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1 Introduction to Sports
 Nutrition
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1.1  INTRODUCTION

The focus of this text is on both recreational and more advanced athletes who deserve
up-to-date information on meeting their nutritional needs for fats and proteins. A
flurry of publications over the last several years has provided new science for
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achieving optimal nutrient intake for maximizing muscle and other tissue functions
demanded by athletic performance. This chapter attempts to introduce the essence
of our basic knowledge of the optimal intakes of fats and proteins and their tissue
utilization in sports. Keep in mind that fat intake provides a major portion of our
dietary energy (calories), but not the only source, and that fat intake must be
considered in the context of carbohydrate intake, the other major source of dietary
calories. Calories provided by dietary protein are not insignificant, but they definitely
are minor compared to the energy provided by carbohydrates and fats. Keep in mind
also that nutrient needs differ in a major way between athletes who perform more
aerobic activities and those who perform more resistive types of exercise.

1.1.1 ATHLETES’ NEEDS FOR ENERGY

The energy breakdown in U.S. diets is typically given as 50% from carbohydrates,
35% from fats, and 15% from proteins, but this pattern can vary considerably if
carbohydrates partly substitute for fats, with proteins remaining at approximately
15% of total energy consumption. Thus, a 10% increase in carbohydrates would
necessitate a 10% decrease in fats, so that the mix of the two major energy compo-
nents would be 60% and 25%. The latter percentage breakdown of energy is more
consistent with the actual intakes of many elite athletes, especially endurance ath-
letes, whereas the typical U.S. pattern is more common for recreational athletes and
some athletes who need to bulk up for their sports (Table 1.1). Requirements vary
according to the two major types of activities, aerobic exercise or resistive exercise.1

In fact, some of the powerful heavy athletes, such as sumo wrestlers, may have a
diet higher than 35% in fat and lower than 50% in carbohydrate.

Recommended Dietary Allowances (RDAs) for energy for adult males and
females are 3100 and 2400 kcal/day, respectively, but these amounts are generally
exceeded by active competitive athletes, though not necessarily by recreational
athletes.2 RDAs, of course, depend on body size, and many athletes have high body
mass indices (BMIs) without being obese; so the highly muscled athlete may need
much more than the RDA, while the endurance-type, more aerobic athlete may need
more than the RDA but not as much as the high BMI well-muscled types.

Some endurance athletes increase their intakes of energy and protein through
the use of supplemental powders that may also contain micronutrients, i.e., vitamins
and minerals. These athletes can greatly increase their intakes, especially while
participating in their sports by diluting these powders in water and carrying their

TABLE 1.1
Approximate Energy Distribution of Macronutrients

Macronutrient General Diet Endurance Athletes Power Athletes

Carbohydrates 50% 65% 55%
Fats 35% 20% 25%
Proteins 15% 15% 20%
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bags on their backs. Supplements are generally considered to help these athletes,
who may be on the road or trail for hours at a time. Almost all other athletes do not
need to go to such lengths to meet their energy and protein needs, but they may
need breaks from time to time to consume an energy drink or bar.

In general, trained athletes do not wish to gain or lose weight, but rather to stay
at their weight of optimal performance. These athletes typically consume foods with
high nutrient density, i.e., fairly rich in micronutrients per total amount of energy
in a serving, and they commonly take a nutrient supplement of one type or another,
depending on their specific sport or activity. Recreational athletes should also try to
include more nutrient-rich foods in their diets, and they may also wish to take a
daily supplement of vitamins and minerals appropriate for age and gender.

1.1.2 ATHLETES’ NEEDS FOR PROTEIN

Proteins are special types of essential nutrients, and they are equally important with
energy for supporting optimal function of the body in sports. Proteins provide the
following: amino acids, about half of which are essential because humans cannot
make them; nitrogen (N), from all the amino acids, used for the synthesis of other
molecules essential to life; and energy, from the hydrocarbon backbone of amino
acids. Thus, proteins have three important roles in satisfying the needs of cells and
tissues throughout our bodies, not simply skeletal muscle.

Foods rich in proteins are traditionally animal products such as meats, eggs, and
dairy foods, but soybeans and other legumes are also good protein sources, especially
when mixed with animal sources or with cereal grains and a few vegetables if the
athlete is a vegan (strict vegetarian).

