stand and
tandem gait test, leg press, maximal bench press, and
mean upper- and lower-body in the Cr supplemented
group. Neither group showed an increase in peak
power. While no body fat changes were recorded,
body mass and fat free mass were significantly
increased in the Cr supplemented group. No signifi-
cant changes were noted in the placebo group for any
of the trials [57]. The previous two studies on the
elderly indicate that Cr supplementation is beneficial
for improving the quality of life through the increases
in physical performances.

THERAPEUTIC USE OF CREATINE
SUPPLEMENTATION

In addition to improving exercise performance, Cr
supplementation has potential therapeutic roles.
Others have described benefits for CNS function and
connective tissue (for a more thorough description of
Cr’s therapeutic roles, please refer to Gualano et al.
[62]). Here we describe the potential therapeutic role
of Cr in muscle wasting and insulin resistance.

Muscle-wasting disorders (e.g., resulting from pro-
longed bed rest and a sedentary lifestyle) may benefit
from Cr’s muscle hypertrophic effects and increases to
transcription factor post-exercise. As previously dis-
cussed, Cr supplementation influences MHC gene
expression. Furthermore, Cr plays a role in differenti-
ating satellite cells to myonuclei, meaning it may
enhance the protein synthesis in muscle and therefore
increase muscle mass and reduce fat mass. According
to the previously mentioned studies, Cr supplementa-
tion combined with exercise attenuates muscle loss
and facilitates muscle growth.

Another emerging role is the impact of Cr supple-
mentation on insulin resistance. Exercise with Cr sup-
plementation improves GLUT4 content and glucose
tolerance in animals with Type II diabetes and
Huntington’s disease. The observations of enhanced
AMPK signaling concurrent with supplementation
may point to a possible mechanism. Stimulation of
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AMPK signaling is associated with the energy state,
ATP : AMP ratio, and PCr : TCr ratio after exercise;
therefore, Cr might play a role in altering the ratio of
PCr to TCr. This is theoretical, as there is no research
directly showing an association between Cr and glu-
cose uptake. Cr supplementation may enhance GLUT
4 by B40% after 2 weeks immobilization followed by
10 weeks resistance training. Gualano et al. [62]
showed improved glucose tolerance in sedentary men
supplemented with B10 g d21 Cr compared with pla-
cebo after 3 months of aerobic exercise.

SUMMARY

Cr is a safe and effective supplement. Although we
have highlighted its potential role in muscle wasting
and insulin resistance here, a number of possible thera-
peutic benefits may emerge through Cr supplementa-
tion. In addition to its beneficial role particularly for
performance of anaerobic exercise in the context of
aging, it may have wide-ranging implications for
health and well-being in the future. A host of other
potential applications, including impacting traumatic
brain injury, ALS and other neurological pathologies,
are opening fields of research in creatine. Its role in
increasing the metabolic capability of the neuromuscu-
lar system is fundamental to the benefits realized by
this unique and simple supplementation method.
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INTRODUCTION

Creatine is found primarily in skeletal muscle as
both free creatine and creatine phosphate. Creatine
phosphate comprises 70% of the total creatine found in
skeletal muscle. The cellular importance of creatine
phosphate is as a readily available source of phosphate
for regeneration of adenosine triphosphate (ATP) from
adenosine diphosphate (ADP). In the absence of crea-
tine phosphate, ATP cannot be regenerated, resulting
in impaired muscle function due to lack of an available
energy source in the muscle cells. Studies have demon-
strated that dietary supplementation with creatine can
increase total skeletal muscle creatine levels by approx-
imately 20% [1�3]. Of the increased deposition of crea-
tine in the muscle following dietary supplementation,
approximately one third is in the form of creatine
phosphate and available for immediate use [1,4,5]. The
correlation between increased muscle stores of creatine
and improved muscle performance is well established
[6], and dietary supplementation with creatine is
widely used and accepted by most governing sports
bodies [7].

The performance benefits that result from creatine
supplementation include (a) more cellular energy for
short bursts of high intensity exercise, (b) improved
energy transfer in muscle cells, and (c) greater buffer-
ing capacity resulting in less fatigue and shorter recov-
ery time following intense exercise. [8�12]. While

there is certainly individual variation regarding crea-
tine response, the above-described effects are obtain-
able with daily dosing of creatine ranging from 3 to 10
grams. In addition to the well-known effects of crea-
tine supplementation on muscle performance, more
recent studies have reported potential use of creatine
supplements in muscle repair following injury [13,14],
as well as anti-inflammatory effects [15�17], that apply
to both endurance and power athlete. The muscle
repair and anti-inflammatory effects appear to require
higher doses of creatine supplements, often in the
20�30 gram daily dose range [13�17].

There is little available scientific evidence to refute
the effects of creatine supplementation on muscle per-
formance. However, the relatively large amounts of
creatine supplementation required to produce these
desired effects suggests inefficiencies in either the bio-
availability and/or tissue distribution of current crea-
tine products. While there has been much research
devoted to enhancing creatine uptake into muscle cells
through co-administration of glucose [18], various fatty
acids [19], and insulin-stimulating products [20], until
recently, little effort was devoted to enhancing the oral
bioavailability of creatine supplements. This is due in
large part to the assumption that creatine monohy-
drate, the most widely used form of creatine, is
completely absorbed from the gastrointestinal tract.
However, there is sufficient evidence to suggest that
the oral bioavailability of creatine monohydrate is far
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from complete. This chapter reviews the mechanisms
governing creatine absorption in the epithelial cells of
the gastrointestinal tract and the evidence supporting
passive diffusion of creatine as the route for oral
absorption. Based on this information, a critical
re-examination of the bioavailability of creatine mono-
hydrate, especially in comparison with newer salt
forms of creatine, will be undertaken to provide poten-
tial insight into ways to improve the efficiency of the
available dosage forms of creatine.

CELLULAR MECHANISM OF
INTESTINAL ABSORPTION

The gastrointestinal tract (GIT) is well suited for the
absorption of nutrients. Ingested material first enters
the stomach where excreted enzymes and the low pH
environment begin breaking down the material into
more absorbable nutritional units such as glucose,
amino acids and peptides. For any compound to be
absorbed in the GIT, whether it is a nutrient, drug, or
potential toxin, it must be in solution. The primary
function of the digestive processes in the stomach is to
solubilize the ingested material so that it can be
absorbed in the small intestines. The basic anatomical
features of the small intestine result in a large surface
area for the absorption of nutrients. The small intestine
is divided into three segments: the duodenum is the
first part, the jejunum is the middle segment, and
the ileum is the third and final segment adjacent to the
large intestine.

There are three basic absorption pathways by which
a nutrient can be taken up from the GIT and enter into
the systemic circulation (Figure 40.1). These include

transcellular diffusion, paracellular diffusion and
transcellular transport. The transcellular diffusion
route is a passive process governed by the concentra-
tion gradient that exists for the solute of interest (in
this case creatine) in the lumen of the intestine and the
epithelial cell interface and the permeability of the sol-
ute across a lipid bilayer. Permeability is determined
by the physico-chemical properties of a solute, with
parameters such as size/surface area, lipophilicity,
charge and hydrogen bonding potential of the solute
influencing passive diffusion across the cellular inter-
face [21]. Indeed, based on solutes with high oral
bioavailability through the transcellular diffusion
route, ideal properties include a molecular weight less
than 300 Daltons, a log P value (measure of lipophili-
city) between 1 and 3, nonionized and with fewer than
five hydrogen-bond acceptors [22].

While paracellular diffusion is also dependent on a
concentration gradient, instead of moving through the
epithelial cell, the solute travels in a bulk flow manner
in the spaces that exist between the epithelial cells. For
the absorptive epithelial cells that line the intestine, the
junctions between the cells have a collection of mem-
brane proteins that interact with each other to form
what is referred to as a tight junction [23]. While the
bulk flow movement of solutes through the tight junc-
tions is restricted, the complexity and restrictiveness of
the tight junctions vary depending on the location
within the small intestine. Thus, tight junctions
between epithelial cells in the duodenum and jejunum
have a larger pore opening (approximately 8�13
Ångstroms in diameter) than in the ileum, where pore
sizes of approximately 4 Ångstroms in diameter are
observed [24]. Those solutes most likely to be absorbed
via paracellular diffusion processes in the GIT are

Log P > 0
Mol wt < 300

H-bonding < 5

Log P < 0
Mol wt < 250

Positive charge

Higher or lower
than predicted
permeability
Affinity for
carrier or
transporter

Intestinal Lumen

Enterocyte

Blood

FIGURE 40.1 Schematic of different solute
absorption pathways in the gastrointestinal tract and

the general properties governing absorption through

each specific pathway.

396 40. ORAL BIOAVAILABILITY OF CREATINE SUPPLEMENTS

5. MINERALS AND SUPPLEMENTS IN MUSCLE BUILDING



relatively small in size (,250 Daltons in molecular
weight) with positive charged solutes having greater
potential for movement through the paracellular pore
than negative charged or zwitterionic solutes
[21,23,25]. Another important feature of solutes that
are absorbed through paracellular diffusion is that
they typically display regionally specific and incom-
plete absorption characteristics due to the limited sites
for paracellular diffusion within the GIT [23,25].

Transcellular transport of solutes requires specific
membrane proteins that act as carriers to move the
solute across the biological membrane. These carriers
or transporters facilitate the movement of the solute
into or out of the cell at a rate that is far greater than
that possible with simple passive diffusion of the
solute. Transcellular transport processes for solutes
are often coupled with the movement of ions in either
a co-transport or counter-transport fashion [26].
Examples in the small intestine include vitamin
and peptide transporters that are driven by the
co-transport of sodium and hydrogen ions, respec-
tively [27,28]. There are also solute transporters that
utilize adenosine triphosphate (ATP) as the cellular
energy source to move solutes across the cell mem-
brane [29]. Regardless of whether the solute
transporter is driven by electrochemical gradients or
hydrolysis of ATP, a feature of all solute transporters
is selectivity and saturability of transport.

CREATINE ABSORPTION IN THE GIT

Creatine is a zwitterion with a positively charged
guanidine functional group and a negatively charged
carboxylic acid functional group. Within the acidic
environment of the stomach and jejunum of the small
intestine, the carboxylic acid functional group is likely
to be protonated and the predominant form of
ingested creatine is the positively charged species. As
the ingested creatine progresses down the intestinal
lumen the pH becomes neutral and the zwitterion and
negative charged species will become more prevalent.
Because creatine exists primarily as a charged
molecule, its ability to partition into a lipophilic envi-
ronment such as the plasma membrane of the intesti-
nal epithelial cell is limited. Indeed, the logP value for
creatine monohydrate, the most common form of
creatine supplement, is approximately 21.0. By com-
parison, only solutes displaying LogP values between
1 and 3 are likely to be absorbed by transcellular diffu-
sion in the gastrointestinal tract [22]. Thus, in consider-
ing the absorption of creatine from the gastrointestinal
tract, passive diffusion via the transcellular route is
likely to be minimal.

There are potentially multiple transporters for crea-
tine within the GIT. The creatine transporter (CRT) is
a solute transporter that selectively transports creatine
and creatine analogs in a sodium dependent manner
[30]. The CRT is expressed in high amounts in the
brain, intestine and skeletal muscle, where it plays
a crucial role in the distribution of creatine to target
tissue [31,32]. Indeed, CRT genetic abnormalities are
linked to reduced creatine distribution to the brain
and the development of mental retardation [33].
Expression of CRT at both the messenger RNA and
protein level has been reported in epithelial cells of
the intestine [34]. Recent studies examining the
expression and function of CRT during development
in the rat, showed multiple forms of CRT within the
colon during development [34]. However, the activity
and expression level of CRT in the colon diminished
during maturation, with little CRT activity observed
in the adult rat [34]. If similar developmental patterns
exist in humans, this would suggest that creatine
absorption through CRT1 in the GIT is lowest in
adulthood.

An additional consideration is the localization of
CRT within the GIT. To aid in the oral absorption of
creatine, CRT would need to be localized in the brush
border membrane of the intestinal epithelial cells.
Previous studies have reported brush border expres-
sion of CRT in the jejunal and ileal segments of the
small intestine [35,36]. However, while brush border
CRT is the first step in absorbing dietary sources of
creatine, there would need to be transporters posi-
tioned on the basolateral membrane of the intestinal
epithelial cells to move the absorbed creatine into the
bloodstream. While an extensive search for CRT on
the basolateral membrane did reveal a sodium-
dependent transporter for creatine the directionality
of transport was inward [37]. The directionality of
this transporter means that it would only be able to
transport creatine from the blood into the intestinal
epithelial cell, and thus would not aid in the oral
absorption of creatine.

A final consideration for transporter-mediated
absorption of creatine in the GIT is the kinetics of the
CRT. As absorption through CRT is saturable at high
concentrations, the extent to which CRT can effi-
ciently absorb creatine will be dependent on the
amount of creatine in the gastrointestinal fluid. Given
that creatine supplements are consumed at doses of
5�10 grams or more, the concentration of creatine in
the gastrointestinal fluid is likely to be above those
required for optimal transport function of CRT.
Indeed, this may explain some of the dose-dependent
observations where low doses of creatine adminis-
tered more frequently appear to provide better results
[38]. For this reason, and those discussed above,
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transcellular transport pathways for the absorption of
creatine supplements are likely to be minimal.

Based on creatine permeability studies conducted in
various intestinal models, the most likely route for cre-
atine absorption in the GIT is through paracellular dif-
fusion. Studies by Orsenigo and colleagues [37]
examined creatine permeability across inverted jejunal
segments of the rat intestine. While transporter-
mediated uptake of creatine was observed in both
brush border and basolateral intestinal membrane pre-
parations, permeability across intact intestinal tissue
was not transporter dependent, as demonstrated by
the absence of concentration dependency and the
inability to influence creatine permeability with vari-
ous CRT inhibitors [37]. The paracellular diffusion
pathway also fits from the perspective of what is
known about the characteristics of solutes most likely
to undergo paracellular diffusion. As creatine is below
the 250 molecular weight cut-off and is primarily posi-
tively charged in the early portion of the GIT, where
pH of the intestinal fluid is slightly acidic, solute
diffusion through the paracellular route is ideal.
Together, these studies provide compelling evidence
for paracellular diffusion of creatine as the primary
mechanism for oral absorption.

A paracellular diffusion pathway for creatine
absorption in the GIT is also supported by Caco-2
cell permeability studies [39�41]. The Caco-2 cell
line is a human transformed cell that is widely used
to examine oral absorption within the pharmaceuti-
cal industry [42]. It expresses many of the trans-
porters involved in absorption of nutrients in the
GIT [42]. From the standpoint of creatine absorption,
Caco-2 express CRT at the mRNA level [43],
although potential changes in expression were
observed during differentiation, consistent with the
developmental expression analysis reported for CRT
in rats [34]. Studies using radiolabeled creatine
showed a very low permeability across Caco-2
monolayers, consistent with a solute with poor oral
absorption profile [39]. Permeability of various crea-
tine salt forms across Caco-2 monolayers was also
consistent with minimal permeability [40]. As the
Caco-2 have highly developed tight junctions, para-
cellular diffusion would be limited in this model and
solutes undergoing paracellular diffusion would
have low permeability [21]. Thus, the results with
creatine monohydrate and various creatine salt forms
in the Caco-2 reflect poorly permeable solutes. For
solutes undergoing paracellular diffusion as their
mechanism of permeability in the GIT, the Caco-2
system may underestimate actual intestinal perme-
ability. Interestingly, recent studies with creatine
ethyl ester, an esterified form of creatine with
improved solubility and lipophilicity properties,

demonstrated significantly greater permeability than
did either creatine monohydrate or creatinine in
Caco-2 monolayers [41].

HUMAN ORAL BIOAVAILABILITY OF
CREATINE SUPPLEMENTS

Bioavailability is defined as the amount of an
administered agent that is absorbed and present in the
systemic bloodstream for distribution and use by the
various tissues. It is typically expressed as a percent-
age or fraction of the amount administered. As creatine
supplements are ingested, the oral bioavailability
represents the fraction of the administered dose that is
absorbed in the GIT and available in the system circu-
lation for distribution to various tissue sites. The oral
bioavailability of any compound is determined defini-
tively by calculating the area under the curve (AUC) of
the plasma concentration versus time profile following
oral administration and comparing this to the resulting
AUC plasma concentration versus time profile for the
compound following intravenous injection. The direct
intravenous administration of the compound results in
a 100% bioavailability and the resulting plasma concen-
tration profile provides the necessary data for compari-
son of absorption from other routes.

While there is abundant evidence in the literature
for creatine supplementation and improved muscle
performance using creatine monohydrate (CM), con-
siderably less is known about the oral bioavailability
of CM. Indeed, there are no published reports of the
definitive oral bioavailability of any creatine supple-
ment. Given the physico-chemical properties of CM,
the relatively high doses required, and the previously
discussed studies in the various intestinal absorption
models that report low permeability of CM [37,39�41],
the oral absorption of creatine supplements are likely
to be incomplete. Despite this, CM based supplements
are generally considered to have nearly complete
absorption in the GIT. Such claims of complete oral
absorption of CM are based on studies in which CM
was administered orally and the increases in tissue
levels of creatine combined with the increases in creati-
nine elimination in the urine were used to provide an
index of the body burden of CM [44,45]. These meth-
ods used to obtain the estimates of oral bioavailability
for CM have at least two major limitations. First, the
accuracy of using urinary creatinine levels as an index
of the amount of CM absorbed depends on the extent
to which the creatinine excreted in the urine originated
from the conversion of systemically absorbed creatine.
The assumption is that increased levels of urinary cre-
atinine following CM supplementation are the result of
the conversion of creatine in the various tissues to
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creatinine which is readily excreted into the urine.
However, both the intestinal epithelial cells and bacteria
have the ability to take up and process creatine
[31,34,46,47]. This ability to acquire and metabolically
process creatine within the intestine provides a poten-
tial source of creatinine in the GIT. Thus the conversion
of creatine to creatinine within the lumen of the GIT,
and its subsequent absorption into the bloodstream
would result in a potential overestimate of the amount
of creatine that has been systemically absorbed.

A second issue with previous studies reporting
complete oral absorption of CM is equating an absence
of creatine or creatinine in fecal matter with the com-
plete absorption of CM from the intestine. Such inter-
pretations ignore the ability of bacteria to utilize
creatine and its metabolic products [31,46,47]. The
extent of creatine utilization in the GIT provides a
potential pathway for the pre-systemic removal of
ingested creatine and results in an overestimate of CM
oral bioavailability.

While definitive oral bioavailability data are lacking
for CM, there are studies examining the relative bio-
availability of various CM formulations [45,48] that sug-
gest absorption is less than complete. Studies by Harris
and colleagues [48] examined the oral absorption and
pharmacokinetics of single-dose CM supplements when
given either in solution, as a suspension or as a solid
dosage form lozenge. In these studies, CM delivered in
solution in liquid formulation resulted in faster absorp-
tion of CM as well as more extensive absorption repre-
sented by the larger AUC of the plasma creatine
concentration versus time profile compared with either
lozenge or suspension formulations. Based on these
data, the authors suggested that there was a decrease in
oral bioavailability of CM when in suspension or solid
dosage form. The importance of this is underappreci-
ated. Given that the aqueous solubility of CM is approx-
imately 12�15 mg/mL, athletes taking a standard dose
of CM (ranging from 5 to 10 grams) would require
400�800 mL of fluid to ensure the dose is completely
solubilized. As a result of this, most CM products are
taken as suspensions and would be incompletely
absorbed in the GIT. The authors also compared absorp-
tion of CM in solution to that of equivalent amounts of
creatine contained within red meat. While the absorption
of creatine was delayed, compared with CM in aqueous
solution, the amount of creatine absorbed from the red
meat was similar [48]. Although more studies are
required, there may be advantages to a delayed but sus-
tained absorption of creatine supplements in terms of
more efficient loading into skeletal muscle [48,49].

This is in contrast to the recent studies of Deldicque
et al. [45] examining the oral absorption and resulting
plasma pharmacokinetics of CM when administered in
aqueous solution compared with either protein or

beta-glucan nutritional bars. The investigators reported
a significant difference in the rate of absorption of CM
based on the dosage formulation used, with the aque-
ous solution providing the most rapid intestinal
absorption. However, when looking at the extent of
intestinal absorption, despite the appearance of moder-
ate alterations in bioavailability, there was no signifi-
cant difference in the resulting AUC for plasma
creatine with any of the formulations examined.

ABSORPTION CHARACTERISTICS OF
ALTERNATIVE FORMS OF CREATINE

Perhaps the most convincing evidence that the oral
absorption of CM is less than complete comes from the
comparison of oral bioavailability of various creatine
salt forms. As different salt forms have potentially dif-
ferent solubility parameters [49,50], identification of
creatine salts with increased aqueous solubility is
likely to result in improvements in oral absorption and
more efficient dosage formulations. Unfortunately
there is considerably less information on the perfor-
mance of these newer forms of creatine supplements
in terms of bioavailability and biological response. Of
the many different creatine salt forms, there are
three—creatine pyruvate (CPyr), creatine citrate (CCit)
and creatine hydrochloride (CHCl)—for which human
oral bioavailability studies have been reported [49,50].
The aqueous solubility and relative bioavailability of
these three creatine salt forms in comparison with CM
is summarized in Figure 40.2. Studies by Jagar and
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colleagues compared the oral bioavailability of CCit
and CPyr with that of CM. In these studies subjects
were given 5-gram doses of CCit, CPyr or CM as an
aqueous solution and the resulting plasma creatine
levels were measured over time. For CCit, which has a
slightly greater solubility than CM, there was a small
increase (approximately 10%) in oral bioavailability
compared with CM (Figure 40.2). For CPyr, which has
an approximately 8-fold higher aqueous solubility,
there was a modest, approximately 25%, increase in
oral bioavailability compared with CM (Figure 40.2).
Given the improved aqueous solubility of CPyr, an
increase in oral bioavailability would be expected.
Interestingly, the improved oral absorption observed
with CPyr and CCit was statistically significant,
though the differences were not considered important,
primarily due to the perceived complete oral absorp-
tion of CM [49]. In this respect, regulatory standards
indicate that different salt forms of a compound are
considered bioequivalent when the relative bioavail-
ability of one salt form is 75�120% of that observed
with another salt form [51]. Under this criterion, CPyr,
with an approximately 25% increase in oral bioavail-
ability, would not be considered to have the same oral
absorption properties as CM and would not be consid-
ered bioequivalent.

While the increases in oral bioavailability observed
with CCit and CPyr could be classified as relatively
modest, oral absorption studies with CHCl provide
even more compelling evidence to suggest that
improvements in bioavailability of creatine supple-
ments are possible [50]. In these studies volunteers
were given a 5-gram dose of either CM or CHCl in
8 ounces of water. A cross-over design was employed
to allow direct comparisons of differences in oral
absorption of the two creatine salts within the same
subject. The results of these studies reported an
approximately 60% increase in oral absorption of
CHCl compared with CM [50]. With such increases in
bioavailability observed with CHCl, it is difficult to
claim complete oral absorption of CM. Together, these
studies provide two important and fundamental find-
ings. First, with increased oral absorption of the vari-
ous creatine salts ranging from 10% to 60% over that
of CM, it is clear that the bioavailability of CM is not
nearly complete. Second, as CM bioavailability is not
complete, there is potential for development of creatine
supplements with improved oral absorption, which in
turn could provide significant advancements in perfor-
mance benefits, and allow for reduced dosages and
more flexible dosing formulations (sports drinks and
bars, fortified foods, etc.).

In addition to the multiple salt forms of creatine,
there are modified forms of creatine such as creatine
ethyl ester (CEE). In addition to having improved

aqueous solubility compared with CM, the ester form
of creatine also has improved octanol�water partition-
ing, an index of cell permeability (Table 40.1). As there
are esterases throughout the blood and tissue, CEE
was designed to be a pronutrient with enhanced oral
absorption, which could then be hydrolyzed to crea-
tine once absorbed into the body. There are few stud-
ies examining either the biological effects or oral
absorption properties of CEE. The only direct compari-
son study of CEE and CM reported that CEE was
“. . .not as effective at increasing serum and muscle cre-
atine levels or in improving body composition, muscle
mass, strength, and power” [52]. The study followed
healthy volunteers over a 48-day period in which sub-
jects were supplemented daily with 300 mg/kg of CM,
CEE or placebo and underwent an exercise weight
training regimen. Furthermore, the study reported
high levels of creatinine in serum samples from the
CEE-supplemented treatment group [52]. However,
re-examination of the data looking at changes in mus-
cle creatine, and peak and mean power measurements
that occurred in the CEE, CM and placebo groups over
the course of the 48-day study show CEE performance
was as good or better than CM (Figure 40.3). This is
due in part to the lower starting values for subjects in
the CEE treatment group in terms of muscle creatine
levels and power assessments [52]. As for the high
serum creatinine levels in the CEE group, recent
reports demonstrate that CEE is rapidly converted to
creatinine in aqueous solutions at neutral pH [53].
Interestingly, CEE is very stable in aqueous solutions
at low pH and appears to be more stable in lipophilic
environments at neutral pH ranges [53], suggesting
that CEE is intact during absorption in the GIT and
stable within the membrane environment of cells.
Thus, while initial findings suggested CEE is less effec-
tive, more studies are required to definitively address
the issue.

TABLE 40.1 Comparison of Aqueous Solubility and
Octanol�Water Partitioning of Creatine Ethyl Ester (CEE) and
Creatine Monohydrate (CM)

Property CEE

HCl

CRT

Monohydrate

Molecular weight g/mol 195.6 149.7

Percent by weight creatine 67 88

Aqueous solubility 25�C mg/mL 396 14.5

Ratio of solubility (relative to
monohydrate)

27.4 1.00

Octanol�water partition coefficient 0.205 0.102

Ratio of Partition coefficient (relative to
monohydrate)

2.01 1.00
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CONCLUSIONS

Creatine supplementation is an accepted and effec-
tive way to increase power output and speed muscle
recovery. Because of these effects on skeletal muscle,
creatine supplements are commonly used to improve
athletic performance. While much effort has been
given to improving the cellular processes governing
accrual of creatine into the tissue, significantly less
effort has been placed on increasing the oral absorp-
tion of creatine dietary supplements. Much of the rea-
son for this is the perpetuated assumption that CM,
the most widely used and studied form of creatine
supplement, is completely absorbed from the GIT and
is thus 100% bioavailable. Based on the mechanism of
absorption of creatine in the GIT, there is ample evi-
dence to suggest that creatine is not likely to have

100% bioavailability. Furthermore, based on the avail-
able human pharmacokinetic data, there is mounting
evidence pointing to the less than complete absorption
of creatine supplements.

Given the relatively large daily doses administered,
improving the efficiency of creatine absorption could
result in reductions in dosage as well as a more diverse
range of formulations including sports drinks, bars and
potentially fortified foods. Efforts to identify ways to
increase creatine oral absorption, whether based on
altering the absorption profile of CM through reduced
doses given more frequently [38], or formulations with
delayed release matrixes [45,48], or through identifica-
tion of different creatine salt forms and compositions
[49,50,53], have the potential to improve creatine sup-
plementation options. Such efforts, in combination with
appropriate safety and efficacy studies, will ultimately
provide consumers and athletes with better options for
creatine supplementation.
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INTRODUCTION

Carnitine is a naturally occurring substance in mam-
malian tissue [1], derived primarily from lysine and
methionine (in addition to niacin, vitamin C, vitamin
B6, and iron; along with the precursor amino acids gly-
cine, arginine, and taurine). It is manufactured in the
liver and kidney at the rate of approximately
0.16�0.48 mg kg21 day21. It is considered to be a condi-
tionally essential nutrient and has a wealth of scientific
data highlighting its importance in human physiol-
ogy—inclusive of placebo-controlled trials document-
ing benefits for a wide variety of clinical conditions.

Carnitine was first discovered by two Russian scien-
tists in 1905 within muscle extracts; however, the
actual metabolic importance of carnitine was not
known until 1955 [2]. There are two forms of carnitine:
L-carnitine (biologically active form) and D-carnitine
(biologically inactive form). Due to the water solubility
of carnitine and the body’s ability to synthesize it
endogenously, it has been given status as a type of
vitamin B, known as vitamin BT. It is essential for a
variety of physiological functions: in particular, fatty
acid transport into the mitochondria for oxidation [3].

With regards to dietary sources, carnitine is more
prevalent in animal products (in particular, red meat:
B80 mg per 3 oz serving) than in plant products
(B0.08�0.36 mg per serving) [4]. Because of this dis-
crepancy, vegetarians may present with lower carni-
tine concentrations than those consuming a mixed diet
[5]; however, true carnitine deficiency is rare.
Unfortunately, only 60�70% of readily available carni-
tine is absorbed from food sources, and the carnitine
content in meat can be depleted if cooked over an
open flame at high temperature. Because of the above
factors, regular supplementation of carnitine is recom-
mended by some, in an attempt to complement the

carnitine content obtained in whole foods and through
routine biosynthesis. Such supplementation makes
sense in theory, in particular for individuals who per-
form acute physically stressful tasks, as the carnitine
content in skeletal muscle can be depleted rapidly fol-
lowing strenuous physical work [6].

While L-carnitine is the active form of this nutrient,
a variety of specific carnitine salts are available (e.g.,
base, fumarate, acetyl, tartrate, propionyl). Aside from
assisting in fatty acid transport, carnitine has well-
documented antioxidant activity [7], with human dos-
ing ranging from as little as 500 mg/day to as much as
4�6 g/day. Certain forms have been studied with spe-
cific end goals in mind, such as improving cognitive
function, aiding exercise recovery, or improving exer-
cise performance and nitric oxide production. For
example, acetyl-L-carnitine has the ability to cross the
blood�brain barrier and has been used with success
for purposes of enhancing cognitive function, memory,
and mood [8]. L-carnitine L-tartrate (LCLT) has been
reported to favorably impact selected markers of exer-
cise recovery [9]. Propionyl-Carnitine (PLC) is a novel
form of carnitine with multiple physiological roles
[10]. It is created with the esterification of propionic
acid and carnitine and has been used recently within
dietary supplements as glycine propionyl-L-carnitine
(GPLC). Both PLC [11�13] and GPLC [14] have been
reported to improve physical function, with increased
nitric oxide metabolites noted in studies using both
PLC [15] and GPLC [16,17].

Carnitine is viewed as a safe nutrient [18�20], with
adverse outcomes typically limited to mild gastrointes-
tinal discomfort when individuals ingest high dosages
(. 5 g/day). A review of findings pertaining to antiox-
idant activity, nitric oxide production, and exercise
performance and associated variables (e.g., muscle
damage and soreness, androgen receptor alteration)
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will be discussed in more detail within the following
sections. As this chapter is not meant to provide a
comprehensive review of literature in relation to these
areas of research, but rather to provide a brief over-
view of the topics indicated, the reader is referred to
the following reviews [21�24].

ANTIOXIDANTACTIVITY

Exercise of sufficient intensity and duration can
lead to the formation of reactive oxygen and nitrogen
species (RONS) [25], which when produced in
amounts that overwhelm the antioxidant defense sys-
tem, may lead to a condition of “oxidative stress.”
Carnitine has exhibited antioxidant activity in both
animal [26�29] and man [30,31] and can limit the
degree of oxidative stress. The antioxidant effects may
be mediated by a number of different processes,
including a reduction in ischemia-reperfusion-induced
oxidative stress [32,33], a reduction in xanthine oxidase
activity [27], and a free-radical scavenging activity
[34]. Numerous studies involving carnitine supplemen-
tation of many different forms and dosages have noted
a reduction in concentrations of oxidized bio-
molecules (e.g., malondialdehyde, glutathione). This is
generally viewed as a positive finding and may have
significant implications for those using carnitine for
general health purposes, as increased oxidative stress
is associated with human disease [35].

However, aside from potential improvements in
general health, there exists little direct evidence that a
decrease in oxidative stress leads to benefits with
regards to exercise performance. This is particularly
true in healthy, well-trained individuals, as the oxida-
tive stress response to even very high-intensity exer-
cise is minimal [36]. In such individuals, there are two
important issues to consider: (i) most healthy, exercise-
trained men and women have very low concentrations
of oxidative stress biomarkers to begin with and
(ii) most healthy, exercise-trained men and women
experience a transient, low-grade oxidative stress in
response to exercise. Considering the above, the ques-
tions might be: (i) Do such individuals really need an
antioxidant (carnitine or otherwise) for purposes of
attenuating oxidative stress? and (ii) If oxidative stress
is attenuated in response to an acute exercise bout (or
multiple exercise sessions over time), does this attenu-
ation result in a favorable outcome in terms of improv-
ing exercise performance? These important questions
should be considered before using supplemental carni-
tine for antioxidant purposes alone. Of course, carnitine
has many other benefits which an individual may find
attractive—in particular with regards to enhancing
overall health (in which regard, receiving antioxidant

protection may be of interest). With the above under-
standing, it should be noted that there exist some data
describing an increase in oxidative stress in indivi-
duals exposed to extreme volumes of exercise [37,38].
In such cases, antioxidant supplementation (in the
form of carnitine or otherwise) may prove beneficial.

NITRIC OXIDE

Nitric oxide, which was first referred to as
endothelium-derived relaxing factor [39], is synthesized
from the amino acid L-arginine, oxygen, and a variety
of cofactors, by a family of enzymes known as nitric
oxide synthases [40], including endothelial nitric oxide
synthase (eNOS), inducible nitric oxide synthase
(iNOS), and neuronal nitric oxide synthase (nNOS).
Nitric oxide is a gaseous chemical that functions as a
signaling molecule within the human body [41,42].
Very high concentrations of nitric oxide favor cell cycle
arrest and apoptosis, while brief production at low
(nanomolar) concentrations can promote beneficial
physiological functions (e.g., enhanced blood flow and
immune defense, regulation of neurotransmission and
muscle atrophy/hypertrophy, and the stimulation of
satellite cells—some of which may be related to muscle
tissue hypertrophy) [42�44]. These effects are mediated
through a cyclic guanosine monophosphate (cGMP)-
dependent and -independent signaling cascade [41].

Within the sports supplement world, nitric oxide
supplements have received a great deal of attention
over the past several years. We have reported that oral
intake of GPLC at a dosage of 4.5 g/day results in
increased plasma nitric oxide, as measured by the
metabolites nitrate/nitrite. These findings have been
noted in previously sedentary men and women follow-
ing an 8-week intervention of GPLC and aerobic exer-
cise [16], as well as in resistance-trained men following
a 4-week intervention of GPLC [17]. A decrease in
NADPH oxidase activation [45] may be responsible for
the increase in circulating nitric oxide, coupled with an
increase in eNOS expression, which has been reported
for PLC [46]. A single intake of GPLC has not been
associated with the same increase in nitrate/nitrite
[47], suggesting that chronic intake may be needed to
exhibit these changes. Aside from PLC or GPLC, we
are aware of one study using L-carnitine and demon-
strating favorable effects for nitric oxide in a sample of
hypertensive rodents [48], while one other study indi-
cates suppression in nitric oxide production and iNOS
protein expression (in cell culture) with L-carnitine
treatment [49].

Despite the above-mentioned results of increased
circulating nitric oxide metabolites following chronic
carnitine supplementation in some studies, we are
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unaware of evidence indicating a cause and effect rela-
tionship between circulating nitric oxide and improved
exercise performance [50]. Interestingly, recent work
using either sodium nitrate [51] or beetroot juice [52]
has demonstrated an increase in circulating nitrite fol-
lowing chronic use, coupled with an improvement in
exercise performance. However, it is not clear as to the
exact mechanism of action responsible for the noted
performance gain. Certainly, more controlled labora-
tory studies are needed to elucidate the impact of cir-
culating nitric oxide on exercise performance and
related variables (e.g., recovery, hypertrophy).

EXERCISE PERFORMANCE-RELATED
VARIABLES

Fatty Acid Oxidation and Muscle Metabolism

Carnitine has been investigated since the 1950s in
relation to its primary role in the oxidation of long-
chain fatty acids [3]. There are two primary roles that
carnitine plays within skeletal muscle: the first being
the translocation of long-chain fatty acids across the
mitochondrial membrane into the matrix for β-oxida-
tion, and the second involving the regulation of mito-
chondrial acetyl-CoA/CoASH ratio [22]. Within the
body, over 95% of carnitine is stored in skeletal muscle
as either free or acyl carnitine, which can be readily
available for cellular processes [53].

Research focused on carnitine supplementation for
purposes of improving exercise performance began to
increase towards the end of the 20th century. The
rationale for supplementation with carnitine is based
on the idea that if an individual is capable of saturat-
ing the muscle with carnitine, then fatty acid transport
may be enhanced, which may in turn increase fatty
acid oxidation during exercise, spare glycogen stores,
and thus delay the onset of fatigue [22]. Research
within this area has since somewhat declined due to
the lack of consistent evidence supporting alterations
in fuel metabolism during exercise, as well as noted
problems in increasing skeletal muscle carnitine con-
tent following regular supplementation.

The availability of free carnitine is rate limiting for
skeletal muscle fat oxidation during exercise [54,55].
Considering that most carnitine is stored in skeletal
muscle, it serves an essential role in β-oxidation with
the translocation of long-chain fatty acids into the mito-
chondrial matrix [53]. Carnitine also plays a major role
in the regulation of mitochondrial acetyl-CoA/CoASH
ratio [56,57]. During high-intensity exercise, there is an
accumulation of acetyl-CoA from the Pyruvate
Dehydrogenase Complex (PDC). Carnitine’s role with
aceyl-CoA accumulation involves a buffering action by

forming acylcarnitine via carnitine palmitoyltransferase
(CPT)-1. However, as exercise intensity increases, this
acetylation depletes the free carnitine pool. This in turn
will have an effect on CPT-1, which is the rate-limiting
step of long-chain acyl-CoAs (LCA-CoA) into the mito-
chondria. Roepstorff and colleagues reported that with
high muscle glycogen, the availability of free carnitine
may limit fat oxidation during exercise due to its
increased use for acetylcarnitine formation [55].

In terms of increasing carnitine content within skeletal
muscle (and improving subsequent exercise perfor-
mance), most investigations have reported no significant
effect for carnitine supplementation [58�61]. Most
investigations have included a dosage of carnitine of
2�4 g/day. Vukovich et al. investigated the effects of 14
days of carnitine supplementation on muscle carnitine
and glycogen content during exercise [59] and con-
cluded that muscle glycogen content was not different
from pre-exercise to post-exercise between carnitine
and a no carnitine control condition. Lipid oxidation
and muscle carnitine content was also not affected
despite the increased availability of serum carnitine.
Barnett and colleagues also investigated carnitine sup-
plementation over 14 days [58]. These authors studied
the effect of carnitine supplementation on muscle and
blood carnitine fractions, and muscle and blood lactate
concentrations during high-intensity sprint cycling
exercise. They reported no increases in muscle carnitine
content with carnitine supplementation, as well as no
attenuation of lactate accumulation during exercise [58].
A longer-duration study was conducted by Wachter and
coworkers [60], in which subjects consumed 4 g/day of
carnitine over 3 months. Exercise was conducted at pre-
and post-intervention, and was performed using a cycle
ergometer until exhaustion. The authors observed no
significant increases in muscle carnitine content, mito-
chondrial proliferation, or physical performance with
long-term administration of carnitine [60].

One potential explanation for the lack of effect in
terms of increasing skeletal muscle carnitine content
may be the concentration gradient for bringing carni-
tine into the cell [60,62,63]. That is, carnitine transport
into skeletal muscle is done via a high-affinity, satura-
ble, Na1-dependent, active transport process [64]. This
process is performed against a considerable concentra-
tion gradient (. 100-fold) [60,62,63]. As indicated
above, many investigators have noted a lack of
increase in muscle carnitine content or a lack of
improvement in exercise performance after administer-
ing oral carnitine, even when provided for relatively
long periods, such as 3 [60] or 6 [6] months.

Even though muscle carnitine levels often do not
increase with conventional supplementation, methods
have been studied in an attempt to achieve greater car-
nitine transport into the cell. For example, considering
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that sacrolemmal Na1/K1 ATPase pump activity is
increased in the presence of insulin [65], Stephens and
colleagues investigated whether or not insulin could
augment carnitine levels within skeletal muscle [63].
This was done by infusing a supra-physiological con-
centration of carnitine (B500 μmol/L) intravenously
for 5 hours along with inducing hyperinsulinemia
(B150 mIU/L). The authors reported an increase in
muscle total carnitine content and carnitine transporter
protein mRNA expression via a combination of hyper-
carnitinemia and hyperinsulinemia [63]. In a follow-up
study from the same laboratory, Wall and colleagues
investigated the effects of chronic carnitine and carbo-
hydrate ingestion on muscle total carnitine content,
and exercise metabolism and performance in humans
over 24 weeks [66]. Testing comprised of three visits,
and included performing an exercise test of 30 minutes
cycling at 50% VO2max, 30 minutes at 80% VO2max, and
then a 30-minute work output performance trial.
Supplementation involved subjects consuming daily
either 80 g of carbohydrates or 80 g of carbohydrates
and 2 g of LCLT. The authors concluded that muscle
total carnitine content increased by 21% in the LCLT
group, whereas the control group remained
unchanged. Also noted was an increase in work output
by 11% in the LCLT group.

These investigations may shed some light on the
effectiveness of consuming carnitine along with carbo-
hydrate with the intent of increasing muscle total car-
nitine content—and subsequent exercise performance.
Of course, the consumer also needs to consider the fact
that 80 g of carbohydrate may not be desirable, in par-
ticular if the individual is carbohydrate sensitive and/
or carefully controlling dietary energy. An additional
3001 kcal in the form of carbohydrate may not be an
option for many individuals—in particular if this is
only being done in an attempt to increase muscle car-
nitine uptake.

Skeletal Muscle Function

Most carnitine is stored within skeletal muscle, with
concentrations 50�200 times higher than in blood
plasma [24]. However, as highlighted above, it is diffi-
cult to increase skeletal muscle carnitine concentrations
with oral carnitine supplementation. While this is the
case, it is possible to increase plasma carnitine levels
by approximately 50% [67]. In fact, several investiga-
tions have confirmed that oral supplementation may
increase plasma carnitine content, but fail to alter skel-
etal muscle carnitine content [58,68,69].

Aside from skeletal muscle carnitine content,
increasing the carnitine pool in other areas may prove
beneficial. As suggested by Kraemer et al. [70], it is

possible that carnitine supplementation may help pro-
tect vascular endothelial cells from carnitine defi-
ciency. This may also help improve muscle function
and recovery by allowing for proper vascular function
(i.e., improved blood flow, increase oxygen delivery to
appropriate tissues, reduced tissue damage and
muscle soreness, and a reduction in the accumulation
of free radicals) [70]. The potential vasodilatory prop-
erties of carnitine may be one mechanism responsible
for the increased muscle force output previously
reported following carnitine supplementation [68].
This is partially supported by the findings of increased
nitrate1nitrite in response to carnitine supplementa-
tion (in the form for GPLC) [16,17].

Muscle Injury and Soreness

Exercise-induced muscle injury is well described
[71] and may be associated with impaired skeletal
muscle function and increased muscle soreness. For
example, Hunter et al. [72] reported that resistance
exercise involving eccentric muscle actions can
decrease maximal voluntary contraction torque and
rate of torque development in the biceps brachii.
Increased levels of muscle injury markers (e.g., creatine
kinase activity, muscle soreness) suggest the presence
of tissue (or cell membrane) damage. Excessive muscle
soreness may be associated with impaired muscle force
production—a key variable in overall sport perfor-
mance. An early study found that 3 weeks of carnitine
supplementation (3 g/day) may attenuate muscle sore-
ness and creatine kinase activity during the recovery
period following exercise [73]. Volek and coworkers
also noted favorable effects of carnitine supplementa-
tion (delivered as LCLT) on the recovery following
resistance exercise [32]. Specifically, these investigators
hypothesized that LCLT supplementation would
improve blood flow via decreased purine degradation,
free radical accumulation, and muscle tissue damage.
The markers of purine catabolism measured in this
study included hypoxanthine, xanthine oxidase, and
uric acid. Xanthine oxidase has been shown to be asso-
ciated with increased production of superoxide [74],
which has the potential to lead to lipid peroxidation
and cellular damage [75]. In the Volek et al. study [32],
purine catabolism was noted to be significantly lower
in individuals who supplemented with LCLT. Also
notable, muscle tissue disruption (assessed via MRI)
and muscle soreness was significantly lower in the
LCLT group, following the exercise protocol. Taken
together with the findings of Giamberardino et al. [73],
these reports suggest that carnitine supplementation
may allow for improved recovery following exercise.
However, more work is certainly needed in this area,
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in particular in resistance-trained individuals using
carnitine on a regular basis and having assessments of
muscle performance done repeatedly, rather than sim-
ply once or twice as part of a novel investigation. Such
work would provide more-convincing evidence that
supplemental carnitine is beneficial for purposes of
improving muscle recovery following strenuous and
damaging exercise bouts.

Androgens and Androgen Receptors

Although not a common theme for work related to
carnitine, it has been reported that carnitine (in the
form of LCLT) can impact androgen receptors [76,77].
Androgens are male sex hormones that are responsible
for healthy reproductive function. Androgen hormones
such as testosterone and 5α-dihydrotestosterone
(DHT) function via interaction with the androgen
receptor (AR), and help support healthy male repro-
duction, as well as bone and muscle development [78].
Testosterone is known to significantly improve muscle
mass and strength [78]. Kadi et al. [79] found that
resistance-trained individuals have an increased
concentration of AR myonuclei per muscle fiber
cross-section compared with untrained individuals. In
addition, self-administration of androgenic-anabolic
steroids (AAS) may further increase AR muscle fiber
concentrations; however, these findings may be muscle
specific [79]. It has also been shown that an androgen
receptor antagonist known as oxendolone reduces
hypertrophy in rats [80]. Taken together, these data
support the role of ARs as moderators of exercise-
induced hypertrophy. Furthermore, the evidence that
AR concentrations increase in response to exercise
[81,82] and that elevated testosterone levels via admin-
istration of AAS can significantly change AR-specific
myonuclei in skeletal muscle [83], provides further
support to ARs involvement in remodeling skeletal
muscle in both physiological and supra-physiological
conditions [78].

Kraemer and colleagues used LCLT to examine the
effects of carnitine supplementation on anabolic hor-
mones subsequent to resistance exercise [76]. The ratio-
nale stemmed from prior reports supporting carnitine
supplementation as an aid to muscle recovery follow-
ing exercise [30,32]. These authors sought to investigate
the potential mechanism responsible for these positive
effects, with the hypothesis that these findings may be
related to increases in concentrations of anabolic hor-
mones such as testosterone, growth hormone, and
insulin-like growth factor [76]. Subjects in this investi-
gation supplemented with 2 grams of LCLT/day for 3
weeks before a squat protocol, as well as during the
recovery period. Subjects in the LCLT group displayed

a significantly higher level of IGFBP-3 at 30, 120, and
180 minutes post exercise—with authors suggesting
these findings as one mechanism by which increased
protein metabolism and tissue repair could result. With
regards to the analysis of muscle tissue disruption and
damage, the LCLT group displayed significantly less
tissue damage during the days subsequent to the squat
protocol. The investigators suggested that the reduction
in tissue disruption may be related to the accumulation
of LCLT in capillary endothelial cells, which could
allow for a vasodilatory effect on capillaries and result
in improved oxygen delivery and reduced local hypoxia
to working muscles [76].

A follow up study conducted by Kraemer and col-
leagues analyzed the effects of LCLT supplementation
(equivalent to 2 g carnitine/day) and post resistance
exercise feeding on hormonal and AR responses [77].
Subjects supplemented with either LCLT or a placebo
for 3 weeks, and then performed two resistance train-
ing protocols (one followed by water, one followed by
a feeding). The feeding consisted of a caloric beverage
that comprised of 8 kcal/kg body mass with 1.1 g/kg
carbohydrates, 0.3 g/kg protein, and 0.25 g/kg fat. The
resistance exercise protocol consisted of four sets of 10
repetitions of the squat, bench press, bent row, and
shoulder press (16 total sets). With regards to AR con-
tent, 3 weeks of LCLT supplementation significantly
increased pre-exercise AR content in the vastus latera-
lis compared with the placebo group. Post-exercise
feeding increased AR content in both LCLT- and
placebo-treated groups. The findings for testosterone
concentrations were such that the water and LCLT-
supplemented group demonstrated higher testosterone
concentrations up to 60 minutes post resistance exer-
cise when compared with water only. While this was
an acute study, further research is needed to determine
whether or not regular use of carnitine (in the form of
LCLT or other forms) could repeatedly influence AR
and circulating hormones. More importantly, work is
needed to determine what, if any, meaning these
changes in AR or circulating hormones have in terms
of the adaptive response to exercise training.

SUMMARY OF CARNITINE FOR
ATHLETIC POPULATIONS

From a pure exercise performance perspective, the
scientific literature does not strongly support the use
of supplemental carnitine for purposes of improving
exercise performance. That being said, there do exist
some studies that indicate an ergogenic effect of this
nutrient, in particular within selected individuals (i.e.,
responders). Despite the general lack of data support-
ing carnitine as an ergogenic aid, data do exist
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indicating a benefit in terms of exercise-related out-
comes. These include both increased production of
nitric oxide metabolites [16,17]—which may be associ-
ated with improved bloodflow and “muscle pumps”—
as well as a reduction in muscle damage following
strenuous exercise [32]. Unfortunately, the number of
studies demonstrating a benefit in these areas is small,
and additional work is certainly needed. Perhaps more
importantly, the studies performed have been short-
term (acute lab studies) with outcome measures (e.g.,
nitrate/nitrite, muscle soreness) often being used to
suggest effects for other variables not measured within
the research designs. For example, the increase in
nitrate/nitrite may be suggestive of an increase in cir-
culating nitric oxide, which may be suggestive of an
increase in blood flow leading to increased exercise
performance and recovery. While this is certainly pos-
sible, to date there are no direct data indicating this to
be the case [50]. The same is true for findings of
decreased muscle damage and soreness, as well as the
alteration in AR content. While these results may sug-
gest a positive effect that would then translate into
improved recovery and favorable adaptations to
chronic exercise training (e.g., hypertrophy, force out-
put), longer-term supplementation studies are needed
to generate such answers. At this point, such talk is
mere speculation.

OVERVIEW OF CARNITINE FOR NON-
ATHLETIC (HEALTHY AND DISEASED)

POPULATIONS

While carnitine supplementation may be question-
able specifically for purposes of improving physical
performance, a wealth of evidence supports the use of
carnitine for multiple purposes related to human
health—in particular in those with known disease.
Carnitine has been identified as having antioxidant
properties [84], corrects metabolic and cardiovascular
alterations induced by poor dietary intake [85], and
may be capable of promoting healthy vascular function
[86]—findings that may be of benefit to both healthy
and diseased individuals. Carnitine has been shown to
have favorable effects in a variety of pathological con-
ditions, including Alzheimer’s disease [87], AIDS [88],
and thalassemia disease [89]. It has been reported that
individuals suffering from congestive heart failure
may be aided by carnitine supplementation [90], as are
those with other forms of cardiovascular disease [91].
Treatment with carnitine may improve muscular
strength [82] and walking performance [92] in indivi-
duals with peripheral arterial disease. Furthermore,
improvements in muscular strength, walking tolerance,
heart rate, blood pressure, oxygen saturation, and

blood lactate clearance have been documented in asso-
ciation with carnitine supplementation in individuals
with chronic obstructive pulmonary disease [93].
Carnitine has been shown to attenuate neurological
damage observed following brain ischemia and reper-
fusion [94], as well as assist in cellular immune func-
tion, in particular with regard to the incidence of
upper respiratory tract infections [24,95]. Recently, car-
nitine treatment has resulted in positive findings for
those with autism spectrum disorders [96].
Collectively, the above findings indicate a clear role for
carnitine supplementation in the treatment of a variety
of disease states.

CONCLUSIONS

Carnitine is a conditionally essential nutrient, avail-
able in several forms, which possesses multiple physi-
ological properties. In a manner similar to a
multivitamin/mineral supplement, carnitine may be
viewed as a supplement to support general health. For
certain individuals, carnitine may prove beneficial for
purposes of providing antioxidant protection, increas-
ing nitric oxide and related blood flow, assisting with
recovery from strenuous exercise, and/or improving
exercise performance. That being said, several
performance-specific studies have failed to note an
ergogenic effect for carnitine. However, as with most
nutritional supplements, results will vary considerably
from person to person, with some individuals benefit-
ing from carnitine supplementation for exercise-related
purposes and others experiencing no observed benefit.
While the possibility of a placebo effect always
remains [97�99], one must at least entertain the possi-
bility that carnitine supplementation provides a benefit
to those who claim so enthusiastically that the supple-
ment is “working”. Only more well-controlled studies,
ideally comparing different forms of carnitine within
the research design and including a longer-term inter-
vention approach, will provide additional information
regarding the role of supplemental carnitine to
improve exercise performance and related outcome
measures—in particular within a sample of exercise-
trained individuals.
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An Overview of the Influence of Protein
Ingestion on Muscle Hypertrophy

Koji Okamura
Graduate School of Sport and Exercise Sciences, Osaka University of Health and Sport Sciences, Kumatori, Japan

THE IMPORTANCE OF DIETARY ENERGY

Protein is the nutrient that athletes are most inter-
ested in because of its role in building muscle. Protein
is the most abundant component in muscle besides
water. However, there has to be sufficient dietary
energy to promote muscle protein synthesis. When the
dietary energy is not sufficient, dietary protein is con-
sumed as an energy source, and is not utilized for
muscle synthesis. For example, when glycogen stores
are low, exercise-induced proteolysis increases [1].
Therefore, not only ingesting a proper amount of pro-
tein, but also consuming sufficient energy, is important
for building muscle. It should be noted that the protein
intake described in the following section is the amount
needed when there is sufficient dietary energy intake.

It is known that skeletal muscle strength increases
prior to skeletal muscle hypertrophy. However, it is
also known that muscle hypertrophy is associated with
an increase in muscle strength. A recent study showed
that significant skeletal muscle hypertrophy appears to
occur around 3�4 weeks after the commencement of a
training program, suggesting that training-induced
skeletal muscle hypertrophy may occur earlier than
was previously thought [2]. However, skeletal muscle
hypertrophy is a relatively slow process. Therefore, the
effect of nutrients on skeletal muscle hypertrophy
requires some time to emerge.

PROTEIN REQUIREMENTS

Daily Requirements

Protein is the most popular supplement among ath-
letes and is thought to enhance muscle hypertrophy.

However, no scientific evidence has demonstrated that
protein supplementation facilitates exercise-induced
skeletal muscle hypertrophy [3]. Therefore, it seems
unnecessary for athletes to increase their protein intake
above that required for normal nutrition. There is no
justification that intakes in excess of about 1.7 gram
per kilogram body weight per day (g kg21 d21)
enhance training adaptation or facilitate the gains in
muscle mass and strength [3,4]. Dietary surveys have
shown that most athletes consume diets containing
more than 1.2�1.6 g kg21 d21 of protein, even without
the use of protein supplements. Some resistance-
trained athletes and body builders consume more than
2�3 g kg21 d21 of protein [3,4].

Resistance exercise training increases dietary nitro-
gen retention, and a recent study indicated that muscle
mass increases without any increase in protein intake
during a 12-week training period in untrained young
males, as shown in Table 42.1 [5]. The authors of that
study concluded that an increase in nitrogen balance
after training demonstrates a more efficient utilization
of dietary protein, and that the protein requirements
for novice weight lifters are not elevated. However, the
authors noted that their study cannot be directly
extrapolated to more experienced weightlifters who
may have maximized their lean mass gains. However,
considering that changes in muscle strength and mus-
cle size occur more rapidly in untrained compared
with trained individuals, it is likely that the protein
requirements would be greatest during the early stages
of a resistance-training program. Therefore, the
authors speculated that, because a protein intake of
1.4 g kg21 d21 was adequate to maintain a positive
nitrogen balance in novice weightlifters, the dietary
protein requirements would be below the habitual
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intake (typically $ 2 g kg21 d21) of many resistance-
trained individuals.

Requirements for a Single Meal

Studies on the protein requirement for one meal are
lacking in comparison with the daily requirement.
Figure 42.1 shows that the skeletal muscle protein syn-
thesis rate reaches a plateau upon ingesting 20 g of
protein after resistance exercise [7]. The same study
also demonstrated that albumin synthesis in the liver
is maximally stimulated by consumption of 20 g of
protein, and that leucine oxidation increases signifi-
cantly after 20 and 40 g protein are ingested. Ingesting
a large amount of protein at a time increases the amino
acid concentration rapidly, resulting in a large amount

of amino acids being delivered to skeletal muscle.
However, skeletal muscle synthesis can become satu-
rated, and excess amino acids which are not utilized
for muscle protein synthesis remain. It appears that
oxidation is the major metabolic pathway for dealing
with excess amino acids. A typical meal contains
20�30 g of protein. Therefore, skeletal muscle protein
synthesis is maximally stimulated after typical meals.

It has been shown that the protein retention in the
body is greater when about 80% of the daily protein is
provided in one meal compared with when the daily
protein is spread over four meals in elderly females [8].
In young females, however, the protein retention in
the body did not significantly differ when 80% of the
daily protein was given in one meal compared with
when the daily protein was given over four meals [9].

In a study of post-exercise healthy adult males, both
an increase in the amino acid concentration in the
blood and the skeletal muscle protein synthesis were
greater after consuming 25 g of protein at a time than
after consuming 2.5 g of protein every 20 min for 10
times [10]. On the other hand, in a study that exam-
ined the pre-exercise protein ingestion pattern, no dif-
ferences in post-exercise muscle protein synthesis were
observed between subjects who ingested 25 g protein
in a single dose and those who ingested the same
amount of protein in 13 small doses [11].

The Consensus Statement on Sports Nutrition pre-
pared by the International Olympic Committee (IOC)
states that ingesting foods or drinks providing 15�25 g
of protein after each training session will maximize the
synthesis of muscle protein.

HABITUAL HIGH PROTEIN INTAKE

The mass of body protein is determined based on
the balance between the synthesis and breakdown of
body protein. Skeletal muscle hypertrophy is achieved
when synthesis surpasses degradation for a certain
duration of time.

As shown in Figure 42.2, a habitual high protein
intake increases both the postprandial synthesis (posi-
tive N balance) and post-absorptive breakdown (nega-
tive N balance) [12]. Therefore, the protein
requirement is likely to reflect the demand for reple-
tion of post-absorptive losses, which increases with
increasing habitual protein intake.

It has been reported that the postprandial whole-
body retention of protein nitrogen after meal ingestion
decreased when the subjects switched from a normal
protein diet to a high-protein diet [13]. This decrease is
considered to be due to an increased splanchnic utili-
zation of dietary nitrogen for urea production, whereas
its incorporation into splanchnic proteins is

TABLE 42.1 Daily Nitrogen Balance in Young Males Before
(Pre) and After (Post) a 12-Week Whole Body Resistance Training
Program a

Pre Post

mg/(kg LBM day)

Day 1 Day 2 Day 1b Day 2

Modified NBALc 55.96 13.8 55.36 11.2 100.36 19.0 90.16 19.6

NBALd 14.06 13.5 13.36 8.9 38.56 13.9 28.36 17.0

aValues are the means6 SD. Time (pre vs post) was significant for both variables,
P, 0.01. The days within each period did not differ.
bFinal bout of resistance exercise performed on Day 1.
cModified NBAL based on urine only.
dNBAL estimated using fecal, sweat, and miscellaneous nitrogen losses for sedentary
and strength- training athletes based on the previous literature (Ref. [6]).
NBAL, nitrogen balance.

Reproduced from Moore et al. [5].

FIGURE 42.1 The muscle fractional synthesis rate (FSR) after

resistance exercise in response to increasing amounts of dietary
protein. The means with different letters indicate values that are sig-
nificantly different from each other (P, 0.01; n5 6). Reproduced from
Moore et al. [7].
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unchanged, resulting in a decrease in peripheral avail-
ability and anabolic use in subjects adapted to high
protein consumption compared with subjects adapted
to normal protein intake (Figure 42.3). The authors
conclude that increasing the protein intake reduces the
postprandial retention of protein nitrogen, mainly by
diminishing the efficiency of its peripheral availability
and anabolic use. These results suggest that the habit-
ual consumption of a high-protein diet may not be
effective for inducing skeletal muscle hypertrophy and
it may even be disadvantageous for muscle building.

AMINO ACIDS

Amino acids are a substrate of, as well as a stimula-
tory factor for, muscle protein synthesis. In particular,
leucine, a branched-chain amino acid (BCAA), stimu-
lates muscle protein synthesis [14]. The mechanisms
underlying the stimulating effect of leucine on muscle
protein synthesis have been extensively investigated.
For example, the effects of leucine on muscle protein
metabolism were examined in young subjects who
ingested 10 g of essential amino acids (EAA), which
contained either 1.8 g or 3.5 g of leucine [15]. The mus-
cle protein synthesis increased similarly after both
treatments. This result indicates that the leucine con-
tent of 10 g of typical high-quality protein (B1.8 g) is
sufficient to induce a maximal skeletal muscle protein
anabolic response in young adults [15]. On the other
hand, ingesting l0 g EAA containing 3.5 g leucine dur-
ing moderate exercise led to a 33% greater muscle pro-
tein synthesis compared with ingesting the same

amount of EAA containing 1.8 g leucine [16]. It is
important to note that an increase in muscle protein
synthesis does not necessarily lead to muscle hypertro-
phy, because an increase in muscle mass requires a
positive balance between muscle synthesis and break-
down. However, studies investigating the long-term
effect of leucine supplementation on muscle mass are
lacking. Therefore, whether an increase in muscle pro-
tein synthesis induced by amino acid intake leads to
muscle hypertrophy is currently unclear.

An increase in the amino acid concentration is one
of the factors known to enhance muscle protein syn-
thesis. Figure 42.4 shows that increasing the plasma
amino acid concentration by infusing amino acids
increases muscle protein synthesis, but that the synthe-
sis decreases after 120 min, even if the amino acid infu-
sion is continued and the plasma amino acid
concentration remains high [17]. Therefore, maintain-
ing the increased plasma amino acid concentration is
not enough to maintain the increased level of muscle
protein synthesis.

Figure 42.5 shows that muscle protein synthesis in
rats increases 90 min after a meal [18]. The synthesis
decreases at 180 min without nutrient supplementation
at 135 min, whereas the synthesis remained high when
the meal was supplemented with either carbohydrate,
leucine, or both leucine and carbohydrate at 135 min
[18]. The authors of that study stated that supplemen-
tation with leucine or carbohydrate B2 h after a meal
maintains the cellular energy status and extends the
postprandial duration of muscle protein synthesis.

In aged rats, the sensitivity of muscle protein syn-
thesis to leucine was lower than that in young rats
[19]. However, because aged rats are still able to
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respond normally to high leucine concentrations, it
was hypothesized that nutritional manipulation
increasing the availability of leucine to muscle could
be beneficial to stimulate muscle protein synthesis [19].
Amino acid supplementation has also been reported to
stimulate muscle protein synthesis in elderly humans,
as well as young humans [20].

ABSORPTION RATE

The rate of absorption is another factor that influ-
ences body protein metabolism. The increase in whole-
body protein synthesis is greater, but only temporarily,
after consuming whey protein, which is absorbed

rapidly, in comparison with consuming the same
amount of casein, which is absorbed slowly [21]. This
study also shows that the increase in protein synthesis
is smaller, but the decrease in proteolysis lasts longer,
after casein consumption than after whey consump-
tion. In addition, the extent of amino acid oxidation is
higher after consuming whey than casein. As a result,
the leucine balance, which indicates the net whole-
body protein balance for 420 min after consumption, is
positive for casein (1416 96 μmmol kg21) and not
significantly different from zero for whey
(116 36 μmmol kg21; P, 0.05, casein vs whey) [21]. In
line with this finding, the leucine balance is larger after
casein ingestion than after amino acid ingestion
(Figure 42.6), because amino acids are absorbed more
quickly [22]. However, as shown in Figure 42.6, the
leucine balance is larger when whey is consumed in
small portions than when it is consumed at one time
[22]. These results suggest that factors other than the
absorption rate, such as the amount of ingestion, may
affect the body protein balance.

The above-mentioned results were observed under
sedentary conditions. Similar effects of the absorption
rate of protein sources on muscle protein synthesis
have been reported after exercise. Figure 42.7 shows
that the plasma amino acid concentration increases
more rapidly and to a higher level after ingesting soy
protein, which is absorbed quickly, than after ingesting
skim milk, which is absorbed slowly, while the uptake
of amino acids by muscle is greater after consumption
of skim milk than after soy protein [23]. This difference
is associated with the fact that the uptake of amino
acids by muscle lasts longer for skim milk than for soy
(Figure 42.7). This short-term effect after ingestion was
confirmed by a 12-week study that examined the
effects of post-exercise ingestion of milk, soy, or carbo-
hydrate, which demonstrated a greater increase in the
lean body mass and muscle fiber hypertrophy for milk
than for soy or carbohydrate [24].

FIGURE 42.4 The time course of the rate of synthesis of mixed

muscle proteins. AA, amino acid. *P, 0.05 vs basal; †P, 0.01 vs
peak value. Reproduced from Bohé et al. [17].
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These observations suggest that protein sources
inducing a rapid and large increase in the plasma
amino acid concentration appear to be less effective for
increasing muscle mass than are protein sources induc-
ing a less rapid and moderate increase in the plasma
amino acid concentration.

CO-INGESTION OF PROTEIN WITH
CARBOHYDRATE

The ingestion of carbohydrate increases the plasma
insulin concentration. Insulin stimulates muscle pro-
tein synthesis and inhibits muscle protein breakdown.
Therefore, insulin can be used as a muscle hypertro-
phic agent. However, since administering insulin is
associated with a risk of inducing hypoglycemia, insu-
lin is banned as a doping agent.

However, utilizing the action of endogenous insulin
secreted by carbohydrate ingestion is not regarded as
doping. It has been reported that nitrogen retention in
the body is greater when protein is consumed together
with sugar, compared with when protein is consumed
alone or with fat [25]. Since fat does not stimulate insu-
lin secretion, the carbohydrate consumed with protein
appears to enhance nitrogen retention through its
effects on insulin. In addition, post-exercise urinary

urea excretion has been shown to decrease when amino
acids are administered with glucose in comparison
with when amino acids are administered alone [26].

While the above-mentioned studies suggest that
muscle building appears to be facilitated by co-
ingesting carbohydrate with protein, it has been
reported that neither muscle protein synthesis nor deg-
radation differ after ingesting 25 g whey with 50 g
maltodextrin versus ingesting only 25 g whey [27].
Further studies are needed to elucidate the effect of
carbohydrate ingestion.

INGESTION TIMING

Ingesting protein as soon as possible after exercise
has been reported to be effective in enhancing muscle
building [28�31]. Figure 42.8 shows that the net bal-
ance of human leg protein is greater when protein is
consumed immediately after exercise than when pro-
tein is consumed 3 hours after exercise, and this is due
to the higher protein synthesis after the early con-
sumption after exercise [30]. In addition, the skeletal
muscle hypertrophy induced by 12-week resistance
training was greater in elderly subjects who consumed
protein right after each training session than in elderly
subjects who consumed it 2 hours after exercising [31].
Increasing the amino acid supply to the muscle, as a
result of increased blood flow to the muscles after
exercise, is considered to be responsible for this effect.
An increase in the sensitivity of the muscles to insulin
after exercise is also a plausible reason for the
observed effect.

On the other hand, there was a report that the con-
sumption of a supplement containing amino acids and
carbohydrate immediately after exercise did not
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enhance muscle strength [32]. Consuming the supple-
ment immediately after exercise was associated with a
33% greater maximal muscle strength; however, this
increase was not statistically significant [32].

It takes some time to digest and absorb dietary pro-
tein. This suggests that ingesting protein before and/
or during exercise can be effective for increasing the
plasma amino acid concentration, leading to facilitated
post-exercise skeletal muscle synthesis. As shown in
Figure 42.9, the net muscle protein synthesis was
greater in subjects who had pre-exercise ingestion of a
mixture of essential amino acids and carbohydrate
than in those who had post-exercise ingestion [33]. A
supplement containing protein ingested both pre- and
post-exercise was also reported to be more effective for
inducing muscle hypertrophy compared with the same
supplement ingested early in the morning and late in
the evening [34]. However, whether pre-exercise pro-
tein consumption alone facilitates exercise-induced
muscle hypertrophy has not been fully investigated. It
should be noted that ingesting a large amount of food
or beverage before exercise can result in deterioration
of the exercise performance.

Protein ingested immediately before sleep has been
shown to stimulate muscle protein synthesis and
improve the whole-body protein balance during post-
exercise overnight recovery [35]. Further studies
including an investigation of the long-term effects of
such supplementation are needed to determine
whether this dietary regimen is effective for inducing
skeletal muscle hypertrophy.
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An Overview of Ornithine, Arginine and
Citrulline in Exercise and Sports Nutrition

Kohei Takeda and Tohru Takemasa
Exercise Physiology, Health and Sport Sciences, University of Tsukuba, Japan

INTRODUCTION

Many nutritional supplements are designed to
enhance sports performance for athletes, and the
intended effects of such supplements cover a broad
range. For example, protein and amino acid supple-
ments are designed to enhance muscle protein syn-
thesis. Recently, ornithine, arginine and citrulline
(components of the urea cycle) have been highlighted
in the context of sports nutrition, and are thought to
exert an ergogenic effect as nitric oxide (NO) donors.
NO induces vasodilatation by relaxing endothelial cells
and improving blood flow. During exercise, blood
flow increases to supply more oxygen and nutrients to
muscles and thus enhance exercise performance.
Ornithine, arginine and citrulline are also related to
ammonia detoxification in the liver. During physical
exercise, ammonia is produced through resynthesis of
ATP, and accumulates in the body, causing both
peripheral and central fatigue. Hence, ammonia detox-
ification is important for enhancement of exercise per-
formance. These amino acids have other physiological
effects in the body. For instance, ornithine and arginine
promote the secretion of growth hormone, which
enhances protein synthesis, and therefore these amino
acids supplements are expected to aid muscle
hypertrophy.

This chapter focuses on the effects of ornithine, argi-
nine and citrulline supplementation on skeletal muscle
structure and function.

ORNITHINE, ARGININE AND
CITRULLINE: BIOGENESIS AND

METABOLISM

Ornithine is a free amino acid that is not encoded
by DNA, but synthesized through the urea cycle from
arginine. Ornithine is present in fish and cheese, but
also in Corbicula (a fresh water clam), which contains
considerably more ornithine than other foods.
Ornithine is absorbed via the intestinal tract and incor-
porated into liver, kidney and skeletal muscle [1].

Arginine is a conditional essential amino acid for
mammals, including humans. It is present in all foods
that contain protein, particularly meat, seafood, nuts
and soy [2]. Orally ingested arginine is absorbed via
the intestine and incorporated into blood vessels [3�5].

Citrulline is the one of the non-essential amino acids
and is present in most foods, especially watermelon,
Citrullus vulgaris, from which it derives its scientific
name. Orally administrated citrulline is absorbed via
the intestinal tract and transported to the kidney,
where it is metabolized to arginine and transported to
the whole body [3].

Acute toxicity tests in rodents have shown that the
50% lethal dose (LD50) of ornithine, arginine and
citrulline is over 10, 12, and 5 g/kg (body weight),
respectively. No adverse effects of long-term adminis-
tration of any of the three have been observed.

Ornithine, arginine and citrulline are components of
the urea cycle in the liver, and are related to the
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production of urea. Details of the metabolic pathways
involving ornithine, arginine and citrulline are illus-
trated in Figure 43.1.

Arginine is the main physiological precursor of NO.
Arginine and citrulline participate in the NOS-
dependent pathway in a reaction catalyzed by specific
NOS enzymes.

NITRIC OXIDE SYNTHESIS AND ITS
FUNCTION IN THE BODY

Nitric oxide (NO), an unstable gas, with a half-life
of only a few seconds, is synthesized in several parts
in the body. NO is formed during the reaction of argi-
nine with oxygen to produce citrulline through the
action of nitric oxide synthases (NOS), which exist in
three isoforms [6]: neuronal NOS (nNOS), inducible
NOS (iNOS) and endothelial NOS (eNOS).

In skeletal muscle, eNOS and nNOS are localized in
the cytoplasmic membrane of endothelial cells and in
skeletal muscle cells, respectively [7,8]. nNOS is upreg-
ulated as a result of crush injury, chronic stimulation,
and aging [9�11]. eNOS expression is increased by
mechanical loading, exercise and shear stress [9,12].
iNOS in skeletal muscle is upregulated by inflammatory
cytokines and lipopolysaccharides [13,14].

NO is known to play important roles in physiologi-
cal processes [15,16]. One of the functions of NO is
blood vessel vasodilatation, which was first clarified in
the 1980s [17]. NO production is increased by exercise,
and it has been suggested that NO may contribute to
skeletal muscle vasodilatation through relaxation of
vascular smooth muscle cells [18,19]. Vasodilatation
causes an increase in blood flow, thus enabling more
oxygen and nutrients to be supplied to skeletal muscle.

This physiological response can enhance muscle work
capacity and exercise performance. One study of the
effect of NO inhibition (by the NOS inhibitor
L-NAME) on human exercise performance revealed a
reduction of maximal oxygen uptake during incremen-
tal cycle exercise in humans [20].

EFFECTS OF ORNITHINE, ARGININE
AND CITRULLINE SUPPLEMENTATION
ON NITRIC OXIDE SYNTHESIS AND

PERFORMANCE

It has been shown that skeletal muscle blood flow
increases in proportion to the metabolic demands of
the tissue during exercise. There is a direct relationship
between the increase in muscle blood flow and
increased contraction frequency, exercise intensity and
muscle oxygen consumption [21�25]. Arginine is the
main source of NO as a result of the action of NOS
enzymes. It has been proposed that arginine supple-
mentation promotes vasodilatation through increased
production of NO in working muscle [26]. Studies of
NO have evaluated exercise performance in terms of
arginine used (Table 43.1). Olek et al. studied the effect
of a single acute dose of arginine supplement (2 g)
60 min before a 30-second Wingate test. They showed
that this amount of arginine had no effect on any com-
ponent of exercise performance (total work, mean
power, and VO2). Additionally, plasma NOx was also
unchanged after arginine supplementation compared
with placebo [27]. Acute arginine supplementation
(6 g) did not stimulate any increase in NO synthesis in
healthy men in response to exercise, despite an
increase in muscle blood volume. In addition, arginine
supplementation did not enhance isokinetic concentric
elbow extension strength performance [26]. Liu et al.
investigated the effect of acute arginine supplementa-
tion on blood NOx and intermittent anaerobic exercise
capacity in judo athletes. The subjects had ingested
6 g/day arginine for 3 days and carried out 13 sets of a
20-second all-out ergometer test with 15-second rests.
There were no differences in peak and mean power
during exercise, and no difference in NOx between
arginine supplementation and a control group [28].
Furthermore, arginine supplementation alone for ath-
letes did not affect exercise performance parameters
such as VO2 during treadmill running [29,30].
However, arginine supplementation has been reported
to have beneficial effects in mice. Maxwell et al. fed
arginine-containing water (6%) to mice for 4�8 weeks
and found that chronic arginine supplementation
increased aerobic running capacity (approximately 8%
increase in VO2max and 5% increase in running

FIGURE 43.1 Ammonia detoxification pathway in the urea

cycle. The urea cycle in the liver mainly participates in ammonia
detoxification.
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distance), which was linked to increases in endothelial
NO function [31].

One study investigated the acute effect of citrulline
supplementation on NO and exercise performance.
Hickner et al. assessed the dose effect of citrulline admin-
istered as a supplement 3 h (3 g) or 24 h (9 g) before an
incremental treadmill test until exhaustion in young sub-
jects. The results showed that citrulline supplementation
impaired exercise performance measured as treadmill
time to exhaustion compared with placebo. Lower levels
of plasma NOmarkers (nitrates/nitrites) were also noted
following citrulline supplementation compared with
placebo [32]. The authors considered that citrulline sup-
plementation reduced the level of NO by inhibiting the
arginine/NO reaction.

Another study analyzed the effect of arginine in
combination with other nutrients on NO synthesis and
exercise performance in healthy men. Acute dietary
supplementation (total 20 g), including 6 g arginine
with vitamins (E, C, B6 and B12), other amino acids (cit-
rulline, glutamine, leucine, valine carnithine, cystaine
and isoleucine) and 11 g fructose, increased NO syn-
thesis and prolonged the time until task failure during
high-intensity exercise (Figure 43.2) [33].

Reduced muscle activity, such as that resulting from
bed rest or unloading, leads to muscle atrophy [34].
Lomonosova et al. examined the effects of arginine
administration on hindlimb suspension-induced mus-
cle atrophy in Wistar rats, with or without oral adminis-
tration of arginine (500 mg/kg) for 14 days. Hindlimb
suspension led to significant loss of soleus mass, rela-
tive NO content and total/phosphorylated p-70S6K
(factors of protein synthesis), increased atrogin-1 and
MuRF-1 (both being ubiquitin ligases related to protein
degradation). The arginine-administered group showed
higher soleus weight, a decrease of NO content and

total/phosphorylated p70S6K protein, and decreased
expression of atrogin-1 and MuRF-1 mRNA compared
with rats subjected to hindlimb suspension alone [35].
The authors considered that NO synthesis following
arginine administration inhibited hindlimb suspension-
induced protein degradation. However, the precise
mechanism responsible was not clarified.

Recently, citrulline has attracted attention as a pre-
cursor of arginine. It has been indicated that citrulline
administration could be a more effective way of increas-
ing extracellular arginine levels [36]. Orally ingested
citrulline is delivered directly to the kidney, and not
taken up by the liver. On the other hand, about 30% of
arginine is metabolized, and the remainder is taken up
into the urea cycle and metabolized to urea [3]. In a
study using human volunteers, intake of 3.3 kg of
watermelon increased blood citrulline level from 22 to
593 μmol/L. At the same time, the blood arginine level
was also increased from 65 to 199 μmol/L. This result
suggests that citrulline ingestion enhances the blood
level not only of citrulline but also of arginine [37]. So
far, few studies have investigated the effects of citrulline
supplementation on NO production and exercise per-
formance, and therefore there is a need to evaluate the
effects of supplemented citrulline as a NO donor.

EXERCISE AND AMMONIA

Although it is well known that exercise-induced
fatigue affects performance, fatigue is attributable to
many factors, including accumulation of metabolites,
depletion of muscle glycogen, and so on [38�40].
Ammonia (NH3 and NH4

1) is a metabolite and
intermediate of several biochemical pathways in the
body, and produced in the gut, brain and kidney [41].

TABLE 43.1 Studies with Ornithine, Arginine and Citrulline Supplementation in Relation to NO Production and Exercise Performance

Supplements Dose/Day Duration Animal Effects Ref.

Arginine 2 g 1 day Human No change in NO synthesis and performance [27]

Arginine 6 g 1 day Human Increased muscle blood volume. No change in NO and strength [26]

Arginine 6 g 3 days Human No change in NOx and ergometer performance [28]

Arginine 15 g 3 days Human NO change in NOx and oxygen uptake [29]

Arginine 12 g 28 days Human No change VO2max and VT [30]

Arginine unknown 4�8
weeks

Mouse Increased NOx concentration. Increased VO2max and running distance [31]

Citrulline 3 or 9 g 1 day Human Decreased NO marker and running time to exhaustion [32]

Arginine, vitamins
and amino acids

6 g 1 day Human Increased NO synthesis and time to task failure [33]

Arginine 500 mg/kg
body weight

14 days Rat Prevention of loss of soleus wet weight. Increased total/phospho p70S6K
protein. Decreased Atrogin-1 and MuRF-1 mRNA expression

[34]
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Parnas and colleagues first reported the discovery of
ammonia production by muscle in the 1920s [42]. During
exercise, ammonia is a product that accumulates in skel-
etal muscle when AMP is deaminated to IMP during the
resynthesis of ATP (AMP1H2O-IMP1NH3). Some
studies using animals and humans have reported that
blood ammonia is increased after exercise. Exhaustive
treadmill running has been reported to increase the
blood level of ammonia from 37.8 to 68.1 μM [43]. Barnes
et al. have reported that rats that were forced to swim to
exhaustion showed a significantly elevated level of
ammonia [44]. Other studies of high-intensity exercise in
rat and humans have obtained similar findings [45,46].
On the other hand, low-intensity exercise (below 50%
VO2max) is reportedly unassociated with significant
ammonia accumulation [47�49]. The source of ammonia
during exercise is deamination of not only AMP but also
branched chain amino acids (BCAAs). During exercise,
oxidation of amino acids, including BCAAs, reaches
about 10% of total energy production [50].

Ammonia is very toxic and has a harmful influence
on the body, activating phosphofructokinase (PFK),
which is the rate-limiting enzyme in glycolysis and
inhibits the oxidation of pyruvate to acetyl CoA
[51,52]. Activated PFK facilitates the production of lac-
tate, causing a decline of intercellular pH, decreased
release of Ca21 from the sarcoplasmic reticulum, and
consequently a decrease of contractility [53]. Inhibition
of pyruvate oxidation hinders the supply of ATP to
skeletal muscle, thus causing exhaustion.

Ammonia has also been suggested to play a role in
fatigue in the central nervous system. During exercise,
ammonia is produced in peripheral tissues and its
level increases in the brain [54]. Ammonia has a nega-
tive effect on energy metabolism and induces dysfunc-
tion of neurotransmission through depletion of
glutamate and GABA, which are essential neurotrans-
mitters in the brain [55�57].

To avoid accumulation of ammonia, the urea cycle
in the liver is responsible for ammonia detoxification.
Ammonia produced in skeletal muscle is metabolized
into harmless urea via the urea cycle in hepatocytes
after transportation to the liver via blood [58].

EFFECTS OF ORNITHINE, ARGININE
AND CITRULLINE SUPPLEMENTATION
ON AMMONIA AND PERFORMANCE

Ornithine, arginine and citrulline play a role in
ammonia detoxification via the urea cycle in the liver.
Some studies have tested the effects of supplementa-
tion of these amino acids on ammonia detoxification
during exercise in humans and other mammals.
Meneguello et al. investigated the effects of 8-day sup-
plementation with a mixture of ornithine, arginine and
citrulline (0.2, 0.4, 0.026 g/kg body weight, respec-
tively) on plasma ammonia and period in rats forced
to swim to exhaustion with loading (5% body weight).
Administration of these amino acids prolonged the
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FIGURE 43.2 Group mean VO2 response to 6 min of severe-intensity exercise and mean VO2 at task failure. Subjects were randomly
assigned to receive arginine-based supplement or placebo. They performed one 6-min bout of severe-intensity cycling and continued until
task failure as a measure of exercise tolerance. The time until task failure was extended by 20% following arginine administration. *Time to
exhaustion is significantly different from placebo (P, 0.05). Reproduced from Bailey et al. [33].
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period until exhaustion by about 50% (control: about
12 min, supplement: about 19 min). Also, they found
that accumulation of plasma ammonia after exercise
was suppressed (control: 12.2, supplement: 8.5 μg/mL)
[59]. Other studies have also analyzed the effects of
supplementation with either ornithine, arginine, or cit-
rulline alone, rather than as a mixture. Demura et al.
reported that acute ingestion of ornithine (0.1 g/kg
body mass) before incremental exhaustive ergometer
bicycle exercise was unable to improve exercise time
or maximal oxygen consumption. However, exercise-
induced blood ammonia elevation was suppressed
[60]. Sugino et al. administered ornithine for 8 days
(2 g/day for 7 days and 6 g/day for 1 day) to human
subjects, who then performed bicycle exercise for
4 hours at 80% of the anaerobic threshold. At the end
of the exercise, the ornithine-supplemented group
showed a lower level of blood ammonia and a higher
level of blood urea (ornithine 4662 nmol/mL, placebo
3884.8 nmol/mL). However, no clear improvement of
10-second maximal ergometer performance was
observed [61]. Arginine is also a component of the
urea cycle, and arginine supplementation has been
reported to increase the level of blood urea signifi-
cantly [62], suggesting that it enhances ammonia
detoxification in the urea cycle. It has been reported
that 10 days of arginine aspartate supplementation (5 g
per day) resulted in a reduction of both plasma ammo-
nia and lactate levels after 80% VO2max cycling [63].
However, 15 g/day arginine aspartate supplementa-
tion for 2 weeks had no effect on the plasma ammonia
concentration during or after long-distance running
[64]. One report has indicated that dose supplementa-
tion with arginine and glutamate (total 20 g) was effec-
tive at reducing blood ammonia levels [65], although
exercise performance was not measured.

Takeda et al. studied the effect of citrulline supple-
mentation on exercise performance and blood ammo-
nia in mice. The mice were given citrulline at a dose of
250 mg/kg/day for one week, and then subjected to
exhaustive swimming with a load of 5% body weight.
Citrulline supplementation significantly increased the
swimming time by about 67% (control 15 min, citrul-
line 24 min). Blood ammonia in the control group after
exercise was significantly increased to about 450 μg/dL,
but no change was observed in the citrulline group. The
blood lactate level was significantly increased by swim-
ming exercise in both the control and supplemented
groups, being about 6 mM and 4.5 mM, respectively,
although the increase was significantly lower in the latter
(Figure 43.3) [66].

Fewer studies of ornithine, arginine and citrulline sup-
plementation have focused on ammonia detoxification
than has been the case for studies of NO (Table 43.2).

TABLE 43.2 Studies with Ornithine, Arginine and Citrulline Supplementation in Relation to Ammonia Levels and
Exercise Performance

Supplements Dose/Day Duration Animal Effects Ref.

Ornithine/Arginine/
Citrulline

0.2, 0.4, 0.026 g/kg body
weight

7 days Rat Lower ammonia level. Increased swimming time to exhaustion [59]

Ornithine 0.1 g/kg body mass 1 day Human Lower ammonia level. No change in ergomerter performance
and maximal O2 consumption

[60]

Ornithine 2 g/day for 7 days
6 g/day for 1 day

8 days Human Lower ammonia level and higher urea level. No change in
bicycle performance

[61]

Arginine asparate 5 g 10 days Human Lower ammonia and lactate. Performance was not measured [63]

Arginine asparate 15 g/day (total) 2 weeks Human No change in ammonia level during or after running.
Performance was not measured

[64]

Arginine glutamate 20 g (total) 1 day Human Lower blood ammonia level [65]

Citrulline 250 mg/kg body weight 7 days Mouse Increased time to exhaustion. Lower blood ammonia and lactate [66]
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FIGURE 43.3 Effect of citrulline supplementation on exercise
time to exhaustion. The citrulline-supplemented group (right bar)
swim significantly longer with a weight burden of 5% body weight
than the non-supplemented group (left bar). Values represent the
means6 SE. **P, 0.01 vs Ex group. Reproduced from Takeda et al. [66].
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There is a need for further investigation of the effects of
these amino acids under various conditions according to
subjects, acute or chronic supplementation, and training
status.

OTHER EFFECTS OF ORNITHINE,
ARGININE AND CITRULLINE

SUPPLEMENTATION

Other studies have evaluated the effects of orni-
thine, arginine and citrulline, but did not focus on NO
synthesis or ammonia detoxification. In one such
study, postomenopausal women were given a large
amount (about 15 g/day) of arginine supplement for
6 months, and this resulted in a significant increase in
peak jumping power and force [67].

It is known that arginine administration facilitates
the secretion of growth hormone (GH) [68,69]. An
in vitro study using anterior pituitary gland cells
showed that arginine acts directly on the somatotrophs
[70]. GH stimulates protein synthesis and enhances
amino acid uptake into muscle [71]. Yao et al. fed neo-
natal pigs a diet containing 0.6% arginine for 7 days,
and found that this led to activation of the mTOR
signaling pathway and protein synthesis in neonatal
skeletal muscle, relative to pigs receiving a normal diet
[72]. In a human study, Collier et al. noted a significant
GH response compared with placebo after ingestion of
5 or 9 g of arginine. The rise in GH began at 30 min
after ingestion, and peaked at 60 min (Figure 43.4) [73].
Other studies have also observed a rise in the GH level
resulting from infusion of arginine in postmenopausal
women [74] and elderly men [75]. These results sug-
gest that arginine may facilitate protein synthesis
through secretion of GH, thus inducing muscle hyper-
trophy. Recently, Tang et al. investigated the ergogenic
potential of arginine on NO and skeletal muscle pro-
tein synthesis [76]. They hypothesized that NO synthe-
sis induced an increase of amino acid delivery through
an increase in blood flow and skeletal muscle anabo-
lism. The study subjects drank a mixture of 10 g argi-
nine and essential amino acids after unilateral leg
resistance training. Arginine ingestion did not stimu-
late any increase of NO synthesis or muscle blood flow
at rest, or after resistance exercise. Arginine supple-
mentation resulted in a greater GH response than was
seen in the controls, but did not enhance muscle pro-
tein synthesis immediately after resistance training.
Ornithine also promotes GH secretion by stimulating
the pituitary gland. In a study of bodybuilders, acute
ornithine administration (170 mg/kg body weight)
significantly increased the serum GH level about four-
fold in comparison with that before ingestion (before
ingestion 2.2 ng/mL, 90 min after ingestion 9.2 ng/mL)

[77]. Evain-Brion et al. performed an ornithine infusion
test (12 g/m2 body area) in 54 children with constitu-
tionally short stature. They confirmed a significant ele-
vation of the serum GH level of about eight-fold over
the basal level after ingestion of ornithine [78].

Elam et al. surveyed the effect of an arginine and
ornithine combination supplement with 5 weeks of
resistance training. The study participants were given a
supplement containing 1 g arginine and 1 g ornithine or
placebo each day during a 5-week strength-training
program. The results suggested that the supplement in
combination with the training program significantly
decreased body weight and percentage body fat, while
muscle strength and lean body mass were significantly
increased [79,80]. Zajac et al. investigated the effects of
arginine and ornithine supplementation during 3 weeks
of resistance training on serum GH and insulin-like
growth factor-1 (IGF-1). After the training, arginine and
ornithine supplementation showed significant increases
in the serum levels of both GH and IGF-1 [81].

Citrulline supplementation in old malnourished rats
increased the muscle protein content by stimulating pro-
tein synthesis [82]. Rats aged 19 months were subjected
to 50% dietary restriction for 12 weeks, after which they
were fed a standard diet or a citrulline-containing diet
(5 g/kg/day) for 1 week. The protein content of the tibia-
lis muscle (163 mg/organ) was significantly higher than
in the normal diet group (117 mg/organ). Protein syn-
thesis rates were also increased in the citrulline-fed
group (citrulline 0.56 mg/h, normal 0.30 mg/h). These
findings suggested that citrulline supplementation might
enhance muscle hypertrophy.