In general, adult males should consume roughly 80 to 120 g of protein a day if
they are involved in athletic or recreational competition, depending on their sport,
whereas females should ingest approximately 65 to 95 g a day, again depending on
their sport.3 Because the RDAs for adult males and females are only 56 and 44 g
per day,2 respectively, the actual intakes of protein in the U.S. are much greater than
the RDAs, and recommendations for some types of athletes actually are twice as
great.

1.1.3 ATHLETES’ NEEDS FOR ESSENTIAL FATTY ACIDS

Athletes, like others, need essential fatty acids (EFAs) to support many functions of
the body. The two types of EFAs are omega-6 and omega-3 fatty acids. Typical U.S.
diets provide more of the omega-6 FAs and less of the omega-3 FAs than needed
to maintain a healthy balance between the two types, which are used for eicosanoid
synthesis. Eicosanoid is a general term that includes the prostaglandins, the original
name given to this class of lipid molecules. Recommendations for healthy intakes
of each type exist, but few in the U.S. consume enough omega-3 FAs because of
low intakes of fish, fish oils, and a few other food sources. A small percentage take
fish oil supplements that help restore the balance between the two types of EFAs.
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1.1.4 ATHLETES’ NEEDS FOR MICRONUTRIENTS AND WATER

Micronutrients, including water, are also needed by athletes in order to function.
Foods should provide these nutrients if we consume enough servings from the
different food groups, but athletes, like many others, do not consume sufficient
amounts of fruits and vegetables on a daily basis. So, they typically need a vita-
min–mineral supplement to try to maximize their athletic functions. In general, many
of these micronutrients help metabolize carbohydrates, fats, and proteins, and there-
fore play roles that may be directly involved with exercise and sport, whereas others
have functions that support life, cell renewal, and other activities at a more basic
level.

1.2 SPECIFIC ASPECTS OF FAT NEEDS

Fats have one property that distinguishes them from other macronutrients, i.e.,
carbohydrates and proteins: they are not water soluble but rather fat or lipid soluble.
This property means that the body must have specific mechanisms to handle the fat
in digestion, transport across membranes, and transport in blood serum. Many
different types of molecules in cells and body fluids must contain fatty acids in order
to function. A few definitions are necessary first to elucidate the importance of the
dietary fats.

Most fats are triglycerides, which consist of three fatty acids linked or bonded
to one glycerol molecule. Glycerol is actually a small carbohydrate, but when it is
linked to fatty acids the glyceride product is classified as a fat. So, monoglycerides,
diglycerides, and triglycerides are all considered fat molecules. Lipid is another
broader term used to include the fats or triglycerides, cholesterol, phospholipids,
and many other fat-soluble molecules in foods or synthesized in our bodies.

A special class of the lipids is known as eicosanoids or prostaglandins. These
molecules take on importance when consideration is given to unsaturated fatty acids,
including both the omega-3 and omega-6 fatty acids, which serve as precursors of
the eicosanoids, as discussed below.

1.2.1 TOTAL FAT

The 35% or so of energy provided by dietary fat refers only to the triglycerides
found in our foods. High-performing athletes typically consume 20 to 25% fat, but
they make certain that they get enough unsaturated fats because these fats, especially
the omega-3 fatty acids, are generally thought to support immune function and keep
athletes from catching common colds and nagging infections.

1.2.2 POLYUNSATURATED FATS AND EICOSANOIDS

Of the 35% of energy consumed by most in the U.S. population, the recommended
percentage contributions of the specific types of fatty acids, i.e., saturated (SFAs),
monounsaturated (MFAs), and polyunsaturated (PFAs), are roughly 10% each.
Actual intakes of SFAs in the U.S. tend to be the highest at 13% or more, whereas
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MFAs approximate 10% and PFAs are typically less than 10%. The mix of PFAs
has also been estimated to have a ratio of 5–10 to 1 of omega-6 FAs to omega-3
FAs. Consumers of mostly animal foods may have an even greater ratio, and vege-
tarians may have ratios less than 5 to 1, depending on their food selection. High fish
eaters, especially those who consume deep-sea fish, have ratios near 5 to 1. More
will be covered below on the ratio of these PFAs and their impact on eicosanoid
synthesis in reference to athletes.

MFAs have important roles in health, such as in protecting, at least in part,
against elevations of serum total cholesterol, but they have limited utility compared
to PFAs.