Ornithine, arginine and citrulline supplementation
is probably related to muscle hypertrophy, as men-
tioned above (Table 43.3). However, precise details are
still unclear, and more studies will be needed to clarify
the muscle-hypertrophic effects of these amino acids.
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FIGURE 43.4 Mean integrated growth hormone concentrations

in response to arginine ingestion. Subjects were given intentioned
placebo, or 5, 9 or 13 g arginine on different days. A significant
increase in the integrated AUC was observed on days when the 5
and 9 g were administered compared with the placebo day. Values
represent the means6 SE. Reproduced from Collier et al. [73].
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CONCLUSION

We have reviewed the effects of ornithine, arginine
and citrulline supplementation from the viewpoint of
molecular exercise physiology. First, arginine and
citrulline supplements are suggested to increase NO syn-
thesis and to enhance exercise performance in humans
and other mammals. Some studies have suggested that
arginine or citrulline supplementation alone can increase
NO synthesis. However, there are few data to suggest
that exercise performance is improved after such supple-
mentation. Combination supplementation with other
amino acids and vitamins is suggested to be effective for
NO synthesis and improving exercise performance.

Comparatively few studies have focused on the
effects of amino acid supplementation and ammonia
detoxification on exercise performance. Although such
supplementation may reduce the level of ammonia or
lactate, any improvement of exercise performance is
equivocal in humans. In studies using mice, on the
other hand, enhancement of exercise capacity has been
suggested. Therefore, further investigations are needed
to clarify the effects of these amino acids supplements
on ammonia levels.

Ornithine, arginine and citrulline reportedly exert
some effects on GH secretion. Although acute or
chronic supplementation with these amino acids
increases the blood GH level, few studies have demon-
strated any muscle-building effect of chronic supple-
mentation with ornithine, arginine or citrulline. Since
it takes a long time for muscle to gain weight by resis-
tance training, there would be a need to study the
effects of long-term supplementation of these amino
acids in power athletes.

Ornithine, arginine and citrulline have recently been
promoted as commercial sports supplements. However,

the number of studies that have demonstrated the bene-
fits of such supplementation is still limited. Therefore, it
will be necessary to carry out further studies under vari-
ous conditions, for example by varying the amount
taken, the duration of supplementation, and its timing in
combination with exercise/training.
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INTRODUCTION

Muscle physiology and performance is impacted
during acute and chronic phases of intense exercise
that includes an anaerobic component. Dynamic high-
intensity use of skeletal muscle rapidly leads to fatigue
and reductions in muscle force and work, and there-
fore diminished athletic performance, especially when
initiated during the anaerobic phase. The damaging
effects which occur during this phase translate into
poor long-term training results in athletes, and also
impair body-building efforts. The ergogenic aid GAKIC
fills the gap between the short (seconds) anaerobic ener-
getic benefits of creatine and long-term aerobic benefits
imparted by sodium-dependent carbohydrate/rehydra-
tion technology.

ISOKINETIC DYNAMOMETER STUDIES

Studies by Stevens and coworkers [1,2] demon-
strated that GAKIC, a glycine and L-arginine amino
acid salt of α-ketoisocaproic acid, significantly
enhanced human muscle dynamic performance in an
isolated quadriceps model of intense, exhaustive,
anaerobic exercise involving simultaneously applied
concentric plus eccentric fatigue to the point of com-
plete exhaustion in each bout. Figure 44.1 demon-
strates the time course of the GAKIC test protocol
which employed isokinetic dynamometry of isolated
quadriceps; in essence, the testing employed three
anaerobic bouts over a 15-minute period during which

isolated quadriceps were completely fatigued by
eccentric plus concentric exercise. The enhancements
attributable [2] to GAKIC included increased isokinetic
torque and gain in overall muscle work by about 10%
as compared with isocaloric control treatment. An
additional benefit of the treatment was the delay in
onset of fatigue during the early phases of exhaustive
dynamic exercise as assessed using a Fatigue
Resistance Index (FRI). In this study [2], the FRI was
increased up to 28% over isocaloric control treatment
(Figure 44.2). FRI was obtained by dividing the mean
peri-exhaustion peak torque by the maximal torque
generated during a baseline testing session. The peri-
exhaustion values were obtained by measuring the
power output values for both the concentric and eccen-
tric phases of the last five repetitions of the 35-rep
fatigue set [1] with GAKIC or with isocaloric control.

Notably, the Stevens’ isokinetic dynamometry
results were obtained under conditions of concentric
plus eccentric fatigue of the isolated quadriceps group,
unlike cycle ergometry studies which tax various mus-
cle groups and fiber types, and do not emphasize
eccentric exhaustion in parallel with concentric utiliza-
tion in the manner of an isokinetic dynamometer.
Advances in quantifying the effects of training or
metabolic treatments on acute intense dynamic skeletal
muscle performance have been limited in the literature
by the difficulty of objectively measuring reproducible
performance parameters during this phase of exercise.
Stevens and colleagues [1,2] and others (reviewed in
[1]) approached this problem by employing objective
techniques in the isolated quadriceps muscle group
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undergoing contractions in both concentric and eccen-
tric phases leading to fatigue. Others [3,4] have utilized
cycle ergometry, or assessed body performance based
on jumping or leg/arm press [5].

CYCLE ERGOMETRY STUDIES

Two studies [3,4] examined the effects of GAKIC on
Wingate cycle ergometry performance parameters. The
Koch group [4] demonstrated that GAKIC gave a bene-
ficial ergogenic effect by attenuating the decline in
mean power output during repeated exhaustive
cycling sprints. They used untrained subjects who
developed initial peak powers of roughly 800 W which
dropped to 700 W by sprint #5; the GAKIC group
demonstrated a significant reduction in FRI. The initial
fatigue FRI of 5% was enhanced to 10% after sprint #5.
In these experiments FRI was obtained as the ratio
between peak power value and the minimum value, as
determined from:

fatigue index%5 ½ðpeak power2minimum powerÞ=
peak power�3 100:

The minimum power value used was the lowest
power output after the subject achieved peak, rather
than an overall minimum.

On the other hand, Beis et al. [3] utilized highly
trained athletes, which gave initial peak powers of
1353 W that dropped to approximately 1200 W at
sprint #5, and ending at 1061 W at sprint #10. The Beis
group measured an initial FRI of roughly 38%, which
remained fairly constant through sprint #10. Their data
[3] indicated that GAKIC provided no significant dif-
ferences in FRI as compared with isocaloric control
treatment.

It is notable that there are systematic differences
between the Buford & Koch study [4] and the Beis
et al. study [3]; this prevents direct comparisons and
global interpretations between the two cycle studies,
and further prevents direct comparison of Beis with
the previous isolated quadriceps isokinetic dynamome-
ter study of Stevens et al. [1,2]. The Beis group states
[3] that all possible confounding factors were mini-
mized in their study, including speculation that the dif-
ferences between studies may involve more consistent
performances by the trained subjects. Nonetheless, care
was taken by Buford & Koch [4] to ensure reliability of
subjects’ efforts. An interpretation of the differences fur-
ther extends beyond experimental regimens, and must
account for the physiologic differences between highly
trained and untrained subjects utilizing GAKIC. The
isokinetic dynamometer study of Stevens et al. [1,2]
employed both eccentric and concentric fatigue in each
bout, making disparate comparisons between cycle
ergometry and isolated quadriceps fatigue. Using
Stevens’ [1,2] isokinetic dynamometry data in untrained
athletes, it can be computed that in control subjects
roughly 150 watts was exerted by isolated quadriceps
in the concentric phase following both eccentric plus
concentric fatigue, and that with GAKIC on board this
work increased significantly to 167 watts.

In the light of these three studies [1�4], one conclu-
sion that may be reached is that GAKIC is more effective
in untrained subjects than in highly conditioned and

FIGURE 44.1 Protocol clock showing isokinetic dynamometry
of repeated bouts of maximal anaerobic exhaustive work output by

quadriceps with GAKIC. Individual subjects provided concentric
work output as measured from three maximal exertion bouts exe-
cuted within a 15-minute period beginning 45 minutes after consum-
ing GAKIC treatment. Each bout was a sequence of 35 continuous
maximal isokinetic concentric plus eccentric reps at a rate of 90�/sec.
Force and work were measured during the concentric portion. The
entire period lasted 60 min from start of oral treatment. Experimental
design was randomized same subject double-blind crossover repeated
measures, with 1 week washout. Adapted from Stevens et al. [2].

FIGURE 44.2 Gain in concentric isolated quadriceps fatigue

resistance with GAKIC compared with isocaloric control, assessed

by isokinetic dynamometry. The maximal torque value was
2416 9 N m. Reproduced from Stevens et al. [2].
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trained athletes. Additional studies are warranted to
expand comparisons among these modalities of testing.

KIC MONOTHERAPY

Yarrow et al. [5] explored the efficacy of short-term
monotherapy supplementation of KIC given orally
immediately prior to moderate- and high-intensity sin-
gle-bout exercise performance measurements. In this
study, resistance-trained men completed a trial with
either 1.5 g or 9.0 g of either KIC or isocaloric placebo
control. The other components of GAKIC, glycine and
L-arginine, were not included. Subjects completed leg
and chest press repetitions to failure and 30 s of
repeated maximal vertical jumping (VJ) on a force
plate. It was found that acute KIC ingestion alone with
no other supplement immediately prior to exercise did
not alter single-bout moderate- or high-intensity exer-
cise. Therefore, it may be interpreted that KIC together
with glycine and L-arginine are necessary to incur per-
formance enhancement. The Yarrow study addressed
single-dose single-bout performance events, and there-
fore the effect of KIC monotherapy on repeated high-
intensity exercise bouts and long-term exercise training
has not yet been studied.

METABOLISM

In vitro experiments and hospital studies have
shown [6,7] that metabolic manipulation of nitrogen
metabolism using selected ketoacids in conjunction
with certain amino acids, or alone, can reduce various
acute pathophysiological effects of trauma, including
clinically dysfunctional skeletal muscle. A single bout
of exhaustive exercise—indeed any acute muscle
trauma—perturbs inter-organ and intra-organ meta-
bolic and energetic events, resulting in attenuated per-
formance and recovery [2,8].

GAKIC is a glycine and L-arginine salt of α-ketoi-
socaproic acid. The physiological effects of GAKIC
treatment likely affect metabolic pathways individu-
ally or synergistically associated with L-arginine, gly-
cine, and α-ketoisocaproate (KIC) as the ketoacid
parent of the branched-chain amino acid L-leucine
[9]. The exact mechanism by which the components
of GAKIC enhanced acute exhaustive muscle per-
formance is currently not known. However, the
mechanism likely included effects on energetics,
modifications of muscle bed hemodynamics, meta-
bolic acidosis, or ammonia levels, and/or enzymatic
pathways concerning branched-chain ketoacid and
nitrogen metabolism [6,8�14].

GAKIC components interact synergistically to
enhance overall muscle metabolic efficiency, providing
measurable enhancement of overall muscle perfor-
mance. GAKIC is effective when on board during the
beginning of maximal exhaustive anaerobic muscle
work output, and then again during the critical early
phase of post-bout recovery [2]. GAKIC components
can synergistically accomplish the following benefits:
(i) increase muscle work and force output during
workouts or performance; (ii) reduce exhaustive anaer-
obic fatigue during workouts or performance; (iii) pro-
long useful muscle function during workouts or
performance; and (iv) reduce protein catabolism and
increase protein anabolism. Enhancement of metabolic
events in the early phase of exhaustive exercise initi-
ates immediate rebound repair of the tissue, prevents
or reduces further muscle breakdown, and permits
long-term muscle growth and strength gains.

The observed biochemical and physiological effects
of oral KIC on muscle recovery likely involve several
control points, including key enzymes. Figure 44.3
summarizes the primary metabolic events associated
with GAKIC-enhanced muscle function. The details
are amplified in Figure 44.4.

As summarized in Figure 44.4, GAKIC benefits
occur due to several mechanisms. First, the mixture
removes the deaminated nitrogen waste created by
intense, exhaustive bouts (e.g., ammonia and trauma-
released amino acid transamination products are
removed, thereby reducing toxic effects and acidosis
pH shifts in local muscle beds). Secondly, it can regen-
erate L-leucine released by overworked/damaged
muscle, via KIC covalently binding to exhaustive

FIGURE 44.3 Components of GAKIC—glycine, L-arginine,

α-ketoisocaproate—yield key metabolic products relevant to train-

ing enhancement physiology. Details are shown in Figure 44.4. KIC,
α-ketoisocaproate; L-Arg, L-arginine; Gly, glycine; HMB, into
β-hydroxy-β-methylbutyrate.
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exercise-induced nitrogen waste. The formed leucine, a
branched-chain amino acid, is then immediately avail-
able for reincorporating into the damaged muscle.
Thirdly, components of GAKIC metabolically shunt
into HMB synthesis locally in situ in tissues when
demanded by the muscle’s metabolic status. Fourth,
ATP levels are raised anaerobically. Fifth, GAKIC per-
mits athlete-controlled transient insulin release, yet its

glycemic index is virtually zero. Sixth, intermediary
metabolism of L-arginine plus glycine generates crea-
tine which provides an immediate energy product for
muscle performance. Finally, a byproduct of
L-arginine metabolism is nitric oxide, the beneficial
vasodilator.

KIC helps to reduce the endogenous ammonia that
hinders sarcomere contractions associated with intense
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FIGURE 44.4 Intermediary metabolism pathways relevant to the components of GAKIC: α-ketoisocaproate, L-arginine and glycine.

436 44. AN OVERVIEW OF GLYCINE-ARGININE-ALPHA-KETOISOCAPROIC ACID (GAKIC) IN SPORTS NUTRITION

5. MINERALS AND SUPPLEMENTS IN MUSCLE BUILDING



exercise. In the presence of the excessive free NH3 lib-
erated from the purine nucleotide cycle activated
during exercise, or from glutamate, L-leucine dehydro-
genase (EC 1.4.1.9) provides a beneficial pathway that
catalyzes the NH3 amination of KIC to yield L-leucine,
a branched-chain essential amino acid. Matthews and
coworkers [15,16] have demonstrated that orally deliv-
ered KIC in humans is covalently aminated to form
leucine in the splanchnic bed. Further, KIC can be
shunted into β-hydroxy-β-methylbutyrate (HMB) via
cytosolic KIC dioxygenase in situ in muscle tissues,
and this is a process favored under physiological
conditions accompanying intense exercise [17�19]. In
laboratory studies, orally delivered KIC may contrib-
ute to survival of septic rats by conversion to various
keto energy alternatives [20], and notably the survival
benefits are specific to KIC rather than to ketoacids in
general.

KIC rapidly activates pancreatic beta-cells to tran-
siently release insulin [21,22]. KIC is as insulinogenic
as glucose [23], yet the glycemic index of KIC is essen-
tially zero. KIC-induced insulin release from the
pancreas is initiated by activating beta-cell K1 ion
channels in direct response to Ca12 sensitive KIC-
dependent ATP synthesis, and this is potentiated by
L-arginine [22,24].

Other key enzymes (Figure 44.4) include branched-
chain aminoacid-aminotransferase (EC 2.6.1.42), and
branched-chain ketoacid dehydrogenase (EC 1.2.4.4)
contained within a branched-chain ketoacid dehydro-
genase (BCKD) complex that contains several redox
enzymes [25�27]. Enzyme levels of branched-chain
aminoacid-aminotransferase EC 2.6.1.42 are relatively
unregulated at fairly steady-state levels in muscle.
Therefore, transamination is reversibly catalyzed by
branched-chain aminoacid-aminotransferase activity
through mass action of available concentrations of
KIC, L-leucine, L-glutamate, α-ketoglutarate, and their
metabolites. In contrast to unregulated branched-chain
aminoacid-aminotransferase, the activity of branched
chain ketoacid dehydrogenase (EC 1.2.4.4) is highly
regulated during exercise in muscle and liver [25�27].
This is part of a multienzyme complex [28] (BCKD
complex in Figure 44.4) that catalyzes the irreversible
oxidative decarboxylation of branched-chain ketoacids,
as it reduces NAD to NADH. The activity of EC 1.2.4.4
greatly increases immediately after strenuous exercise
[29,30], with subsequent return to resting baseline
levels by 10 minutes post-exercise. Within the BCKD
complex, branched-chain ketoacid-dehydrogenase EC
1.2.4.4 enzymatic activity is regulated by an ATP phos-
phorylation (inactivation)�dephosphorylation (activa-
tion) mechanism. It is notable that KIC is a key
stimulator of this enzyme complex, whereby it inhibits
the ATP-mediated kinase allosteric inactivation of

branched-chain ketoacid-dehydrogenase [25,26]; the
potency of KIC is several orders of magnitude greater
than that of the other branched-chain amino acids.
Branched-chain ketoacid dehydrogenase activity is
therefore mediated by exercise and nutritional factors
at the levels of allosteric and substrate mass action.

L-arginine and glycine are other components of
GAKIC. The dibasic amino acid L-arginine is a “condi-
tionally essential” amino acid that becomes essential
under certain metabolic conditions including muscle
trauma and injury. L-arginine can rapidly induce vaso-
dilation in skeletal muscle via vascular smooth muscle
nitric oxide biosynthesis [31] (Figure 44.4). L-arginine
aids in conversion of ammonia to urea, with the meta-
bolic effects of removal of ammonia by arginine
enhanced by simultaneously administrating glycine
(the third component of GAKIC) (Figure 44.4).

The time frame during which GAKIC affects high-
intensity exercise energetics likely initially overlaps
with that of creatine energetics [32], and then extends
beyond the short time frame of creatine. In the light of
known metabolic pathways converting arginine plus
glycine to creatine [33,34] (Figure 44.4), and given the
supporting role of KIC in stabilizing purine nucleotide
cycle waste, components of GAKIC likely also work
through muscle energetic pathways in common with
creatine. Additional in vitro and in vivo research is
required to pursue this.

The time frame of onset and duration of the effects
of orally delivered GAKIC are consistent with previ-
ously reported natural kinetics of endogenous KIC in
situ in humans. Fielding and coworkers [35] demon-
strated in humans that endogenous KIC naturally
occurring levels in skeletal muscle rose by about 50%
during acute high-intensity cycle exercise, while natu-
ral levels of plasma KIC peaked at 15 min following
the exercise period and returned to pre-exercise levels
by 60 min. These data suggested that KIC diffuses into
the circulating blood from exercising muscle following
a lag period [35]. Hospital and in vitro studies of sep-
sis, muscle trauma, liver disease and attendant central
portal encephalopathy, or renal disease, have shown
that administered combinations of ketoacids and
amino acids improve muscle trauma recovery time,
reduce serum ammonia, and enhance acute and long-
term injury repair [20].

CONCLUSION

In concert, exercise studies and metabolic studies
indicate that employing all the components of GAKIC
may be necessary to demonstrate full benefits in the
muscle fiber types observed in isolated quadriceps
group of skeletal muscle tested by isokinetic
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dynamometry. Benefits of the GAKIC mixture are
extended to cycle ergometry training, but trained elite
cyclists may reach a point of diminishing returns in
whole-body utilization of GAKIC. A variety of meta-
bolic pathways are involved in the effects of GAKIC.
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INTRODUCTION

Diet has a profound effect on human health.
Nutrients can have both positive and negative effects,
depending on the quantity we ingest, the quality of the
diet, and what other foods they react with in digestion.
Over- or under-eating can also severely affect health.
Maintaining a balanced diet is therefore extremely
important in order to maintain optimal metabolism
and overall health. In fact, a diet that closely matches
the USDA’s Healthy Eating Index, which includes ade-
quate portion sizes and a variety of grains, fruits and
vegetables, has been related to a lower incidence of
developing major chronic diseases [1].

In addition to maintaining a healthy lifestyle, contents
of the diet before and after exercise are of paramount
importance in sports nutrition. Olympic athletes, body
builders, or exercise enthusiasts alike all must ingest
foods and nutrients that complement their sports training
in order to optimize their performance. Depending on
the sport and athletic ability, athletes may have a higher
requirement for energy and protein [2,3] and must there-
fore provide their body with a higher amount of carbohy-
drates, fats, and protein, which are the major constituents
of foods we eat. Carbohydrates are broken down to sim-
ple sugars and glucose and are the predominant form of
energy intake in a normal diet. Dietary fats are also used
as metabolic fuel, but there is a danger in ingesting too
much fat as compared with carbohydrates because fats
are more easily stored as triglycerides in white adipose
tissue, thereby contributing to overweight and obesity.

Dietary proteins are broken down to amino acids,
which are vital to health and metabolism. Amino acids
are used extensively in body tissues and cell types

primarily to synthesize body proteins [4,5]. However,
amino acids are also highly involved in cell signaling [6],
the synthesis of other amino acids [7], and as metabolic
intermediates [8]. Many metabolic pathways (e.g., syn-
thesis of creatine and carnitine) utilize multiple amino
acids, and their function is dependent on amino acid
availability. Maintaining adequate concentrations of
amino acids is therefore extremely important, especially
in sports nutrition, to beneficially promote positive
changes in the structure and function of skeletal muscle.

There are 20 different amino acids generally
required for the synthesis of proteins and peptides.
Not all amino acids are used for all proteins; however,
some amino acids do play multiple roles and are
highly involved in metabolic pathways. As such, some
amino acids have higher rates of endogenous synthe-
sis. For example, because glutamine is the most abun-
dant amino acid in many species, its rate of synthesis
is high in many tissues and cell types. Of the common
physiological amino acids, arginine (Arg) and citrul-
line (Cit) especially play significant roles throughout
the body. Both are necessary to meet the body’s
requirement for maintenance, optimal growth, and
health and can also positively influence sports nutri-
tion requirements. The major objective of this chapter
is to highlight important roles of Arg and Cit in overall
health and metabolism and their benefits in enhancing
sports nutrition.

ARGININE

Arg is generally considered a non-essential amino
acid for adult humans because, in addition to being
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absorbed from the diet, it can be synthesized within
the body. In most mammals (including humans), Arg
is synthesized in the small intestine from proline,
glutamate, and glutamine [9] (Figure 45.1). In fact,
the small intestine is the only mammalian organ with
this ability. Arg plays an extremely important role in
metabolism that occurs in multiple tissues and cell
types, and is involved in several pathways including
ammonia detoxification, nitric oxide (NO) produc-
tion, and polyamine and creatine synthesis [10�13].
Here the beneficial roles of Arg in sports nutrition
are discussed, with specific emphasis on the role of
nitric oxide in skeletal muscle and heart health, the
significance of Arg in stimulating the release of

growth hormone and in creatine synthesis, and how
Arg aids fat loss in obese patients.

Skeletal Muscle Health

One of the most important benefits of Arg is its role
in NO production. NO is a cell-signaling molecule
involved in many physiological systems, including the
immune system, to kill pathogens, viruses, and para-
sites, and most significantly in vasodilation to reduce
vascular resistance and high blood pressure. NO is
synthesized from Arg via NO synthase (NOS) which is
highly expressed in skeletal muscle. In fact, there are
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three types of NOS present in muscle: endothelial NOS
(eNOS), neuronal NOS (nNOS), and inducible NOS
(iNOS), with nNOS generally being the most prevalent.
eNOS and nNOS are Ca21-dependent, while iNOS is
Ca21-independent. The main functions of NO in
muscle are to help regulate force generation, mechano-
transduction, myocyte differentiation, protein turnover,
satellite cell activation, mitochondrial biogenesis, fatty
acid oxidation, and glucose homeostasis [14,15].
Further, NO modulates muscle respiration in that it
helps control the delivery and uptake of oxygen and
energy substrates for contraction [16]. NOS has been
shown to be important in eliciting skeletal muscle
hypertrophy in response to increased loading [17]. For
all of these reasons maintaining physiological concen-
trations of Arg is of utmost importance for skeletal mus-
cle health in order to sustain the production of NO.

In addition to maintaining normal levels of Arg,
some research has shown that ingesting an above aver-
age amount of Arg within physiological ranges via sup-
plementation may be beneficial for increasing muscle
mass and strength. A study in 2006 found that a daily
combination of 12 g L-Arg1 alpha-ketoglutarate
(α-KG) for 8 weeks increased males’ 1 repetition maxi-
mum bench press strength [18]. It is important to note,
however, that, because NO is a free radical species, it
can be toxic to cells at high concentrations. Too much
NO (from over-production) can negatively affect health
by inducing oxidative damage to macromolecules (e.g.,
proteins and lipids) and cells [19], and can contribute to
disease states such as diabetes and muscle injury
[20,21]. Nonetheless, interest is growing regarding the
benefits of Arg supplementation on increasing muscle
mass, but more research is needed to fully understand
accurate dosages and potential positive effects.

Arg has also been shown to stimulate the release of
growth hormone (GH) [22]. GH is a hormone secreted
by the pituitary gland that helps promote cell growth
and regulate the mobilization of fuels in the body.
Specifically, GH increases both DNA/RNA and pro-
tein synthesis and the amount of glucose taken up by
muscle. As such, GH is considered an anabolic hor-
mone because it positively contributes to skeletal mus-
cle growth. The proposed mechanism of action of Arg
on increasing GH secretion is that Arg enhances the
pituitary somatotroph responsiveness to growth hor-
mone releasing hormone (GHRH), while at the same
time suppressing the endogenous growth hormone
inhibiting hormone (GHIH). Both of these actions cul-
minate in the increased release of GH [23]. Several
studies have therefore investigated the potential role of
Arg supplementation in increasing overall body mass,
or muscle mass when combined with exercise or sports

training. For example, pigs that were fed 5�9 g Arg
showed a 6.5% body weight gain and a 5.5% improve-
ment in muscle content [24]. In humans, however,
mixed results have been reported. For instance, a
study in 1997 found that males and females who par-
ticipated in resistance training 2�4 times per week had
a 2.7-fold increase in GH 60 minutes after oral supple-
mentation with 1.5 g Arg and 1.5 g lysine [25]. Further,
an intravenous infusion of 550 mg Arg per kilogram
body weight resulted in an increase of GH response in
both healthy males and females, with females display-
ing a larger increase than males [26]. On the other
hand, seven male body builders who orally ingested
2.4 g Arg and 2.4 g lysine after an 8 hour fast showed
no difference in GH response, as compared with pla-
cebo controls [27]. However, one caveat to this study
may be that the male participants were only given the
supplement on four separate occasions and did not
ingest it every day. Although the mechanisms by
which Arg influences GH release are better known,
more research is needed to fully elucidate the accurate
dosage and conditions in which Arg supplementation
would be most effective in increasing skeletal muscle
or overall body mass.

Creatine, a product of Arg catabolism, has been
shown to play a significant role in increasing muscle
strength [28,29] and fiber size [30]. It is synthesized in
the liver and kidney from Arg, methionine (Met), and
glycine (Gly) and, when phosphorylated, is an impor-
tant source of energy for both the brain and muscle. In
fact, skeletal muscle accounts for about 95% of all crea-
tine stores in the body. Approximately 15�20% of Arg
is used for creatine synthesis in adults. Creatine contri-
butes to muscle mass and strength because an increase
in intramuscular creatine increases the amount of
phosphocreatine (a storage form of energy). This sus-
tains the provision of energy and contributes to a
greater exercise-training intensity and thus an increase
in muscle mass [31]. Therefore, Arg is very important
in not only maintaining energetic requirements for
muscle, but also in potentially improving muscle mass
and strength.

Arg is also important in both muscle and overall
health because of its role in maintaining physical func-
tion, especially with aging. Aging is a naturally occur-
ring process; however, the loss of muscle and strength
can substantially contribute to more severe health
issues, especially as the incidence for falls and injuries
increases with age. Recent research is finding promis-
ing support for the use of Arg in combating sarcope-
nia. For example, low plasma Arg levels have been
associated with a weak overall response to exercise
performance in aged individuals [32]. Therefore, Arg
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supplementation could potentially prevent the decline
of exercise performance, which is normally associated
with aging. When combined with antioxidant thera-
pies, Arg supplementation has also been reported to
be beneficial in improving exercise performance in
adult humans [33]. Further, supplementation with a
blend of nutritionally essential amino acids and Arg
has been reported to improve lean body mass, strength
and physical function in insulin-resistant elderly indi-
viduals [34]. Research continues to focus on studying
the full beneficial effects of Arg supplementation on
aging, but it is clear thus far that Arg is a promising
nutrient to prevent sarcopenia and other age-related
health problems, particularly when combined with
exercise.

Heart Health

Arg plays a key role in heart health and blood flow
because it is a substrate for NOS in the production of
NO. Although NO has many uses as a cell-signaling
molecule, its main physiological function is its action
as a vasodilator. In fact, endothelial NO secretion mod-
ulates blood flow and thus the amount of oxygen sup-
plied throughout the entire body [35]. NO is, therefore,
extremely important in both the resting and active
states as the balance between vasodilation and vaso-
contriction plays a major role in the degree of aerobic
exercise capacity.

Exercise capacity may be limited by endothelial dys-
function [36], which is a pathological state of the inner
lining of blood vessels. Endothelial dysfunction is a
major component of vascular disease and is related to
a variety of health concerns, including hypertension,
hypercholesterolemia, and diabetes. Impaired cardio-
vascular function can be caused by a variety of factors
including a decrease in the bioavailability of NO and
the uncoupling of eNOS caused by inadequate Arg or
tetrahydrobiopterin (BH4). As such, Arg supplemen-
tation may play a preventative role against vascular
disease in its ability to maintain physiological concen-
trations of NO [37]. In fact, recent research has shown
evidence that Arg supplementation can restore NO in
patients who have experienced a heart event or have
recently undergone a transplant. For example, in heart
transplant recipients, oral L-Arg supplementation stim-
ulated the NO pathway and restored endothelial func-
tion, and thus exercise capacity [38], which can both be
severely reduced after such an event [39]. Further, an
intravenous infusion of L-Arg improved endothelial
dysfunction of both the heart microvasculature and
epicardial coronary arteries in cardiac transplant reci-
pients [40]. Arg is therefore highly beneficial for main-
taining exercise capacity after cardiac events.

Arg may also play a role in reducing the risk of cor-
onary heart disease. In 2008, researchers found that
L-Arg supplementation is especially effective in
increasing the number of endothelial progenitor cells
(EPC) in mice after moderate exercise [41]. EPCs are
important in heart health because they stimulate angio-
genesis and are responsible for repairing the lining of
blood vessels after vascular damage or other heart
events. Therefore, Arg may further play a significant
part in preventing the risk of vascular disease since
this amino acid also positively contributes to the pro-
duction and secretion of circulating EPCs. Vascular
disease is the leading cause of death among men and
women in the United States, and any potential treat-
ments or preventative therapies, such as Arg supple-
mentation, are of paramount importance.

Fat Loss

Obesity is a major health concern within the United
States. In fact, the Center for Disease Control estimates
that over one-third of American adults (B35%) are
obese. This is of utmost importance as obesity
increases the risk of developing other severe health
problems including hypertension and diabetes [42].
Researchers are therefore focusing on potential treat-
ments to reduce adiposity and prevent the onset of
such metabolic diseases. Because Arg plays a positive
role in several metabolic pathways, it has recently
gained significant interest for its use in combating and
potentially preventing obesity. Indeed, Arg has been
linked to several mechanisms that help reduce obesity,
including lipolysis, the oxidation of glucose and long-
chain fatty acids (LCFAs) and, more recently, the
development of brown adipose tissue.

Several studies have supported the involvement of
Arg in both increasing lipolysis (the breakdown of
lipids) and decreasing lipogenesis (the formation of
long-chain fatty acids). Thus, Arg plays a significant
role in the balance of both processes, which is impor-
tant in preventing the accumulation of excess fat. Arg
directly contributes to lipolysis via increasing cAMP
[43], which is a known activator of hormone-sensitive
lipase [44], the enzyme used to break down fat.
Therefore, an increase in cAMP contributes to
enhanced lipolysis. Further, physiological concentra-
tions of both NO and carbon monoxide (whose synthe-
sis is modulated by Arg) stimulate the oxidation of
LCFA and glucose [45]. In 2005 a similar study
reported that dietary Arg supplementation reduced
the weight of abdominal adipose tissue, and both
serum glucose and triglyceride concentrations in
Zucker diabetic fatty rats [46]. As such, Arg supple-
mentation seems to also indirectly enhance lipolysis by
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enhancing the production of NO within physiological
ranges. NO is also involved in decreasing lipogenesis
in that it reacts with and inhibits coenzyme A (CoA)
[47], which is a central factor for fatty acid synthesis.
Taken together, Arg can reduce lipogenesis, while
increasing fatty acid oxidation.

Recent evidence shows that Arg may also play a
role in preventing obesity because of its involvement
in brown adipose tissue (BAT) development [48]. In
fact, Arg supplementation increases BAT in fetal sheep
[49], Zucker diabetic rats [50,51], and cold-acclimated
rats [52]. BAT is responsible for non-shivering thermo-
genesis in mammals (Figure 45.2). This finding is espe-
cially significant because BAT contains uncoupling
protein-1 (UCP1) and has a high capacity for oxidizing
energy substrates [53]. Arg, which increases NO syn-
thesis, contributes to BAT activation since NO helps
control BAT cell differentiation and mitochondrial bio-
genesis [54,55]. This is significant for the prevention of
excess fat accumulation because, when BAT is acti-
vated, high amounts of lipids and glucose are broken
down within the tissue. Further, increased levels of
NO may contribute to the conversion of white adipose
tissue (WAT) into BAT [56].

Findings such as these are important to the field of
nutritional biochemistry and in clinical settings for the
potential treatment and prevention of obesity. Arg
supplementation is quickly gaining interest as a poten-
tial treatment, especially because of the beneficial role
that NO plays in several pathways associated with

obesity. Research on the full benefits of Arg supple-
mentation in obesity is ongoing, but nonetheless it
seems thus far to be a crucial factor in potentially com-
bating the development of this and other metabolic
disorders.

CITRULLINE

Cit is an immediate and effective precursor for Arg
synthesis in almost all cell types. Cit is considered as a
nutritionally non-essential amino acid and is primarily
synthesized from glutamine (Gln), glutamate and pro-
line in enterocytes. Enterocytes are actually the only cell
type containing the necessary enzymes required for this
conversion, making the small intestine an integral part
in the endogenous synthesis of Cit. Cit can also be syn-
thesized from Arg and ornithine, with plasma gluta-
mine and Arg serving as the main precursors during
food deprivation [57]. Cit is used in several metabolic
pathways throughout the body, the most notable of
which being Arg synthesis and the urea cycle. The spe-
cific role of Cit in each pathway will be discussed, as
well as its importance in muscle health and endurance.

Arginine Synthesis

As discussed previously, Arg plays an extremely
important role in metabolism. Cit is therefore another
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integral amino acid throughout the body as it is exten-
sively used for Arg synthesis in many cell and tissue
types including hepatocytes, macrophages, endothelial
cells, enterocytes, and in the kidney [58�61].
Specifically, argininosuccinate (AS) synthetase converts
Cit to AS, which is then converted to Arg via AS lyase
(Figure 45.1). This synthetic pathway consumes ammo-
nia, a product of amino acid catabolism in skeletal mus-
cle and other tissues. Supplementation with Cit can
therefore be used to potentially treat and prevent argi-
nine deficiencies [62], or restore impaired or reduced
NO production [63,64]. Because both Arg and, more spe-
cifically, NO play vital roles in overall cardiovascular
health, maintaining physiological concentrations of Cit is
of utmost importance. Cit supplementation has even
been suggested to more efficiently increase plasma Arg
levels than the ingestion of Arg itself [65], because of a
longer half-life of Cit than Arg in the circulation.

Cit is further involved in Arg synthesis through the
Cit�Arg cycle, which combines Cit and aspartate to
produce Arg and fumarate. This cycle is physiologi-
cally significant because it constantly recycles Cit in
order to maintain a sufficient concentration of Arg
within cells [66]. For example, male cyclists who
received 6 g Cit supplementation prior to cycling
events showed increased plasma levels of Cit, Arg and
NO concentrations [67]. Cit is therefore of paramount
importance in the body. Research is continually study-
ing the effects of treatments combining Arg and Cit
supplementation, as it seems the combination of these
amino acids is vital to muscle health and sports
metabolism.

Skeletal Muscle Health

One of the ways in which Cit is involved in main-
taining muscle health and endurance is through its
role in the urea cycle. The urea cycle is a metabolic
pathway which occurs primarily in the liver, and to a
lesser extent in the small intestine [8], and that serves
to produce urea from ammonia. This pathway is sig-
nificant because it removes ammonia from multiple
cell types throughout the body and thus prevents
ammonia toxicity. Cit is an amino acid intermediate
within the urea cycle and, as such, has been shown to
play an extremely important role in maintaining
muscle health through its involvement in reducing
ammonia build-up in muscle. For example, Cit supple-
mentation actively decreased both exercise-induced
blood ammonia levels and the blood-lactate increment
in mice subjected to high-intensity exercise [68]. Cit
therefore aids in the detoxification of ammonia and
may inhibit additional glycolysis during exercise. The
use of Cit in this manner is especially significant in

sports nutrition as it is a neutral amino acid that serves
to reduce fatigue and improve exercise performance.
The full effects of Cit supplementation on improving
exercise capacity in humans are now gaining interest
as Cit seems to be a major factor in muscle health.

Cit may also be beneficial to muscle in that it poten-
tially improves force production. Cit-malate (CM) sup-
plementation has been a popular treatment choice for
these types of studies as CM has been reported to both
promote aerobic energy production [69] and normalize
energy metabolism [70]. It seems that, when paired
with malate, an intermediate of the tricarboxylic acid
(TCA) cycle, Cit further serves to remove muscle
metabolism by-products (i.e., ammonia and lactate)
and plays a role in improving muscle function [71]. In
fact, a recent study reported that supplementation
with CM led to a 23% increase in specific force produc-
tion in rat gastrocnemius muscle [72].

Although many of the full benefits of Cit supple-
mentation on improving muscle mass and exercise
performance and capacity are still unknown, Cit
remains a vital amino acid for muscle and overall
body health mainly through its use as a precursor to
Arg. Several metabolic diseases and health conditions
can be linked to Arg or NO deficiencies, which makes
maintaining adequate levels of Cit so important. In
subjects with impaired absorption and transport of
Arg, Cit can be effectively used to provide Arg in vir-
tually all cell types, including myocytes.

CONCLUSION

In summary, both Arg and Cit play extremely
important roles in health and sports nutrition. Arg is a
major precursor for the synthesis of NO, which helps
regulate force production, myocyte differentiation,
mitochondrial biogenesis, fatty acid oxidation, glucose
homeostasis, and muscle respiration in skeletal muscle.
This is significant in not only maintaining muscle
health but in overall body metabolism because skeletal
muscle constitutes 40�45% of the human body. Arg
supplementation has therefore been extensively stud-
ied for its use in improving muscle function and over-
all body health. Arg also contributes to the release of
growth hormone and in creatine synthesis, both of
which have been shown to improve muscle mass and
strength. Vascular disease, a major factor which can
hinder metabolism and negatively influence nutrition,
seems to be prevented and even potentially restored
with Arg. Maintaining physiological concentrations of
Arg is therefore of utmost importance in order to sus-
tain heart health and exercise capacity. Further, Arg
contributes to fat loss in obesity as it both directly
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stimulates lipolysis and decreases the accumulation of
abdominal and sub-cutaneous fat. Another significant
action of Arg is its role in the development of brown adi-
pose tissue, which when activated oxidizes high
amounts of lipids and glucose.

The importance of Cit in sports nutrition and overall
metabolism is its role in Arg synthesis. Cit is converted
to Arg in almost all cell types, including myocytes,
hepatocytes, macrophages, endothelial cells and enter-
ocytes. The Cit�Arg cycle is also a highly significant
metabolic process because it constantly recycles Cit for
Arg synthesis. Cit further helps maintain muscle
health through its use as an intermediate in the hepatic
urea cycle. The cycle functions to remove ammonia
from the body and as such reduces the risk of ammo-
nia toxicity. Cit therefore prevents the buildup of
ammonia which would otherwise negatively impact
skeletal muscle and overall health. The benefits of both
Arg and Cit supplementation in muscle health are con-
tinually being studied; however, thus far both amino
acids play vital roles in maintaining the health and
integrity of muscle and in improving overall body
nutrition.
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INTRODUCTION

While deficiencies in some minerals can have detri-
mental effects on health and on athletic performance,
the use of mineral supplements (including multivita-
min/mineral supplements) by athletes or physically
active individuals who consume well-balanced diets
with appropriate caloric intake appears to be unneces-
sary. The only well-documented exception is for iron
deficiency (particularly in female athletes), where the
anemia is readily reversed by iron supplementation.
This review examines the use of three transition
metals—vanadium, chromium, and zinc—that have
been previously touted as mineral supplements for
athletes, particularly in regard to their potential use to
build lean muscle mass.

VANADIUM

Nutritional Background

No nutritional requirement has been set for vana-
dium (V), and no biological role for V in mammals has
been established [1]. A few isolated reports of vana-
dium deficiency in rats and goats have been reported
(e.g., [2,3]); however, distinguishing between nutri-
tional and pharmacological effects is difficult [4], as V
has a distinct pharmacological effect on glucose metab-
olism. Human dietary intake of V is normally in the
range of 5�20 μg/day [5,6]. An upper tolerable level
(UL) for V has been established at 1.8 mg/day, about
100 times the average intake [1]. The amount of V used
in clinical studies as a potential treatment for diabetes

is far in excess of the UL (allowable for clinical studies
with careful safety monitoring) [1]. While acute V poi-
soning has not been noted for humans, adverse effects
in humans are primarily gastrointestinal, including
cramping, diarrhea, and loose stools [1].

Pharmacological Effects

In terms of pharmacological effects, the primary
mode of action of V appears reasonably clear, although
definitive in vivo experiments are still lacking. As van-
adate, VO4

32, V inhibits the active sites of phospha-
tases and related enzymes involved in the hydrolysis
of phosphate esters. VO4

32 is a structural analog of
one product of these enzymes, PO4

32 (although this
ion is protonated to varying degrees at physiological
pH values). When acting as an inhibitor, the V in the
active site has a trigonal bipyramidal geometry [7].
The three equatorial sites are filled by oxide oxygens,
while one apical site is filled by an oxide oxygen and
the other apical site is filled by the hydroxyl oxygen
from a serine residue.

In rat adipocytes pretreated with VO4
32, insulin-

stimulated insulin receptor kinase activity is
augmented as is the autophosphorylation of insulin
receptor [8]. In high glucose-treated rat adipocytes
(that are insulin resistant), VO4

32 stimulation of insulin
receptor autophosphorylation and insulin receptor
kinase activity are enhanced, as is Akt serine phos-
phorylation [9]. Thus, V appears to serve as an insulin
mimetic. While V is able to inhibit PTP1B, the phos-
phatase responsible for dephosphorylation of insulin
receptor, it also basically inhibits all phosphatases,
although the Ki values can differ considerably. Given
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the range of functions regulated by phosphatase
enzymes and that VO4

32 administration could poten-
tially affect them all to some degree, the potential for
side effects from V treatments is easily understood.

V has never been shown to have any effects on body
composition or muscle mass development. Clinical
studies with V are limited in number [10] and have gen-
erally been limited to diabetic subjects. Studies using
vanadyl sulfate (75 or 150 mg daily) have not been dou-
ble blind in design, but most reported statistically sig-
nificant improvement in fasting blood glucose and
glycated hemoglobin. All the studies reported a high
incidence of adverse gastrointestinal side effects [10].
The first results of a phase I and phase IIa clinical trial
using a V chelate complex, bis(ethylmaltolato)oxovana-
dium(IV), have recently been reported [11,12]. The com-
pound was “consistently well tolerated” [11] and had
mixed results in the studies, which were not double-
blinded or large enough for meaningful statistical treat-
ment. Use of vanadium as a supplement for sports
nutrition cannot be recommended.

CHROMIUM

Nutritional Background

Chromium was first proposed to be an essential trace
element for mammals just over five decades ago. Rats
fed a diet with Torula yeast as the sole protein source
developed an apparent inability to properly dispose of
glucose after a glucose challenge [13]. Adding high
doses of a variety of Cr(III) complexes (200 μg Cr/kg
diet), but not over 50 different elements, to the diet
restored this ability. Similarly, the addition of Brewer’s
yeast or porcine kidney powder, both rich in chromium,
also apparently reversed the condition. Unfortunately,
the study was flawed. For example, the rats were kept
in metal cages, and the Cr content of diet was never
measured. Additionally, large doses of chromium(III)
have subsequently been shown to have pharmacologi-
cal effects on rodents [14]. Thus, these results and those
of other earlier studies using similar diets and treat-
ments [15] could readily be interpreted as suggesting a
pharmacological effect from high doses of chromium.

In 1980, the Food and Nutritional Board of the
National Academy of Science (USA) determined that
chromium was an essential element and set an
Estimated Safe and Adequate Daily Dietary Intake
(ESADDI) of 50�200 μg [16]. In 2002, this was changed
to an Adequate Intake (AI) of 30 μg per day [1]. This
value was chosen as it reflects the Cr content of a
nutritionist-designed diet [17]. By definition, the ade-
quate intake means that .98 % of Americans show no
signs of deficiency at this intake.

Recently, providing rats a diet with as little chro-
mium as reasonably possible has been shown not to
have any deleterious effects [18]. Rats were provided
the AIN-93 G purified diet with added chromium in
the mineral mix (,20 μg Cr/kg diet) and were kept in
cages with no access to metal for 6 months. This Cr
content is similar to that of a human consuming
30 μg Cr daily (the AI value). No differences in body
mass, insulin sensitivity, or response to a glucose chal-
lenge were observed compared with rats on the com-
plete AIN-93 G diet (with 1000 μg Cr/kg). Adding
additional Cr(III) to the diet (200 μg/kg or 1000 μg/kg,
clearly supra-nutritional or pharmacological doses)
also had no effects on body mass but resulted in
increased insulin sensitivity [18].

Other data have been proposed to support chro-
mium being an essential trace element in mammals.
The studies most often cited include those on the
effects of chromium supplementation of rats on high-
sugar [19] or high-fat diets [20] or humans on total par-
enteral nutrition (TPN) that developed diabetes-type
symptoms [21]. In these cases, the animals had altered
carbohydrate and lipid metabolism that was at least
partially restored by supplementation with high,
supra-nutritional doses of chromium. These actually
only provide evidence for a pharmacological role for
chromium, not one as an essential trace element [14],
as the animals’ glucose and lipid metabolism was com-
promised independently of their Cr intake.

Anderson and coworkers have reported that, for
humans, absorption varies inversely with intake; low
intakes (B15 μg/day) lead to “high” rates of absorp-
tion (B2%) while high intake (B35 μg/day) reduces
absorption to B0.4% [22]. However, the effects were
only observed for female subjects; no dependence of
absorption on dose was observed for male subjects.
The greater number of female subjects resulted in an
effect being observed when all subjects were pooled.
Close scrutiny of this work suggests that propaga-
tion of error analysis needs to be carefully per-
formed with these results. Studies of this type are
not trivial to perform, and the error associated with
the results is probably easily as large as the appar-
ently observed effects. The study also needs to be
reproduced. Recently, Kottwitz et al. [23] demon-
strated in rats that absorption of chromium from
oral CrCl3 was independent of dose over seven dif-
ferent doses in the range 0.01�20 μg Cr. These results
are consistent with perfusion studies that demon-
strate that dietary Cr is absorbed by passive diffu-
sion [24]. Cr would be a unique trace metal as its
intake would not be controlled. Consequently, unless
additional evidence should appear, chromium can
no longer be considered an essential trace element
[14,18].
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Body Mass and Composition

However, as Cr supplementation has beneficial
pharmacological effects at large doses, the question
arises as to whether Cr can be used in a beneficial
fashion related to sports nutrition. The use of Cr, par-
ticularly as [Cr(pic)3], as a nutritional supplementation
or nutraceutical for weight loss and muscle mass
development was initiated by the publication of a
paper in the International Journal of Biosocial and Medical
Research by Gary W. Evans, the patent inventor for the
use of the compound, in 1989 [25]. In the first study
described, ten males between 18 and 21 years of age
were involved. Half the students received a supple-
ment containing 200 μg Cr as [Cr(pic)3] for 40 days; the
other half received a placebo. The subjects engaged in
40-minute exercise periods twice a week. By measur-
ing thickness of skin folds and bicep and calf circum-
ferences, body composition was estimated. Subjects on
the supplement on average gained 2.2 kilograms (kg)
body mass, had no significant change in % body fat,
and gained 1.6 kg of lean body mass. In contrast, sub-
jects on the placebo on average gained 1.25 kg body
mass, had an increase in body fat of 1.1%, and
increased their lean body mass by 0.04 kg. The increase
in lean body mass for the subjects receiving chromium
was said to be statistically greater than that for the
control (or placebo) group (P5 0.019) [25]. In the sec-
ond study [25], 31 college football players completed a
42-day program. Half the players were given 200 μg Cr
as [Cr(pic)3], while the other half received a placebo.
The subjects exercised 1 hour per day for 4 days per
week. Body composition was estimated by measuring
thigh, abdomen, and chest skin folds and thigh, bicep,
and calf circumference. After 14 days, subjects receiv-
ing Cr on average lost 2.7% of their body fat and had
an increase in lean body mass of 1.8 kg, while no
changes were observed in the control group. After
6 weeks, the chromium group on average lost 1.2 kg,
lost 3.6% (or 3.4 kg) of their body fat, and had an
increase in lean body mass of 2.6 kg, while the control
group had a loss of 1 kg of body fat and a 1.8 kg
increase in lean body mass. Both the loss of body fat
and the increase in lean body mass were said to be sig-
nificantly greater for the chromium group (P5 0.001
and P5 0.031, respectively). These results were rapidly
challenged [26�29]. Body composition by skin fold
measurements and circumference measurements is
only an indirect estimation, especially in young males
[27]; more accurate techniques such as underwater
weighing were available in 1989. No method to deter-
mine compliance of subjects was indicated. The stan-
dard deviation of the data was not presented. Evans
and coworkers followed this with a study reported in
1990 [30]. The study was double-blind, crossover in

design. Groups received supplements or placebos for
42 days, then received neither for 14 days, and finally
received for 42 days the opposite (placebo or supple-
ment) from that in the original 42 days. Subjects vary-
ing from 25 to 80 years in age were utilized.
Compliance was monitored by capsule count. While
the study was designed to look at serum cholesterol
and apolipoprotein levels, body mass data were also
collected. [Cr(pic)3] supplementation, 200 μg per day,
had no effect on body mass. In 1993, Evans reported a
study of the effects of [Cr(pic)3] on body composition
[31]. 12 males and 12 females were involved in a
weekly aerobics class. Subjects were 25 to 36 years of
age. Males received 400 μg Cr per day as [Cr(pic)3] or
400 μg of Cr as chromium nicotinate. Females received
half as much of either Cr source. Lean body mass was
measured by resistivity. Data were presented with
standard errors. For males receiving [Cr(pic)3], the lean
body mass increased by 2.1 kg and was statistically
equivalent to the initial value and to the values of the
group receiving chromium nicotinate. For females, the
lean body mass increased by 1.8 kg and was statisti-
cally equivalent to the initial value and to those of the
group receiving chromium nicotinate. Yet, Evans
claimed, despite this, that the change in lean body
mass for both males and females on [Cr(pic)3] was sig-
nificant (P, 0.01). The statistical analysis that indi-
cated that, while final and initial values were
equivalent, the difference between them was signifi-
cant failed to incorporate the error in both the initial
and final values in the calculation of the error of the
difference. This study has been criticized by Lefavi
[32], who states

“It is likely that reviewers well-read in exercise physiology
would find the notion of a 4.6-lb lean body mass (LBM)
increase in males and a 4.0-lb LBM increase in females result-
ing from 12 weeks of a weekly aerobics class preposterous. A
LBM increase that dramatic is not typically seen in subjects
who are weight-training three times per week for 12 weeks,
no matter what they are taking. . . . Investigators familiar with
this type of research would suggest either (a) that was one
great aerobics class, or (b) people in Bemidji, MN, respond in
a highly unusual manner to aerobic exercise and/or are
extremely chromium deficient, or (c) Dr. Evan’s group is con-
sistently having difficulty accurately measuring LBM.”
(p. 121).

Curiously, none of the studies by Evans and cowor-
kers described above reported a source of funding.

Subsequent studies of body composition have gen-
erally used underwater weighing, dual X-ray absorpti-
ometry, or magnetic resonance imaging to measure the
fat and lean body content and consequently are more
accurate than these initial studies. These studies have
failed to confirm the early results of the patent inven-
tor [33], even when using athletes, with their greater
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nutritional requirements, as subjects. Thus, the over-
whelming evidence from human studies is that chro-
mium has no effect on body mass or body
composition, including the enhancement of muscle
mass. The results of rodent studies are equally compel-
ling. Most notable is a study commissioned by NIH in
which male and female rats and mice were provided
with up to 5% of their diet as chromium picolinate for
up to 2 years [34]; no effects were found on body mass
and composition.

Largely on account of these early studies on chro-
mium picolinate and subsequent work funded by the
licensee of the patents, Nutrition21 (formerly AMBI),
products containing chromium picolinate grew in sales
to about one half billion dollars annually [35].
Consequently, when many people think of the element
chromium from a nutritional point of view, the first
thing to come to mind is probably one or more of the
following:

• reduces body fat,
• causes weight loss,
• causes weight loss without exercise,
• causes long-term or permanent weight loss, and
• increases lean body mass or builds muscle.

The Federal Trade Commission (FTC) of the USA
ordered entities associated with the nutritional supple-
ment chromium picolinate to stop making each of
these representations in 1997 because of the lack of
“competent and reliable scientific evidence” [36].
Nutrition21 filed for bankruptcy in 2011 and sold its
assets at auction in 2012.

Thus, as individuals in the USA and other devel-
oped nations should not be Cr deficient, and as Cr
does not promote changes in body mass or composi-
tion, healthy individuals have no need for Cr supplementa-
tion. Studies continue to examine the effects of
chromium supplementation of subjects with type 2
diabetes and related conditions. To date, studies with
rodent models of diabetes demonstrate beneficial
effects from chromium supplementation while human
studies have failed to do so convincingly. Human
studies have failed to use doses as high in comparison
to those used in rodent studies, such that studies with
higher doses are necessary in humans (with, of course,
appropriate safety monitoring) [14].

Related Animal Studies

Several studies have appeared on the use of chro-
mium supplements to prevent the effects of stress of
livestock and farm animals [37]. While some studies
indicate that meat quality and other variables may be

improved, the results are exceedingly contradictory, so
that no firm conclusions can be made.

Toxicity

The potential toxicity of chromium picolinate has
recently been an area of intense debate, but consensus
about its toxicity and the toxicity of Cr(III) compounds
generally has probably recently been reached [14].
Only Cr(III) complexes with ligands such as imines,
e.g., [Cr(III)(1,10�phenanthroline)3], where the redox
potential of the Cr(III) ion is altered so that the Cr cen-
ter can enter into redox chemistry at the potentials in
cells [38], are likely to have any toxic effects.
Chromium picolinate with three imine nitrogens coor-
dinated could potentially be toxic. In mammalian cell
culture studies and studies in which the complex is
given intravenously, chromium picolinate is clearly
toxic and mutagenic, unlike other commercial forms of
Cr(III) [14,39]. (Recently, studies funded by the com-
pany selling the supplement observed no effects in cell
culture studies [40,41]; however, subsequent research
has shown that DMSO (used as a solvent for the sup-
plement and that can serve as a radical trap) quenched
the deleterious effects [42].) However, when given
orally to mammals, the complex does not appear to be
toxic nor appear to be a mutagen or carcinogen.
(Curiously, the complex appears to be a potent muta-
gen in fruit flies while other forms tested are not, as it
apparently is absorbed intact [43,44].) The NIH study
of the effects of up to 5% of the diet (by mass) of rats
and mice for up to 2 years found no harmful effects on
female rats or mice and at most ambiguous data for
one type of carcinogenicity in male rats (along with no
changes in body mass in either sex of rats or mice)
[34]. This leads to a No Observed Adverse Effect
Level (NOAEL) of 5 mg Cr/kg body mass/day or
300 mg Cr/day for an average 60 kg adult. These
apparently contradictory results can readily be
explained. The complex undergoes hydrolysis in the
stomach, releasing the chromium before the intact
complex can be absorbed to an appreciable level
(B1%) [45], in contrast to the cell studies and fruit fly
studies where the very stable, neutral complex could
be absorbed intact. The World Health Organization
and the European Food Safety Authority consider
chromium supplementation of 250 μg Cr/day to be
without safety concerns, while the Expert Group on
Vitamins and Minerals (United Kingdom) has indi-
cated that a daily dose of 10 mg Cr/day would be
anticipated to be without adverse effects [46]. Thus,
health concerns over the use of commercial chromium
supplements is minimal; but given the lack of beneficial
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effect, any risk is unwarranted from chromium supple-
mentation in healthy individuals.

ZINC

Nutritional Background

Zinc is a versatile trace element and is present in all
organs, tissues and fluids of the body. It is needed as a
cofactor for more than 300 enzymes [47]. Zn is involved
in macronutrient metabolism and is required for nucleic
acid and protein metabolism, thereby regulating cell
differentiation and replication [48]. In addition, some
Zn-dependent enzymes, such as lactate dehydrogenase
and carbonic anhydrase, regulate glycolysis and are
crucial for exercise metabolism [49]. Zn is also needed
for the antioxidant enzyme superoxide dismutase. The
need for zinc increases during periods of rapid growth
such as pregnancy, infancy, and puberty [48].

In the USA, the 2001 recommended dietary allowance
(RDA) for Zn was set at 8 mg/day for adult women and
11 mg/day for adult men [50]. These recommendations
are lower than those set in 1989, which were 12 mg/day
for adult women and 15 mg/day for adult men. Clinical
Zn deficiency is rare in the general population when a
balanced diet is consumed. The median zinc intake in
the USA was reported to be approximately 9 mg/day for
adult women and 13 mg/day for adult men in 2000 [50].
The highest concentrations of Zn are found in foods
of animal origin such as oysters, lobster, and red
meats like beef, lamb and liver [51]. Cooked dried
beans, sea vegetables, fortified cereals, nuts, peas,
and seeds are the major plant sources of Zn [51].
Although some concern exists that some vegetarian
diets may not provide enough bioavailable Zn [52],
studies indicate that in Western countries vegetarians
and vegans do not suffer from overt zinc deficiencies
any more than people who consume meat [53]. Some
evidence suggests that more than 15 mg of zinc daily
may be needed in those whose diet is high in phy-
tates, such as with some vegetarians [50]. Excessive
Zn intakes can be toxic and can produce nausea,
vomiting and bloody diarrhea. A very large dose of
Zn supplement (160 mg/day for 16 weeks) has been
reported to reduce high-density lipoprotein concen-
trations [54]. The tolerable upper intake level for Zn
has been set at 40 mg/day by the Food and Nutrition
Board of the National Research Council.

Nutritional Status Assessment

A variety of indices have been used to asses Zn sta-
tus, including measurement of Zn in plasma/serum,

red blood cells, leukocytes and neutrophils. Evaluation
of Zn status is difficult because of homeostatic control
of body Zn. Due to ease of measurement, the most
common method of assessment is serum/plasma Zn,
with a fasting concentration of less than 70 μg/dL
(10.7 μmol/L) suggesting deficiency [55]. Plasma Zn
concentration should be interpreted with caution
because it can be affected by many factors other than
Zn depletion, including meals, time of the day, stress,
infection, steroid therapy, and use of oral contracep-
tives [56].

Zinc Supplements

Zinc supplements are available in many forms,
including oral forms such as tablets, lozenges and
spray. The compounds used as Zn supplements
include zinc oxide, zinc acetate, zinc sulfate, zinc chlo-
ride and zinc gluconate. The amount of Zn and bio-
availability of Zn differs in various supplement forms.
The amount of elemental Zn is as low as 14.3% in the
gluconate form, whereas zinc sulfate and zinc chloride
contain 23% and 28% Zn, respectively. Zn lozenges are
supposed to assist in the treatment of common cold,
but a meta-analysis has reported no significant benefit
associated with use of Zn lozenges in treatment of the
common cold [57].

Zinc and Sports Performance

Many athletes use dietary supplements commonly
containing vitamins, minerals, protein, creatine, and
some ergogenic compounds as a part of their regular
or completion regimen [58]. Widespread belief exists
among athletes that mineral supplements can enhance
performance. This idea is popular because of the
assumption that athletes have higher than usual
requirements for minerals and that even a mild defi-
ciency may have a detrimental effect on performance
[59]. Striegel et al. [60] have reported that 30% of mas-
ter athletes participating in the World Masters
Athletics Championships in 2004 used mineral supple-
ments. Research involving zinc supplements and exer-
cise performance is very limited. Also, several
researchers have noted that flawed study designs and
small sample size further limit the ability to provide
recommendations regarding Zn supplementation for
athletes [61,62].

Early interest in a relationship between physical
activity and zinc status was generated by a report of
a decrease in serum Zn levels in some endurance run-
ners as compared with sedentary subjects [63].
Dietary habits, particularly the avoidance of animal
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products, a diet high in carbohydrates, and increased
Zn losses, were postulated to result in low serum Zn
concentrations in some of the runners. Since then
other studies have also reported low circulating Zn
levels in physically active adults, including a group
of female marathon runners [64,65]. An explanation
given for these finding was that dietary Zn may have
been inadequate in athletes with the low circulating
Zn. However, based on self-reported dietary intakes,
Zn consumption for athletes generally exceeds the
estimated average requirement (EAR) of 9.4 and
6.8 mg/day for adult males and females, respectively
[54]. Actually, the range of Zn intake/day for adult
male and female athletes of 13.7�17.9 and
10.3�15.8 mg/day, respectively, as reported by sev-
eral investigators, is close to or higher than the
recommended dietary allowance (RDA) in 2001 for
adult males and females [66�68].

Some data support the hypothesis that exercise
induces Zn redistribution. Exercise is a significant
stressor and affects circulating Zn Levels [54].
Longer-duration activities, such as distance running
or skiing, have been observed to decrease plasma/
serum Zn hours after the activity, while short-dura-
tion, high-intensity activity has been reported to
increase plasma/serum concentration immediately
[69]. Interpretation of these changes in circulating
Zn is difficult without accounting for dietary Zn
intake and other confounders, but they are usually
considered evidence of redistribution of Zn due to
exercise.

The effect of Zn supplementation on muscle func-
tion and strength has been evaluated by several inves-
tigators, but the evidence that Zn supplementation is
needed for optimal muscle function and performance
is equivocal [59,70�72]. Since various Zn-dependent
enzymes that regulate glycolysis (lactate dehydroge-
nase) are needed for elimination of carbon dioxide
from cells (carbonic anhydrase) and Zn is a cofactor
for the antioxidant enzyme superoxide dismutase, Zn
supplementation has been hypothesized to improve
muscle strength and enhance athletic performance.
Preliminary studies indicated that Zn enhances in vitro
muscle contraction [73]. Dynamic isokinetic strength
and isometric endurance significantly improved in 16
middle aged women supplemented with 30 mg Zn/day
for a 14-day period in a double-blind placebo-con-
trolled, cross-over designed study [70]. Muscle func-
tions had been hypothesized to depend on recruitment
of fast-twitch glycolytic muscle fibers as Zn supple-
mentation enhances the activity of Zn-dependent
enzyme lactate dehydrogenase. Since neither dietary Zn
nor Zn status was measured, the large dose of Zn
supplement makes it difficult to determine if Zn sup-
plementation had physiological or pharmacological

effects on muscle strength and endurance. In a recent
study, Ali et al. [74] investigated the effect of Zn sup-
plementation on the upper and lower trunk strength in
athletic women with at least one year prior resistance
training at a frequency of three times per week. Twenty-
four women aged 18�35 years were randomly assigned
to a control group and test group (25 mg Zn/day).
The two groups participated in resistance training for
8 weeks. Testing sessions at week 1 and 8 included
performing 1-RM and 80% of 1-RM tests on the
bench press and the leg press. Fasting serum Zn
concentrations were evaluated before and after resis-
tance training. Dietary zinc intake was not measured.
No significant difference existed in serum Zn concen-
trations before and after the 8 weeks of resistance
training in the control or the supplemented group.
The results indicated that Zn supplementation
(25 mg/day) for 8 weeks had no significant effect on
the upper trunk (triceps) or the lower trunk (qua-
driceps) strength of the subjects. However, the
authors reported improvement in muscle function in
the upper and lower trunk in the Zn supplemented
group. The procedure for measurement of muscle
function was not discussed in this study, making
interpretation of the results difficult.

Studies evaluating the effect of graded dietary Zn or
low Zn intake on physical performance have produced
contradictory results. In untrained men fed diets con-
taining variable Zn content (3.6�33.6 mg/day), Zn sta-
tus measures were not affected [75]. On the other
hand, the activity of the Zn-dependent enzyme car-
bonic anhydrase decreased significantly along with
oxygen use and carbon dioxide elimination when die-
tary Zn was reduced to 4 mg/day as compared with
18 mg/day in physically active men [64]. In another
study, men fed a formula-based diet severely low in
Zn (1 mg/day), compared with men on a diet with an
adequate amount of Zn (12 mg/day), had significantly
decreased serum Zn associated with decreases in knee
and shoulder extensor and flexor muscle strength [76].
Thus, evidence indicates that severe Zn deficiency, as
evaluated by dietary and biochemical measures of Zn
status, negatively affects muscle strength.

Research regarding the role of Zn supplementation
for improvement of athletic performance is limited.
The benefits of Zn supplementation to physical perfor-
mance have not been established. Most studies have
indicated that, for athletes who consume adequate
amounts of dietary Zn, with Zn status indices within
normal range, Zn supplementation does not enhance
muscle strength or athletic performance. However, ath-
letes who restrict energy intake, use severe weight loss
regimens, or consume diets severely restricted in Zn
may experience decreased muscle strength and
endurance.
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Future Research

Long-term, double-blind, placebo-controlled clinical
trials with graded zinc supplements are needed to
definitively clarify whether zinc supplementation has
any positive effect on athletic performance.

CONCLUSION

Vanadium has not been used previously in sports
nutritional supplements and is extremely unlikely to
be used in the future. While chromium supplements
have been used extensively in the past, current
research does not support any benefits from their use;
thus, the use of chromium as a sports supplement can-
not be recommended at the current time. Zinc supple-
ments may have beneficial effects, particularly in
terms of maintaining muscle strength. The evidence,
however, is inconclusive so that the use of zinc supple-
ments cannot currently be recommended.
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INTRODUCTION

Recently, amino acids such as leucine and its meta-
bolite α-ketoisocaproate (KIC) have returned to the
focus of several studies. It was observed that these
compounds, or even a sub-product of their meta-
bolism, could inhibit proteolysis and promote muscle
hypertrophy in mice, leading to a reduction of urinary
nitrogen loss and protein catabolism [1,2]. In vitro, KIC
or another metabolite of leucine inhibits protein degra-
dation, since the use of inhibitors of leucine transami-
nation to KIC prevented this effect [3]. It is noteworthy
that other branched-chain amino acids (BCAAs) isoleu-
cine or valine, as well as their metabolites, did not
promote these effects, supporting the hypothesis that
some metabolite of leucine may act as a key element in
triggering this anticatabolic effect [4]. Nissen et al. [5]
suggested that beta-hydroxy-beta-methylbutyrate
(HMB) is the metabolite responsible for these effects.
In fact, direct effects of HMB were reported, with
decreased proteolysis (B80%) and increased protein
synthesis (B20%) in skeletal muscle of rats and chick-
ens incubated with various concentrations of HMB [2].

Based on these observations, HMB is claimed to
increase strength and fat-free mass (FFM), and its sup-
plementation has been used as a potential strategy in

the treatment of patients with muscular atrophy condi-
tions, such as cachexia [6] and sarcopenia [7], or even
to maximize gains in muscle mass during resistance
training [8,9].

AN OVERVIEW ON HMB METABOLISM

HMB is a metabolite of the essential BCAA leucine
[10]. The first step in HMB formation is the reversible
transamination of leucine to form α-KIC, a process that
occurs mainly extrahepatically [11]. Following this
enzymatic reaction, α-KIC can follow two different
pathways. In the first, HMB is produced from α-KIC
by the cytosolic enzyme KIC dioxygenase in liver [12].
Following this pathway, HMB is first converted to
cytosolic beta-hydroxy-beta-methylglutaryl-CoA
(HMG-CoA), which can then be directed for choles-
terol synthesis [13]. In the second pathway, α-KIC
generates isovaleryl-CoA in the liver through the enzy-
matic action of branched-chain ketoacid dehydroge-
nase (BCKD), and after several steps, HMG-CoA is
produced through the enzyme HMG-CoA synthase
(Figure 47.1). Nissen and Abumrad [2] provided evi-
dence that the primary fate of HMB is the conversion
to HMG-CoA in the liver, for cholesterol biosynthesis.
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Van Koevering and Nissen [10] estimated that approxi-
mately 2�10% of leucine is converted to HMB.

The endogenous production of HMB is small. An
individual weighing 70 kg produces about 0.2�0.4 g of
HMB per day, from dietary leucine. Although the liver
is the major site of production of HMB, by presenting
high dioxygenase activity, studies with homogenates
and perfusates also indicate that muscle and other
tissues produce HMB, although in low amounts [2].
Plasma HMB half-life is approximately 2.5 h
(Table 47.1). After approximately 9 h following inges-
tion, plasma HMB reaches baseline levels. Some HMB
accumulates in urine, but 70�85% is retained in the
body for further metabolism [14]. Leucine oxidation is
affected by exercise, increasing up to 7-fold during
exercise [15,16]. However, plasma HMB levels do not

appear to be affected by acute exercise, since they did
not change during a maximal oxygen consumption test
in a cycle ergometer [17].

HMB SUPPLEMENTATION

HMB is present in foods such as citrus fruits, some
fish and breast milk [5]. However, it is very difficult
and impractical to provide by diet the quantities of
HMB used in studies that demonstrate inhibition of
proteolysis and muscle mass gains (B3 g/day). For
this reason, HMB supplementation has been used as
an alternative by the practitioners of weight training,
for individuals subject to extreme muscular stress, the
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FIGURE 47.1 HMB metabolism. Modified from Nissen and Abumrad [2].

TABLE 47.1 HMB Pharmacokinetics

Parameter 1 g HMB 3 g HMB 3 g HMB1 75 g Glucose

Peak plasma concentration 115 nmol/L B480 nmol/L B350 nmol/L

Time to peak plasma concentration 2.0 h 1.0 h 1.9 h

Plasma half-life 2.37 h 2.38 h 2.69 h

Accumulation in urine 14% 29% 27%

Adapted from Vukovich et al. [14].
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elderly, or in patients with diseases associated with
muscle wasting syndromes, such as cancer.

Most studies with human subjects have employed
3 g/day of HMB. Moreover, Gallagher et al. [18] dem-
onstrated that 3.0 g/day produced better results on
FFM gain than did 1.5 and 6.0 g/day. Compared with
HMB as calcium salt, HMB as free acid gel resulted in
quicker and greater plasma concentrations (1185%)
and improved clearance (125%) of HMB from plasma.
Therefore, HMB free acid gel could improve the avail-
ability and efficacy to tissues in health and disease
[19]. Up to 76 mg/kg/day (equivalent to B5.3 g/day
in a 70 kg individual) for 8 weeks appears to be safe
and does not adversely affect hepatic and renal func-
tion, or hematological parameters, in young male
adults [20]. In fact, Nissen et al. [21] demonstrated that
3.0 g HMB/day promotes a decrease in total choles-
terol (5.8%), low-density lipoprotein (LDL) cholesterol
(7.3%), and systolic blood pressure (4.4 mmHg) when
compared with placebo group.

EFFECTS OF HMB SUPPLEMENTATION
ON STRENGTH AND BODY

COMPOSITION

HMB Supplementation in Untrained and
Healthy Individuals

The study of Nissen et al. [5] was the first to address
the effect of different doses of HMB on skeletal muscle
mass in humans. Three doses of HMB were used in
this study (0, 1.5 and 3.0 g/day) with two dietary pro-
tein intakes (117 and 175 g/day) in untrained indivi-
duals subjected to a resistance-training regimen for 3
weeks. According the authors, supplementation pre-
vented exercise-induced proteolysis and muscle dam-
age, as indicated by a 20% decrease in urinary
3-methyl-histidine and 20�60% decreases in serum
creatine kinase (CK) and lactate dehydrogenase (LDH)
activity. However, utilization of these blood markers
may not provide a reliable indication of muscle protein
breakdown and damage, respectively. Despite no alter-
ation in body composition, total strength increased in a
dose-responsive manner: 8, 13 and 18.4% for 0, 1.5 and
3 g/day, respectively. In a later study with non-trained
individuals, 3.0 g/day of HMB for 3 weeks results in a
37.5% cumulative increase in strength. Also, CK levels
were lower in the HMB-supplemented group than in
the placebo group, but fat-free mass (FFM) was not dif-
ferent between groups [22].

Doses higher than 3 g/day do not appear to further
increase FFM or strength in untrained individuals.
Gallagher et al. [18] found that doses of 3 g of HMB per
day promoted an increase in FFM of 1.96 kg, but 6 g/day

did not elicit the same effect. The 3 g/day dose also pro-
moted greater increase in peak isometric torque. Increase
in plasma CK levels following the initial training was
attenuated by HMB supplementation, with no effect of
dosage. The effects of HMB supplementation on strength
and muscle damage did not differ by gender [23].

Vukovich et al. [24] randomized 31 70-year-old
men and women into two groups, placebo and
HMB-supplemented (3 g/day), in conjunction with a
5 day/week exercise program. HMB supplementation
promoted an increased percentage of body fat loss
assessed by skin fold estimation and computerized
tomography. The increase in FFM tended to be greater
in the HMB group (placebo 20.26 0.3 kg; HMB
0.86 0.4 kg), but the differences were not statistically dif-
ferent. In sedentary females, HMB (3 g/day) or placebo
supplementation for 4 weeks did not promote any change
in body composition [25]. When a resistance-training
program (3 sessions per week) was associated with the
supplementation protocol, greater gains in FFM (placebo
0.37 kg; HMB 0.85 kg) and strength (placebo 9%; HMB
16%) in the HMB-supplemented group were reported
[25]. These results indicate that HMB supplementation
enhanced gains in FFM and strength only in the presence
of the stimulus provided by resistance training.

Short-term HMB supplementation in untrained sub-
jects had no effect on swelling, muscle soreness, or tor-
que following a bout of maximal isokinetic eccentric
contractions of the elbow flexors [26]. Acute ingestion
of 3 g HMB before 55 maximal eccentric knee exten-
sion/flexion contractions also had no effect on markers
of skeletal muscle damage, while preventing increase
in LDH [27]. Based on these results, for HMB-induced
attenuation of muscle soreness and damage, a longer
supplementation period may be necessary.

HMB Supplementation in Trained Individuals
and Athletic Population

If in untrained individuals there are some data indi-
cating positive effects of HMB supplementation, in
trained individuals the results are less clear. While
some demonstrated a possible role of HMB supple-
mentation in strength and FFM gains in athletes, most
studies do not confirm these findings.

Thomson et al. [28] supplemented 22 resistance-
trained men with 3 g/day of HMB for 9 weeks with resis-
tance training. They report an increase in lower-body
(9.1% in leg press) but no alterations in upper-body
strength (2 1.9% in bench press and 21.7% in biceps
curl). In distance runners, reductions in muscle damage
markers represented by serum CK and LDH were found
[29].

In trained collegiate football players, 4 weeks of
HMB supplementation resulted in no alterations in
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body fat, body weight, or muscular strength [30], nor in
markers of muscle catabolism (CK and LDH) and repet-
itive sprint performance [31]. Also in resistance-trained
water polo and rowing athletes, 6 weeks of 3 g/day
HMB supplementation did not result in increases in
FFM and strength compared with a placebo group [32].

Vukovich and Dreifort [17] supplemented endurance-
trained cyclists with 3 g/day of HMB for 14 days and
evaluated VO2peak and the onset of blood lactate accumu-
lation (OBLA). Although VO2peak (control 22.66 2.6%;
HMB 4.06 1.4%) and lactate accumulation peak (control
7.56 1.3 mM; HMB 8.16 1.1 mM) did not differ between
groups, OBLA increased after HMB supplementation
(control 0.756 2.1%; HMB 9.16 2.4%), suggesting that
HMB promotes a decrease in lactate production, an
increase in lactate removal, or a combination of both. In
elite adolescent volleyball players, HMB supplementa-
tion promoted gains in anaerobic performance, as dem-
onstrated by Portal et al. [33]. In this study, the effects of
7 weeks of HMB supplementation upon body composi-
tion, muscle strength, anaerobic and aerobic capacity, as
well hormonal profile (growth hormone, IGF-I and tes-
tosterone) and inflammatory mediators (IL-6 and IL-1)
were evaluated. HMB supplementation led to greater
increase in FFM and knee flexion isokinetic force. Knee
extension and upper-body isokinetic force were not
affected by supplementation. Peak and mean anaerobic
power, evaluated by lower-body Wingate test, was sig-
nificantly greater in the HMB group compared with pla-
cebo. Aerobic capacity and hormonal and inflammatory
profile were not affected. The positive effects on body
composition contrast with most studies with well-
trained athletes, in which HMB showed no effects. This
may be due to the low age of players evaluated by Portal
et al. [33] (13.5 to 18 years, Tanner stage 4 to 5) compared
with studies using adult athletes.

It is possible that HMB supplementation exerts posi-
tive effects only in conditions in which muscle proteoly-
sis is more pronounced, such as in untrained individuals
acutely exposed to exercise training. Athletes and well-
trained individuals may not respond to HMB supple-
mentation, because of training-induced suppression of
muscle protein breakdown.

Table 47.2 summarizes studies that evaluated the
effects of HMB supplementation on muscle strength,
muscle mass and muscle damage.

MECHANISMS OF ACTION OF HMB

Molecular and Metabolic Actions

The possible role of HMB in protection against con-
tractile activity-induced muscle damage may be asso-
ciated with increased stability of muscle plasma

membrane and increased metabolic efficiency. HMB is
converted to β-methylglutaryl-CoA (HMG-CoA) for
cholesterol synthesis, and drugs that inhibit HMG-
CoA reductase affect the electrical properties of skele-
tal muscle fiber membrane [43]. Besides, Nissen et al.
[5] have suggested that HMB may act as a precursor of
structural components of cell membranes, enhancing
the repair of sarcolemma after contractile activity, but
more research is needed to confirm this hypothesis.
The effect of HMB supplementation upon acute muscle
fatigue may also involve an increase in acetyl-CoA
content, possibly through the conversion of HMG-CoA
into acetoacetyl-CoA by HMG-CoA synthase inside the
mitochondria [2,10]. We have also demonstrated that
HMB supplementation results in increased ATP and
glycogen content in gastrocnemius muscle [40]. It is
possible that HMB could accelerate the tricarboxylic
acid (TCA) cycle, increasing ATP content, malate-
aspartate shuttle, and providing a carbon skeleton for
glycogen synthesis.

In vitro data also demonstrate that HMB can pro-
mote an increase in fatty free acids (FFA) oxidation in
skeletal muscle [44,45]. HMB supplementation could
also promote an increase in lipid availability due to
increased lipolysis. Our group has demonstrated that,
in rats, HMB supplementation for 28 days resulted in
decreased content of epididymal adipose tissue [42], as
well as an increased plasma FFA concentration and
increased hormone-sensitive lipase (HSL) gene and
protein expression in white adipose tissue (unpub-
lished data). This effect may be due to an increase of
GH in response to HMB supplementation [42], since
GH stimulates lipolytic enzymes as HSL [46].

EFFECTS OF HMB SUPPLEMENTATION
ON PROTEIN HOMEOSTASIS IN

SKELETAL MUSCLE

HMB on Protein Synthesis and Muscle Growth

In skeletal muscle, some evidence indicates that HMB
supplementation affects protein metabolism by distinct
pathways. For example, Kornasio et al. [47] demon-
strated in chicken and human myoblasts an increase in
thymidine incorporation, indicating DNA synthesis
stimulation, which was 2.5-fold greater in HMB-treated
than in control cells. Also, gene expression of some myo-
genic regulatory factors—MyoD, myogenin and MEF2—
was stimulated by addition of HMB to the culture
medium for 24 h in a dose-dependent fashion (25 to
100 g/mL). As result, HMB treatment promotes an
increase in the number of cells, indicating an effect upon
proliferation and differentiation of myoblasts. These
authors also demonstrated an in vitro effect of HMB on
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TABLE 47.2 Summary of Studies that Evaluated the Effects of HMB Supplementation on Muscle Strength, Muscle Mass and
Muscle Damage

Reference Samples Supplementation Protocol Results

Nissen et al. [5] Human 1.5 or 3.0 g HMB day21 3 and 7
weeks
with RT

Significant decrease in muscle proteolysis induced by exercise

Panton et al. [23] Human 3.0 g HMB day21 4 weeks
with RT

Lower levels of muscle damage markers

Gallagher et al. [18] Human 3.0 g HMB day21 8 weeks
with RT

Induced increases in muscle mass

Gallagher et al. [18] Human 6.0 g HMB day21 8 weeks
with RT

No response to supplementation

Gallagher et al. [20] Human 6.0 g HMB day21 8 weeks
with RT

No risk regarding renal and liver function or hematological
parameters

Clark et al. [6] Human 3 g of HMB1 14 g
arginine1 14 g
glutamine day21

8 weeks In individuals with HIV, increased lean mass and improved
immune system function

Slater et al. [32] Human 3.0 g HMB day21 6 weeks
with RT

No changes in body composition, muscular strength or
biochemical markers

Jówko et al. [22] Human 3.0 HMB day21 3 weeks
with RT

No changes in muscle mass

Vukovich et al. [24] Human 3.0 g HMB day21 8 weeks
with RT

Increased body fat loss in elderly subjects

Vukovich and
Dreifort [17]

Human
(endurance-
trained cyclists)

3.0 g HMB day21 2 weeks Increased onset of blood lactate accumulation (OBLA) with no
changes in lactate accumulation peak or VO2peak

Ransone et al. [30] Human (football
players)

3.0 g HMB day21 4 weeksa No gain in strength or muscle mass

Hoffman et al. [34] Human (football
players)

3.0 g HMB day21 10 daysa No gain in strength or muscle mass

Flakoll et al. [35] Human 2.0 g HMB1 5.0 g
arginine1 1.5 g
lysine day21

12 weeks Gain in maximum strength and muscle mass

Van Someren
et al. [36]

Human 3.0 g HMB1 3.0 g
KIC day21

2 weeks
with RT

Gain in maximum strength and increased skeletal muscle repair

Kreider et al. [37] Human 3.0 or 6.0 g HMB day21 4 weeks
with RT

No gain in strength or muscle mass

Kreider et al. [31] Human (football
players)

3.0 g HMB day21 28 daysa No differences in catabolism markers, body composition, or
repetitive sprint performance

Thomson et al. [28] Human 3.0 g HMB day21 9 weeks
with RT

Increased lower-body strength with no effects on body
composition

O’Connor & Crowe
[38]

Human (rugby
players)

3.0 g HMB day21 6 weeksb No gain in strength, nor in anthropometrical parameters

Lamboley et al. [39] Human 3.0 g HMB day21 5 weeksc Aerobic capacity enhancement with no alterations in body
composition

Portal et al. [33] Human
(adolescent
volleyball
players)

3.0 g HMB day21 7 weeksd Greater increase in FFM; increase in knee extension isokinetic
force and in lower-body anaerobic power. No alterations in
knee extension or upper-body isokinetic force

(Continued)
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IGF-I gene expression, which was B2-fold higher than
in control untreated cells. In contrast, no alteration in
IGF-I gene expression was verified after 30 days of HMB
supplementation in soleus and EDL (extensor digitorum
longus) muscles of rats. Liver mRNA and serum IGF-I,
however, was stimulated [42]. In murine myoblasts,
incubation with 50 mM of HMB significantly stimulated
phosphorylation of mTOR and two important substrates,
4EBP-1 and p70S6k. Protein synthesis rate was increased
in response to HMB, but this stimulatory effect was
completely abolished in the presence of mTOR inhibitor
rapamycin [47]. Is well known that mTOR can stimulate
the translation initiation step of protein synthesis by sev-
eral downstream targets, including p70S6k, eIF4E and
eIF2B (Figure 47.2) [48].

HMB on Protein Degradation

Protein degradation is exacerbated in conditions such
as fasting, hypogravity, immobilization, bed rest and

cancer cachexia. The ubiquitin�proteasome system is a
proteolytic system dependent on ATP, whereas the pro-
teasome complex degrades intracellular proteins marked
with a polyubiquitin chain [49]. Smith et al. [50] supple-
mented mice implanted with the MAC16 tumor with
HMB and reported an attenuation of muscle mass loss
and a reduced muscle proteolysis, reflected by a
decrease in the catalytic activity of the proteasome. The
data are scarce, but HMB exerts its anticatabolic action
via a modulation on components of the ubiquitin�pro-
teasome system. In addition to the activation of mTOR
pathway [48] and increases in satellite cell content, myo-
nuclei number and total DNA content [51], IGF-I pro-
motes inhibition of ubiquitin-ligases in skeletal muscle,
which could result in less protein directed to degrada-
tion [52]. However, more studies are needed to deter-
mine whether IGF-I produced by skeletal muscle and/or
liver mediates some effects attributed to HMB supple-
mentation upon skeletal muscle protein synthesis and
degradation signaling pathways.

TABLE 47.2 (Continued)

Reference Samples Supplementation Protocol Results

Pinheiro et al. [40] Rat 0.320 g HMB day21 30 days Increase in maximal tetanic force and resistance to acute
muscle fatigue

Soares et al. [41] Rat 0.002 g HMB day21 7 days Decreased muscle damage and increased muscle fiber diameter
under hindlimb immobilization procedures

Gerlinger-Romero
et al. [42]

Rat 0.320 g HMB day21 28 days No alterations in muscle weight; increases in GH and IGF-1

aassociated with specific exercise program for football players
bassociated with specific exercise program for rugby players
cassociated with an aerobic exercise training
dassociated with specific exercise program for adolescent volleyball players.
FFM, fat free mass; HMB, beta-hydroxy-beta-methylbutyrate; KIC, α-keto isocaproate; RT, resistance training.
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FIGURE 47.2 Summary of the molecular and metabolic actions described for HMB.
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Impact on Skeletal Muscle Contractile Function

HMB supplementation can alter skeletal muscle
strength in catabolic conditions because of its already
known protective action on protein degradation and
atrophy. We will discuss herein the possible actions in
healthy subjects and in athletes.

Skeletal muscle strength production is determined by
the amount of muscle mass (specifically muscle cross-
sectional area, CSA) and intrinsic factors regulating
metabolism and calcium handling within myofiber.
Results from a meta-analysis of nine studies [53] indicate
that HMB supplementation promotes gain in muscle
mass and strength generation with resistance training.
On the other hand, Rowlands and Thomson [54], in a
more recent meta-analysis of eleven studies, show that
HMB supplementation induces trivial gain in muscle
mass and small gain in strength generation in untrained
and trivial gain in trained lifters. Despite, the lack of
effect of HMB supplementation on muscle mass within
resistance training in healthy untrained subjects and
athletes, which can be explained by many factors uncon-
sidered in meta-analysis [55] regarding the study
design—such as use of similar groups for comparison,
small samples, non-periodized training protocols, lack of
specificity between training and testing conditions and
indirect measurement of muscle size—the gain in muscle
strength generation in untrained lifters could be due to
improvement of intrinsic capacity of tension production
within myofibers. In a recent publication [40] of our
group, HMB supplementation increased ATP and glyco-
gen content and citrate synthase activity in rat skeletal
muscle. Increase in specific force generation (obtained
when the tension is normalized by muscle mass or
muscle CSA), resistance to acute fatigue without changes
in contraction and relaxation velocities in electro-
stimulated rat skeletal muscle were also observed. It has
been demonstrated that leucine stimulates mitochondrial
biogenesis genes SIRT-1, PGC-1α and NRF-1 as well
mitochondrial mass (by 30%) and oxygen consumption
in C2C12 myotubes. HMB is endogenously produced in
consequence of leucine oxidation. Approximately 5% of
KIC generated by leucine transamination is converted to
HMB by α-keto-acid dioxygenase. In hypothesis, the
increased HMB content in myofibers can inhibits α-keto-
acid dioxygenase potentializing the effect of leucine on
oxidative metabolism through conversion of KIC in
isovaleryl-coenzyme A, accelerating the citric acid cycle,
sparing glycogen, and improving specific muscle force.
Thus, in an untrained lifter the effect of HMB supple-
mentation in strength generation can be observed,
although in trained lifters (who already have metabolic
improvement due to the resistance training) there is a
lack of this effect when no additional gain in muscle
mass is observed.

CONCLUSION

According to the evidence discussed above, HMB
supplementation induces metabolic and molecular
effects which are associated with improvement in skel-
etal muscle contractile function. These effects can be
useful in catabolic conditions and in untrained subjects
subjected to resistance training.
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Nunes MT. Chronic supplementation of beta-hydroxy-beta
methylbutyrate (HMβ) increases the activity of the GH/IGF-I
axis and induces hyperinsulinemia in rats. Growth Horm IGF
Res 2011;21:57�62.

[43] Pierno S, De Luca A, Tricarico D, Roselli A, Natuzzi F,
Ferrannini E, et al. Potential risk of myopathy by HMG-CoA
reductase inhibitors: a comparison of pravastatin and simva-
statin effects on membrane electrical properties of rat skeletal
muscle fibers. J Pharmacol Exp Ther 1995;275:1490�6.

[44] Cheng W, Phillips B, Abumrad N. Beta-hydroxy-beta-
methylbutyrate increases fatty acid oxidation by muscle cells.
FASEB J 1997;11:381.

[45] Cheng W, Phillips B, Abumrad N. Effect of HMB on fuel utili-
zation, membrane stability and creatine kinase content of cul-
tured muscle cells. FASEB J 1998;12:950.

[46] Carrel AL, Allen DB. Effects of growth hormone on adipose tis-
sue. J Pediatr Endocrinol Metab 2000;13(Suppl. 2):1003�9.

[47] Kornasio R, Riederer I, Butler-Browne G, Mouly V, Uni Z,
Halevy O. beta-hydroxy-beta-methylbutyrate (HMB) stimulates

462 47. AN OVERVIEW ON BETA-HYDROXY-BETA-METHYLBUTYRATE (HMB) SUPPLEMENTATION IN SKELETAL MUSCLE FUNCTION

5. MINERALS AND SUPPLEMENTS IN MUSCLE BUILDING

http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref15
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref16
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref17
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref18
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref19
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref20
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref21
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref22
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref23
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref24
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref25
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref26
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref27
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref28
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref29
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref30
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref31
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref32
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref33
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref34
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref35
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref36
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref37
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref38
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref39
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref40
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref41
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref42
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref43
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref44
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref44
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref44
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref45
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref46
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref47


myogenic cell proliferation, differentiation and survival via the
MAPK/ERK and PI3K/Akt pathways. Biochim Biophys Acta
2009;23:836�46.

[48] Glass DJ. Skeletal muscle hypertrophy and atrophy signaling
pathways. Int J Biochem Cell Biol 2005;37:1974�84.