Under the umbrella of the DRIs, the omega-3 and omega-6 PFAs actually have
recommendations that are categorized as Adequate Intakes (AIs) because of an
insufficient knowledge base, i.e., mean requirements, to assign RDAs.2

1.2.2.1 Omega-6 Fatty Acids (n-6)

Examples of dietary omega-6 FAs are linoleic acid (C18:2) and arachidonic acid
(C20:4). The major dietary sources of linoleic acid are vegetable oils, and linoleic
acid may be converted to arachidonic acid in diverse cells prior to its conversion to
prostaglandins of the 2 series.

1.2.2.2 Omega-3 Fatty Acids (n-3)

Examples of dietary omega-3 FAs are α-linolenic acid (ALA; C18:3), eicosapen-
taenoic acid (EPA; C20:5), and docosahexaenoic acid (DHA; C22:6). α-linolenic acid
is found primarily in soybean oil and flaxseed oil, but we are more likely to obtain
EPA and DHA from fish oils. The latter molecules are converted to prostaglandins
(PG3) of the 3 series and leukotrienes (LT5) of the 5 series.

The two series of eicosanoids are illustrated in Table 1.2. The products, depend-
ing on their local serum concentrations or amounts secreted, have effects on neigh-
boring cells and tissues. It is the actions of these eicosanoids of one type or another
that may have important effects on athletic performance, almost exclusively in the
highly trained competitive athletes (see below). 

TABLE 1.2
The Two Series of Eicosanoids

Omega-6 Series Omega-3 Series

Essential fatty acid precursors Linoleic acid (C18:2)a α-Linolenic acid (C18:3)a

Product PFAs Arachidonic acid (C20:4)a Eicosapentaenoic acid (C20:5)a

Eicosanoids Prostaglandin 2 (PG2) Prostaglandin 3 (PG3)
Leukotriene (LT5)

Roles in athletes Heart, arterial constriction, lungs Blood clotting, immune defense

a The number of carbon atoms and number of double bonds (after the colon) are given in parentheses.
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1.2.2.3 Balance of Polyunsaturated Fatty Acids

The balance between the two types of essential PFAs is best assessed by determining
the dietary ratio of these PFAs because the ratio drives the syntheses of the different
eicosanoids in the tissues. Low intakes of omega-3 FAs result in an increase in the
formation of omega-6 FAs that feed into eicosanoids of this series.4 This balance
has important consequences for athletes because greater production of one type of
eicosanoid may impact immune defense, tissue healing, heart function, and other
organ functions that affect athletic performance — primarily of top-level competitors
rather than of recreational athletes.

The amounts of the types of eicosanoids generated, i.e., PG2 vs. PG3 and LT5,
depend on the dietary precursors or, for some individuals, the supplements of these
two types of PFAs. Except for total vegetarians, i.e., vegans, most individuals cannot
consume enough omega-3 fatty acids from foods; they can only get enough if they
take a supplement of fish oil or another source rich in omega-3 fatty acids. Even
the consumption of deep-sea fish a couple of times a week does not provide enough
omega-3 fatty acids to balance the usual intake.

1.3 SPECIFIC ASPECTS OF PROTEIN NEEDS

Protein recommendations for active athletes and recreational participants are typi-
cally a little higher than for less active individuals (see above), in order to support
tissue repair and renewal, including muscle, defense against infectious diseases, and
generally the recycling of cellular proteins, including enzymes, membrane proteins,
and export proteins. In an energy-balanced diet rich in carbohydrates and fats, dietary
proteins are used mainly for their specific roles in tissues and cells rather than for
energy.

1.3.1 TOTAL PROTEIN

As mentioned in the introduction, protein from a variety of food sources provides
a balance of amino acids, both essential and nonessential, to support cellular and
tissue functions. Although intakes of proteins almost invariably exceed RDAs, the
15% or so of protein in the total diet of the entire U.S. population is also much
higher than the gender-specific RDAs for protein.2

Athletes who are building muscle through strength activities probably need
protein during these growth periods, but not much more than is recommended —
because the recommendations are generally on the high side. Recreational athletes
typically will not need additional protein because they will have needs only for tissue
repair and renewal.

1.3.2 ANIMAL PROTEIN

In general, animal proteins have fairly high quality, i.e., highly absorbable, essential
amino acids, so that single sources of protein supply almost all the essential amino
acids in reasonable amounts. Mixing animal and plant proteins together in the same
meal also typically provides high protein quality (see below). The main concern
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about animal proteins, however, is that they are also rich in SFAs, but not in PFAs.
They may also contain cholesterol. The low-fat animal meats and low-fat dairy
products are considered healthier because they have less saturated fat and cholesterol.

One animal protein woefully incomplete in essential amino acids, and therefore
of poor protein quality, is collagen that is found in gelatins. This protein must be
consumed with one or more other proteins in a meal in order to obtain a mix of all
the amino acids.

1.3.3 PLANT PROTEIN

Plant proteins generally are limited to one or two essential amino acids, which make
them of low or poor protein quality. An exception to this rule is soy protein. Soy
protein has a protein quality equivalent to that of beef. Other legumes, peas and
beans, also have fairly high protein quality. Mixing two or more servings of legumes
and grains, such as wheat, rice, or corn, provides a fairly high quality protein meal.
Vegetarian diets rich in plant proteins are considered to provide sufficient amounts
of all amino acids needed by competitive athletes as long as a variety of protein
foods are consumed and adequate energy is ingested.5

Another view is that plant-based diets may limit physical development to some
extent, and therefore reduce the potential capacity of certain individual athletes in
sports that require large body size and strength, i.e., power-type athletes.6 The flip
side of this argument, however, is that power-type athletes can get overly large in
body size, i.e., BMIs that exceed 30, and these athletes thereby place themselves at
risk for obesity, diabetes mellitus type 2, and elevated lipoproteins and blood pres-
sure.7 Power athletes typically consume excessive amounts of animal protein and,
therefore, also saturated fat and cholesterol.

1.4 LINKING THE ENERGY CONTRIBUTIONS OF FATS 
AND PROTEINS

The provision of adequate fat, i.e., triglycerides (TGs), is important for exercising
individuals to meet their energy needs and to provide EFAs, i.e., both omega-6 and
omega-3 FAs. With the typical fat intake of 35% of total energy, however, it is almost
impossible to consume enough of the omega-3 FAs. Therefore, the optimal balance
between omega-3 FAs and omega-6 FAs cannot be achieved without a supplement,
e.g., fish oil rich in omega-3 FAs. The energy from fat is sufficient, but not the
specific omega-3 FAs.

As for protein, a diet providing about 15 to 18% energy from protein should be
more than adequate. Such a diet supplies 100 to 150 g of protein, depending on the
total caloric intake. With 35% of the total energy being derived from fat and 15%
or so from protein, the remainder of energy, or 50% of calories, would be provided
by carbohydrates, both starches and sugars. No recommendation is made for alcohol,
which may provide from 1 to 3% of total calories in the general population. The
actual energy distributions may vary quite a bit for competitive athletes in endurance
sports, who typically have higher intakes of carbohydrates (60% or more) and protein
(20% or higher). In this scenario, fat intake would be approximately 20% or so.
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1.4.1 UNDER CONDITIONS OF ENERGY BALANCE

Competitive athletes need to maintain energy balance, i.e., a state of equilibrium
between energy intake and energy expenditure on a daily basis, in order to perform
at or near their personal best times or other criteria. Recreational athletes may
fluctuate more in their energy intakes as well as in their body weights, depending
on the season of the year and other factors. Energy balance is considered a good
outcome, if lean body mass (LBM) is maintained through regular programs of
activity. If LBM is not maintained, especially as verified by dual-energy x-ray
absorptiometry (DXA) measurements, then fat mass has increased and exercise has
been diminished. The direct relationship of exercise to LBM is extremely important
in athletes who are at optimal fitness.

1.4.2 UNDER CONDITIONS OF INSUFFICIENT ENERGY INTAKE

The condition of insufficient energy consumption occurs much more often among
female athletes who want a slim body composition — low in body fat — in order
to optimize performance in their sport or activity. Underconsumption may lead to
an eating disorder, a far too common occurrence in competitive female athletes.
Although the etiology of eating disorders is complex, i.e., female athlete triad,8

prevention of these disorders in athletes requires careful counseling and guidance;
otherwise, the women will no longer be able to compete. The likelihood of eating
disorders among recreational female athletes is far less likely.