[49] Ciechanover A. Intracellular protein degradation: from a vague
Idea thru the lysosome and the ubiquitin-proteasome system
and onto human diseases and drug targeting. Cell Death Differ
2005;12:1178�11790.

[50] Smith HJ, Mukerji P, Tisdale MJ. Attenuation of proteasome-
induced proteolysis in skeletal muscle by {beta}-hydroxy-{beta}-
methylbutyrate in cancer-induced muscle loss. Cancer Res
2005;65:277�83.

[51] Fiorotto ML, Schwartz RJ, Delaughter MC. Persistent IGF-1
overexpression in skeletal muscle transiently enhances DNA
accretion and growth. FASEB J 2003;17:59�60.

[52] Dehoux M, Deneden RV, Pasko N, Lause P, Verniers J,
Underwood L, et al. Role of the insulin-like growth factor I
decline in the induction of atrogin-1/MAFbx during fasting
and diabetes. Endocrinology 2004;145:4806�12.

[53] Nissen SL, Sharp RL. Effect of dietary supplements on lean
mass and strength gains with resistance exercise: a meta-
analysis. J Appl Physiol 2003;94:651�9.

[54] Rowlands DS, Thomson JS. Effects of beta-hydroxy-beta-
methylbutyrate supplementation during resistance training on
strength, body composition, and muscle damage in trained and
untrained young men: a meta-analysis. J Strength Cond Res
2009;23:836�46.

[55] Wilson GJ, Wilson JM, Manninen AH. Effects of beta-hydroxy-
beta-methylbutyrate (HMB) on exercise performance and body
composition across varying levels of age, sex, and training
experience: a review. Nutr Metab (Lond) 2008;5:1�17.

463REFERENCES

5. MINERALS AND SUPPLEMENTS IN MUSCLE BUILDING

http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref47
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref48
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref49
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref50
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref51
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref52
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref53
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref54
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref55
http://refhub.elsevier.com/B978-0-12-396454-0.00047-3/sbref55


This page intentionally left blank



C H A P T E R

48

Role of Astaxanthin in Sports Nutrition
Bob Capelli, Usha Jenkins and Gerald R. Cysewski

Cyanotech Corporation, Kailua-Kona, HI, USA

INTRODUCTION

Astaxanthin is one of over 700 known natural caro-
tenoids and is the most abundant carotenoid in the
marine environment. It is what colors salmon flesh,
lobster shells and shrimp red. Only natural astaxanthin
derived from the microalgae Haematococcus and the
yeast Xanthophyllomyces (formerly Phaffia) is allowed
for sale for direct human consumption as a supple-
ment. Natural astaxanthin was released in the human
nutrition market in the late 1990s after the US Food &
Drug Administration (FDA) reviewed safety para-
meters and allowed it use for human consumption. A
new dietary ingredient submitted to the FDA in 2011
allows for consumption of natural astaxanthin at
12 mg/day. Based on research of its strong antioxidant
capacity, astaxanthin was originally marketed as “The
World’s Strongest Natural Antioxidant” [1]. Further
research has also shown astaxanthin never becomes a
pro-oxidant [2] and has anti-inflammatory properties
and suppresses a number of different inflammatory
pathways [3�5]. Additional research has validated
astaxanthin’s ability to increase strength and endur-
ance in human and animal populations. New in vitro
studies demonstrate the ability of astaxanthin to com-
bat oxidation, which is of particular interest to athletes
who generate excessive levels of free radicals and wish
to lengthen workouts and improve recovery time.
Furthermore, astaxanthin is emerging as a safe and
natural alternative to over-the-counter and prescription
anti-inflammatories to help with overuse injuries as
well as joint, tendon, and muscle pain [1]. In this
paper, we will first analyze chronologically the pub-
lished literature on astaxanthin’s ability to enhance
sports performance and then examine its antioxidant
and anti-inflammatory properties and discuss how
these properties can benefit athletes.

BENEFITS OF ASTAXANTHIN FOR
ATHLETES

Part 1: Sports Performance

It has long been known that strenuous exercise
causes oxidative stress, and to combat exercise-
induced oxidative stress, consumption of antioxidant
supplements have been recommended [6�8].
Antioxidant supplements that have been recom-
mended include vitamins E and C, coenzyme Q10,
beta-carotene, and isoflavonoids. As discussed in detail
below, astaxanthin has been shown to be the strongest
natural antioxidant known. We can therefore expect
that astaxanthin would be an important supplement
for sports nutrition.

In the animal kingdom, the animal that has the
greatest amount of astaxanthin in its body is the
salmon. Salmon cannot synthesize astaxanthin, but
rather obtain astaxanthin through their diet with the
primary source of astaxanthin in the marine environ-
ment being microalgae. Astaxanthin concentrates to
the highest levels in the muscles of the salmon. It has
been theorized that it is astaxanthin that gives salmon
the strength and endurance to swim upstream for
weeks. In salmon, as in other species (including
humans), high levels of free radicals are generated
when exerting force [9]. The presence of a strong anti-
oxidant such as natural astaxanthin in the fish’s mus-
cle tissue is hypothesized to mitigate or eliminate the
excess free radicals generated by this extreme exertion
of swimming upstream for weeks at a time. It appears
that this same effect of astaxanthin concentrating in
the muscles may occur in humans. Indeed, studies
demonstrating astaxanthin’s value in sports nutrition
include both human and animal studies as discussed
below.
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The first indication of astaxanthin’s ability to
enhance muscle function was in US Patent 6,245,818
entitled “Medicament for Improvement of Duration of
Muscle Function or Treatment of Muscle Disorders of
Diseases” granted in 1998 [10]. The patent describes a
study on trotting-horses suffering from exertional
rhabdomyolysis, a severe tightening of muscles, which
necessitates a halt in training. Horses receiving 100 mg
(approximately 0.2 mg/kg) per day of natural astax-
anthin in the form of Haematococcus algal meal for
2 weeks were cured of exertional rhabdomyolysis and
remained cured so long as consumption of astaxanthin
continued. The patent also describes a double-blind,
placebo-controlled human study with 40 male college
students. The students were equally divided between
the placebo group and the treatment group, with the
treatment group receiving 4 mg/day of astaxanthin.
Strength/endurance was estimated by the maximum
number of knee bends a subject could perform in a
Smith machine with a 40 kg load under standardized
conditions and was measured at the beginning of the
study and at the end of the 6-month treatment period.
Strength/endurance of the treatment group consuming
astaxanthin increased by 61.74% compared to an
increase of only 23.78% for the placebo group. In other
words, the strength/endurance of those taking astax-
anthin increased almost three times faster than the pla-
cebo group.

The first published study on astaxanthin’s ability to
affect muscle function was in 2002. Research in Japan
examined sports performance benefits of oral con-
sumption of astaxanthin [11]. This double-blind,
placebo-controlled experiment examined muscle
fatigue in 16 adult males. An equal number of subjects
were in the placebo group and the treatment group
with the treatment group consuming 6 mg/day of nat-
ural astaxanthin per day for 4 weeks. The muscle
fatigue study involved measuring the level of serum
lactic acid and creatine kinase 2 min after subjects ran
1200 m. The level of creatine kinase showed a decreas-
ing tendency and level of lactic acid decreased by a
significant 28.6% in the treatment group compared to
the placebo group. Creatine kinase and lactic acid
are recognized as indicators of fatigue, and the study
suggests that supplementation with astaxanthin
can reduce muscle fatigue and improve sports
performance.

An animal study also conducted in Japan and pub-
lished in 2003 supports the results of the above study
[12]. In this study, mice ran on a treadmill until they
were exhausted. The mice were separated into three
different groups: Group A was the control group that
was not exercised at all and was not given astaxanthin.
Group B was exercised until exhaustion, but was not
given astaxanthin either. Group C was exercised

similar to Group B, but their diets were supplemented
with natural astaxanthin. After the exhaustive exercise,
the mice were sacrificed and examined. Their heart
and calf muscles were checked for oxidative damage.
The researchers found that various markers of oxida-
tive damage were reduced in both the heart muscles
and the calf muscles of Group C. They found a corre-
sponding reduction of oxidation in the plasma as well.
The cell membranes in the treatment group’s calf and
heart muscles suffered significantly less peroxidation
damage. Also, damage to DNA and proteins was sig-
nificantly reduced in the mice supplemented with
astaxanthin. In addition, a significant decrease in
inflammation damage indicators and serum creatine
kinase resulted. Muscle inflammation was found to
decrease by more than 50% in the mice fed with astax-
anthin. Results indicated that astaxanthin was
absorbed and transported into the heart and skeletal
muscle, although most carotenoids concentrate mainly
in the liver and do not normally concentrate to periph-
eral tissues. In conclusion, astaxanthin attenuated
exercise-induced damage by scavenging reactive oxy-
gen species and by decreasing inflammation. This
study demonstrates that natural astaxanthin is avail-
able in the two very different areas in rodents’ bodies
following oral ingestion unlike other carotenoids. This
is a unique and important difference between natural
astaxanthin and other antioxidants and carotenoids
which are generally poorly distributed in the body.

A second human study in Japan examined the effect
of astaxanthin consumption on exercise-induced physi-
ological changes [13]. Eighteen healthy male subjects
with an average age of 35.8 years (6 4.51) were
involved in this double-blind, placebo-controlled,
cross-over study. Subjects took either 5 mg/day of
astaxanthin or a placebo for 2 weeks, and exercise
stress tests were conducted before and after the inges-
tion period. The exercise stress tests involved running
on a treadmill at intensities of 30%, 50%, and 70% of
maximum heart rate. Expired gas analysis and blood
biochemical parameters were measured as well as the
activity of the sympathetic and parasympathetic ner-
vous systems. The study found that consumption of
astaxanthin lead to a decrease of sympathetic nervous
activity and an increase of parasympathetic nervous
activity, a significant decrease in LDL cholesterol after
exercise, and a decrease in respiratory quotient. The
authors concluded that astaxanthin consumption may
enhance lipid metabolism and improve the efficiency
of energy metabolism during exercise.

A 2006 study done with mice was designed to mea-
sure the effects of astaxanthin on endurance [14]. This
study took course over a 5-week period. Mice were
divided into two groups and their endurance was
tested by seeing how long they could swim until
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exhaustion. The mice fed with astaxanthin showed a
significant increase in swimming time before exhaus-
tion. Blood lactose levels were measured in both
groups, and, as expected, the levels of the astaxanthin
group were significantly lower than the control group.
Another effect measured was that astaxanthin supple-
mentation significantly reduced fat accumulation. This
is the first mention of such an effect and further proof
is needed before putting any credence into this poten-
tial benefit. The study’s authors suggested that astax-
anthin enabled the mitochondria to burn more fat:
“These results suggest that improvement in swimming
endurance by the administration of astaxanthin is
caused by an increase in utilization of fatty acids as an
energy source.”

A subsequent mouse study backed up the results
found in the human clinical trials discussed above as
well as earlier mouse trials [15]. This study was set up
to investigate the effects of astaxanthin supplementa-
tion on muscle lipid metabolism in mice that exercised
heavily. The outcome was that mice that were fed
astaxanthin for 4 weeks and then exercised (i) had bet-
ter fat utilization, (ii) had longer running time until
exhaustion, (iii) had reduced fat tissue, and (iv) had
better muscle lipid metabolism. The researchers con-
cluded that astaxanthin supplementation led to
improvement in endurance.

The first human study on astaxanthin and endur-
ance/strength was published in 2008 [16]. The study
was done with healthy male students between the ages
of 17 and 19. The researcher used 40 men with an
equal number (twenty) in the treatment group and in
the placebo group. Each subject took one 4-mg capsule
per day with a meal for 6 months. The subjects’
strength was measured at the beginning of the experi-
ment, halfway through (after 3 months), and again at
the end of the experiment (after 6 months) by counting
the maximum number of knee bends to a 90� angle
that each subject could do. This was controlled by an
adjustable stool in a “Smith machine.” (The Smith
machine is specifically designed for measuring
strength and endurance in clinical trials.) The subjects
were properly warmed up for a set time and in a simi-
lar manner before each strength measurement. There
was a significant difference in strength/endurance
between the two experimental groups even though the
number of knee bends increased in both groups. The
placebo group on average could do 9.0 more knee
bends and the group consuming natural astaxanthin
on average could do 27.0 more knee bends.

The results showed that, in 6 months, the students
taking natural astaxanthin improved their strength and
endurance by 62%. This was achieved at the relatively
low dose of only 4 mg/day. The students taking a pla-
cebo increased their strength by 22%, which is normal

for people in this age group over a 6-month period, as
they were generally involved in sports and physical
activity. Results indicated that the treatment group’s
endurance increased almost three times more than the
placebo group (Figure 48.1).

The authors concluded that the significant improve-
ment in endurance cannot be explained by improved
fitness (step-up test) or improved lactic acid tolerance
(Wingate test). There was no significant increase in
body weight, hence increased muscle mass does not
account for the endurance improvement. It appears
that increase in strength and endurance is caused by
astaxanthin supplementation. This study demonstrated
that astaxanthin supplementation has a positive effect
on physical performance, and is supported by earlier
animal trials in mice showing increased swimming
time before exhaustion, and also human research indi-
cating that biomarkers of muscle fatigue decrease after
exercise due to astaxanthin supplementation.

It is hypothesized that astaxanthin helps with
endurance via mitochondrial organelles, which are
numerous in muscle tissue and produce up to 95% of
our body’s energy by burning fatty acids and other
substances. But this energy that is produced also gen-
erates highly reactive free radicals. The free radicals in
turn can damage cell membranes and lead to mito-
chondrial dysfunction. An in vitro study published in
2009 demonstrated that astaxanthin protects mitochon-
drial redox state and the functional integrity of mito-
chondria against oxidative stress [17].

In a recent clinical study funded by Gatorade, the
leading sports drink company, competitive cyclists
were supplemented with a placebo or 4 mg of natural
astaxanthin each day for 4 weeks [18]. In a 20-km
(approximately 12.5 miles) cycling time trial, the per-
formance of the subjects taking astaxanthin signifi-
cantly improved, while the subjects taking placebo
showed no improvement. Natural astaxanthin made
these competitive cyclists on average 5% faster in
only 28 days. Also, the cyclists taking astaxanthin
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demonstrated significant improvement in their power
output, which increased by 15% on average over the
same 28-day period (Figure 48.2). Although this study
did not establish a mechanism of action for astax-
anthin’s improvement in performance, strength, and
endurance for these cyclists, the fact that it is the sec-
ond human clinical trial showing that natural astax-
anthin can improve strength and endurance is of
particular significance. Of particular interest to com-
petitive athletes is the 5% improvement in speed in
less than a month. In many sports where fractions of a
second separate gold medal winners from silver,
bronze, and being off the podium, a potential 5%
improvement is significant.

A paper presented at the Seventh EFSMA—
European Congress of Sports Medicine in 2011 docu-
mented the benefits of astaxanthin supplementation
for young soccer players [19]. A double-blind, placebo-
controlled study was conducted with 60 healthy young
(mean age 17.7 years) split into equal placebo and
treatment groups. The treatment group received 4 mg
astaxanthin per day and the study ran for 3 months.
Performance parameters were measured before and at
the end of the treatment period. A significant improve-
ment in maximal running speed and running time to
exhaustion was found in the treatment group consum-
ing astaxanthin. Also, the placebo group had a signifi-
cant increase in the blood level of creatine kinase (an
indicator of muscle fatigue) after a training session
which was not observed in the treatment group. This
study supports previous studies on the potential bene-
fits of astaxanthin as the authors concluded:
“Astaxanthin supplementation could improve endur-
ance that may lead to better sports performance.”

In contrast to the numerous studies cited above
demonstrating astaxanthin’s potential value in sports

nutrition, a study reported in 2012 did not yield any
positive results [20]. This double-blind, parallel-design
study used 32 well-trained cyclists or triathletes sup-
plemented with 20 mg astaxanthin per day or with a
placebo for 4 weeks. Before and after the supplementa-
tion period subjects performed 60 min of submaximal
exercise followed by a cycling time trial lasting
approximately 1 h. Whole-body fat oxidation rates dur-
ing the submaximal exercise did not differ between the
treatment and the placebo group and no improvement
in time trial performance was observed in either
group. The lack of any positive effect of astaxanthin
being demonstrated in this study cannot currently be
explained, especially in light of the preponderance of
positive results cited in all previous studies. One major
difference in this study is that subjects consumed
rather high amounts of astaxanthin (20 mg/day) com-
pared to other studies in which 4�6 mg astaxanthin
per day was consumed.

In summary, four out of five human clinical trials
validate and three pre-clinical animal trials corroborate
strength and endurance benefits for athletes who use
natural astaxanthin. Highlights of these benefits
include:

• 5% time improvement for competitive cyclists using
4 mg natural astaxanthin per day for 28 days.

• 15% power output improvement for the same
competitive cyclists using 4 mg natural astaxanthin
per day for 28 days.

• 62% more deep knee bends by 17- to 19-year-old
men taking 4 mg natural astaxanthin per day for
6 months.

• 28.6% decrease in serum lactic acid in 20-year-old
men taking 6 mg natural astaxanthin per day for
6 weeks when measured after a 1200-m run.
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• Human clinical results above are substantiated in
animal trials.

• Additional potential benefits in animal trials
include:
• reduced fat accumulation,
• improved muscle lipid metabolism,
• reduced markers for oxidative damage in heart

and calf muscles after heavy exercise,
• reduced oxidation in the plasma,
• reduced peroxidation damage to DNA and

proteins,
• improved modulation of serum creatine kinase.

Part 2: A Diverse and Unique Antioxidant

It is well documented that athletes, particularly
endurance athletes and anyone doing heavy workouts,
generate high levels of free radicals. Some potential
benefits of neutralizing free radicals are:

• faster recovery,
• increased length of workouts,
• reduced muscle soreness.
• as cited above, increased endurance [1].

It is well documented that astaxanthin is an
extremely powerful antioxidant. A number of in vitro
studies comparing it to many other antioxidants such
as Vitamin C, Vitamin E, Pycnogenols, green tea cate-
chins, CoQ10, alpha-lipoic acid, as well as other carote-
noids (beta-carotene, lutein, and lycopene) generally
show astaxanthin to be, at minimum, an order of mag-
nitude more powerful as an antioxidant. This is true
regardless of the type of antioxidant test—whether it

be free radical elimination or singlet oxygen quench-
ing. For example, astaxanthin proved to be 8003
stronger than CoQ10; 5503 stronger than both green
tea catechins and Vitamin E; and 60003 stronger than
Vitamin C in eliminating singlet oxygen [21,22]
(Figure 48.3).

Astaxanthin’s strength as an antioxidant is only one
factor in why it is different from other antioxidants. In
addition astaxanthin can:

• span the cell membrane and bring antioxidant
protection to both the fat-soluble and the water-
soluble parts of the cell [23],

• target both cardiac and skeletal muscles [12],
• cross the blood�brain and blood�retinal barriers

and bring antioxidant protection to the eyes and
brain [22],

• never become a pro-oxidant [2].

The combination of strong antioxidant activity; the
ability to distribute throughout the body and protect
organs vital to athletic performance like the heart,
eyes, and brain [12,22]; the ability to bond with muscle
tissue; and the fact that it can never turn into a pro-
oxidant and potentially cause oxidation—as is the case
with Vitamins C and E, zinc, and carotenoids like beta-
carotene, lycopene, and zeaxanthin [2,24]—demon-
strate astaxanthin’s potential in sports nutrition.

Part 3: Anti-Inflammatory Activity of
Astaxanthin

In addition to being a strong and unique antioxi-
dant, astaxanthin also possesses anti-inflammatory
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activity to help athletes with joint, tendon, and muscle
soreness. There is a distinguishing factor between
astaxanthin and other anti-inflammatories—natural
astaxanthin has a long history of safe use without side
effects or contraindications.

When one considers current anti-inflammatory pro-
ducts on the market, most have serious side effects.
Aspirin has anti-inflammatory effects, but prolonged
use can cause stomach bleeding and ulcers.
Nonsteroidal anti-inflammatory drugs (NSAIDs) such
as acetaminophen (Tylenols) can cause liver damage.
Prescription anti-inflammatory drugs such as Vioxxs

and Celebrexs can cause heart problems. After many
years of consumer use and extensive safety studies,
natural astaxanthin has never been documented to
have any side effect or contraindication. It is a safe
alternative in the high-risk category of anti-
inflammatories.

One possible reason why astaxanthin is safe com-
pared to alternative anti-inflammatories is that it
works on several different inflammatory pathways,
but at lower activity levels. Astaxanthin is documented
to suppress the production of inflammation-causing
agents in our bodies including tumor necrosis factor-
alpha, prostaglandin E-2, nitric oxide, interleukin 1-B,
cox-1 enzyme, and cox-2 enzyme [3�5,25,26].

The most recent of these five studies citing astax-
anthin’s multiple pathways in combating inflammation
found activity on all six of the pathways listed above,
and noted that astaxanthin’s anti-inflammatory activity
was very efficient [26]. Working in a gentler manner
on six different causes of inflammation is much safer
than working intensely on one cause (as is the case
with Vioxx and Celebrex which work intensely on the
cox-2 enzyme). Professor of Medicine and Neurology,
Greg Cole, PhD, from the University of California at
Los Angeles explains, “While anti-inflammatory drugs
usually block a single target molecule and reduce its
activity dramatically, natural anti-inflammatories
gently tweak a broader range of inflammatory com-
pounds. You’ll get greater safety and efficacy reducing
five inflammatory mediators by 30% than by reducing
one by 100%” [27].

CONCLUSIONS

Natural astaxanthin is documented to increase
strength and endurance in five out of six human clini-
cal studies as well as four supporting animal trials.
Competitive cyclists taking 4 mg/day of natural astax-
anthin for 28 days improved cycling times by 5% and
power output by 15% on average. In earlier research,
young men taking 4 mg/day of natural astaxanthin for
6 months performed 62% more deep knee bends. In

addition to improving strength and endurance, astax-
anthin has other beneficial properties for athletes due
to its strong and unique antioxidant activity and its
safe and natural anti-inflammatory effects. As an anti-
oxidant, its reach extends throughout the body to all
organs and muscle tissues, combating excessive free
radical production by athletes, and is stronger than
other common antioxidants. As an anti-inflammatory,
it reduces six different inflammatory pathways and
provides a safe alternative to over-the-counter and pre-
scription anti-inflammatories, most of which have seri-
ous side effects. In conclusion, natural astaxanthin has
a strong potential in sports nutrition.
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Ursolic Acid and Maslinic Acid
Novel Candidates for Counteracting Muscle

Loss and Enhancing Muscle Growth

Raza Bashir, MSc.
Iovate Health Sciences International Inc., Oakville, ON, Canada

INTRODUCTION

The quest to increase lean body mass is widely
pursued by professional and amateur athletes, body-
builders and recreational weightlifters. Skeletal muscle
hypertrophy is defined as an increase in muscle mass
due to an increase in the size of pre-existing skeletal
muscle fibers from the accumulation of new muscle
proteins. Skeletal muscle atrophy on the other hand is
associated with decreased contractile proteins. Thus,
skeletal muscle mass is directly proportional to its pro-
tein content. However, skeletal muscle protein under-
goes rapid turnover, and maintaining homeostasis is a
fine balance between the rates of protein synthesis and
protein degradation.

Many factors mediate the hypertrophic process,
such as an increase in functional demand, as seen
with resistance training. Diet and nutrition also plays
a major role in exercise-induced muscle growth.
Given the strong correlation between muscle cross-
sectional area and muscular strength [1], maximizing
muscle mass has important implications for profes-
sional and amateur athletes alike. Accordingly, the
use of performance-enhancing supplements is
increasing in popularity among athletes for increas-
ing lean body mass and optimizing performance.
Two novel, naturally occurring triterpenoid com-
pounds: ursolic acid or maslinic acid are emerging
as promising therapeutic agents with the potential to
counteract muscle loss and enhance muscle growth.

URSOLIC ACID

Ursolic Acid Inhibits Muscle Atrophy

Ursolic acid is a water-insoluble pentacyclic triter-
penoid (Figure 49.1) that is the major waxy compo-
nent naturally occurring in apple peels [2]. It is also
found in other edible plants such as Ilea parguariensis
[3], Urtica dioica roots [4] and Isodon excisus [5].
Interestingly, it has been previously proposed to
have therapeutic use in various conditions such as
cancer [4�6] and diabetes [7,8]. More recently urso-
lic acid has been investigated for preventing muscle
atrophy [9,10]. Research has demonstrated that skel-
etal muscle atrophy is driven by changes in skeletal
muscle gene expression [11,12]. In order to identify
ursolic acid as a natural compound to treat skeletal
muscle atrophy, Kunkel et al. [9] determined the
effects of two distinct atrophy-inducing stresses
(fasting and spinal cord injury) on skeletal muscle
mRNA levels in humans. This information was then
used to generate mRNA expression signatures of
muscle atrophy. These signatures were used to
query the connectivity map for compounds with
expression signatures negatively correlated with
muscle atrophy. Applying these techniques, Kunkel
et al. [9] singled out ursolic acid as a compound
with a signature opposite to those of atrophy-
inducing stresses and the most likely inhibitor of
muscle atrophy among more than 1300 compounds.
Muscle Ring Finger 1 (MuRF1) and Muscle Atrophy
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F-box (MAFbx), also known as atrogin-1, are two
genes whose expression has been shown to be sig-
nificantly elevated in multiple models of skeletal
muscle atrophy [11,13]. The ubiquitin�proteasome
pathway of skeletal muscle atrophy is well
established, and both atrogin-1 and MuRF1 act on
this by encoding E3 ubiquitin ligases [11]. As
predicted by the connectivity map, acute ursolic acid
treatment in fasted mice or those who had under-
gone surgical muscle denervation, did in fact reduce
catabolic gene expression of atrogin-1 and MuRF1
mRNA levels in association with reduced muscle
atrophy. Similarly, chronic ursolic acid treatment for
5 weeks in unstressed mice in the absence of any
atrophy stimulus also reduced atrogin-1 and MuRF1
expression [9].

Ursolic Acid Enhances Muscle Hypertrophy and
Exercise Capacity

Five weeks of ursolic acid treatment in unstressed
mice reduced atrogin-1 and MuRF1 expression but
also induced muscle hypertrophy [9]. Consistent with
the hypertrophy findings, IGF-1 was found to be one
of the most up-regulated muscle mRNA, which is
known to be transcriptionally induced in hypertro-
phic muscle [14�16]. The IGF-1/IRS1/PI3K/Akt
signaling pathway is fundamental in governing
hypertrophy by increasing protein synthesis [17].
Furthermore, this pathway is also important for
blocking protein degradation, and IGF-1 is known to
repress atrogin-1 and MuRF1 mRNAs [18,19] as well
as DDIT4L mRNA [18,19], which, after atrogin-1
mRNA, was the most repressed mRNA in ursolic
acid-treated mice muscle. Therefore, 5 weeks of diet-
ary ursolic acid altered skeletal muscle gene expres-
sion in a manner known to reduce atrophy and
promote hypertrophy.

The anabolic effect of ursolic acid has also been
observed in high-fat-fed mice [10]. In this mouse
model of diet-induced obesity, ursolic acid treatment
for 6 weeks was shown to increase Akt activity as well
as downstream mRNAs that promote glucose utiliza-
tion (hexokinase-II), blood vessel recruitment (Vegfa)

and autocrine/paracrine IGF-1 signaling. Akt is
downstream of the IGF-1 pathway and an important
mediator of skeletal muscle hypertrophy [17]. As
expected on the basis of previous studies on transgenic
mice expressing elevated Akt specifically in skeletal
muscle [20], ursolic acid increased grip strength, skele-
tal muscle weight, and the size of both fast and slow
skeletal muscle fibers without altering the ratio of fast
to slow fibers [10]. As anticipated with increased size
of both slow (oxidative) and fast (glycolytic) muscle
fibers, ursolic acid-treated mice ran significantly far-
ther than control mice on an exercise treadmill.
Furthermore, ursolic acid did not alter blood pressure
and it induced a slight but significant reduction in rest-
ing heart rate [10]. Thus, in addition to stimulating
skeletal muscle Akt activity and muscle hypertrophy,
ursolic acid improved exercise capacity and lowered
resting heart rate.

Ursolic Acid Decreases Body Fat and Improves
Body Composition

Since ursolic acid increased Akt activity, and
because muscle-specific increases in Akt activity are
associated with reduced adiposity as a secondary con-
sequence of muscle hypertrophy [20,21], it was specu-
lated that ursolic acid Akt activation could increase
energy expenditure, reduce adiposity and impart
resistance to diet-induced obesity [20,21]. Indeed,
ursolic acid has been shown to reduce total body
weight, white fat, glucose intolerance and hepatic stea-
tosis in high-fat-fed mice [22,23]. In non-obese mice, 7
weeks of dietary ursolic acid was shown to reduce
weight of epididymal and retroperitoneal fat depots
[9]. Ursolic acid reduced adipose weight by reducing
adipocyte size. Correspondingly, muscle and fat
weights were inversely related. In addition, plasma
triglyceride and cholesterol were both significantly
reduced without increasing plasma markers of hepato-
toxicity or nephrotoxicity [9]. Consistent with its effects
on epididymal and retroperitoneal white fat, ursolic
acid reduced interscapular white fat. Interestingly,
ursolic acid increased brown fat [10], which shares its
developmental origins with skeletal muscle [24] and
protects against obesity [25]. Since skeletal muscle and
brown fat have relatively high rates of energy expen-
diture, treatment with ursolic acid was able to signifi-
cantly increase energy expenditure [9,10]. Thus, ursolic
acid not only increases skeletal muscle but also another
tissue that can improve body composition: brown fat.
This could have important implications for improving
the overall fat to lean mass ratio and aid in sports such
as wrestling and boxing that require acute reductions
in body weight.FIGURE 49.1 Chemical structure of ursolic acid.
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Ursolic Acid Mechanism of Action

The anabolic effects of ursolic acid seen in vivo
could be mediated by a number of factors such as
increased hormone/growth factors, neural input or
satellite cell proliferation. To determine whether urso-
lic acid can act directly in the muscle cell or if it is
mediated by other neural or systemic factors such as
increased hormone/growth factors, or satellite cells,
Figueriedo and Nader [45] measured protein content
in pure differentiated myotube cultures in response to
ursolic acid administration. Ursolic acid directly pro-
moted protein accretion in cultured myotubes but did
not modify myoblast proliferation, therefore demon-
strating a direct effect on the muscle cell [10]. Within
myotubes, ursolic acid has been shown to increase Akt
activity at least in part by enhancing ligand-dependent
activation of the insulin receptor and insulin-like
growth factor I (IGF-1) receptor (Figure 49.2). The pro-
tein growth factor IGF-1 has been demonstrated to be
sufficient to induce skeletal muscle hypertrophy [26].
Over the past few years, signaling pathways which are
activated by IGF-1, and which are responsible for
regulating protein synthesis pathways, have been
defined. More recently, it has been shown that IGF-1
can also block the transcriptional up-regulation of key

mediators of skeletal muscle atrophy, the ubiquitin-
ligases MuRF1 and atrogin-1 [26]. Thus, muscle-
specific IGF-1 induction is likely the contributing mech-
anism in ursolic acid-induced muscle hypertrophy. In
C2C12 skeletal myotubes, a well-established in vitro
model of skeletal muscle [12,27], ursolic acid increased
Akt phosphorylation in the presence of IGF-1 and insu-
lin. Thus, ursolic acid enhanced IGF-1-mediated and
insulin-mediated Akt phosphorylation. Additionally,
ursolic acid increased IGF-1 receptor phosphorylation
and insulin receptor phosphorylation in the presence of
insulin and IGF-1. Thus these data show that ursolic
acid promotes muscle hypertrophy by increasing activ-
ity of the IGF-1 and insulin receptors.

Brown fat shares developmental origins with skele-
tal muscle; however, how ursolic acid increases
brown fat remains uncertain. One possibility is that
increased brown fat is a secondary effect of reduced
insulating white fat, while another is that ursolic acid
increases sympathetic activity, which is known to
expand brown fat [28]. However, Kunkel et al. [10]
witnessed slightly decreased resting heart rate along-
side no effect on blood pressure. This may rule out a
systemic increase in sympathetic activity.
Nevertheless, without directly measuring sympathetic
outflow to brown fat, there is still a possibility that
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FIGURE 49.2 Anabolic and anti-catabolic pathways relevant to ursolic acid. Supplementation with ursolic acid up-regulates the amount
of IGF-1 and insulin, stimulating protein synthesis and inhibiting atrophy via the Akt pathway.
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sympathetic outflow to brown fat can be dissociated
from sympathetic outflow to other tissues [29,30].
Finally, since brown fat and skeletal muscle arise from
the same precursor cells [24], and since insulin/ IGF-1
signaling promotes brown fat growth [31], one possibil-
ity is that ursolic acid increases brown fat and skeletal
muscle through a common molecular mechanism. This
is an important area for future investigation.

Ursolic acid has also been shown to efficiently
inhibit aromatase in vitro in a dose-dependent fashion,
which was comparable to that of the potent aromatase
inhibitor apigenin [2]. This is another potential under-
lying mechanism for ursolic acid and muscle hypertro-
phy. The irreversible conversion of androgens to
estrogens by the enzymatic complex called aromatase
has been an area of interest in indirect anabolic
strategies such as aromatase inhibitors [32]. This has
led to the use of aromatase inhibitors in attempts to
increase blood testosterone levels. However, the mag-
nitude of the rise in blood testosterone concentration is
particularly important, and this direct effect with
ursolic acid treatment has not been studied.

MASLINIC ACID

Maslinic acid, a triterpenoid compound derived
from oleanolic acid (3-β-hydroxyolean-12-en-28-oic
acid) (Figure 49.3), is widely distributed in plants, and
is particularly abundant in the surface wax on the fruits
and leaves of Olea europaea [33]. Maslinic acid, obtained
from many plant species, is also present in considerable
proportion in the solid waste from olive oil production
[34]. The protease-inhibiting properties of Maslinic acid
have been studied by multiple research groups in the
treatment of several pathologies, including those
caused by human immunodeficiency viruses [35,36].
More recently it has emerged as a growth-stimulating
factor, and researchers have investigated the way in
which the addition of maslinic acid to a standard fish
diet can influence growth, protein turnover rates and
nucleic acid concentrations in the liver of rainbow trout
(Oncorhynchus mykiss) [37]. For instance, feeding rain-
bow trout diets containing maslinic acid ranging from

1 to 250 mg per kg of diet resulted in whole body and
liver weight as well as growth rates that were higher
than in controls. The highest weight increase observed
was in the group fed 250 mg/kg, which yielded a 29%
increase over controls. Furthermore the total hepatic
DNA or liver cell hyperplasia levels in this group of
trout were 68% higher than in controls. The liver plays
an important role in regulating the energy metabolism
of fish and is a major site for fatty acid synthesis and
gluconeogenesis. Thus, based on these functions, it
plays a role in regulating fish growth [37]. Additionally,
fractional and absolute hepatic protein synthesis rates
were significantly higher than in control, and signifi-
cant increments in hepatic protein synthesis efficiency
and protein synthesis capacity were reported.
Microscopy studies also confirmed that trout fed on 25
and 250 mg/kg maslinic acid exhibited hepatocytes
that were more compact, with a larger rough-
endoplasmic reticulum and larger glycogen stores, than
those of controls.

The effect of maslinic acid in trout white muscle
complements the previous work in rainbow trout liver
[38]. For example, white muscle weight and protein
accumulation rate of trout fed with maslinic acid were
higher than in controls. Whole body growth of trout
proved to be similar to that of white muscle weight.
The major differences in comparison with control were
detected in the 25 mg/kg and 250 mg/kg groups after
225 days, when the whole body growth was 19.3% and
29.2% higher than in control, respectively. The total
content of DNA, RNA and protein in trout fed with 25
and 250 mg/kg of maslinic acid were significantly
higher than in control. The protein : DNA ratio was
also slightly higher than that of control. Furthermore,
fractional (KS) and absolute (AS) protein synthesis
rates increased to more than 80% over the control
values while no differences were found in the frac-
tional protein degradation rate (KD) [38]. These results
were similar to previous findings in liver [37], showing
that maslinic acid can act as a growth factor when
added to a standard trout diet. Under the current
experimental conditions, the increase in cell number
was greater than in the cell size for all groups of trout
[38]. This agrees with previous reports stating that
differences in cell number usually make a large contri-
bution to tissue growth [39,40]. Together these results
suggest that maslinic acid can significantly boost pro-
tein synthesis rates and act as a growth factor when
added to trout diet. These enhanced growth results, if
translated to fish farm conditions, could represent an
important boost in trout production and even justify
its use as a potential feed additive. Furthermore, it
would be useful to apply this study to other species
and humans to assess its effect on total nitrogen
balance and muscle growth.FIGURE 49.3 Chemical structure of maslinic acid.
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Maslinic Acid Mechanism of Action

Maslinic acid has been shown to exhibit antioxidant
activity against oxygen and nitrogen reactive species
[41,42]. It has also showed a suppressive effect on pro-
inflammatory cytokines such as TNF-α and IL-6 in
murine macrophages [42]. Both these mechanisms may
play a role in the greater protein synthesis and growth
rates found in white muscle after maslinic acid feeding
[38]. Furthermore, maslinic acid can act as a glycogen
phosphorylase inhibitor in mouse liver [43,44], which
was supported by the higher accumulation of glycogen
in rainbow trout liver [37]. Glycogen phosphorylases,
which catalyze the first step of glycogen breakdown, play
an important role in glucose metabolism, especially in
the glycogenolytic pathway. The anabolic effect of this
molecule can therefore result in glycogen accumulation
that could provide sustained energy supply during exer-
cise and aid in performance. Overall, the higher number
of white muscle cells, mediated by increases in the DNA,
RNA and protein content of maslinic acid-fed trout, seem
to result from a stimulation of the biosynthesis pathways
similar to those produced by a growth factor [38].
Researchers also theorize that, due to its chemical struc-
ture that resembles steroid hormones, it could act in a
cell-signaling pathway in a manner similar to that of hor-
mones [37]—for example, crossing the plasma membrane
and binding to specific cytoplasm receptors or nucleus
receptors in order to activate specific genes related to
growth and protein synthesis [37]. However, more
research is needed in mammals to discover the underly-
ing mechanisms involved in the effects attributed to
maslinic acid.

CONCLUSIONS

A considerable amount of progress has been made
recently in our understanding of the distinct set of
genes and signaling pathways that mediate skeletal
muscle hypertrophy and atrophy. Given the strong
correlation between muscle cross-sectional area and
muscular strength, professional and amateur athletes
are turning to performance-enhancing supplements as
a means to enhance lean body mass and performance.
Two novel, naturally occurring triterpenoid com-
pounds: ursolic acid and maslinic acid are emerging as
promising therapeutic agents with the potential to
counteract muscle loss and enhance muscle growth.
Ursolic acid has been shown to enhance skeletal mus-
cle insulin/IGF-1 signaling, leading to Akt activation,
muscle hypertrophy and reduced atrophy and adipos-
ity in animal models. Maslinic acid can significantly
boost protein synthesis rates and act as a growth factor
and glycogen phosphorylase inhibitor in trout. Thus,

the initial research is compelling and both compounds
may prove to be an important strategy to favor muscle
hypertrophy and reduce atrophy, however placebo-
controlled human studies are needed to confirm effi-
cacy and determine optimal dosing before any strong
recommendations can be made to athletes and
bodybuilders.
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Lupiáñez JA. Maslinic acid as a feed additive to stimulate
growth and hepatic protein-turnover rates in rainbow trout
(Onchorhynchus mykiss). Comp Biochem Physiol C Toxicol
Pharmacol 2006;144(2):130�40.

[38] Fernández-Navarro M, Peragón J, Amores V, De La Higuera M,
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INTRODUCTION

Overtraining syndrome (OTS) is a condition that
occurs when the body is subjected to chronic daily
intense physical activity without adequate time for rest
and recovery. Damage from chronic intense physical
activity can be cumulative and can be marked by a
number of symptoms. These symptoms include (but
are not limited to) mood changes, reduced immune
response, vulnerability to infections, loss of coordina-
tion, decreased exercise performance, irregular sleep
patterns, loss of muscle and cardiovascular endurance,
loss of muscle strength, chronic fatigue, and loss of
appetite. It is important to mention that overtraining
should not be confused with moderate overreaching or
occasional exercise exhaustion, both of which are more
short-term or acute consequences of physical overload.
In other words, OTS symptoms generally manifest
only after a number of weeks of “over training”.
Currently, there is no universally accepted hypothesis
explaining the molecular etiology of OTS. Based on
new scientific findings, the role of myokines and
inflammatory factors involved in the process of OTS
will be reviewed here as potentially important compo-
nents of this syndrome. Additionally, the use of anti-
inflammatory plant boron-carbohydrate conjugates for
the promotion of faster recovery after training, and as
potential mediators of OTS and muscle inflammation,
will be discussed. Results showing the anti-
inflammatory potency of these conjugates as clinically
measured by CRP, calcitriol, YKL-40, TNF-alpha, and
IL-1b will be presented.

Although a number of boron-containing materials
such as boron citrate, boron aspartate, boron glycinate
chelates, boron ascorbate and sodium borate are cur-
rently available in the nutraceutical industry today [1]
the borates, in the sub-class of boro-carbohydrates
(such as calcium fructoborate), are arguably the most
interesting from a physiological vantage. Certain of
these plant-based boro-carbohydrates have a very
high association constant (e.g., .6000 daltons) (US
Patent #5,962,049) and therefore can at least partially
enter the bloodstream intact rather than being con-
verted to free boric acid in the acidic environment of
the gut. Due to Patrick Brown’s work we know that
the boro-carbohydrates, such as calcium fructoborate,
are the only boron-containing compounds found in
plants [2]. Consequently, it can reasonably be inferred,
especially since mammals typically do not eat soil or
ore, that the only natural sources of borates for
humans and other mammals are borate-rich fruits and
vegetables incorporated into healthy diets. This argu-
ment is compelling, especially since the recent discov-
ery of a borate receptor in mammals [1,3,4] and recent
published reports regarding the antioxidant activity of
calcium fructoborate (CFB).

Unfortunately, due to boron-depleted soils, dietary
shifts towards nutrient-deficient, fat-, sugar- and salt-
laden fast foods, and a general Western trend towards
aversion to vegetable and fruit consumption, many
individuals may not be getting sufficient levels of these
healthy plant-based borates. Of the boron-based nutra-
ceuticals, calcium fructoborate, a natural sugar-borate-
ester [5], is the most clinically studied.
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Currently CFB is synthesized as a “nature�identi-
cal” entity (Miljkovic US patent #5,962,049) and is com-
mercially marketed as an active component of dietary
supplemental products in the USA for bone health,
and for modulation of the symptoms of arthritis and
joint degeneration based upon its clinical potency to
reduce inflammation, and to improve WOMAC Index
and McGill Index [6]. Of primary interest to this dis-
cussion is CFB’s anti-inflammatory potency and conse-
quent potential applications for muscle recovery,
endurance and overall sports health.

THE TRACE ELEMENT BORON, BORATES
AND BORO-CARBOHYDRATES

The element boron, while not yet considered to be an
“essential” mineral, has been widely studied and has
been suggested to be pivotal in many physiological pro-
cesses, including embryonic development, bone health,
and steroid hormone homeostasis. Recent investigations
have even postulated that boron may have been essen-
tial to the origin of life by contributing to the formation
of, and stabilizing, ribose (the “R” in RNA) [7,8,9].
Forrest Nielsen and Curtis Hunt from USDA Grand
Forks have contributed greatly to current understanding
of boron [10�14,1,15]. Borates are the most common
forms of boron-containing compounds occurring in
nature, mainly as carbohydrate-boron conjugates and
borate minerals (salts derived from simple boric acid
conjugated with other mineral compounds) such as
boro-silicate. As reported by Hu and Brown et al.,
boron is vital in the transport of nutrients throughout
the plant and to the maintenance of plant cell wall
integrity. Plant borates generally present as salts conju-
gated with a sugar, an alcohol or a poly-ol [2]. Natural
plant boron compounds discovered to date include
sugar alcohol borate complexes (e.g., fructo borates,
including CFB), pectic polysaccharide borate complexes,
organic acid borate esters, and amino acid borate esters.

MYOKINES, INFLAMMATION, RECOVERY
AND OVERTRAINING SYNDROME

The term “Myokines” has been proposed as a
generic descriptor for cytokines or other peptides that
are produced and released by skeletal muscle fibers
per se, and that subsequently exert their effects in mus-
cle tissue as well as other organs of the body [16,17].
Interleukin-6 (IL-6) has been identified as a factor that
is produced by muscle fibers and released into the cir-
culation during exercise. Several other factors have
also been identified. Some of them, such as IL-6 and
interleukin-15 (IL-15), are released to the bloodstream,

while others, such as leukemia inhibitory factor (LIF),
remain active locally in the muscles. Generally, myo-
kines represent a possible link between working skele-
tal muscles, adipose tissues, liver, brain, and vascular
compartments. In view of accumulating evidence sug-
gesting that regular exercise can protect against
chronic disorders such as cardiovascular diseases, type
2 diabetes, dementia, and depression, the activities of
myokines may at least partially explain how regular
muscle activity can influence mood, performance,
fatigue and cognitive functions.

Based upon recent scientific findings, exercise and
muscle contractions results in the release of myokines
such as IL-6, IL-15, LIF, or brain-derived neurotrophic
factor (BDNF). Each of these has specific roles in stim-
ulation of muscle fibers to repair damage caused by
exercise, especially extensive and frequent exercise.