1.4.3 UNDER CONDITIONS OF EXCESSIVE ENERGY INTAKE

This situation occurs among some professional football players, sumo wrestlers, and
a few other types of power athletes. Excessive energy consumption for greater BMIs
is desirable in these sports because of the association of mass and strength. Down-
linemen in football have been reported to have BMIs in the obese range (BMI > 30).7

The “obese” body weights and excess fat place these athletes at increased risk of
diabetes mellitus type 2, hypertension, and cardiovascular and other diseases.

1.5 FAT AND PROTEIN INTAKES FOR OPTIMAL 
FUNCTION

As already highlighted, the typical breakdown of energy distribution of carbohy-
drates, fats, and proteins depends to a major extent on the types of activities in which
athletes participate — and to a lesser degree on body size and composition. Endur-
ance athletes — runners, skiers, skaters, and others — typically need a high carbo-
hydrate and protein intake to meet their high energy demands and tissue repair and
replacement needs. Power athletes — lifters, track throwers, football down-linemen,
sumo wrestlers, and others — require a high total energy intake, including fats. It
is speculated that practically all of these two broad classes of high-level competitive
athletes consume adequate amounts of energy, but not enough EFAs, especially the
omega-3 PFAs, unless they take a daily supplement. Recreational athletes have no

9079_C001.fm  Page 10  Wednesday, February 7, 2007  2:02 PM

SPORTS NUTRITION JFII



11

specific recommendations for their athletic participation, but they should be con-
suming nutrients as recommended for the general U.S. population.2

1.6 SUMMARY

This introductory chapter has tried to capture the state-of-the-art knowledge about
what high-level athletes should be consuming in order to maintain optimal perform-
ance in their specific sports. Two types of athletes, endurance and power, have been
used to model the general recommendations for energy, especially from fats and
carbohydrates and protein. Because proteins also serve other important cellular
needs, emphasis has been placed on achieving intakes of the essential amino acids
to meet cellular and tissue needs, especially muscle tissue. Finally, some emphasis
has been given to the intakes of EFAs, especially the omega-3 FAs, which are used
in eicosanoid synthesis for many specific functions of the body. The needs of high-
level athletes have been much more detailed than the needs of recreational athletes,
who need to follow the general nutrient recommendations for the U.S. adult popu-
lation. The nutrient needs of growing children who are athletes are not covered in
this chapter, but of course the nutritional concerns of children and adolescents should
first be on meeting the needs for continuing growth and then on the needs for athletic
participation.

9079_C001.fm  Page 11  Wednesday, February 7, 2007  2:02 PM

SPORTS NUTRITION JFII



Section II

Fats

9079_S002.fm  Page 13  Monday, December 11, 2006  12:17 PM

SPORTS NUTRITION JFII



15

2 Total Fats, Saturated Fats,
and Cholesterol

CONTENTS 

2.1 Introduction/Classification .............................................................................16
2.1.1 Chemical Structure and General Properties ......................................16

2.1.1.1 Total Fats.............................................................................16
2.1.1.2 Saturated Fats......................................................................16
2.1.1.3 Cholesterol ..........................................................................17

2.2 Lipid Metabolism...........................................................................................17
2.2.1 Digestion and Transport.....................................................................17
2.2.2 Body Reserves....................................................................................18
2.2.3 Fat Metabolism during Exercise: From Adipose, from 

Intramuscular Triglycerides (IMTG) .................................................19
2.3 Cholesterol Metabolism .................................................................................19

2.3.1 Cholesterol Biosynthesis....................................................................20
2.3.2 Cholesterol Absorption ......................................................................20
2.3.3 Cholesterol Transport .........................................................................21

2.4 Function and Effect of Lipids........................................................................22
2.4.1 Fats/Saturated Fats and Physical Performance..................................22
2.4.2 Cholesterol and Physical Activity......................................................23
2.4.3 Health Effects of Fat and Cholesterol on Diseases...........................24

2.4.3.1 Obesity and Diabetes..........................................................24
2.4.3.2 Coronary Heart Disease (CHD) .........................................24
2.4.3.3 Cancer .................................................................................26

2.5 Lipid Intakes ..................................................................................................27
2.5.1 Dietary Sources of Cholesterol and Fats...........................................27
2.5.2 Common Fat Intakes ..........................................................................28
2.5.3 Recommended Fat Intakes.................................................................28

2.5.3.1 Adults ..................................................................................28
2.5.3.2 Adult Athletes .....................................................................29

2.6 Summary ........................................................................................................29

9079_C002.fm  Page 15  Wednesday, February 7, 2007  2:26 PM

SPORTS NUTRITION JFII



16

2.1 INTRODUCTION/CLASSIFICATION

2.1.1 CHEMICAL STRUCTURE AND GENERAL PROPERTIES

2.1.1.1 Total Fats

Lipids are a group of insoluble organic compounds that often encompass simple
lipids, phospholipids, sphingomyelins, and sterols. Simple lipids include free fatty
acids and triglycerides that contain a combination of three fatty acids esterified to
a glycerol backbone. Approximately 95% of lipids are consumed in the form of
triglycerides, whereas monoglycerides and diglycerides consisting of one and two
fatty acids esterified to a glycerol backbone, respectively, exist in smaller amounts
within the body. Properties of fatty acids depend on both carbon chain length and
degree of saturation. Triglycerides containing short-chain fatty acids (two to eight
carbons in length) and unsaturated fatty acids tend to be a liquid (i.e., oil) at room
temperature, whereas those containing long-chain saturated fatty acids exist as solid
fats at room temperature. At the cellular level, fats play an important role in cell
membrane composition, fluidity, peroxidation, prostaglandin and leukotriene syn-
thesis, and cellular metabolic processes. In addition to being essential for absorption
and transport of fat-soluble vitamins (e.g., A, D, E, and K), fatty acids are implicated
in the mechanisms of brain development, inflammatory processes, atherosclerosis,
carcinogenesis, aging, and cell renewal.1 As fats are the most energy dense of the
nutrients and are efficiently stored in adipose tissue, they are the primary source of
energy both at rest and during physical exercise.

2.1.1.2 Saturated Fats

Saturated fats are fatty acids, or are comprised of fatty acids, that contain no double
bonds on their hydrocarbon backbone. The length of the carbon chains of saturated
fatty acids varies from 4 to 24 carbon atoms. The most common saturated fatty acids
found in nature are lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), and
stearic acid (18:0), ranging in chain length from 12 to 18 carbons, as indicated.
Saturated fats mainly exist in a solid state at room temperature, with several excep-
tions, such as coconut oil and palm kernel oil, which are liquid at room temperature.
Saturated fats can exist naturally, or can be produced by a processing method called
hydrogenation, creating a saturated fat from unsaturated fatty acids. The partially
hydrogenated fats provide a desirable structure and texture, long shelf life, and
stability during deep-frying in a variety of manufactured food products. However,
health concerns have been raised over hydrogenation due to the by-product formation
of trans fats, trans isomers of unsaturated fats, during this process. Studies have
shown that trans fats increase the risk of coronary heart disease.2 Therefore, the
Food and Drug Administration (FDA) ordered that, as of January 1, 2006, food
manufacturers have to indicate the contents of trans fats in the nutrition labels for
all conventional foods and supplements.
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2.1.1.3 Cholesterol

Sterols are a class of lipids that consist of a steroid and an alcohol. The most
physiologically abundant sterol in humans is cholesterol, which is an integral part
of the plasma membranes, conferring the fluidity of the lipid bilayer. Due to its
amphipathic nature, cholesterol is an important structural component of cell mem-
branes and the outer layer of plasma lipoproteins. Cholesterol plays an essential role
both in the structure of cells and as a precursor to corticosteroids, mineral corticoids,
bile acids, vitamin D, and sex hormones such as testosterone, estrogen, and proges-
terone. As excess free cholesterol has cytotoxicity in cells, it is esterified to a fatty
acid to become a cholesteryl ester, a neutral form of cholesterol. Cholesteryl esters
can be stored in the lipid droplets of cells without cytotoxicity, and therefore cho-
lesterol esterification is increased when free cholesterol content in cells becomes
excessive.