An acute increase in myokines resulting from mus-
cle contractions is important to initiate the process of
muscle repair and regeneration by activating satellite
cells within inflamed muscles. In other words, these
myokines, in response to stress, serve as triggers to ini-
tiate repair processes within damaged muscles.
Satellite cells function as precursors of myoblasts and
myofibers and are crucial for skeletal muscle adapta-
tion to extensive exercise and regeneration [18].
Satellite cells play a key role in the process of hypertro-
phy by providing new myoblasts capable of regenerat-
ing muscle myofibers [19�21]. It is of interest to
mention that routinely exercised muscles may contain
up to twice as many satellite cells than untrained mus-
cles [22,23]. Importantly, the use of non-steroidal anti-
inflammatory drugs (NSAIDs) can decrease satellite
cell response to exercise [24] and can reduce exercise-
induced protein synthesis [25]. These effects may result
in reduced muscle regeneration. This indicates that
the NSAID effect is likely due to other mechanism(s)
since chronic inflammation as such causes muscle loss
[26,27]. Furthermore, an increased level of myostatin, a
protein that inhibits muscle differentiation and growth
[28], was found in people with chronic low-grade
inflammation [29]. All of these findings suggest that
muscles can secrete several different active myokines,
each with defined function [29]. Myokines such as IL-
6, interleukin-7 (IL-7) and myostatin are involved in
the process of muscle hypertrophy and myogenesis.
On the other hand, IL-6 and BDNF are involved in
adenosine monophosphate-activated protein kinase
(AMPK)-mediated fat oxidation. Moreover, IL-6 may
affect liver function, pancreatic islets, adipose tissue
and the immune system [29]. This broad spectrum of
physiological activity suggests that these myokines, if
secreted by muscle, play more metabolic and regula-
tory roles than inflammation regulatory roles. Indeed,
more peptides secreted by contracting muscles, and
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associated physiological functions specific to these
peptides, are expected to be identified [30]. However,
myokines still remain under-investigated in regards to
exercise [31�34]. More research on this line may find
that OTS is mediated by improperly functioning myo-
kines or by disturbances in the production of specific
myokines. If so, production of myokines would be
more of an adaptive response resulting in muscle
regeneration and growth rather than a pro-
inflammatory event. Any reduction of such an adap-
tive mechanism may result in severe inflammation due
to extended muscle damage and impaired muscle
regeneration. According to [35], glucose ingestion dur-
ing endurance training attenuates expression of myo-
kine receptors such as IL-6. This suggests that fast
recovery of muscle fibers could be limited.
Consequently, repetitive and frequent training com-
bined with ingestion of glucose may create increased
damage to muscles and may induce more inflamma-
tory reactions. Based upon this premise, it is suggested
that OTS could be the result of improper metabolic
background during exercise and post-exercise that sub-
sequently results in disturbances in the secretion and
proper functioning of myokines by contracting mus-
cles. For example, Blank recently reported that exercis-
ing under sodium-depleted conditions causes
symptoms strikingly similar to OTS [36]. This further
supports the importance of metabolic conditions in the
development of symptoms associated with overtrain-
ing. These facts are important since they provide
evidence that disturbing the natural path of exercise-
induced production of myokines could be important
for developing OTS.

It could also be hypothesized that overtraining
causes excessive damage to muscle fibers and, because
of this damage, myokines that are produced cannot
efficiently repair and regenerate the tissue. Following
this scenario, muscles damaged by micro-injury may
induce more inflammatory reactions. In such a case,
paradigms that can limit inflammatory reactions may
become important in order to prevent or diminish
OTS. Finally, overtraining may also result in stimula-
tion of production of interleukin-6 soluble receptor
(IL-6sR) and/or glycoprotein 130 (gp130) resulting in
the triggering of pro-inflammatory action of IL-6 rather
than a myokine-type action as discussed in the section
of this chapter on exercise and inflammation.

INFLAMMATION

In general, inflammation is a complex biological
response to harmful stimuli such as pathogens, dam-
age, injury (microinjury), or irritants [37].
Inflammation is classified as either acute or chronic.

Acute inflammation is the initial response of the body
to insult and is achieved by increased movement of
plasma and leukocytes from the blood to the injured
and affected sites within the body. Acute inflammation
appears within minutes or hours and diminishes upon
the removal of the injurious insult [38]. Cardinal signs
such as an increased blood flow to the damaged tissue,
causing increased temperature, redness, swelling and
pain, are characteristic of an acute response. Whereas
under chronic inflammatory conditions the healing
process is impaired, acute inflammation is a protective
response that helps remove the consequences of pro-
inflammatory insults and that initiates the healing pro-
cess. Persistent and repetitive acute inflammation due
to non-removable pathogens, infection, foreign bodies,
autoimmune reactions, or any other pro-inflammatory
insults results in chronic inflammation. Chronic
inflammation leads to a progressive shift in the type of
cells present in the site of inflammation, affecting vari-
ous processes: for example, the healing process
[39�42]. It may also lead to over-activation of mono-
cytes and lymphocytes, resulting in systemic inflam-
mation manifested by a two- to three-fold increase in
the systemic concentrations of cytokines such as TNF-
alpha, IL-6, IL-8, or the acute-phase protein C-reactive
protein (CRP) [43�45]. The amount of such cytokines,
chemokines and proteins could be measured in blood
as a means of estimating levels of chronic inflamma-
tion. A number of health conditions are associated
with increased blood levels of these biomarkers,
including diabetes, cardiovascular disease and condi-
tions, osteoarthritis, osteoporosis and associated
increased risk of fractures [46�51]. Other blood mole-
cules besides cytokines and chemokines (such as hista-
mine, leukotrienes and prostaglandins) may also serve
as biomarkers and indicators of inflammatory
conditions.

EXERCISE AND INFLAMMATION

Acute inflammation may result from extensive exer-
cise. More precisely, acute inflammation of muscle
cells and tissue may result after eccentric or concentric
muscle training [52]. Interestingly, in response to mus-
cular contractions, the acute inflammatory response
initiates the breakdown and removal of damaged mus-
cle tissue [53]. Furthermore, muscle can synthesize cer-
tain cytokines such as interleukin-1 beta (IL-1b), tumor
necrosis factor-alpha (TNF-α) and IL-6 [54�56] in
response to contraction. IL-6 blood levels can increase
up to 100-fold over resting levels during the first 4
hours and remain high for up to 24 hours [57,58].

IL-6 was discussed above as a myokine playing an
important role in the process of muscle repair. It could
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also cause an anorexigenic effect [59]. This mode of
action is mediated by activation of IL-6 receptors pres-
ent in muscle tissue. This way, IL-6 acts more as an
anti-inflammatory molecule. However, interleukin-6
(IL-6) is a cytokine largely induced during infection,
inflammation, and cancer. In the liver, IL-6 induces the
synthesis of acute-phase proteins (including CRP),
which are believed to support the response of the
body during infection and inflammation. As men-
tioned, IL-6 binds to an IL-6 receptor (IL-6R) on the
surface of cells expressing this receptor to form an
IL-6/IL-6R complex, which associates with a homodi-
mer of a second receptor subunit, gp130, in order to
initiate downstream intracellular signaling. Gp130 is
present on all cells of the body, whereas IL-6R is only
expressed on hepatocytes, some leukocytes, and some
epithelial and muscle cells. Since gp130 has no measur-
able affinity for IL-6, cells which do not express IL-6R
are unresponsive to the cytokine. A soluble form of
IL-6R, which is found in the blood, can still bind IL-6,
and the complex of IL-6/sIL-6sR can also bind to cellu-
lar gp130 on cells without IL-6R expression. This
signaling mechanism has been called “trans-signaling”.
Interestingly, a soluble form of gp130 (sgp130) blocks
IL-6 trans-signaling without affecting classic IL-6
signaling via the membrane-bound IL-6R. Finally,
pro-inflammatory activities of IL-6 are mediated via
trans-signaling, whereas anti-inflammatory or regener-
ative activities are mediated via classic signaling, via
IL-6R [60]. This new finding is absolutely critical to
understanding the functioning of IL-6 during and after
physical exercise. It points to the importance of circu-
lating IL-6sR and gp130 levels in the blood and also
their ratio(s) with circulating blood IL-6. This is a good
example of how important it is to analyze the profiles
of various pro-inflammatory cytokines and proteins
(IL-1b, IL-8, TNF-α, CRP) and receptors (IL-6sR and
gp130) in response to exercise, rather than only mea-
suring IL-6.

Another important cytokine released after exercise
is interleukin-10 (IL-10). IL-10 is known to play an
important role in regulating changes in the phenotype
of macrophages during muscle growth, and also in
regeneration during injury [61]. Micro-injury occurs
during extensive and frequent exercise. IL-10 is also
known as anti-inflammatory cytokine. Measuring IL-10
in blood before and after exercise, and comparing
same with changes in blood levels of IL-6, IL-6sR,
gp30, TNF-α, IL-8, IL-15, BDNF, and CRP may
improve our understanding of the balance between
muscle regeneration and inflammation.

Altogether, the above information indicates that the
“cytokine hypothesis” could actually be re-named as a
“myokine hypothesis”, denoting the importance of
cytokines and other peptides secreted only by

contracting muscles. The function of these myokines is
to repair damaged muscles as quickly as possible. This
process could be disrupted if contracting muscles pro-
duce insufficient amounts of IL-10 and insufficient
levels of cyclooxygenase-2 (COX-2) expression (target
of NSAIDs mentioned earlier) [62]. This suggests that
overtraining may induce OTS-specific symptoms if
muscles are unable to recover in a timely manner after
each extensive exercise. In such cases, damaged muscle
tissue may trigger inflammatory responses and would
be mediated by blood cell derived cytokines and che-
mokines, or by IL-6/IL-6sR complex and gp130, TNF-α,
IL-1b and likely by other factors as well.

Since myokines are relatively new in sports science,
it is important to more deeply investigate their role in
the process of muscle recovery under various meta-
bolic conditions and various levels of exercise.
Therefore, the prevention of inflammation in muscles
subjected to extensive contractions prior to adequate
recovery could be a main target of investigation (mea-
sured by creatine kinase (CK)) to develop means of
preventing OTS and promoting faster muscle recovery
following vigorous training. In such a case, the use of
anti-inflammatory intervention would be justified to
prevent inflammation induced by damaged muscles.
As reviewed, high levels of CK in blood would be a
sign of extensive muscle damage. It would be impor-
tant to prevent development of inflammatory condi-
tions induced by injured muscles and characteristic of
increased blood level of IL-6 in relation to IL-6sR and
the IL-6/IL-6sR complex, IL-15, IL-8, IL-1b, TNF-α,
myostatin, BDNF, IL-10 and CRP. Here we would like
to discuss the use of calcium fructoborate, a “boro-car-
bohydrate”, that was clinically investigated and was
found to modulate blood levels of TNF-α, IL-1b, calci-
triol and CRP.

BIOLOGICAL POTENCY OF CALCIUM
FRUCTOBORATE

In comparison with all known organic forms of
boron listed above, calcium fructoborate (CFB) is the
most investigated, with over a dozen published studies
on its unique chemical and clinical properties. Clinical
publications describing its anti-inflammatory activity
and potency to acutely increase blood levels of endoge-
nous calcitriol are the most relevant to OTS. As
reported in [6], CFB at a dose of 108 mg may reduce
CRP by 37% (Study #1 in Figure 50.1). Scorei and
Rotaru [5], published results indicating CFB at a dose
of 56 mg/day may reduce CRP by 60.25% (Study #2 in
figure above). Militaru, et al., 2012, found a reduction
of CRP by 39.7% at a serving of 112 mg/day (Study #3
in figure above) [63]. In [6] the CRP results were
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associated with a statistically significant improvement
of WOMAC and McGill Indexes, reflecting potency of
CFB to improve performance and pain in osteoarthritic
subjects. Interestingly, in the same study, it was found
that treatment with CFB increased blood levels of
endogenous calcitriol, an active form of vitamin D. An
additional clinical study has been completed (manu-
script in preparation) showing that indeed CFB can
acutely increase the blood levels of endogenous calci-
triol in healthy subjects in a statistically significant
manner.

As published, calcitriol is known to reduce inflam-
mation [64�66]; however, it is a rather new finding
that this active form of vitamin D exerts a strong effect
on muscles. As published recently, calcitriol plays an
important role in muscle physiology, and may affect
the proliferation of myoblasts during the proliferating
and differentiating phases, and the expression of the
fast myosin heavy chain isoform in the differentiated
phase at doses as low as 1nM. In addition, calcitriol
may have an anabolic effect on differentiated skeletal
muscle [67]. 1α,25-dihydroxyvitamin D3 enhances fast-
myosin heavy chain expression in differentiated C2C12
myoblasts [68]. This observation is supported further
by the demonstration that myogenesis can be activated
by calcitriol [69] by very rapid activation of the AKT
pathway (also known as the protein kinase B (PKB)) in
muscle cells. 1α,25(OH)2D3-dependent modulation of
Akt in proliferating and differentiating C2C12 skeletal
muscle cells has also been reported [69]. An earlier
study by Garcia has suggested that calcitriol may
increase myogenesis as well but by a different mecha-
nism involving inhibition of myostatin [70]. 1,25(OH)2
vitamin D3 stimulates myogenic differentiation by
inhibiting cell proliferation and modulating the expres-
sion of promyogenic growth factors and myostatin in
C2C12 skeletal muscle cells [70]. Altogether, calcitriol

as an active form of vitamin D shows an interesting
potency to increase myogenesis of muscles. This activ-
ity could be beneficial for muscles damaged due to
overtraining and remaining under inflammatory
conditions.

Additional research was conducted in order to bet-
ter understand CFB’s mechanism of action and the
effect of CFB on inflammation, as previously measured
by improvements in blood levels of CRP. It was found
that a 108 mg single dose of CFB may reduce blood
levels of YKL-40, TNF-α, and IL-1b (internal results as
yet unpublished). These are primary observations
which justify further research to obtain more results
suitable for peer-review publication.

SUMMARY

Scientific research shows that overtraining syn-
drome (OTS) is based on a multifactorial mechanism
involving regulation of metabolism, muscle micro-inju-
ries, follow-up recovery via myokines and finally,
inflammation leading to symptoms such as depression,
loss of appetite, muscle strength, predisposition to
infections and other characteristics of overtraining.
This complex scheme requires additional clinical inves-
tigation in order to better understand the delicate bal-
ance between muscle response to overtraining under
various metabolic conditions, and the muscle repair
system mediated by myokines under normal or
inflammatory conditions. Overtraining may prevent all
healthy benefits of exercise mediated by myokines,
particularly under inflammatory conditions. Therefore,
prevention of inflammation may be important in pro-
moting optimal muscle repair and growth, to maintain
myokine-mediated health benefits of training, rapid
recovery, better endurance and to prevent develop-
ment of OTS. Based upon published results thus far,
the use of boron-containing calcium fructoborate is
proposed, since this material shows acute anti-
inflammatory activities as measured by CRP, TNF-α,
IL-1b, YKL-40, and calcitirol, criteria that have been
associated with positive effects on muscle function,
growth and differentiation and thus may contribute to
protection of, and recovery from, muscle damage from
overtraining.
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An Overview on Caffeine
Brittanie M. Volk and Brent C. Creighton

Human Performance Laboratory, Department of Kinesiology, University of Connecticut, Storrs, CT, USA

INTRODUCTION

Caffeine, a naturally occurring stimulant, is the
most widely used psychoactive drug in the world and
a common constituent in the diet of many athletes [1].
First discovered around 2737 BC [2], caffeine was later
popularized in Egypt in 850 AD [3]. Today, nearly 90%
of adults in Europe and North America consume caf-
feine daily [4]. In its truest form, it is a bitter, white
powder originating in over 60 plant sources, including
coffee beans, cocoa beans, and tea leaves [5]. Caffeine
is naturally found in a wide variety of foods and bev-
erages and is artificially added to products such as
colas, energy beverages, dietary supplements, chewing
gum, bottled water, and medications [6].

Physiologically, caffeine has divergent effects on the
central nervous system (CNS) and cardiovascular, met-
abolic, muscular, respiratory, and renal functions both
during exercise and at rest. Increased alertness and
cognition, enhanced mood, and improvements in
performance-based tasks are well known responses of
caffeine ingestion. These effects are considered safe for
the average moderate consumer but vary significantly
based on dose, frequency, and individual sensitivity.
This chapter will explore the global effects of caffeine
on performance outcomes, proposed mechanisms for
modes of action, as well as the practical use and con-
siderations of caffeine consumption.

CAFFEINE PHARMACOLOGY

Caffeine (1,3,7-trimethylxanthine) is a methylated
purine base (xanthine alkaloid) formed as a product of
purine degradation [7]. Purines are most commonly
associated with the nucleotide bases adenine, guanine,
and uracil, building blocks for DNA and RNA,

respectively. The primary method of caffeine ingestion
occurs through oral consumption, after which it is
absorbed through the intestinal track and distributed to
varying tissues and organs throughout the body.
Appearance in the bloodstream following ingestion
usually occurs within 30 minutes. The form of caffeine:
coffee, chocolate, pills, etc., does not affect its rate of
absorption [8] via the gastrointestinal route. One excep-
tion is caffeinated gum, which is absorbed orally
through the buccal (cheek) mucosa more rapidly than
through ingestion [9]. Caffeine pills, when taken inde-
pendently (in laboratory settings or by the general
consumer), are absorbed at a rapid rate. However,
co-ingestion of caffeine with other substances may [10]
or may not [11] slow the appearance of caffeine in the
blood. Once absorbed, caffeine maintains a half-life that
is largely dependent on dose and individual variation.
For a dose less than 10 mg kg21, the half-life can range
from 2.5 to 10 hours [12] with peak plasma concentra-
tions seen 15�120 minutes after ingestion (variation is
due in part to varying rates of gastric emptying) [13].

Caffeine metabolism occurs primarily in the liver
and is carried out via the enzyme cytochrome P450
1A2, a member of the larger cytochrome P450 super-
family. Both the brain and kidney also produce P450
1A2, suggesting that these tissues may also readily
metabolize caffeine [14,15]. Figure 51.1 displays the
metabolic fate of caffeine and its first stage metabolites
(paraxanthine, theobromine and theophylline), which
are ultimately excreted in the urine. Like caffeine, its
metabolites exhibit their own ergogenic effects and
will be discussed later in the chapter.

The metabolism of caffeine is affected by a number
of factors including gender, exercise, diet, genetics,
regularity/frequency of caffeine consumption, as well
as the use of specific drugs such as acetaminophen
[16]. Exercise can up-regulate P450 1A2 [17], which
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increases the rate of caffeine metabolism, as well as
decreases peak plasma levels and half-life [18], likely
due to increased circulation. Flavenoids, smoking [19],
and regular consumption of cruciferous vegetables [17]
are additional factors that can increase the rate of caf-
feine metabolism. Conversely, alcohol has been shown
to inhibit caffeine metabolism [16]. Disease states, most
notably liver disease, can lead to the accumulation of
caffeine, thus increasing its half-life [20].

As with many cellular enzymes, the chronic ingestion
of caffeine leads to the up-regulation and increased affin-
ity of cytochrome P450 1A2 for caffeine [15]. This may
help explain why habitual caffeine users do not observe
the same stimulant effects as novel consumers and why
athletes choose to refrain from caffeine consumption lead-
ing up to an athletic event. This cessation lowers caffeine
tolerance, enhancing its effects once it is reintroduced.

Caffeine is most well known for its ability to induce
wakefulness and restore alertness by acting as a central
nervous system (CNS) stimulant. The interaction of caf-
feine with the CNS and brain is the primary mode of
caffeine’s temporary cognitive arousal. Caffeine, both
water and lipid soluble, readily crosses the blood�brain
barrier and in doing so increases several essential neu-
rotransmitters that are critical to its physiological
actions [21]. Additional effects are discussed in the fol-
lowing section, including mechanisms of catecholamine
release, potassium release, lipolysis, levels of intracellu-
lar calcium, respiratory ventilation, and inhibition of
cAMP phosphodiesterase. These stimulatory effects are
thought to occur primarily through adenosine receptor
antagonism (the binding of the caffeine molecule to the
adenosine receptor) [22].

MECHANISMS OF CAFFEINE AND
EFFECTS ON PERFORMANCE

Both caffeine and methylxanthines have been shown
to improve athletic performance via central and periph-
eral mechanisms, although results can be equivocal.
Caffeine’s ability to cross membranes of various tissues
throughout the body makes it difficult to distinguish

between cognitive CNS effects and peripheral effects
such as muscular performance. It is likely that, rather
than being centered on one independent mechanism,
the paradigm for improved performance from caffeine
use is multifactorial [23]. Countless publications with
strong scientific standards have investigated caffeine
and its global effects, but many of the conclusions still
require additional research. Numerous factors influence
these discrepancies: methodology, population of interest
(gender/ethnicity), age, dose of caffeine given, prior caf-
feine use (habituation), and cessation. Commonly con-
sumed in a variety of forms by athletes of many sport
disciplines, caffeine is a well-known ergogenic aid in a
range of doses of 3�6 mg kg21 and even as low as
1�3 mg kg21[24]. These ergogenic effects and their pro-
posed mechanisms are explored below.

Performance Effects

The ergogenic effects of caffeine on endurance exer-
cise are well established [24,25], whereas influences on
sprint and power activities provide equivocal results
[26]. Increased time-to-exhaustion and greater work
output are commonly observed when caffeine is con-
sumed before and/or during endurance exercise, pri-
marily in running and cycling [27]. Other observed
benefits of caffeine include decreased time to complete
a fixed workout and increased amount of work per-
formed in a set amount of time.

Research looking at anaerobic performance has
focused mostly on bouts of 4�180 seconds [26].
Improved peak power, speed and isokinetic strength
are seen in events lasting 10 seconds or less [28]. This is
likely due to improved muscular force production
resulting from increased intracellular Ca21 concentra-
tion and improved Na1/K1 ATPase pump activity
[29,30]. Additionally, reaction time improves with caf-
feine ingestion. During bouts of 15 seconds to 3 min-
utes, with a primary reliance on anaerobic glycolysis,
caffeine shows no impact on sprint and power perfor-
mance and a negative effect with repeated bouts. This
may be due to an increase in ammonia levels and
decrease in intracellular pH [31].

CAFFEINE
(1,3,7 – trimethyalxanthine)

Paraxanthine
(1,3 – dimethylxanthine)

4 %

Theobromin
(3,7 – dimethylxanthine)

12 %

CYP1A2 CYP1A2

Theophylline
(1,7 – dimethylxanthine)

84 %

FIGURE 51.1 Caffeine’s primary metabolites and representa-
tive proportions via metabolism.
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Little research has been carried out to examine iso-
kinetic peak torque, isometric maximal force, muscular
endurance for upper body musculature, and maximal
strength, all of which seem to be minimally affected by
caffeine [26]. Thirty-second Wingate protocols are a
simple model to use for anaerobic assessment, but caf-
feine shows minimal effect [26]. Conversely, caffeine
can have moderately to highly favorable effects on
speed endurance (60�180 seconds in duration), high-
intensity exercise such as sprinting or sprint cycling
power, and studies attempting to mimic sporting activ-
ities with quick movements (i.e., 4�6-second bursts of
soccer, rugby, lacrosse, football activities) [26,32].

Perceived Exertion

Ratings of perceived exertion (RPE) is a way to mea-
sure the central effects of caffeine on performance and
has been studied under numerous endurance exercise
conditions [33]. Caffeine lowers RPE during and after
exercise by 5.6% compared with placebo, according to
a meta-analysis [34]. This may explain nearly 30% of
the performance increases seen with caffeine ingestion.

It has also been demonstrated that caffeine can
improve performance and power output in subjects
with similar RPE, heart rates and leg pain ratings, com-
pared with placebo trials [35]. In endurance-trained
individuals, a moderate dose of caffeine taken 1 hour
prior to exercise enhances the athlete’s perception of the
exercise and helps maintain a more positive experience
during a prolonged workout [33]. Interestingly, caffeine
has been shown to help lower pain perception in the
heat but not in cold conditions [36].

Extensive research surrounding the effects of caffeine
on perceived exertion in endurance exercise is well
documented; however, less research has been conducted
examining caffeine’s effects on RPE in anaerobic exer-
cise. Research conducted using high intensity exercise
has shown no change [37,38], decreased [27], or even
increased RPE [39] with caffeine use. However, when
RPE remains the same during anaerobic activity, several
studies show increases in total work and peak power,
suggesting that caffeine does reduce perceived exertion
but is not necessarily detected by RPE scales [26]. During
resistance exercise is well documented; however, RPE
remains similar with and without caffeine consumption.
Interestingly, an increase in repetitions (more work) has
been shown, which suggests a reduction in perceived
exertion [38,40].

Overall, caffeine reduces RPE with and without caf-
feine during most prolonged exercise. Absence of dif-
ferences in RPE can often be explained by greater total
work, because the athletes are able to work at a greater
intensity or extend the duration of exercise with the

use of caffeine. Examination of RPE following caffeine
ingestion and resistance exercise shows equivocal
results. When no change or an increase in RPE occurs,
performance is often improved with caffeine consump-
tion. As with all caffeine use, the dose required to exert
these effects without accompanying negative effects
vary by individual.

Mechanisms

Adenosine Receptor Antagonism

Though caffeine’s ergogenic effects are likely due to
a combination of actions, adenosine receptor antago-
nism is the most favored theory [26,41]. This mecha-
nism plays a role in central fatigue and thus alters
RPE, pain perception, and delays fatigue, all of which
can alter exercise performance.

Adenosine, a purine nucleoside, functions both as an
inhibitory neurotransmitter and neuromodulator [42]. It
is well known for its critical roles in energy transfer
as a component of adenosine tri- and diphosphate
(ATP/ADP) and as a signal transducer in the form of
cyclic adenosine monophosphate (cAMP). The molecular
similarity of caffeine (a methylated purine) to adenosine
(a purine nucleoside) illustrates why caffeine competi-
tively binds to the adenosine receptors [43] (Figure 51.2).

Adenosine’s primary role is thought to be neuropro-
tective: promoting sleep, suppressing arousal, and
reducing motor activity through accumulation of adeno-
sine following prolonged mental activity [44]. It does so
by inhibiting the major neurotransmitters: serotonin,
dopamine, acetylcholine, epinephrine, norepinephrine,
and glutamate [45,46]. Thus, caffeine functions to oppose
adenosine and fight off “fatigue” observed with normal
adenosine binding. In athletic performance when energy
demands are challenged, caffeine can clearly provide a
stimulus to override or delay these feelings of fatigue,
making it a practical approach for improving response
to physical and mental demands [45].

The downstream effects of caffeine consumption are
modulated by the binding of caffeine to three of the
four adenosine receptors: A1, A2A, and A2B [47,48].

FIGURE 51.2 Structural comparison of caffeine and adenosine.
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Caffeine’s metabolites, theophylline and theobromine,
also act as antagonists and bind to adenosine A1 and
A2 receptors. Adenosine receptors are present through-
out the nervous system and can also be found in mus-
cle, adipose tissue, heart and vascular endothelium
[49,50]. Thus, caffeine’s effects depend on which aden-
osine receptor it binds to and where the receptor is
located. Adenosine receptor binding is widely thought
to occur presynaptically [50].

The direct cognitive stimulatory effects of caffeine
appear to be linked to the blockade of presynaptic A1

receptors and postsynaptic A1 and A2A receptors. Once
activated, A1 receptors have been shown to respond by
opening potassium and chloride channels [47]. This
conversely causes calcium channel inhibition, which
consequently decreases voltage-dependent neurotrans-
mitter release or adenosine release [47]. By preventing
the release of adenosine (or simply blocking it) and
subsequently removing its inhibitory influence, caf-
feine increases the release of excitatory neurotransmit-
ters, increasing neuronal excitability [51]. The
neurotransmitters identified as largely responsible for
caffeine’s excitatory effects include dopamine, seroto-
nin, and gamma-aminobutyric acid (GABA) [52].

Metabolic and Hormonal Effects

Among the mechanisms supporting the ergogenic
effects of caffeine, increased fat oxidation and glycogen
sparing may be the most contentious. For many years,
improved endurance performance via caffeine was
thought to be the result of increased fat oxidation (fat
breakdown) from adipose tissue and intramuscular tri-
glycerides, which increases the circulation of fatty
acids [53,54] for enhanced energy availability. The
mobilization of fatty acids into the blood can help
delay carbohydrate utilization and spare glycogen
stores, a useful strategy for endurance athletes looking
to increase exercise time to exhaustion [53]. Many
studies, however, have been cited as having weak
methodology and a small sample size [55]. If caffeine
does play a role in glycogen sparing, it is likely that
these effects occur during the initial 15�30 minutes of
exercise [56,57]. As described previously, the central
nervous system effects seen with caffeine ingestion are
now believed more likely to be the largest contributor
to performance improvements [26].

Still, increased blood epinephrine levels seen in
some studies [58,59] following caffeine consumption
help support these metabolic effects, as epinephrine is a
potent stimulator of lipolysis. Contrastingly, recent sci-
entific literature suggests that caffeine may not directly
favor the sparing of glycogen or increase fat oxidation;
rather they are independent of epinephrine release [60].
Possible individual differences and genetic variation
may be at the root of this controversy. Ultimately, more

research is needed to fully determine caffeine’s role in
fat oxidation and carbohydrate sparing.

Caffeine has also been shown to directly affect gly-
cogen metabolism independently of any impact on fat
oxidation. Essential to the metabolism of glycogen, gly-
cogen phosphorylase (GP) is responsible for cleaving
glucose units from glycogen during glycolysis.
Caffeine binds to GP at the purine inhibitor site [61],
inhibiting glycogen breakdown [12]. Conversion of the
enzyme while in the active form prevents the cleavage
of glucose from glycogen, promoting glycogen storage.
Endurance athletes may benefit from this delayed
response in glycogen breakdown, as glycogen persev-
eration in the initial stages of exercise can help prolong
energy stores (glycogen) for use later in the event.

Additional metabolic effects occur through caf-
feine’s competition with phosphodiesterase inhibitors.
Methylated xanthines, such as caffeine, function as
competitive nonselective inhibitors of phosphodies-
terases [62]. Molecules that inhibit phosphodiesterase
enzymes (PDEs) prevent the cleavage of a phosphodie-
ster bond and inhibit the inactivation of two important
intracellular second messengers: cyclic adenosine
monophosphate (cAMP) and cyclic guanosine mono-
phosphate (cGMP). Both second messengers are
critically important for intracellular signaling (relaying
signals from the cell surface to the cell interior and
amplifying the signal). Interestingly, cAMP is impor-
tant in the regulation of fat oxidation, and caffeine
may promote the breakdown of fat [12]. Caffeine may
also inhibit PDEs by up to 40% [52], increasing intra-
cellular concentrations of both cAMP and cGMP [63].
Increased levels of these second messengers may lead
to further amplification (specific to the ligand, recep-
tor, and intracellular message being triggered); how-
ever, this concept is speculative. It should be noted
that many studies investigating this proposed mecha-
nism have administered doses well above normal caf-
feine intakes; it is unlikely that such levels would be
reached under normal physiological conditions.

Ion Flux in Skeletal Muscle

Caffeine along with its three primary metabolites are
thought to promote Ca21 release from the sarcoplasmic
reticulum (SR) [64] while simultaneously reducing the
rate of Ca21 reuptake by the SR [65]. These compounds
interfere with the excitation-contraction coupling mech-
anism. In short, caffeine causes the activation of
ryanodine-sensitive Ca21 channels in the SR and may
render the ryanodine receptors more sensitive to activa-
tors such as Ca21 and ATP [12,52]. A great deal of
human research is still needed to identify the exact
mechanism whereby methylxanthines initiate Ca21

efflux, as much existing literature supporting these the-
ories has been observed using animal models [66].
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Increased Na1/K1-ATPase (Na1/K1 pump) activity
is a second ion-related mechanism thought to occur
following caffeine ingestion, with paraxanthine acting
more potently than caffeine [12]. The Na1/K1-ATPase
functions primarily to maintain cellular resting mem-
brane potential and cell volume. Stimulation of the
pump in inactive skeletal muscle can result in
increased K1 uptake and Na1 efflux. Exercising mus-
cle causes a rise in plasma K1, and an increased dis-
charge of Na1 could help to maintain the membrane
potential [67]. This mechanism is thought to occur
indirectly on the pump, possibly involving Ca21

release or cAMP as a result of caffeine binding [67].
Either of these two proposed mechanisms may play a
role in increased skeletal muscle force production [46].
Overall, it is difficult to assess exactly how caffeine
affects such ion-handling mechanisms and to what
extent they aid in exercise performance. Like PDE inhi-
bition, ion flux changes are unlikely to occur with nor-
mal physiological doses of caffeine.

Respiratory Effects

Caffeine’s ability to effect breathing capacity is an
area of interest to many athletes, particularly since
research has shown improvements in CO2 sensi-
tivity [68], VO2max [69,70], and minute ventilation.
Theophylline, a metabolite of caffeine, is used to treat
asthma (the therapeutic dose used is higher than phys-
iological levels seen with caffeine metabolism) as it has
been shown to relax the smooth muscles of the bron-
chi. Thus far, two proposed mechanisms have been
postulated to explain caffeine’s effect: (i) increased epi-
nephrine is believed to be responsible for decreasing
bronchodilation [71] while (ii) adenosine receptor
blockade may increase respiration [72].

SOURCES OF CAFFEINE

Caffeine is found both naturally and artificially in
many foods, beverages, and medications. Coffee, how-
ever, is the world’s leading source of caffeine [73],
with over 50% of adults in America consuming an
average of three cups each day [74]. Soft drinks, tea
[73], and energy drinks comprise the other more com-
mon dietary sources. Caffeine levels present in these
sources can be highly variable. For example, one cup
of brewed coffee can contain an amount of caffeine
ranging from 70 to 280 mg [75], depending on the
brand and method of preparation. See Table 51.1 for
the caffeine content of selected sources.

The use of caffeine is popular in sports, with nearly
70% of athletes regularly consuming caffeine [25].
Once prohibited by the World Anti-doping Agency
(WADA) and other governing organizations, caffeine

TABLE 51.1 Caffeine Content of Popular Foods, Beverages, and
Medications

Beverage Caffeine (mg)

Coffee (8 fl oz unless otherwise noted)

Coffee, Brewed 108

Coffee, Decaf, Brewed 6

Coffee, Decaf, Instant 3

Coffee, Drip 145

Coffee (Instant) 57

Espresso, 1.5 fl oz 77

Dunkin Donuts Coffee, Brewed, medium 178

Dunkin Donuts Coffee, Latte, medium 97

Dunkin Donuts, Espresso, single shot (small) 75

Starbucks Coffee, grande 330

Starbucks Coffee, Decaf, grande 13

Tea (8 fl oz unless otherwise noted)

Tea, Black 47

Tea, Green 25

Tea, White 15

Tea, Iced 47

Nesta, Iced Tea, 16 fl oz 34

Tea, Instant 26

Soft Drinks (12 fl oz)

Coca-Cola Classic 34

Diet Coke 45

Pepsi Cola 38

Diet Pepsi 50

Mountain Dew 54

A&W Cream Soda 29

Energy Drinks (16 fl oz unless otherwise noted)

Amp 142

Full throttle 144

NOS 260

Monster 160

Monster, Absolutely Zero 135

Redbull, 8.4 fl oz 80

Rockstar Zerb Carb 240

5 Hour Energy, 2 fl oz 138

Vitamin Water Energy Citrus, 20 fl oz 42

* Caffeine data was obtained from the USDA National Nutrient Database

(http://ndb.nal.usda.gov/) and from manufacturers via product labels and

websites.

491SOURCES OF CAFFEINE

5. MINERALS AND SUPPLEMENTS IN MUSCLE BUILDING

http://ndb.nal.usda.gov/
http://ndb.nal.usda.gov/


is now legally permitted for use in sports by WADA,
the International Olympic Committee (IOC), and the
National Collegiate Athletic Association (NCAA). One
year following caffeine’s removal from the list of
banned substances, detection among elite athletes for
caffeine via urinary analysis [76] showed that its fre-
quency of use hadn’t changed. The IOC and NCAA
continue to monitor the use of caffeine but allow doses
that appear in the urine as # 15 μg mL21, which
would result from the consumption of approximately
800 mg of caffeine by the average adult [77], twice the
amount of the suggested moderate intake and far
above what can be seen as ergogenic.

Endurance athletes, especially marathoners, triath-
letes and those competing in other ultra-endurance
events [78], commonly supplement with caffeine prior
to and during events (gels, fruit chews, cola, sports
drinks, energy bars, etc.). The use of such products
varies depending on the individual athlete and sport
demands. Furthermore, stimulatory effects can be opti-
mized when habitual consumers abstain from caffeine
for at least 7 days prior to an athletic event [24].

Energy Drinks

Well known to most, the primary and most physio-
logically active ingredient in the majority of energy
drinks is caffeine. With increased use, these beverages
can be a significant source of caffeine in the diet. Since
the introduction of Red Bull to the American market in
1997, the sales and consumption of energy beverages
has grown remarkably [4], with the United States
being one of the top ten consuming countries. This 5.7
billion dollar industry markets more than 500 energy
drinks worldwide [79]. Caffeine content among energy
drinks varies but typically ranges from 80 to 140 mg
per 8 ounces [80], compared with 100 mg in an average
cup of brewed coffee or 23 mg in a cup of cola.
Additionally, many cans and bottles consist of two or
three 8-ounce servings and can contain nearly 400 mg
of caffeine (energyfiend.com).

Both safety and frequency of consumption remain a
common concern with energy drinks due to the lack of
regulatory control over the ingredients. There is signif-
icant discrepancy in the regulation of energy products
between countries; in the USA, there is little to no con-
trol of the sale, promotion, or use of caffeinated
beverages. Although the amounts and details of spe-
cific ingredients are not required to be printed on the
label, there have been no identified negative effects
associated with common ingredients (B vitamins, gin-
seng, guarana, and taurine) in the amounts found
within most energy drinks [81]. Many side effects
reported are likely due to the high levels of caffeine.

Additionally concerning is the amount of sugar con-
tained within a majority of energy drinks. Sugar-free
alternatives are available; however, most energy drinks
contain 25�35 grams (6�7 teaspoons) of sugar per 8
ounces. When there are two or more servings per con-
tainer, as much as 100 grams of sugar can be consumed.
As a source of calories and “energy,” these beverages are
often placed near sports drinks and are thus commonly
chosen by athletes. Research surrounding energy bev-
erages and their effect on performance is mixed, but the
most likely source of stimulatory effects is caffeine.
When consumed in moderation, the use of energy bev-
erages for a caffeine “kick” can be safe for most indivi-
duals. Nevertheless, just as with other caffeine sources, it
is recommended that moderate amounts be consumed,
especially due to variation in individual sensitivity.

SAFETY AND SIDE EFFECTS

The US Food and Drug Administration has classi-
fied caffeine under the category of substances
“Generally Recognized as Safe” (GRAS). A moderate
caffeine intake of # 400 mg day21 for a healthy adult
is considered safe without adverse side effects [5,82].
While just a recommendation, some individuals may
experience adverse effects with less than this dose
and others may tolerate more. As mentioned previ-
ously, ingestion of caffeine is known to have effects
on the cardiorespiratory, endocrine, and neurological
systems, but effects vary among individuals. The
quality needed to produce adverse effects, such as
restlessness, nervousness, insomnia, diarrhea, and
headaches [83], varies based on individual sensitivity
and the dose consumed per kg bodyweight [84].
Other common side effects seen from caffeine intake
include rapid heartbeat, tremors, abdominal pain,
nausea, vomiting, and diuresis [84]. Additionally,
there are potential effects on performance, including
sleep disturbance, gastric upset, and inability to focus.
Redosing of caffeine regularly throughout the day
negatively impacts sleep habits [85], so timing of con-
sumption is an important consideration.

Tolerance and Withdrawal

Regular consumers of caffeine can develop a physi-
cal dependence, and over time the stimulatory effects
are reduced as a tolerance develops. Caffeine has
addictive properties; when habitual consumption
abruptly stops, symptoms of withdrawal include
headaches, fatigue, irritability, muscle pain, difficulty
focusing, mood changes, nausea or vomiting [84].
Significant withdrawal symptoms can be noticed with
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intakes as low as 100 mg day21 (one cup of coffee) but
are more prevalent for greater amounts [86].

Symptoms experienced with caffeine overdose include
irregular heartbeat, vomiting, agitation, and delirium.
Again, the amount of caffeine needed to experience these
symptoms varies based on individual tolerance. An even
greater caffeine ingestion of 15�30 mg kg21 body weight,
or 1000�2000 mg of caffeine, can result in severe toxicity
[84]. In cases of extreme intake, it is even possible to con-
sume a life-threatening dose. The LD-50, or lethal oral
dose required to kill 50% of the population for caffeine, is
150�200 mg kg21 body weight [87]. Though unrealistic,
it is not impossible to consume this amount, which
equates to about 80�100 cups of coffee.

Caffeine Effects on Fluid and Electrolyte Status
(a Common Misconception)

According the American College of Sports Medicine,
“Caffeine ingestion has a modest diuretic effect in some
individuals but does not affect water replacement on
habitual caffeine users, so caffeinated beverages can be
ingested during the day by athletes who are not caffeine
naı̈ve”. Therefore, for individuals who commonly con-
sume caffeine, moderate amounts will not increase urine
output more than would a comparable amount of water.
A review of thirteen studies examined the effect of caf-
feine on hydration status and concluded that fluid bal-
ance resulting from the intake of caffeinated beverages
was not statistically different from control fluids of water
or a placebo [88]. Still, it is often recommended by nutri-
tion and medical professionals to refrain from or limit
the use of caffeine around athletic events, because of the
diuretic effects. While caffeine does acutely promote the
excretion of urine by increasing blood flow to the kid-
neys, it does not affect 24-hour fluid balance [89] and is
not the cause of dehydration as many still believe.
Furthermore, during exercise, blood flow is shunted
away from the kidneys towards exercising muscle and
skin for heat dissipation. Therefore, the acute diuretic
effects of caffeine are likely blunted during exercise in
non-naı̈ve individuals. Still, the safest and most appro-
priate approach is to consume caffeine only in amounts
that can be tolerated based on individual responses in
order to avoid potential adverse performance effects.

Dehydration can result in an electrolyte imbalance.
Therefore, the acute fluid loss that accompanies caf-
feine consumption raises a concern of electrolyte
imbalance. Sodium (Na1) and potassium (K1) are two
of the primary electrolytes responsible for homeostatic
maintenance of fluid balance (controlling water loss at
the kidneys). Acutely, caffeine acts on the renal
nephrons to inhibit the reabsorption of sodium for a
period of increased losses. However, similar to 24-hour

fluid balance, chronic sodium balance is not affected.
Likewise, research shows that urinary potassium levels
over a 24-hour period do not change with caffeine con-
sumption. Since electrolyte and fluid indices are not
chronically affected by moderate caffeine consumption,
the notion of having to restrict caffeine for these rea-
sons is not supported [88].

SUMMARY

Caffeine is consumed globally through a variety of
sources. It is both a popular stimulant known for its
effects on mood and cognitive enhancement, as well as
its role as an ergogenic aid in athletics. Primarily for run-
ning and cycling endurance events, 3�6 mg kg21 caf-
feine helps to increase time-to-exhaustion, promote a
greater work capacity, and reduce perceived exertion.
Caffeine peaks in the blood within 30�75 minutes after
consumption, so timing is an important component to its
effects on performance. A person’s caffeine intake,
including dosing and timing, should be based on indi-
vidual tolerance. The effect of caffeine weakens over time
in habitual users, so to maximize athletic performance,
one should abstain from caffeine for at least 7 days prior
to an athletic event. Likewise, if using caffeine to enhance
performance, an individual should experiment with caf-
feine intake prior to the event, as it can produce negative
side effects in the caffeine naı̈ve individual. An average
intake of ,400 mg/day is shown to be safe for a healthy
person. Therefore, the notion of having to limit moderate
caffeine consumption due to its chronic effects on hydra-
tion and electrolyte indices is not supported. Provided
that one remembers the importance of dosing, timing,
and frequency of caffeine intake, combined with a per-
son’s habitual intake, caffeine can be a successful tool to
enhance cognition, alertness, and athletic performance.
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Role of Quercetin in Sports Nutrition
John Seifert

Montana State University, Bozeman, MT, USA

Quercetin is one of the most commonly occurring
polyphenolic flavonoids. It is a plant-derived flavonoid
found in various fruits, berries, grains, and certain
vegetables [1]. Many physiological benefits have been
associated with quercetin ingestion. These benefits
include ergogenic enhancements (primarily through
mitochondrial biogenesis), improved antioxidant sta-
tus, enhanced immune response, cardiovascular pro-
tection, and anti-inflammatory activity.

CHEMISTRY

The quercetin molecule consists of a three-ring struc-
ture with two aromatic centers and a central oxygen-
ated heterocyclic ring (see Figure 52.1). Its structure
lends itself to being a natural antioxidant of oxygen free
radicals and lipid peroxides. Quercetin’s potent antioxi-
dant properties occur through a variety of reactive sites,
but for the most part are associated with the two
hydroxyl groups found on the catachol-type B ring [2].

Flavonoids, and quercetin specifically, appear in
two basic forms: a glycoside and an aglycone [3]. A
quercetin glycoside is when quercetin is conjugated
with a sugar moiety. If quercetin is found without an
attachment to a sugar molecule, it is known as agly-
cone. The sugar moiety of a quercetin glycoside is an
important determinant of absorption and bioavailabil-
ity. This conjugation with glucose appears to enhance
absorption of quercetin from the small intestine.

Intestinal absorption and subsequent metabolism are
the keys to establishing a cause-and-effect relationship
between quercetin and the desired response. In clinical
patients, 52% of the quercetin was absorbed when it was
orally ingested in the form of the quercetin glycoside. In
comparison, 24% of the quercetin was absorbed when it
was ingested in the quercetin aglycone form [4]. With
the apparent rapid absorption of the quercetin glycoside,

peak plasma concentrations typically occur from 1 to 3
hours after ingestion, and the half life is 6 to 12 hours
after ingestion [5]. Little is known about how the glyco-
side form is absorbed faster than the aglycone form,
especially since the glycoside has to be hydrolyzed in the
small intestine before absorption. Perhaps the sodium/
glucose active transport system plays a role in dragging
quercetin across the membrane or there are specialized
transporters of quercetin. Nonetheless, because of its
long half-life of elimination, repeated consumption of
quercetin-containing foods will cause accumulation of
quercetin in blood and may, theoretically, enhance func-
tional capacity.

PERFORMANCE

Performance outcomes of numerous studies show
equivocal results pertaining to performance and querce-
tin ingestion. When investigating the role of quercetin
ingestion on exercise performance, one needs to pay
attention to dosing of quercetin, timing of the ingestion,
duration of dosing (days or weeks), the type of exercise
involved, and the fitness level of the subjects. Even
though various studies may differ in protocols, they can
be compared statistically by a meta-analysis to find if
an intervention does indeed have an effect.

Kressler et al. [6] performed a meta-analysis on
studies that investigated endurance exercise perfor-
mance and quercetin ingestion. These authors reported
that, in eight studies that met the inclusionary criteria,
the quercetin-ingesting group outperformed the pla-
cebo group. In three other studies that met inclusion-
ary criteria, the placebo group performed better than
the quercetin group. When statistically analyzed, the
quercetin groups improved by 3% over the placebo
groups in the eight studies that demonstrated
improved endurance performance.
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There are nuances with every study that sets it apart
from others in that cohort. Studies that have used
untrained human participants have typically shown
improved performance in time to exhaustion or time trial
type tests. Case in point, Davis et al. [7] fed 1 g/day of
quercetin for 7 days. A small, but statistically significant,
increase of 3.9% in maximal oxygen uptake (VO2max) was
observed with quercetin treatment. More importantly,
these authors noted a 13.2% improvement in ride time to
exhaustion when quercetin was ingested compared with
the placebo. In another human study, Nieman et al. [8]
reported that untrained males improved their 12-minute
run for distance by 2.9% over the placebo after ingesting
quercetin. As with the Davis et al. study, quercetin dos-
ing in the Nieman study was 1 g/day over 2 weeks.

Not all studies that used untrained subjects reported
positive effects from quercetin ingestion, however.
Cureton et al. [9] reported their findings on quercetin
ingestion and untrained subjects. The subjects were
active, but not endurance trained. Subjects received 1 g/
day of quercetin. No significant differences between
quercetin and placebo were observed for VO2max, per-
ception of effort, substrate utilization, or total work com-
pleted during a 10-minute maximal effort cycling trial.
However, quercetin feeding took place over 7�16 days.
Some subjects received quercetin for only 7 days,
whereas other subjects received the treatment for up to
16 days. This issue alone may have impacted the results.
In another study, Ganio et al. [10] observed similar find-
ings to Cureton’s results. Ganio et al. fed sedentary sub-
jects 1 g/day quercetin, or a placebo, for 5 days. No
differences between treatments were observed for
VO2max or any other cardiorespiratory measures.

Other quercetin-feeding studies have used well
trained athletes to test the treatment effects. In a study
by Dumke et al. [11], trained cyclists were fed 1 g/day
of quercetin or a placebo for 3 weeks. No differences
between treatments were found for indices of perfor-
mance, such as cycling efficiency, power output, or
substrate utilization. An improvement in efficiency
implies that a subject can produce a given amount of
work at a lower metabolic cost. Using trained subjects
may actually mask the effects of quercetin, because of
the limited ability to increase mitochondria density
within the muscle, possessing an already high

antioxidant capacity, or improved anti-inflammatory
environment within the muscle. Casuso et al. [12] pub-
lished a report of a study where there were no signifi-
cant differences between quercetin and placebo for
VO2peak or run time to exhaustion in trained rats.

It is unclear why performance is improved in endur-
ance exercises rather than in VO2max tests. Davis et al.
[7] noted that a time to fatigue test may be a better
choice to test endurance performance, due to the
increased mitochondrial capacity. Apparently, a greater
percentage of the endurance work is dependent on
mitochondrial development, whereas VO2max tests are
dependent not only on mitochondrial development,
which would influence arterial�venous oxygen differ-
ence, but is also dependent upon cardiac output. To
date, there is no evidence that quercetin has a signifi-
cant effect on cardiovascular dynamics during exercise.

MITOCHONDRIAL BIOGENESIS

Notwithstanding, there have been numerous endur-
ance performance studies that have shown a benefit with
quercetin ingestion. This raises the question of how this
result occurs. Quercetin ingestion may improve endur-
ance performance by promoting mitochondrial biogene-
sis. Commonly used markers of mitochondrial biogenesis
are PGC-1α and SIRT-1. Their increased expression is
responsible for mitochondrial biogenesis. This fact, by
itself, provides supporting evidence for the improvement
of aerobic work as a result of quercetin ingestion.

Davis et al. [13] demonstrated that running time to
fatigue was improved, by about 37%, and significant
increases in oxidative enzymes were observed through
the stimulation of mitochondrial biogenesis in mice.
Lagouge et al. [14] also reported improved mitochon-
drial biogenesis in mice with quercetin feeding.
Although not statistically significant, there were trends
towards increased expression of mitochondrial biogen-
esis markers in untrained human subjects [15].

In contrast, however, mitochondrial biogenesis has
not been observed in other human studies [8,9]. There
may be greater benefits of quercetin supplementation in
untrained muscle, where there is greater potential for
mitochondrial development since the density is lower
than in trained muscle. It may be that quercetin supple-
mentation increases skeletal muscle oxidative capacity
through mitochondrial biogenesis and enhances endur-
ance performance in untrained to moderately trained
individuals, but not in the well trained, as a physiologi-
cal ceiling for mitochondrial content may already exist in
these individuals [16,17].

Theoretically, improved mitochondrial proliferation
should lead to an increased preference for oxidation of
fat, over carbohydrates, as a fuel source during endur-
ance exercise. However, altered metabolism from

FIGURE 52.1 Quercetin flavonoid.
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quercetin ingestion is equivocal. Wu et al. [18] noted a
significant shift in energy production from glycolysis to
lipolysis in swim-trained mice when fed quercetin. In
contrast to Wu et al.’s finding, Dumke et al. [11] reported
that substrate utilization was not affected by quercetin
ingestion in well-trained subjects who cycled for 3 hours.
Subjects in that study were fed 1 g of quercetin per day
for 3 weeks. The authors reported that there was no dif-
ference between quercetin and the placebo treatment for
substrate utilization, although there was a trend
(p5 0.11) for fat utilization to be higher in the quercetin
treatment. It is difficult to come to a conclusion about
quercetin’s influence on metabolism on the basis of these
studies, because they are so different with respect to sub-
ject base, modality of exercise, and the fact that one is an
animal study while the other is a human study.

IMMUNE & INFLAMMATORY RESPONSES

Although there have been few studies of the relation-
ship between quercetin ingestion and exercise-induced
inflammation and oxidative stress, it has been reported
that quercetin has antioxidant and anti-inflammatory
potential [19,20]. The antioxidant properties are primar-
ily associated with two hydroxyl groups on the
catechol-type B-ring [2]. It is widely accepted that high
intensity or prolonged exercise increases oxidative
stress. To test this supposition, Quindry et al. [21] fed
subjects 1 g of quercetin per day or a placebo for 3
weeks before a 160 km running race. No differences
were found between the quercetin and placebo treat-
ments for oxidative damage or antioxidant capacity.

Quercetin may not only affect parameters of endur-
ance performance, it may also influence the immune
system by minimizing the inflammatory response.
Maintaining health status, by minimizing respiratory
infections, is important for the competitive athlete who
is trying to improve his/her training status. It has been
reported that quercetin ingestion decreased the occur-
rence of upper respiratory traction infection (URTI) in
athletes [22]. Nieman et al. found that ingesting 1 g of
quercetin per day in a multi-ingredient concoction for
3 weeks reduced the incidence of URTI during the
2-week period which followed 3 days of exhaustive
exercise. These authors noted significant decreases in
C-reactive protein, plasma interleukin 6 (IL-6), and
interleukin 10 (IL-10) [22]. Findings by Davis et al. [23]
support those of Nieman et al. Davis et al. reported
that quercetin reduced susceptibility to infection fol-
lowing exercise in mice.

Not all authors have reported positive effects of
quercetin feeding on markers of inflammation.
O’Fallon [24] found no significant differences between
quercetin and a placebo for markers of muscle damage
and inflammation, creatine kinase and IL-6, when

healthy subjects underwent a series of eccentric muscle
contractions. Subjects ingested 1 g of quercetin per day
for 7 days before and 5 days after the exercise. The
type or mode of exercise may have played a role in the
contrast between these results and those of the previ-
ously cited studies.

Another potential ergogenic effect of quercetin sup-
plementation is the psychostimulant role it may play
during exercise. Numerous studies have reported on
quercetin’s ability to block adenosine receptors in the
brain. This may, in turn, reduce the perception of effort
and pain during exercise. Alexander [25] noted that
quercetin has a high affinity for the adenosine-A1
antagonist receptor, resulting in effects similar to those
of caffeine. This suggestion has been supported by
results in mice from Davis et al. However, this finding
has not been supported by human studies. Cheuvront
et al. [26] reported that quercetin did not influence rat-
ing of perceived exertion (RPE) on a short performance
task. Subjects in that study were given a dose of 2 g of
quercetin prior to exercise that was conducted in 40�C
heat. It is not known whether heat influenced results
or whether enough quercetin was in the single dose to
produce an effect.

Quercetin may also exhibit another beneficial effect
through the regulation of blood pressure in the hyper-
tensive patient. In a number of studies performed on
hypertensive humans and animals, quercetin ingestion
led to a decrease in blood pressure [27]. Blood pressure
is controlled by both neural mechanisms through the
autonomic nervous system and humoral mechanisms
involving nitric oxide (NO) and endothelin-1 (ET-1).
Nitric oxide is a potent vasodilator while ET-1 is a vaso-
constrictor. Both NO and ET-1 are released by different
cell types at the endothelial level. It is known that poly-
phenolic flavonoids improve endothelial function [28].
Perhaps quercetin is an influencing factor in blood flow
during exercise, but this is not yet known. Additionally,
these results are generalizable only to hypertensive
patients, as the influence of quercetin on endothelial
function in normotensives is not yet known.

FUTURE RESEARCH AREAS

Some areas in which further research should be con-
ducted include elucidating effective quercetin dosing.
Most human studies have used 1 g of quercetin per day
for a given period of time. Positive effects from quercetin
ingestion have been found in as little as 7 days of feed-
ing, while other studies have fed quercetin for 3 weeks
and did not report differences between quercetin and a
placebo. Another area of investigation is whether there
are gender effects in quercetin ingestion. While some
studies have included females, there has not been a
definitive focus on studying responses to quercetin
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feeding in female subjects. Little is known about how, or
if, females respond similarly, or differently, than males
to quercetin ingestion. Another research area involves
subject ages. Most published studies use younger (col-
lege age) subjects. In the aging population, mitochon-
drial density typically decreases due to inactivity. This
provides potential for quercetin to have a significant
effect. There are also changes in the cells as we age, lead-
ing to a decrease in the antioxidant capacity of the cells.
This by itself could have repercussions, especially in dis-
eased states. Another promising avenue is the combining
of quercetin with other compounds. There is the poten-
tial of a synergistic effect when multiple compounds are
used, as noted by Nieman et al. [15].

CONCLUSIONS

In conclusion, quercetin appears to have the potential
to provide ergogenic effects in very specific arenas.
Fitness level plays a key role in the effectiveness of quer-
cetin supplementation. Numerous authors have reported
that quercetin exhibits little to no effect in highly trained
subjects. However, quercetin supplementation does hold
promise in those subjects who are sedentary or have a
low fitness level or in those with low tissue quercetin
concentration. There is a need for further research into
quercetin usage and physiological responses.
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Human Performance and Sports Applications of
Tongkat Ali (Eurycoma longifolia)
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GLH Nutrition, LLC, Draper, UT, USA

Eurycoma longifolia is an herbal medicinal plant
found in Southeast Asia (Malaysia, Vietnam, Java,
Sumatra, Thailand). In Malaysia, it is commonly called
tongkat ali and has a range of medicinal properties as
a general health tonic, including improvement in phys-
ical and mental energy levels and overall quality of life
[1,2]. The roots of tongkat ali, often called “Malaysian
ginseng,” are used as an adaptogen and as a tradi-
tional “anti-aging” remedy to help older individuals
adapt to the reduced energy, mood, and libido that
often comes with age [3�7]. In modern dietary supple-
ments, tongkat ali can be found in a variety of pro-
ducts intended to improve libido and energy, restore
hormonal balance (cortisol/testosterone levels), and
enhance both sports performance and weight loss.

In both men and women, testosterone levels peak
between 25 and 30 years of age and thereafter drop
approximately 1�2% annually [8,9]. At the age of 60,
testosterone levels are typically only 40�50% of youth-
ful levels and may be lower due to stress and related
lifestyle issues such as diet, exercise, and sleep pat-
terns [10,11]. The benefits of maintaining a youthful
testosterone level are many, including increased mus-
cle mass and reduced body fat, high psychological
vigor (mental/physical energy), and improved general
well-being [12,13].

Eurycoma contains a group of small peptides
referred to as “eurypeptides” and known to have
effects in improving energy status and sex drive in
rodents [14�16]. The effect of tongkat ali in restoring
normal testosterone levels appears to arise less from
actually “stimulating” testosterone synthesis than from
increasing the release rate of “free” testosterone from
its binding hormone, sex-hormone-binding globulin
(SHBG) [17,18]. In this way, eurycoma may be

considered not so much a testosterone “booster” (such
as an anabolic steroid), but rather a “maintainer” of
normal testosterone levels and a “restorer” of normal
testosterone levels (from “low” back “up” to normal
ranges) [19]. This would make eurycoma particularly
beneficial for individuals with subnormal testosterone
levels, including those who are dieting for weight loss,
middle-aged individuals suffering with fatigue or
depression, and intensely training athletes who may be
at risk for overtraining [20,21].

TRADITIONAL USE

Decoctions of tongkat ali roots have been used for
centuries in Malaysia and elsewhere in Southeast Asia
as an aphrodisiac for loss of sexual desire and impo-
tence, as well as to treat a range of ailments including
post-partum depression, malaria, high blood pressure,
and fatigue [22].

Tongkat ali has been referred to as Malaysia’s
“home-grown Viagra” in respected research journals
[4], with the Malaysian government investing consid-
erable effort to license, develop, and sustain research
into the potential health benefits of Eurycoma longifolia
through a variety of governmental organizations,
including the Forest Research Institute of Malaysia
(FRIM) [22].

MODERN EXTRACTS

Numerous commercial tongkat ali supplements
claim “extract ratios” from 1:20 to 1:200 without any
information about bioactive constituents, extraction
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methodology (e.g., ethanol versus water), or extract
purity. Alcohol extracts of eurycoma have been stud-
ied in mice for antimalarial effects of concentrated eur-
ycomalactone [23], but also exhibit toxic effects at high
doses (LD50 at 2.6 g/kg), which would preclude safe
use in humans as a long-term dietary supplement
[24,25]. In contrast, hot-water root extracts standardized
for known bioactive components (1% eurycomanone,
22% protein, 30% polysaccharides, 35% glycosaponin)
have been demonstrated to be extremely safe at high
doses and for long-term consumption [26�28].

Properly standardized hot-water extracts [2,26,29]
have a distinctly bitter taste due to the presence of quas-
sinoids, which are recognized as some of the bitterest
compounds in nature [30,31]. Tongkat ali extracts that do
not taste bitter are either not true Eurycoma longifolia root
(there are many commercial examples of “fake” tongkat
ali extracts) or are subpotent in terms of bioactive consti-
tuents, and thus would also be expected to have low effi-
cacy. Because of tongkat ali’s reputation for libido
benefits, there are several examples of dietary supple-
ments labeled as Eurycoma longifolia but containing none
of the actual root, and instead being “spiked” with pre-
scription erectile dysfunction drugs (tadalafil/Cialis,
sildenafil/Viagra, vardenafil/Levitra).

LABORATORY AND ANIMAL RESEARCH

Bhat and Karim [1] conducted an ethnobotanical
and pharmacological review on tongkat ali, noting that
laboratory research such as cell assay studies offers
possible mechanistic support for the myriad traditional
uses of tongkat ali, including aphrodisiac [32], antima-
larial [33], antimicrobial [34], anticancer [35] and anti-
diabetic effects [36].

Numerous rodent studies exist demonstrating
reduced anxiety and improved sexual performance fol-
lowing tongkat ali feeding [37�40], with such effects
thought to be due to a restoration of normal testoster-
one levels. Eurycoma’s anxiolytic effects have been
demonstrated in a variety of behavioral tests, including
elevated plus-maze, open field, and anti-fighting, sug-
gesting an equivalent anti-anxiety effect to diazepam
as a positive control [37].

Animal studies have shown that many of the effects
of the extract are mediated by its glycoprotein compo-
nents [14]. The mechanism of action of the bioactive
complex polypeptides (“eurypeptides” with 36 amino
acids) has been shown to be activation of the CYP17
enzyme (17 alpha-hydroxylase and 17,20 lyase) to
enhance the metabolism of pregnenolone and progester-
one to yield more DHEA (dehydroepiandrosterone) and
androstenedione, respectively [29]. This glycoprotein
water-soluble extract of Eurycoma longifolia (tradename:

Phystat) has been shown to deliver anti-aging and anti-
stress benefits subsequent to its testosterone-balancing
effects [41,42].

HUMAN-FEEDING TRIALS

Based on a long history of traditional use and confir-
mation of biological activity via cell culture and animal-
feeding studies, several human supplementation studies
have been conducted to evaluate the potential benefits of
tongkat ali for sexual function, exercise performance,
weight loss, and vigor (mental/physical energy).

Importantly, all of the human trials have used the
same water-extracted and standardized eurycoma root
(Phystat, Biotropics Malaysia) for which a patent has
been issued jointly to the Government of Malaysia and
the Massachusetts Institute of Technology (United
States Patent #7,132,117) [29]. The patent discloses a
process whereby Eurycoma longifolia roots undergo an
aqueous extraction combined with HPLC and size-
exclusion chromatography to yield a bioactive peptide
fraction (a 4300-dalton glycopeptide with 36 amino
acids) that is responsible for its effects in maintaining
testosterone levels. Phystat is a freeze-dried standard-
ized extract of the root of Eurycoma longifolia which
contains numerous active compounds including phe-
nolic components, tannins, high molecular weight
polysaccharides, glycoproteins, and mucopolysacchar-
ides. The bioactive fraction of Eurycoma longifolia root
delivers a demonstrated ability to improve testosterone
levels [41], increase muscle size and strength [43,44],
improve overall well-being [45,46], accelerate recovery
from exercise [47], enhance weight loss [48,49], reduce
stress [50], and reduce symptoms of fatigue [51�53].

In two recent studies of young men undergoing a
weight-training regimen [43,44] tongkat ali supplemen-
tation (100 mg/day of Phystat) improved lean body
mass, 1 RM strength, and arm circumference to a signif-
icantly greater degree compared with a placebo group.

In a recent 12-week trial [46] of Eurycoma longifolia
supplementation (300 mg/day of Phystat in men aged
30�55 years), subjects showed significant improvement
compared with placebo in the Physical Functioning
domain of the SF-36 survey. In addition, sexual libido
was increased by 11% (week 6) and 14% (week 12) and
abdominal fat mass was significantly reduced in sub-
jects with BMI. 25 kg/m2.

In men with low testosterone levels (average age 51
years), 1 month of daily supplementation with tongkat
ali extract (Phystat, 200 mg/day) resulted in a signifi-
cant improvement in serum testosterone levels and
quality-of-life parameters [41], suggesting a role for
tongkat ali as an “adaptogen” against aging-related
stress. In another study of healthy adult males
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(average age 25 years), 100 mg/day of tongkat ali
extract (Phystat) added to an intensive strength-
training program (every other day for 8 weeks)
resulted in significant improvements in fat-free mass,
fat mass, maximal strength (1 RM) and arm circumfer-
ence compared with a placebo group [43]. These
results indicate that tongkat ali extract can enhance
muscle mass and strength gains, while accelerating fat
loss, in healthy exercisers, and thus may be considered
a natural ergogenic aid for athletes and dieters alike.

In a recent study from our group (submitted), we
supplemented 63 subjects (32 Men and 31 women) daily
with tongkat ali root extract (Physta, 200 mg/day) or a
look-alike placebo for 4 weeks. Significant (p, 0.05)
mood state improvements were found in the tongkat ali
group for Tension (211%), Anger (212%), and
Confusion (215%). Hormone profile (salivary cortisol
and testosterone) was significantly improved by tong-
kat ali supplementation, with reduced cortisol exposure
(216%), increased testosterone status (137%), and
overall improved cortisol:testosterone ratio (236%).
These results indicate that daily supplementation with
tongkat ali (Physta) improves stress hormone profile
and certain mood state parameters, suggesting an effec-
tive natural approach to shielding the body from the
detrimental effects of chronic stress, which may include
the “stress” of intense exercise training.

One study of middle-aged women (aged 45�59
years) found that twice-weekly strength training plus
100 mg/day of Eurycoma longifolia extract for 12 weeks
enhanced fat-free mass to a greater degree than for
women adhering to the same strength-training program
and taking a placebo [44]. Additional studies in dieters
[48�50] and athletes [47] have shown 50�100 mg/day
of Tongkat ali extract to help restore normal testoster-
one levels in supplemented dieters (compared with a
typical drop in testosterone among non-supplemented
dieters) and supplemented athletes (compared with a
typical drop in non-supplemented athletes). In one trial
of endurance cyclists [47], cortisol levels were 32%
lower and testosterone levels were 16% higher in sup-
plemented subjects compared with placebo, indicating
a more favorable biochemical profile for promoting an
“anabolic” hormone state.

For a dieter, it would be expected for cortisol to rise
and testosterone to fall following several weeks of diet-
ing [54]. This change in hormone balance (elevated cor-
tisol and suppressed testosterone) is an important
factor leading to the familiar “plateau” that many diet-
ers hit (when weight loss slows/stops) after 6�8 weeks
on a weight loss regimen. By maintaining normal tes-
tosterone levels, a dieter could expect to also maintain
their muscle mass and metabolic rate (versus a drop in
both, subsequent to lower testosterone levels) and thus
to continue to lose weight without plateauing.

For an athlete, the same rise in cortisol and drop in
testosterone is an early signal of “overtraining”—a
syndrome characterized by reduced performance,
increased injury rates, suppressed immune system
activity, increased appetite, moodiness, and weight
gain [55]. Maintenance of normal cortisol/testosterone
levels in eurycoma-supplemented subjects may be able
to prevent or reduce some of these overtraining
symptoms as well as help the athlete to recover more
quickly and more completely from daily training
bouts.

SAFETY

Oral toxicity studies (Wistar rats) have determined
the LD50 of Phystat as 2000 mg/kg body weight
(acute) and the NOAEL (no observed adverse effect
level) as greater than 1000 mg/kg body weight (28-day
sub-acute feeding), resulting in a classification as
Category 5 (extremely safe) according to the United
Nations Globally Harmonized System of Classification
and Labeling of Chemicals (GHS).

In addition to the very high safety profile demon-
strated in the rodent toxicity studies, there are no
reported adverse side effects in human studies of tong-
kat ali supplementation. For example, one 2-month
human supplementation trial [27] of 20 healthy males
(age range 38�58), found high doses of Eurycoma longi-
folia extract (600 mg/day) to have no influence on blood
profiles (hemoglobin, RBC, WBC, etc.) or any deleteri-
ous effects on measures of liver or renal function. In our
own recent supplementation trial (200 mg/day for
4 weeks), there were no changes in measures of liver
enzymes (ALT/AST). Typical dosage recommenda-
tions, based on traditional use and on the available sci-
entific evidence in humans, including dieters and
athletes, call for 50�200 mg/day of a water-extracted
tongkat ali root standardized to 22% eurypeptides.

SUMMARY

A wide range of investigations, from laboratory
research, to animal feeding studies, to human supple-
mentation trials, have confirmed the health benefits
and traditional use of tongkat ali root extract.
Laboratory evidence shows that eurycoma peptides
stimulate release of free testosterone from its binding
proteins and improve overall hormone profiles. More
than a dozen rodent-feeding studies have demon-
strated improved sex drive, balanced hormonal pro-
files, and enhanced physical function. Human
supplementation trials show a clear indication of
reduced fatigue, heightened energy and mood, and
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greater sense of well-being in subjects consuming tong-
kat ali root extracts. It is important to note that the
majority of these studies, and all of the human supple-
mentation trials, have been conducted on specific hot-
water-extracts of Eurycoma longifolia (which is the
traditional Malaysian preparation) produced using a
patented extraction process to isolate and concentrate
the bioactive compounds (Phystat). Some of the tongkat
ali extracts currently on the US market are alcohol-
extracts, which provide a substantially different chemical
profile, and may not be as effective or as safe as the more
extensively studied hot-water-extracts.

In conclusion, tongkat ali, used for centuries in
traditional medicine systems of Southeast Asia for
treating lethargy, low libido, depression, and fatigue,
appears to have significant potential for restoring
hormone balance (cortisol/testosterone) and overall
well-being in humans exposed to various modern
stressors, including aging, dieting, and exercise stress.

Disclosure

The author (S. Talbott) has served as principal
investigator on several studies of tongkat ali, including
a recent study of Physta, a brand of tongkat ali extract
that was funded by the manufacturer, Biotropics
Malaysia. Dr. Talbott has no direct financial relation-
ship with Biotropics or with Physta.
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INTRODUCTION

“Tell me what you eat and I’ll tell you what you
are,” also paraphrased as “You are what you eat,” is
an expression that has become the seminal central
dogma of nutrition, describing one of the most funda-
mental principles implicating dietary intake in physio-
logical health status. This formative concept of
nutrition should serve as a starting point for health
and wellbeing. Moreover, it ought to be a notion that
is continually disseminated globally and appreciated
by the masses. Unfortunately, not everyone ascribes to
the tenets of proper nutrition, as is evidenced by the
mobs frequenting popular fast food establishments
across North America. As the hedonist would agree,
we all need to “live it up” once in a while, with the
endangered Twinkie in hand, and enjoy life.
Nonetheless, the easy accessibility to decadent food is
facilitating an undesirable expansion of waistlines
from coast to coast. Despite the escalating body of the
corpulent populace, there exists, on the opposite end
of the spectrum, the dedicated few who are extremely
body-image concerned and usually more health-
conscious individuals. These people work fervently
towards physical perfection, and as such, consider
themselves unique physique athletes or bodybuilders.
Unlike their weaker-hearted, sedentary counterparts,
bodybuilders are amenable to spending long arduous
hours, seemingly ascetically punishing their muscles
with high intensity heavy weights. All of their forceful
efforts are put forth in the hopes of promoting
herculean-proportioned musculature.

While it has probably been known since ancient
times that intense exercise facilitates an increase in
strength and muscle, it has only been in recent years

that meticulous researchers have begun to truly eluci-
date the biological mechanisms behind exercise-
induced muscle remodeling, and the critical interplay
between dietary components in the process. This has
resulted in an explosion of available information
regarding nutritional strategies to support extreme
increases in muscle size and strength. Consequently, a
general grasp of some basic nutritional approaches
grounded upon contemporary scientific findings may
allow the dedicated bodybuilder to fully realize his or
her physical potential. Therefore, this chapter will
focus on some of the evidence available to help indivi-
duals tailor their nutritional requirements for extreme
muscle growth.

According to many nutritionists, the foundations of
any dietary regimen for the general population should
include a variety of nutrients in order to ensure a well-
balanced diet without insufficiencies. An example of
attempts to guarantee dietary adequacy is the food
guide pyramid which was first developed by the US
Department of Agriculture in 1992 [1], and later
updated in subsequent years [2]. For the most part,
guidelines like these were originally conceived for the
average individual, and so may not be sufficient for
hard-training bodybuilders who are seeking to
maximize their genetic muscle-building potential.
Moreover, the perfect diet for an athlete or body-
builder is contingent upon several factors, such as
genetics, age, body size, and gender [1�3]. Even train-
ing conditions, including exercise frequency and inten-
sity, can affect dietary recommendations.

It was only within the last couple of decades that
there emerged a “nutritional renaissance” of sorts,
where inquisitive scientists began to reveal the mecha-
nistic processes of muscle remodeling while unraveling
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the subtleties between nutrition and muscle protein
accretion. For example, Biolo et al. [4] hypothesized
that the net muscle protein synthesis after exercise
involves an interaction between exercise and nutritional
factors. They reported that, during recovery from resis-
tance exercise in the fasted state, muscle amino acid
transport and protein turnover (both synthesis and deg-
radation) were accelerated [4]. Results from elaborate
amino acid infusion experiments began to show that
increased availability of free amino acids to skeletal
muscle can modulate or promote anabolic activity
[4�6]. Interestingly, research was also corroborating
what bodybuilders had already known through experi-
ence—that resistance exercise can independently stimu-
late muscle protein synthesis [7�11]. Moreover, the
explorative science indicated that feeding and resis-
tance exercise has a synergistic additive effect and can
maximize anabolic activity [4,12�15]. This type of work
raised the question of whether protein requirements for
those seeking to build more muscle are higher than
those for the sedentary person.

PROTEIN REQUIREMENTS FOR THE
BODYBUILDER

In the most rudimentary sense, proteins comprise
long chains of amino acids which are bound by pep-
tide bonds. Protein is essential to the structural integ-
rity and functionality of muscles, bones, tissues and

organs. Moreover, besides playing a structural role,
protein can be used to produce hormones, enzymes,
hemoglobin, and plasma proteins such as albumin.
Proteins can even be used as a source of energy when
other energy substrates are consumed in insufficient
amounts. With respect to human biological require-
ments, there are 20 requisite amino acids identified as
needed to support adult human growth and metabo-
lism (Box 54.1). Of these, 11 amino acids are called
nonessential, meaning that they can be synthesized in
the body and do not need to be consumed in the diet.
The remaining 9 amino acids cannot be synthesized in
the body and are termed essential because they need
to be consumed in the diet. A shortage or absence of
any of these amino acids can hinder proper tissue
maintenance and repair, and stymie maximal muscle
growth.

The recommended daily protein requirement for the
bodybuilder and athlete in general has been a topic of
debate over the years and has not been without contro-
versy [3,16,17]. The daily protein requirement for ath-
letic individuals is influenced by a wide array of
conditions running the gamut from exercise type, age,
body size, to training status (e.g., gym neophyte or sea-
soned bodybuilder), etc. Indeed, the science as we
understand it today, by and large, supports an
increased requirement for daily protein consumption
in resistance-training individuals when compared with
their sedentary counterparts. However, the body is a
fantastic biological machine, and some research even

BOX 54.1

E S S ENT IAL AND NONES S ENT IAL AM INO AC IDS
FOUND IN COMPLETE PROTE INS

Essential Amino Acids

Histidinea,b

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Threonine

Tryptophan

Valine

Nonessential Amino Acids

Alanine

Arginineb

Asparagine

Aspartic acid

Cysteineb

Glutamic acid

Glutamineb

Glycine

Prolineb

Serine

Tyrosineb

aLiterature states that some adults can synthesize histidine. However, for other adults and for infants, histidine is considered an essential amino acid [1]. Therefore,
under certain circumstances histidine may be grouped among the conditionally essential amino acids [86].
bSometimes these amino acids are considered conditionally essential under certain conditions since they are rate limiting for protein synthesis, especially under
extreme conditions such as in the absence of certain nonessential amino acids from the diet and the presence of limited amounts of essential amino acids or in times of
metabolic stress [86].
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suggests that protein requirements may actually
decrease during resistance or endurance training, due
to biological adaptations that improve net protein
retention [3,18]. Nevertheless, many experts today
would agree that the bodybuilder requires more pro-
tein than the sedentary person in order to sustain an
awe-inspiring level of musculature. In addition, ulti-
mately meeting or slightly exceeding daily require-
ments for skeletal muscle adaptation to training will
support optimal muscle mass accretion. It is worthy to
note that any protein that is consumed in excess of
what is required to stimulate total body and muscle
protein synthesis can be oxidized for energy produc-
tion [19�21]. This is significant since protein may
become an important energy substrate under certain
circumstances, such as when a bodybuilder undergoes
a purposeful calorie deficit (usually limiting either car-
bohydrates or fat intake). Many contestants do this
during their pre-contest diets in order to shed superfi-
cial body fat. Besides the need for a compensatory
energy substrate during reduced fat or carbohydrate
diets, bodybuilders have good reason to monitor their
protein during their dieting or “cutting” phase of their
pre-contest preparation. That is because research
shows that consuming dietary protein at levels above
the recommended daily allowance (RDA) during
energy deprivation may actually attenuate skeletal
muscle loss by affecting the intracellular regulation of
muscle anabolism and proteolysis [22].

The current recommended daily allowance for pro-
tein in healthy adults is 0.8 g/kg bodyweight per day
[3,23,24]. However, as demonstrated by research such
as a study done by Tarnopolsky et al. [19], typical
RDA protein amounts may not be sufficient to meet
the true needs of resistance-training individuals. In
their study, leucine kinetic and nitrogen balance
(NBAL) methods were used to determine the dietary
protein requirements of strength athletes compared
with sedentary subjects. The results from Tarnopolsky
et al. [19] show that protein requirements for athletes
performing strength training are greater than for seden-
tary individuals and are above contemporary US and
Canadian recommended daily protein intake levels. In
fact, the protein intake to achieve a steady-state zero
nitrogen balance (indicative of neither a net gain nor a
net loss of bodily amino acids) was 1.41 g/kg per day
for male strength athletes and 0.69 g/kg per day for
sedentary male subjects (104% greater for strength
athletes) [19]. Based on these numbers, a 90 kg male
bodybuilder would need to consume a minimum of
approximately 127 g of high quality protein daily to
maintain steady-state nitrogen balance. It is interesting
to note that the results from Tarnopolsky et al. [19] sug-
gest a potential upper limit for daily protein intake,
beyond which point, protein synthesis in response to

training becomes maximally saturated and seemingly
immutable. Therefore, excessive protein intake (e.g.,
some anecdotal reports of athletes consuming as much
as 4 g/kg exist [25]) for the purpose of attempting to
build muscle is not warranted. This is good to know in
light of the fact that protein-based foods are typically
on the costly side. Tarnopolsky et al. [19] found that
when dietary protein intake was increased from 0.86 to
1.41 g/kg per day, whole body protein synthesis was
increased in men who resistance trained; however,
when intakes were increased to 2.4 g/kg per day, there
was no increase in protein synthesis. Results such as
demonstrated by this experiment support the current
position stand of the International Society of Sports
Nutrition (ISSN), which states that dietary protein
intake RDA of 0.8 g/kg may be sufficient to meet the
needs of the general population, but is most likely
insufficient for athletes, especially when taking into
account caloric requirements of athletes and increased
potential for amino acid oxidation and substrate
required for muscle tissue growth. The ISSN currently
recommends 1.4�2.0 g/kg protein per day of body-
weight [16,23]. Thus, a 90 kg male bodybuilder would
need approximately 180 grams of protein on a daily
basis. Obtaining this daily quota is certainly feasible
with whole foods, such as meat and dairy products.
However, it can be quite a labor intensive and costly
venture to prepare copious amounts of chicken breasts
or lean cuts of steak on a regular basis. In addition,
high dietary intake of red meat may be undesirable for
those concerned with excessive dietary fat intake. This
is why many bodybuilders choose to use supplemental
protein sources, including whey and casein, which have
become staples in many nutritional regimens of ama-
teur and professional bodybuilders alike.

PROTEIN TYPE AND DIGESTIBLY

Whole-Foods Protein Sources

There is a wide array of protein sources available to
the bodybuilder, including everyday dietary sources
from common animal-derived whole foods (e.g.,
chicken, beef, fish, eggs, cheese, milk) and from
legumes and vegetables (e.g., soy, bean, rice). For indi-
viduals unable to obtain their daily quota from food or
for those who are looking for a more convenient
source of protein, there is an extensive choice of
protein supplements on the market (e.g., soy, whey,
casein, and milk protein comprising a combination of
whey and casein). With the notable exception of colla-
gen, protein derived from animal sources are consid-
ered whole or complete proteins since they contain the
full spectrum of the 20 amino acids including all
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essential amino acids. Whereas in general, protein
derived from plant sources (an exception being soy
protein) are considered incomplete sources of dietary
protein because they typically lack essential amino
acids [26]. Unless limited by lifestyle restrictions such
as vegetarianism or religious beliefs, it should be the
goal of every bodybuilder to attempt to consume com-
plete proteins, since research supports the ingestion of
complete protein (especially dairy) after resistance
exercise in promoting positive muscle protein balance
[27,28]. Research has explored the effect of fluid milk
[27] or its constituent protein fractions, whey and
casein [28], on muscle protein balance, and the results
emphasize the importance of complete protein sources
such as dairy for supporting muscle-building effects.
Milk comprises both casein and whey (80% and 20%,
respectively), and each of these proteins has distinct
physicochemical properties. Because of their inherently
different digestibility characteristics, the effects of
administration of these discrete components on the
kinetics of blood amino acids and anabolic/catabolic
activity has been the subject of a variety of studies.
Indeed the varying results from some of these trials
are somewhat difficult to reconcile and provide some
conflicting evidence regarding which of these protein
sources may be superior for eliciting muscle anabolic
response with acute and chronic use. Despite the dif-
ferences in the results from various studies, body-
builders should probably not fret too much over the
minutiae and ensure that they include various com-
plete protein sources in their diets. This pragmatic
approach will allow for the provision of a full spec-
trum of amino acids throughout the day and add some
variety to the nutritional regimen of the bodybuilder,
which tends to be inherently repetitive and mundane.

Whey

Whey protein has received much attention and has
a large fanfare among bodybuilders since research
shows that it is among the top quality proteins in
terms of various markers of protein digestibility and
assimilation, such as the biological value score and
protein digestibility corrected amino acid (PDCAA)
score [26]. Furthermore, in comparison with other pro-
tein sources, whey protein generally contains a higher
concentration of essential amino acids [29], and has
rapid absorption kinetics [30�32]. Unlike casein, the
ingestion of whey protein has been reported to lead to
a rapid, yet transient spike in plasma amino acid levels
[30]. This fast digestibility and ability to quickly
increase plasma amino acid availability to muscles can
make whey protein a good source of protein to influ-
ence the muscle-building (mTOR) machinery, which is

sensitive to amino acid (namely leucine) concentration
or availability [33�36]. Moreover, whey protein may
have great implications for the aged bodybuilder or
even, for that matter, for muscle preservation in an
elderly population in general. This is because some
research supports the phenomenon of an age-related
increased susceptibility to impaired anabolic activity in
response to protein or leucine ingestion [37�39], some-
times referred to in the literature as “anabolic resis-
tance”. It seems that whey protein may be an effective
tool to combat this phenomenon. In fact, whey protein
was shown to be better than casein at promoting pro-
tein anabolism in old men with lean mass atrophy
[31]. Even with the popularity of whey protein and the
general perception that it is the best source for muscle
growth, it is interesting to note that in physically active
healthy young men at rest [30] or after resistance exer-
cise [28] the superiority of whey over casein may actu-
ally be less definitive than once thought and is likely
contingent upon various factors including the level of
physical activity.

In the prolonged absence of exercise, such as during
a period of recovery where a bodybuilder may pur-
posefully abstain from the gym if he is feeling over-
trained, whey protein may be an ideal mediator to
stimulate and maintain anabolic activity. This concept
could be supported by the results of Antonione et al.’s
[40] prolonged bed rest study in which whey protein
was observed to be better than casein protein in young
inactive men at promoting anabolic effects. Antonione
et al. [40] proposed that the relative ability of whey
and casein to stimulate net-whole body protein synthe-
sis is contingent upon physical activity level. Other
research highlights the ambiguity of the scientific find-
ing between acute and chronic effects of administra-
tion of whey or casein, and it is somewhat difficult to
resolve the findings. For example, Cribb et al. [29],
using two groups of matched, resistance-trained males,
showed that whey isolate provided significantly
greater gains in strength, lean body mass, and a
decrease in fat mass, compared with supplementation
with casein during an intense 10-week resistance-train-
ing program. Another trial, by Tang et al. [41], showed
that whey protein appears to promote a larger muscle
protein synthesis response than either casein or soy, at
least during the first 3 hours after ingestion, both at
rest and after resistance exercise in young, healthy
males. Thus with results like these, some may contend
that whey is better than casein for bodybuilders.
However, other research investigating acute effects of
casein and whey after exercise shows that casein is
capable of stimulating muscle anabolism after resis-
tance exercise as effectively as whey protein [28]. It has
been noted in the literature that the synthesis rate of
skeletal muscle protein is up-regulated for several
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hours following exercise [8,11], leading to enhanced
anabolic efficiency of dietary proteins [4,42], an effect
which may “normalize” or provide a more level play-
ing field, so to speak, regarding any immediate benefi-
cial effects driven by varying digestibility rates of
complete proteins. More research is warranted on this
topic, but it seems that hard training is the key to pro-
viding the anabolic impetus.

Casein

Whereas whey protein is considered a fast protein,
casein is noted in the literature as a slowly digesting
protein [30]. This is because upon ingestion the casein
protein coagulates in the acidic environment of the
stomach, possibly delaying gastric emptying and/or
hindering easy accessibility of the amino acid residues
to hydrolytic digestion [30,43]. In their archetypical
study, Boirie et al. [30] investigated the effects of speed
of protein digestion on postprandial protein accretion
in resting healthy, physically active male subjects, and
showed that in young healthy men at rest, casein
administration induced a prolonged plateau of
moderate hyper-aminoacidemia. Moreover, whole
body protein breakdown was inhibited after casein
ingestion, but not after whey protein ingestion.
Interestingly, even though whey protein administra-
tion caused a greater increase in postprandial protein
synthesis than did casein administration, the net
leucine balance over the 7 hours after the test meal
(i.e., casein protein or whey protein) was more positive
with casein than with whey. So it seems that slowly
digesting protein such as casein may have an anti-
catabolic effect which can lead to better overall net
whole body leucine balance, at rest, in healthy, physi-
cally active young men [30]. Therefore, quickly digest-
ible protein such as whey can stimulate rapid
aminoacidemia and acute activation of protein syn-
thetic machinery, whereas more slowly digesting
protein promotes anti-catabolic effects and better net
leucine balance at the whole body level [30�32].
Casein’s inhibitory effect on protein breakdown can
allow for muscle preservation as well as preservation
of net protein the splanchnic region [44,45] at least in
young individuals. This paradigm seems true for the
younger generation of subjects studied, but contradic-
tory results in experiments in elderly subjects with
respect to whole body protein metabolism suggest that
the ingestion of a quickly digesting protein is associ-
ated with a greater whole body leucine balance [31,39].
Ultimately, for young bodybuilders, supplementing
with casein-based protein may be a good way to stave
off catabolism, whereas whey protein can promote
acute increases in anabolic activity. Since milk

comprises both fast and slow protein components, it is
worthwhile asking if milk protein can deliver benefits
from each of its constituent parts.

Milk Proteins

To date, the evidence is that complete proteins and
especially dairy sources are able to elicit anabolic activ-
ity and lean mass accretion. However, as noted by the
ISSN, the superiority of whey protein or any complete
protein source over another for chronic muscle-
building effects remains to be conclusively shown and
is not exactly clear cut [23]. Therefore, it’s probably a
good idea for bodybuilders to add variety to their diets
and consume various proteins at different times in
order to strategically capitalize on the potential physi-
cochemical properties of each of the individual protein
sources. It has become common practice among many
bodybuilders to strategically consume faster-digesting
protein sources close to the time of physical exertion in
order to promote anabolic activity, while consuming
slowly digesting protein such as casein throughout the
late evening or between meals, to promote an anti-
catabolic milieu, especially prior to retiring to bed for
the night. There is also an ostensible rationale and an
increasing trend in the marketplace for combined fast
and slow protein matrices encompassing various
sources of protein, including casein and whey. That
being said, the evolution of mammalian species has
given rise to examples such as bovine milk which con-
tains both fast and slowly digesting proteins. Milk is
presumably designed to be the ideal sustenance for
mammalian offspring during their most critical forma-
tive stages in the life cycle, when lean mass accrual is
vital as a matter of survival. So it stands to reason that
this natural evolutionary outcome over the millennia
underscores the importance of consuming a mixture of
slow and fast proteins. This type of strategy can influ-
ence plasma aminoacidemia to promote anabolic activ-
ity as well as support anti-catabolic effects on muscle
and whole body protein. The net effect could quite
possibly lead to synergism, especially when combined
with resistance training, which in and of itself is the
impetus for adaptive anabolic response. This conten-
tion of milk protein synergy is supported by Lacroix
et al. [46], who compared the postprandial utilization
of dietary nitrogen from three [15N]-labeled milk
products—micellar casein, milk soluble protein isolate
(whey protein), and total milk protein—in healthy
volunteers. Total milk protein and casein sustained
prolonged plasma aminoacademia in comparison with
the whey protein fraction, which was rapidly deami-
nated. Lacroix et al. [46] contend that the rate of amino
acid delivery for the milk soluble protein isolate
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(whey) is too rapid to sustain the anabolic requirement
during the postprandial period and that total milk pro-
tein had the best nutritional quality. Therefore there is
good reasoning behind the ever-growing popularity of
multi-phase fast/slow milk protein products among
nutrition savvy bodybuilders.

Soy

With regards to soy protein, even though it is con-
sidered a complete protein source, some research
seems to suggest that it may not be the preferential
source of protein when attempting to facilitate a pro-
longed anabolic environment within the body. For
example, Wilkinson et al. [47] conducted a study
which the authors claim to be the first to show that the
source of intact dietary protein (i.e., milk vs soy) is
important for determining the degree of post-exercise
anabolism. They observed that milk protein promoted
a more sustained net positive protein balance after
resistance exercise than did soy protein. Wilkinson
et al. [47] proposed that a difference in digestion rate
of milk and soy protein affects the pattern of amino
acid appearance, which leads to differences in net
amino acid uptake and muscle protein synthesis after
resistance exercise. This work was corroborated by
Tang et al. [41], who showed that soy appears to be
less effective at stimulating muscle protein synthesis
than whey protein, despite inducing a similar rise in
circulating essential amino acids. Moreover, Hartman
et al. [48] observed greater gains in fat-free mass and
muscle hypertrophy in response to 12 weeks of resis-
tance training with fat-free milk vs soy. Although soy
protein may not be the ideal choice for bodybuilders,
there are some positive data pertaining to it. For exam-
ple, Candow et al. [49] found that both whey and soy
protein increased lean tissue mass more than an isoca-
loric carbohydrate placebo in healthy young men.
Candow et al. [49] and Brown et al. [50] reported no
significant differences in changes in body composition
in response to combined resistance training in either
whey or soy protein ingestion. Therefore, although soy
protein may not be the ideal protein source for body-
builders, it is still suitable for those who are seeking to
avoid dairy-based products.

PROTEIN TIMING FOR BODYBUILDERS

Research suggests that strategic nutritional timing
may allow bodybuilders to maximize muscle protein
synthetic machinery. With regards to sustained amino
acid delivery (at least during prolonged resting peri-
ods) in which amino acids have been administered to

subjects in a lab setting, an interesting phenomenon
has been reported, known as refractoriness of protein
synthesis [25]. This phenomenon manifests itself as a
limited temporal window of maximum protein synthe-
sis lasting approximately 2 hours before returning to
baseline [6,51], despite the continuous availability of
sustained elevated plasma amino acid concentrations
via intravenous infusion. This means that in the
absence of exercise, maximum muscle protein syn-
thetic response to hyperaminoacidemia may occur
within a limited temporal window. Norton et al. [52]
demonstrated that this so-called anabolic window of
maximum protein synthetic rate in response to nutri-
tional stimulus may be prolonged for up to 3 hours by
consuming a complete meal. In their review paper,
Norton and Wilson [25] propose a nutritional strategy
to help combat this refractoriness of protein synthesis
in which the authors recommend several bolus doses
of protein that contain sufficient leucine (e.g., 3 grams
per meal, as research seems to suggest that anything
significantly higher than 3 grams is not any more effec-
tive at driving the anabolic signaling cascade) through-
out the day to maximize mTOR signaling and muscle
protein synthesis, while permitting enough time for
postprandial amino acid levels to fall sufficiently
between meals to re-sensitize the innate biological
system.

Adding exercise to the equation seems to change
the situation somewhat regarding protein timing, as
research shows that administration of amino acids in
combination with resistance exercise augments acute
protein synthesis [4,15], whereas, if subjects remain
fasted after a bout of resistance training, muscle pro-
tein balance can be pushed into a net catabolic state
[8,11,53]. Indeed, increased amino acid availability
immediately after a training bout has been shown to
improve acute net protein balance [4,8,11,14].
Moreover, post-exercise carbohydrate ingestion may
also be beneficial because of a decreased rate of muscle
protein breakdown [54,55] which is associated with the
anti-catabolic properties of insulin [56]. Thus, research
emphasizes the benefits of consuming carbohydrate
and protein macronutrients post-workout. It is note-
worthy that although carbohydrate consumption post-
exercise is associated with increased insulin output
and anti-catabolic effects, it is the provision of protein
that seems to be the key to promoting adaptive
response to training. This was demonstrated by
Andersen et al. [57] who showed that 14 weeks of
resistance training in healthy young males combined
with protein versus carbohydrate supplementation
induced similar gains in mechanical muscle perfor-
mance, but only protein supplementation induced
muscle hypertrophy. In their study, subjects ingested a
protein supplement (containing whey, casein, egg, and
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glutamine) immediately before and immediately after
training on training days, and in the mornings on non-
training days, in order to maximize potential anabolic
activity. Andersen et al. [57] chose this “before and
after” bracket timing paradigm in light of the fact that
some evidence suggests that the acute effect of protein
supplementation on muscle anabolism may even be
greater if protein is ingested just before the training
bout [58]. Andersen et al. [57] assert that their work is
the first to suggest the long term importance of timed
protein ingestion as compared with isoenergetic carbo-
hydrate intake on muscle fiber hypertrophy in healthy
young men.

The notion of a period of time within which the
body responds best to post-workout nutrition, often
coined the “post-workout anabolic window”, is one
put forth by many trainers, and evidence does exist to
support this, especially in an aged population. For
example, in a training study Esmarck et al. [59], the
ingestion of protein immediately after resistance train-
ing by elderly subjects resulted in muscle hypertrophy,
whereas postponed protein intake for 2 hours did not.
Interestingly, there seems to be more of a post-
workout grace period for younger individuals. For the
non-elderly it has been noted that the contractile activ-
ity associated with intense resistance exercise results in
increased rates of muscle protein synthesis that are
sustained for approximately 48 hours in the fasted
state [8]. Even though the apparent window of oppor-
tunity for nutrient administration seems to be
extended in young individuals, it is highly unlikely
that a hard-training bodybuilder would purposefully
refrain from consuming a meal proximal to training.
So unless extenuating circumstances prohibit eating, it
is recommended that the bodybuilder consume a meal
as close to the training session as conveniently possi-
ble, either before or after training. A moderate meal up
to 1 hour or more before exercise may provide energy
and support aminoacidemia during training without
promotion of stomach discomfort or cramps. Some
bodybuilders also choose to use commercially avail-
able intra-workout amino acid and carbohydrate based
drinks to keep their plasma amino acids stores replete
while training. This strategy is also supported by
research which shows that the provision of essential
amino acids and carbohydrates while training sup-
presses cortisol levels and protein breakdown while
promoting muscular gains [60�62].

PROTEIN DOSE PER MEAL

Research suggests that muscle protein synthesis rate
can be maximized by an acute bolus dose of protein in
a given meal. For example, work by Moore et al. [63]

showed that there appears to be a maximal rate at
which dietary amino acids can be assimilated into
muscle tissue after training and that, with increasingly
higher concentrations of amino acid provision post-
workout, there is no apparent further stimulation of
protein synthesis. In their study, Moore et al. [63] used
amino acid tracer techniques to assess muscle protein
synthesis to various doses of high quality protein (egg
protein was used) after a bout of resistance training.
They showed that a dose of 20 grams of a high quality
complete protein post workout was enough to maxi-
mally stimulate muscle protein synthesis. Moreover,
leucine oxidation was increased at 20 grams, and even
at 40 grams of post-workout protein, which indicates
that a dose of protein as high as about 20 grams can
not only stimulate muscle protein synthesis, but also
stimulate oxidation of amino acids for fuel. The
research has ramifications not only for the acute dose
of protein, but also for meal frequency. In fact, Moore
et al. [63] had speculated that ingestion of about 20
grams of high quality protein 5 to 6 times daily could
be one strategy to maximally stimulate protein synthe-
sis. This strategy could reconcile well with the afore-
mentioned strategy proposed by Norton and Wilson
[25] and could help ensure proper temporal “staccato-
type” maximum peaking of plasma amino concentra-
tions (especially leucine) to counter any potential
refractory effects of protein synthesis noted in the liter-
ature. Of course, many protein supplements on the
market today contain higher than 20 grams of protein
per recommended serving. The rationale for exceeding
20 grams of protein per serving could be that the
bodybuilder is on a lower carb/fat diet and is looking
for compensatory caloric substrate. Nevertheless,
unless on a carbohydrate or fat restricted diet, it is
probably a good idea for bodybuilders to first assess
their lean mass gains and recuperative ability with
approximately 20�25 gram dose of protein per serving
for a few weeks before contemplating increasing their
dose per serving.

ENERGY REQUIREMENTS

Research shows that maintaining dietary protein
levels above the recommended daily allowance of
0.8 g/kg during energy deprivation may attenuate
skeletal muscle loss by affecting the intracellular regu-
lation of muscle anabolism and proteolysis [22]. The
data from related research shows that whole body
protein turnover is endergonic (i.e., requiring energy
consumption) and is down-regulated in response to
sustained energy deficit, probably to conserve endoge-
nous protein stores when insufficient protein is
consumed [22]. As a natural corollary, since protein
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deposition and muscle growth requires energy, body-
builders interested in increasing lean body mass must
ingest extra calories to facilitate the adaptive response
to training. In a recent review, Stark et al. [64] noted
that, for maximal hypertrophy to occur, weightlifters
should consume greater than 44�50 kilocalories per
kilogram of body weight daily. In another study,
Rozenek et al. [65] showed that extra calories added to
a normal diet of healthy male subjects, in the form of
either a high calorie protein/carbohydrate supplement
or an isocaloric carbohydrate supplement, facilitated
greater increases in fat-free mass and total body mass in
response to an 8-week moderate intensity resistance-
training program in comparison with subjects in a
control group who received no supplement. Both the
carbohydrate group and the protein/carbohydrate
group experienced similar significant increases in body
mass and fat-free mass, indicating that in their study
the extra protein did not enhance the efficacy of the
supplement [65]. Rozenek et al. [65] surmised that the
results from their study corroborate other studies and
support the concept that once individual protein
requirements are met, the total energy intake may be
the most important dietary factor related to body com-
position changes, rather than specific ingredients used
to provide additional energy. In their study, the sub-
jects’ supplement yielded an extra 2010 kilocalories
above their normal diet [65]. This is quite a considerable
amount of extra calories and may not be easy to ingest
for every bodybuilder. Therefore, one recommendation
when developing a nutritional regimen is to concentrate
on obtaining the daily quota of protein and then to
experiment by adding daily calories in increments, on a
week-by-week basis using healthy carbohydrates (e.g.,
brown rice, yams, oatmeal) and healthy unsaturated
fats, while assessing the rate of lean mass gains. This
may allow the bodybuilder to build muscle and help
minimize excessive body fat accumulation. Extra calo-
ries in the form of a mass-gaining protein/carbohydrate
dietary supplement could also be another strategy as
this could add a level of convenience, since these types
of commercially available products are often easier to
prepare than whole foods. Moreover, a properly engi-
neered product would have organoleptic properties
and a taste profile to ensure user compliance, since it
might be otherwise considered a chore to guzzle down
these voluminous protein/carbohydrate shakes.

CARBOHYDRATES

With all the emphasis placed on protein consump-
tion by many bodybuilders, the importance of carbo-
hydrates can easily become overshadowed. Since
evidence suggests that there is a level of protein intake

which can saturate the body’s own protein synthetic
machinery, combined with the fact that bodybuilders
need to intake a surplus of calories to grow, it makes
neither financial nor nutritional sense to intake daily
calories strictly from protein alone, in the absence of
proper daily carbohydrate sources. Moreover, carbohy-
drates are the body’s principal source of energy sub-
strate, so they should definitely receive proper
scrutiny. Because carbohydrates are the chief fuel
source in the body, total carbohydrate stores in the
body can be readily depleted by a single bout of exer-
cise [66]. This is an important consideration since in
athletes the depletion of stored carbohydrates in the
form of glycogen within the muscles has been corre-
lated with fatigue in prolonged exercise [67,68].
Therefore, keeping muscles replete with stored
glycogen is a good idea to help prolong exercise capac-
ity. Additionally, it is worthy to note that research
indicates carbohydrate consumption immediately after
a glycogen-depleting bout of exercise can enhance
subsequent muscle glycogen re-synthesis when com-
pared with the same intake several hours later [69]. So
it is evident that post-workout carbohydrate supple-
mentation definitely has its potential benefits.

The consumption of protein and carbohydrate
macronutrients has been associated with insulin pro-
duction. Insulin is known for its role in promoting
nutrient uptake into muscle, which is important for
facilitating an environment conducive to anabolism. In
fact, there is a body of research investigating hyperin-
sulinemia for the purposes of increasing the uptake of
various ergogenic aids such as creatine and L-carnitine
[70�72]. Many bodybuilders have had great success
with high glycemic index carbohydrate post-workout
drinks in combination with various ergogenic aids
such as creatine to help “shuttle” them into the muscle
tissue. With regards to insulin and anabolic response,
the effects of insulin on muscle protein accumulation
seem to be attributable not only to protein synthesis
per se, but also to its anti-catabolic effects. In fact, insu-
lin has been shown to have a strong inhibitory effect
on muscle protein breakdown [55,56,73], which can
improve net protein balance [13,54,74�76]. However,
even though large doses of carbohydrates can drive
insulin levels in the body, the intake of carbohydrates
in the absence of protein or amino acid availability
does not result in a net positive muscle protein balance
[13,76]. It seems that insulin plays more of a permis-
sive role with regards facilitating muscle anabolism
and rather seems to partake in a more anti-catabolic
role as was demonstrated by Greenhaff et al. [56]. In
their elaborate experimental design, Greenhaff et al.
[56] examined the rates of muscle protein synthesis
and breakdown in response to graded doses of insulin
and amino acid infusion. This research group showed
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that there is low threshold plasma concentration of
insulin (5 mU/L) that appears to be required to pro-
mote maximal amino acid induced stimulation of leg
protein synthesis, and further increasing plasma insu-
lin up to 30 mU/L caused a further reduction of leg
protein breakdown but no concomitant increase in
anabolic activity. Additionally, a further increase in
insulin concentration did not have any effect on
decreasing leg protein breakdown. These findings sup-
port the contention that carbohydrates post workout
along with a protein source could promote anabolism
via availability of amino acids and facilitate better
positive nitrogen balance via anti-catabolic effects of
insulin. So bodybuilders can experiment with a combi-
nation of protein and high glycemic carbohydrates
post workout to support amino acid deposition and
positive nitrogen balance. In the review paper by
Kerksick et al. [77], the ISSN concluded that, irrespec-
tive of timing, regular ingestion of snacks or meals
providing both carbohydrate and protein in a 3:1 ratio
helps to promote recovery and replenishment of mus-
cle glycogen.

FATS

In general, dietary fat has received an undesirable
stigma in recent years, especially with the more
progressive health-promotional media spokespeople
berating diets excessively high in fat. Of course, the
negative viewpoint on fat stems from valid research
implicating excessive dietary fat intake in chronic dis-
eases such as cardiovascular disease, cancer, diabetes,
and obesity. So it is quite understandable that health
conscious individuals would wish to limit their fat
intake. However, overly reducing or eliminating all fat
from the diet can be counterproductive to the body-
builder’s goals. That is because dietary fat can play a
variety of roles beyond simply providing an energy
dense fuel substrate. For example, diets comprising
very low fat intake have been associated with reduced
sex hormone concentrations and compromised intake
or absorption of fat-soluble vitamins and essential fatty
acids [78]. On the other hand, higher fat diets may
help to maintain circulating testosterone better than
low fat diets [79�81]. Experts generally recommend
that the acceptable intake of dietary fat represent 20%
to 35% of a person’s daily energy intake [82]. For ath-
letes attempting to lose weight, diets containing 0.5 to
1 g/kg per day of fat have been recommended [16].
There currently does not appear to be any strong scien-
tific validation to justify excessively surpassing
common recommendations for the general public in
terms of daily fat intake for the bodybuilder [3,16,78].

Besides being concerned with the daily amount of
fat consumption, more research indicates that the
bodybuilder should be concerned with the type of fat
consumed. For example, evidence is accumulating to
support the potential of omega-3 fatty acids, namely
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), in facilitating an internal physiological milieu
conducive to muscle growth. In a study by Noreen
et al. [83], the effects of supplemental fish oil on resting
metabolic rate (RMR), body composition, and cortisol
production in healthy adults was examined. Six weeks
of supplementation with fish oil supplying 1600 mg
EPA and 800 mg DHA daily, significantly increased
lean mass and decreased fat mass [83]. In their study,
Noreen et al. [83] added the fish oil on top of an ad libitum
diet with no regimented exercise program. So it would
indeed be interesting to see more research using the
same supplement protocol combined with a structured
resistance-training program. Other research by Smith
et al. [84,85] shows that 8 weeks of supplementation
with EPA and DHA facilitated anabolism by sensitiz-
ing muscles to insulin and amino acid availability in
young, middle-aged, and elderly subjects. That is to
say, the EPA/DHA per se did not elicit changes in
basal levels of protein synthesis, but rather enhanced
the anabolic response to nutritional stimuli, such as
amino acids in the presence of insulin. The results of
this research may not only have implications for body-
builders, but also hold significance in the treatment of
age-related muscle loss due to sarcopenia and from
senescence-induced anabolic resistance. Although
further research is warranted on a bodybuilding
demographic, it is conceivable that bodybuilders who
supplement with a high quality omega-3 fish oil prod-
uct yielding sufficient fatty acid content may experi-
ence the benefits associated with potentially improved
anabolism in response to nutritional stimuli. Many
nutrition savvy bodybuilders already include fish oil
in their dietary regimens and may already be
experiencing metabolic benefits.

CONCLUSION

The dedicated bodybuilder is a different breed of
athlete who is interested primarily in sustaining a level
of musculature that may be deemed excessive or unde-
sirable to other athletes. To achieve this goal, body-
builders must endure the rigors of repetitive heavy
resistance training to elicit extreme muscle growth
stimulus. It is because they subject their bodies to such
physical hardships that bodybuilders need nutritional
strategies that go beyond the mere provision of ade-
quate calories and macronutrients to sustain daily life
support functions. The bodybuilder should seek to
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continually learn about nutrition and begin with the
tenets of basic nutrition in order to ensure the preven-
tion of micronutrient inadequacies. Consuming a vari-
ety of high quality whole foods, including complete
proteins, wholesome carbohydrates, and fruits and
vegetables, can help underpin a solid nutritional foun-
dation. A sample muscle-building meal plan is shown
in Box 54.2. The bodybuilder can then fine tune his or
her diet, paying close attention to the principles dis-
covered over the past couple of decades regarding
amino acid/protein, carbohydrate, and energy provi-
sion, along with the temporal aspects of nutrition tim-
ing. With that being said, however, it is ultimately
hard work in the gym which serves as the key anabolic
impetus for muscle and strength gains. Nonetheless, in
the end, proper nutrition will serve to reinforce the
results of a strong gym work ethic.
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BOX 54.2

SAMPLE MUSCLE - BU I LD ING MEAL PLAN

Meal 1: Breakfast

Egg white omelet made with chicken and vegetables

Oatmeal (plain) made with cinnamon and low calorie

natural or artificial sweetener

1 grapefruit

Meal 2: Snack

1 scoop Whey Protein Supplement

1 cup skim milk or almond milk

1 palmful of almonds

Meal 3: Lunch

1 to 2 grilled BBQ chicken breasts

2 palmfuls of brown rice or quinoa

1 serving of any green vegetable (e.g., broccoli, green

beans, asparagus)

1 piece of fruit

Meal 4: Snack

1 cup Greek-style yogurt or low-fat cottage cheese

Mixed berries

Meal 5: Dinner

1 lean steak grilled (e.g., top sirloin) or baked salmon

fillet

1 baked potato or sweet potato

1 large salad with mixed raw

vegetables (e.g., peppers, cucumbers)

1 serving pineapple

Meal 6: Late night/before bed

1 scoop Casein Protein Supplement

1 cup skim milk or almond milk

1 to 2 plain rice cakes topped with natural peanut

butter or almond butter
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INTRODUCTION

Nutrition is an integral part of all athletes’ lives;
however, the importance of proper nutrition is even
greater for the adolescent athlete. Proper nutrition
provides all athletes with fuel for energy and the foun-
dation necessary to recover from exercise stress. With
the rising rate of childhood and adolescent obesity, a
great deal of attention is given to overall general youth
nutrition; however, little focus is given to the nutri-
tional needs of the young athlete. In youth athletes,
nutrition still plays the same vital role observed in
adult athletes but, more importantly, nutrition in the
young athlete is primarily required to maintain devel-
opment associated with growth and maturation [1].
Additionally, young athletes and their influencers may
not fully realize/appreciate the impact nutrition has
on health and performance, and therefore they make
food choices that do not provide needed nutrients,
they skip meals, or they fail to plan their nutrition
accordingly for upcoming practices or competitions.

The role of nutrition on growth and development
has been extensively studied [2]. Nutrition not meeting
the minimum intake requirements can result in
delayed growth and development [3]. Even in western
countries with adequate access to nutrition, energy
restrictions by children concerned with obesity have
been shown to result in slowed growth and delayed
puberty [4]. The impact of training on growth and
maturation in young athletes is a commonly heard
concern. Research has not found evidence to support
such concerns for athletes involved in recreational and
club level sports with activity consisting of more than
15 hours per week [5,6], nor in athletes participating in
light to moderate resistance training twice a week [7].

It is well established that training for sport and
competition increases energy, carbohydrate and
protein requirements of adults. Because of the limited
research examining whether similar differences exist
as a result of activity level in children and adolescents,
many use nutrition findings in adults to make recom-
mendations for active youth. Young athletes have
been shown to require greater caloric intakes than
their non-exercising counterparts because of the
increased energy expenditures related to training and
competition [8]. This increase in energy needs com-
pared with their non-athletic peers includes an
increased need for protein and, likely, carbohydrate
[9]. While not meeting the energy intake needs may
lead to slowed growth and development, excess
energy intake also leads to adverse effects. Because of
the importance of nutrition for growth and develop-
ment, participation in sport and physical activity is
usually recommended to treat childhood obesity,
rather than energy restriction [1].

Due to factors including the underdeveloped glyco-
lytic metabolism and likely motor recruitment, young
athletes have reduced exercise efficiency compared
with adults [10]. Research has also shown that the ratio
of fat to carbohydrate oxidation at a given relative
intensity is greater in children than in adults [11].
Research has demonstrated that energy expenditure is
often underestimated in youth (i.e., the energy cost of
a given activity may be elevated in youth compared
with adults). This higher rate of energy expenditure at
similar relative workloads exists until near the end of
puberty [12,13]. The underestimation of energy expen-
ditures in different settings makes it difficult to gauge
without accurate measurement the increased energy
needs of young athletes during exercise [14,15].

523
Nutrition and Enhanced Sports Performance.

DOI: http://dx.doi.org/10.1016/B978-0-12-396454-0.00055-2 © 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-396454-0.00055-2


All sports require specific physiological capabilities
and skills. Most of these capabilities are influenced in
some form by nutritional choices. Sports nutrition is
often the subject of attention during competition, but
its role encompasses not only competition but also
preparation for competition during training and gen-
eral daily function. This chapter will highlight the
current understanding of sports nutrition for young
athletes and identify some of the gaps that exist in our
knowledge and understanding.

CARBOHYDRATE

As in adults, fat and carbohydrate are the primary
fuel sources during exercise in youth. As intensity
increases, a shift is made from fat to carbohydrate
metabolism. The recommendations for adults suggest
athletes consume 5�12 g/kg per day of carbohydrate
dependent on sport, intensity, sex, and environmental
conditions [16]. This is a wide range of intake, and the
exact recommended intake will depend on the activity
level and the specific training goals of the athlete.
There is a lack of research to determine specific daily
carbohydrate recommendations for young athletes, but
it is commonly suggested that at least 50% of the
young athlete’s total energy intake come in the form of
carbohydrate [17�19]. However, it has also been
pointed out that carbohydrate intake guidelines as
percentages are relatively meaningless, as energy
expenditures may vary significantly and carbohydrate
requirements are better expressed in g/kg per day.

The ergogenic effects and importance of carbohy-
drate around the active occasion have been repeatedly
demonstrated in adult athletes. Carbohydrate ingestion
aids the athlete by maintaining blood glucose during
exercise and replenishing glycogen stores during non-
active periods. Reductions in both blood glucose and
muscle glycogen have been shown to reduce endur-
ance performance [20], while ingestion of carbohydrate
during exercise has demonstrated the ability to main-
tain blood glucose and improve prolonged exercise
performance. The specific mechanism by which perfor-
mance is improved with carbohydrate likely varies
based on type, duration, and intensity of exercise.
Carbohydrate’s ability to maintain performance has
been reported in both endurance [21] and skill-based
team sports [22,23]. To support the potential for carbo-
hydrate’s providing positive impacts through multiple
means, recent research demonstrates improvements in
shorter bouts of exercise performance when muscle
glycogen and blood glucose levels are not compro-
mised to an extent that will affect performance. The
current theory for this beneficial effect is the potential

for stimulation of an oral-glucose receptor to enhance
exercise performance [24].

While quite a bit is known about the role of carbo-
hydrate ingestion for adults during exercise, less is
known about the role of carbohydrate in youth. Like
their adult counterparts the exact amounts of carbohy-
drate needed will likely vary greatly based on the
specific activity being preformed [25], as well as the
intensity, and duration of that activity [8,16]. Young
athletes have been shown to have lower glycogen
stores than their adult counterparts. Endogenous stores
of glycogen provide a great deal of carbohydrate for
energy during moderate to intense exercise [26,27].
The benefits of carbohydrate loading in adults are well
known in both the scientific and lay communities and
can be seen through the actions of many endurance
athletes. Smaller glycogen stores in children and
adolescents [28] require that they rely more heavily on
exogenous carbohydrate and fat for energy during
exercise. Carbohydrate ingestion in the diet is impor-
tant for the youth athlete, but a need for glycogen
loading has not been shown and is not well under-
stood in this population [29].

In addition to lower glycogen stores, incomplete
development of metabolic pathways associated with
carbohydrate metabolism results in the adolescent ath-
lete’s inability to utilize carbohydrate as effectively as
adults during exercise [30]. After puberty, develop-
ment of these metabolic pathways allows young ath-
letes to metabolize carbohydrate in a manner more in
line with their adult counterparts [12]. Young athletes
have been shown to utilize carbohydrate for energy
during heavy exercise at a rate of 1.0�1.5 g/kg/h [31].
Even with their inability to utilize carbohydrate as
well as adults, simple carbohydrates will aid young
athletes in supporting the energy demands of exer-
cise [29]. The ingestion of glucose alone before [32] or
during [33] endurance exercise has not been shown
to improve performance in young athletes. However,
10�14-year-old boys who performed an endurance
cycling test with glucose combined with fructose
ingestion during prolonged exercise demonstrated a
performance benefit [33]. Beyond the impact of car-
bohydrate on prolonged exercise performance, inter-
mittent team sport skills have also been shown to
benefit from carbohydrate ingestion. The ingestion of
a carbohydrate beverage during basketball-related
skills exercise resulted in improved performance in
10�15-year-old boys [22].

When carbohydrate concentration ingestion
increases above 6%, there can be reductions in gastric
emptying, slowing of intestinal absorption, and
increases in gastrointestinal complaints [34]. In another
study, ingestion of a 6% carbohydrate solution
improved intermittent endurance performance. In this
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study, performance was enhanced to a greater extent
with a 6% solution than with a 10% solution [35].

Following exercise, carbohydrate ingestion will pro-
mote the replenishment of muscle glycogen used for
energy during exercise [18]. Adult recommendations
suggest carbohydrate be ingested at 1�1.5 g/kg of
body weight during the first 30 min following exercise
and again every 2 hours afterward for 4�6 hours [8].
Due to the reduced glycogen stores in children and
adolescents at the beginning of exercise, post-exercise
carbohydrate replenishment is likely beneficial to aid
in restoration of their glycogen stores. Even though
increased levels of carbohydrate intake (resulting in
excess energy intake) are a legitimate concern for inac-
tive youth, the young athlete will benefit from increas-
ing carbohydrate intake in line with their increased
energy expenditure related to exercise [9].

PROTEIN

While carbohydrate is relied on heavily for energy
production during exercise, protein intake is crucial in
providing metabolic building blocks for muscle,
enzymes, and other body tissues. Current recommenda-
tions for protein intake in adults are 12�15% of energy
intake or 0.8�1.2 g/kg/day [17,36]. Compared with their
sedentary counterparts, adult athletes have greater
protein needs to maintain positive protein balance and
support growth [37]. Protein is important for adult ath-
letes to maintain normal physiological function and to
support recovery from exercise but has a greater impor-
tance in youth to facilitate proper development and mat-
uration. The World Health Organization recommends
protein intakes of 0.85�0.92 g/kg of body mass from 3 to
18 years old for non-active to moderately active indivi-
duals [2]. This level of protein intake has been shown to
be inadequate for adolescent athletes [27]. The American
College of Sports Medicine in a joint position stand with
the American Dietetics Association recommended a pro-
tein intake of 1.2�1.8 g/kg per day in adults [8,38]. This
is in line with the recommendations of other authors for
adolescent athletes [27,30]. One of the most common
misconceptions by athletes and their coaches is that
protein supplements are necessary on account of their
strenuous training. However, the standard western diet
has a protein intake that typically exceeds the RDA by
2�3-fold [39], providing more than the additional needs
associated with exercise [27,30,40]. Because of this ele-
vated protein intake, additional supplementation does
not likely provide benefit.

Protein intake shortly before exercise is not recom-
mended, due to its slow gastric emptying times.
Recent research in adults has demonstrated mixed
results for ergogenic benefits with protein ingestion

during exercise [41,42]. Therefore the role of protein
ingestion during exercise not only needs to be studied
in children and adolescents, but more research is also
required in adults before clear conclusions can be
made in regard to its potential benefits.

Unlike its role during exercise, the role of protein
after exercise is better understood. Protein ingestion
following exercise serves to maintain positive protein
balance and support recovery from exercise. Research
suggests B20 g of intact protein and/or 9 g of essential
amino acids should be ingested shortly after exercise
to maximize muscle protein synthesis and inhibit pro-
tein breakdown, consequently leaving the body in a
positive protein balance [43]. Specific needs for the
young athlete are not available but, with the similari-
ties found in protein needs for adult and youth
athletes, it can be hypothesized that this would likely
be sufficient for young athletes as well.

FAT

Fat has a crucial role as fuel for energy production,
as a facilitator of fat-soluble vitamin uptake, in the
maintenance of cell membranes, and as an insulator to
provide aid in the protection of vital organs as well as
thermoregulation. Less is known in regard to specific
fat requirements of young athletes as compared with
carbohydrate and protein. Research has shown young
athletes to be more reliant on fat metabolism during
exercise than adults [1]. It is recommended that
25�30% of the total energy intake of children or ado-
lescents come from fat [15]. The need to focus on con-
suming enough fat is not as great a concern as it is for
other macronutrients. Increases in energy intake, to
meet energy needs and support carbohydrate and
protein requirements, will usually add fat to the total
intake. When insufficient fat is present in the diet,
there can also be a deficit in energy intake, resulting
in decrements in growth and development [40]. Fat
intakes greater than 30% may result in an excess
energy intake, promoting weight gain or poorly
balanced nutrient intake; however, reducing energy
intake to less than 20% fat does not provide addi-
tional performance benefits [8]. Fat ingestion prior to
exercise has been shown to reduce carbohydrate
metabolism but does not provide a benefit during
exercise [44]. Even with young athletes’ increased
reliance on fat metabolism during exercise, fat inges-
tion before exercise is not recommended, due to its
lack of ergogenic benefit and potential negative
effects on gastric emptying and absorption of fluid
and carbohydrate. It also has the potential to reduce
growth hormone secretion during exercise, resulting
in negative effects on adaptation [45].
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MICRONUTRIENTS

Inadequate energy intake is often associated with an
inadequate intake of micronutrients. Micronutrients
are important for energy production, bone health, and
maintenance of other body functions [18]. Any
increased need for certain micronutrients by a young
athlete is often met through increased energy intake.
However, a few micronutrients may still be inade-
quately consumed. Commonly inadequately consumed
micronutrients are calcium and iron [1]. Calcium is
crucial in its role in the maintenance of bone mass.
Calcium intake during childhood and adolescence is
important for building the foundation of future bone
mass, and an inadequate calcium intake has been asso-
ciated with stress injuries [36]. A calcium intake of
800�1200 mg/day is recommended for individuals
aged 6�10 years and an intake of 1200�1500 mg/day
for individuals aged 11�24 years [46]. Iron is needed
for the formation of hemoglobin to maintain the
oxygen-carrying capabilities of the blood. It is recom-
mended that adolescents consume 18 mg of iron per
day [18]. Iron deficiencies have also been reported in
young athletes, with higher incidences occurring in
males between 11 and 14 years old and females 15�19
years old [47]. These iron deficiencies are likely the
result of low iron intake combined with muscle growth
in the males and menstrual losses in the females.

Specific to the young athlete, as opposed to their
sedentary counterpart, sodium and potassium intake is
important to offset losses in sweat. This applies even
though young athletes typically lose less salt in their
sweat due to their activity levels than do adults. The
cumulative sweat loss from these small losses can
result in overall losses equivalent to daily intakes [36].
This deficit can be partially offset by the ingestion of
sports drinks during the active occasion and with
additional salting of food and dietary inclusion of salty
foods.

HYDRATION

As with other aspects of nutrition, proper hydration
is often underemphasized in youth populations. While
adults are usually in situations that allow personal
choice in accessing fluid, it is not uncommon for
young people to face situations of fluid restriction
based on school/activity rules and/or the inability to
have a direct influence on situational decisions. As
awareness of the value of hydration on cognitive
performance increases [48], the prevalence of these
restrictions is declining.

Maintaining an appropriate fluid intake is important
for performance and safety purposes. Nonathletic chil-
dren have been reported to have daily fluid turnover
rate of B1.6 L/day, about 50�75% of the turnover rate
seen in adults [49]. In both adult and young athletes an
increased fluid intake is needed to account for fluid
losses associated with sweating. Prolonged exercise per-
formance and changes in core body temperature have
been positively influenced by fluid ingestion as com-
pared with dehydrated situations. However, overhy-
drating has been linked to life-threatening cases of
hyponatremia [8]. For these reasons, appropriate fluid
intake requires that an athlete ingest enough fluid to
offset some of the fluid losses associated with sweating,
whilst not ingesting more fluid than the body is losing.

The difficulty in applying lessons learnt from adult
athletes to youth athletes is increased by youth’s
increased participation in team sports and lower par-
ticipation in endurance sport, which are the most com-
monly studied activities in adults. That being said, the
limited amount of research that has been done in team
sport athletes has also shown decrements in perfor-
mance with dehydration [50]. Research on young bas-
ketball players has demonstrated decrements in skill
performance with 2% reductions in body mass [22].

Large variability in sweat rates exists between
athletes as a result both of genetics and of acclimatiza-
tion. Sweat rates of 0.3�B5.0 L/h have been reported
in adults [8,36]. Due to youth and adolescents’ incom-
pletely developed sweating mechanism, young athletes
do not typically sweat as much as their adult counter-
parts [51], with sweat rates of 0.5 L/h being reported
during exercise [52]. As mentioned previously,
children are not as efficient as adults working at the
same relative intensity, thus adding to their thermal
load during activity [12]. Along with the increased
thermal load related to increased relative workload,
children’s increased surface area to body mass ratio
increases the risk of heat-injury and illness when envi-
ronmental conditions reduce the athlete’s ability to
dissipate heat [53,54].

Proper fluid intake is important but, due to large
variations in genetics, acclimatization, and changes in
sweat rate as a result of maturation, it is ill advised to
give an overarching quantifiable recommendation
regarding proper fluid intake. It is recommended that
both adult and young athletes consistently monitor
the amount of body weight change that occurs during
practice and conditioning to ensure adequate hydra-
tion. If large weight reductions occur over an
exercise/training session, athletes should increase
exercise fluid intakes. If weight is gained during
exercise/training sessions, athletes should reduce fluid
intake accordingly.
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SUPPLEMENTS

Supplement use in young athletes is becoming
increasingly common as athletes look to gain perfor-
mance advantages. The lack of a benefit from supple-
menting protein above the recommended daily levels
has already been discussed. Other supplements com-
monly sought by young athletes include creatine, caf-
feine, and multi-vitamins.

Creatine has been estimated to be used by 25�75% of
collegiate athletes [19] and has been shown to provide
ergogenic effects to training adult athletes [55]. Little is
known about the long-term effects of creatine supple-
mentation in young athletes; therefore the American
College of Sports Medicine Roundtable on creatine sup-
plementation states: “creatine monohydrate is not
recommended for children under 18 years of age” [55].

Also commonly used in sport, caffeine has been
studied extensively in adults related to its impact on
endurance performance and vigilance. While many of
these studies have demonstrated an ergogenic effect
for caffeine [56], high levels have also been associated
with adverse effects. Due to differences in maturation,
children may be more vulnerable to the adverse effects
of caffeine than are adults and should likely avoid its
use for performance enhancement [39].

The use of multi-vitamins to support an athlete in
meeting their daily need for nutrient intake is com-
mon. If the athlete is consuming a well-balanced diet
which meets their energy needs, a multi-vitamin will
likely not provide additional benefit. In summary, sup-
plements are not recommended for young athletes
unless there is a clinical need [30].

GAPS IN OUR KNOWLEDGE

What we know about sports nutrition specifically
for child and adolescent athletes is actually quite lim-
ited. Our current knowledge is based on a small num-
ber of studies and on the combination of general
nutritional recommendations for children and adoles-
cents, on the one hand, with differences between the
nutritional needs of adult athletes and those of the
general adult population. In attempting to further our
understanding, it would likely be ill-advised to
conduct certain nutrition studies requiring energy
restriction on the developing bodies of children and
adolescents [29]. However, other types of nutritional
interventions and observational studies could provide
greater insight into the differences that exist, not only
between the active and inactive adolescent and child,
but also the differences that exist between active youn-
ger and older athletes.

PUTTING IT ALLTOGETHER

As with adults, child and adolescent athletes require
alterations to their nutrition to account for the
demands of their physical activity. These alterations
include an increase in energy intake, which if done
properly will adequately provide the increases in pro-
tein and carbohydrate intakes that are needed to sup-
port adaptations associated with exercise and provide
the nutrients necessary to maintain growth and devel-
opment. Sports nutrition needs vary based on the
demands of specific sports and activities. Based on our
current knowledge, the needs of a young athlete do
not appear to differ greatly from those of their adult
counterparts within similar sporting environments.
Therefore, in general, recommendations for adult ath-
letes are not too different from those for young athletes
with similar sporting demands, until future research
provides more detailed insights.

The benefits of carbohydrate ingestion before exercise
have not been studied thoroughly in young athletes.
However, some carbohydrate ingestion prior to exercise
would likely be beneficial for athletes participating in
high-intensity training, because of young athletes’ lower
stores of endogenous carbohydrate. During prolonged
exercise, carbohydrate ingestion may provide ergogenic
effects. While consistent benefits are observed in adults,
more research needs to be done in children and adoles-
cents. Following exercise, carbohydrate ingestion should
be provided to help promote muscle glycogen replenish-
ment. Refer to Table 55.1 as a quick reference guide to
the recommended nutritional intakes.

In addition to carbohydrate, proper protein inges-
tion is critical for young athletes as their bodies
recover from exercise stress in addition to the needs
associated with growth and development as part of
normal maturation. While in the process of meeting
carbohydrate and protein needs, fat and micronutrient
intake should be sufficiently met by normal dietary
food intake from a well-balanced diet. In addition to
energy intake, young athletes should give special
attention to hydration. Fluid losses associated with
exercise must be accounted for, whilst also learning to
minimize the adverse effects associated with dehydra-
tion. Finally, the use of supplements is not recom-
mended for young athletes unless clinically advised.

Disclaimer

JohnEric W. Smith and Asker Jeukendrup are
employees of PepsiCo Inc. The views expressed in this
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reflect the position or policy of PepsiCo, Inc.
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TABLE 55.1 Nutrition Reference Guide

Protein Fat Carbohydrate Micronutrients

Daily intake 1.2�1.8 g/kg per
day in adults [8,38]

Balance of daily
energy needs

5�12 g/kg per day of carbohydrate
dependent on sport, intensity, sex, and
environmental conditions [16]

Calcium: 800�1200 mg/day for
individuals 6�10 yr and
1200�1500 mg/day for individuals
11�24 yr [46]. Iron: 18 mg/day [18]
Sodium and potassium: Liberal
salting of food and salty snacks

Within
90�120 min
of beginning
exercise

Not recommended
shortly before
exercise

Not
recommended
shortly before
exercise

No need to avoid No specific recommendation

During
exercise

Mixed findings;
likely no benefit

No benefit 30�60 g/h for exercise lasting longer than
60 min [8]; for endurance exercise lasting
more than 2.5 h higher carbohydrate intakes
may be advantageous [16]

Sodium to offset sodium lost in sweat

Post exercise B20 g of intact
protein or 9 g of
essential amino
acids shortly after
exercise [43]

No specific
recommendation

1�1.5 g/kg body weight during the first 30
minutes and again every 2 h afterward for
4�6 h [8]

Sodium to offset sodium lost in sweat
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The urge to make the most of the human body was
nested in the cradle of the most ancient human civili-
zations. In the vicinity of the noted Sphinx of Giza, the
Stela of Amenophis II is a landmark that reminds us
about sports in ancient Egypt. Archery, running,
rowing and love for horses were the pride of
Amenophis II. Sculptures and paintings show that
ancient Egyptians were fit, with strong muscular men
and slender erect women. The mural of the Zoser
(5000�3000 BC) depicts the Pharaoh participating in
the running program of the Heb Sed festival. On a
wall of her sanctuary in the Karnak Temple, Queen
Hatshepsut of the 18th dynasty is represented in a sim-
ilar attitude in the Heb Sed. Heb Sed was one of the
oldest feasts of ancient Egypt, celebrated by the king
after 30 years of rule and repeated every 3 years there-
after. In India, the practice of sports dates back to the
Vedic era. The Vedic era (1200�500 BC) was a period
during which the Vedas, the oldest scriptures of
Hinduism, were composed. Martial arts such as Karate
and Kung Fu are rooted in India. In the 5th century a
Buddhist monk from India named Bodhidharma (the
Chinese called him Po-ti-tama) introduced Kalari into
China and Japan. The temple in which he taught his
art is now known as the Shaolin temple. The Rig Veda
(1200�900 BC) places emphasis on proper food and
diet for good health. In 1889, Ralph T.H. Griffith pub-
lished in London his translation as The Hymns of the
Rig Veda. In praise of food, Griffith translated the
hymn “In thee, O Food, is set the spirit of great Gods.
Under thy flag brave deeds were done”. The vedas placed
equal emphasis on eating right as well as on fasting or
caloric restriction.

In the history of the Olympics, alcohol was com-
monly taken as an ergogenic aid through the early
1900s. The legendary Milo of Croton, the wrestler who

won five successive Olympic Games from 532 to 516
BC, ate 20 pounds of meat, 20 pounds of bread and 8.5
liters of wine a day. The Olympic gladiators’ meal
plan inspired the discipline of sports nutrition. The
Roman gladiator meal was rich in protein from differ-
ent sources, cereals and vegetables. Carbohydrate load-
ing was achieved by eating fermented bread made of
farro (a Roman cereal) and a soup made of farro and
orzo. Barley was commonly regarded as a source of
strength and stamina. Roasted meat, dry fruits, fresh
cheese, goat milk and eggs were the primary sources
of protein. Onions, garlic, wild lettuce and dill domi-
nated among the vegetables. In particular, onions had
a special place in ancient Greek sports nutrition as
they were thought to “lighten the balance of the
blood”. After Rome conquered Greece, onion became a
staple in the Roman diet. Roman gladiators were
rubbed down with onion juice to “firm up the mus-
cles”. Olive oil was used frequently with meals. Fried
cakes, boiled meat and cold drinks were prohibited. A
great snack for energy in the Roman gladiator’s diet
was goats milk with honey and walnuts. At the public
banquet Coena Libera, or the last dinner before the
fight, athletes “stuffed themselves” so much that the
dinner lasted many hours. They were advised to chew
their food well in order to extract the maximum
energy from it! Much of what was practiced in those
days can be justified by today’s science! Compared
with the average inhabitant of Ephesus, gladiators ate
more plants and very little animal protein, consistent
with the advocacy for meat-limited diet in the vedas.
Those were the days when nutritional choices were
driven by desirable outcomes and not by commercial
interests.

As the global sports nutrition industry rapidly
approaches the $100 billion dollar mark, most products
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seem to be driven more by marketing strategies than
by rigorous research and development. Sports nutri-
tion supplements (powders, pills and “hardcore”
bodybuilding ready-to-drink products), nutrition bars
and gels, and sports and energy drinks and shots cur-
rently flood the market. Most solutions seem to be
better marketed than developed through proper basic
science research and clinical trials. Picking the most fit-
ting solutions from an overcrowded marketplace
represents a serious challenge and will depend on the
scientific awareness of the consumer. It is our responsi-
bility to verify the validity of claims made in advertise-
ments. Of highest priority is to minimize potential risk
to health in response to long-term use of any product.
Next, potential benefits need to be critically evaluated.

Both safety and efficacy can be established only
through well controlled studies. Original research
articles in established high impact peer-reviewed
journals provide a reliable source of information.
Look for registered clinical trial data in clinicaltrials.
gov, and do not be misled by attractively delivered
marketing gimmicks unsupported by peer-reviewed
research publications. We are pleased to have been
able to put together this digest aimed at providing
general guidance to the physically active. Each chap-
ter is supported by references to the source articles
which readers may want to consult in developing
their own opinion about a nutritional solution. We
hope the readers enjoy this volume as much as we
have enjoyed putting it together!
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