While cholesterol is exclusively an animal sterol, over 40 plant sterols have been
identified. Similar to cholesterol, plant sterols serve to maintain the structural integ-
rity of a cell. The most abundant plant sterols are sitosterol, campesterol, and
stigmasterol, which differ from cholesterol by the presence of an extra methyl or
ethyl group within the sterol side chain. This addition of the methyl or ethyl group
on the sterol side chain results in poor intestinal absorption of plant sterols in
humans,3 with only 1.5 to 5.0% of sitosterol absorbed when typical amounts of
sterols are consumed (240 to 320 mg).4 Clinical studies have demonstrated a direct
role of dietary plant sterols in reducing cholesterol absorption.5 According to the
FDA, ingestion of plant sterols (0.8 g/day) and plant sterol esters (1.3 g/day), along
with a diet low in saturated fat and cholesterol, may reduce the risk of coronary
heart disease.

2.2 LIPID METABOLISM

2.2.1 DIGESTION AND TRANSPORT

The lipid component of the typical Western diet consists of triglycerides, phospho-
lipids, and cholesterol. Triglycerides constitute the majority of dietary lipid intake,
reaching approximately 150 g/day. Digestion of triglycerides is initiated by lingual
lipase, which is secreted by glands in the mouth, contributing to limited digestion
in the stomach. In order for lingual lipase to exert its effect on triglycerides, emul-
sification must take place by a combination of stomach contraction and acid milieu.
The partially digested lipid emulsion exits the stomach and is introduced to bile,
composed mostly of bile acids and salts, in the proximal small intestine. In the
fasting state, bile acids are concentrated in the gallbladder.

After food consumption, bile enters the duodenum in response to cholecystoki-
nin-pancreozynim.6 Bicarbonate from the pancreas creates a favorable pH for emul-
sification and hydrolysis of triglycerides and, in conjunction with bile, creates an
optimal environment for pancreatic lipase. Hydrolysis of triglycerides by pancreatic
lipase results in a mixture of monoglycerides, diglycerides, and free fatty acids. Only
a small portion of triglycerides are completely hydrolyzed to glycerol and free fatty
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acids. Bile acids and salts, along with phospholipids, aid in lipid absorption by
forming micelles. This aggregation of molecules in a colloidal system allows for
the solubility of the hydrophobic molecules by positioning the polar portions of bile
salts, bile acids, and phospholipids outward. This outward polarity allows the micelle
to penetrate the unstirred water layer, allowing for absorption into the intestinal
mucosal cells, or enterocytes. The lipid contents of the micelles then enter the
enterocytes by several mechanisms, i.e., simple diffusion, facilitated diffusion, and
active transport involving membrane transporters. For fatty acids longer than 10 to
12 carbons in length, an intracellular re-formation of triglycerides then occurs.
Shorter-chained fatty acids (up to 10 to 12 carbons in length) are directly shuttled
into the portal blood and transported to the liver.

After absorption and reassembly of the long-chain fatty acids into triglycerides
in the intestine, the triglycerides are packaged into chylomicrons. Chylomicrons are
lipoprotein particles containing approximately 90% triglyceride, with the remaining
10% consisting of cholesterol, phospholipids, and protein.7 Several apolipoproteins,
protein components in lipoprotein particles, are present in chylomicrons, including
apoB-48, apoAs of intestinal origin, apoCs, and apoE. After dietary intake of lipids,
chylomicrons are generated in intestinal mucosal cells and play a role in the post-
prandial transport of exogenous (dietary) cholesterol and triglycerides to other tis-
sues. Triglyceride hydrolysis occurs in the circulation by the action of lipoprotein
lipase, an extracellular enzyme that resides on the capillary walls, predominantly in
adipose tissue and cardiac and skeletal muscle, releasing free fatty acids and dig-
lycerides to be absorbed into the tissues for energy. The remaining lipoprotein
particle, termed a chylomicron remnant, travels through the bloodstream to be taken
into the liver by endocytosis mediated by a specific receptor for apoE.8

2.2.2 BODY RESERVES

Fatty acids introduced to the tissues are either utilized for energy or stored for later
use, depending on the energy state of the body. In a fed state, fatty acids are primarily
used for the synthesis of triglycerides in subcutaneous and deep visceral adipose
tissue. While only approximately 450 g of glycogen can be stored in the body at
one time, a nearly unlimited capacity for fat storage exists. Fat storage depends on
the individual. For nonobese males, average triglyceride storage ranges between 9
and 15 kg, translating into a total energy storage of 80,000 to 140,000 kcal.9 While
trained athletes have less fat reserves, ample amounts remain to provide energy in
times of prolonged periods of insufficient energy intake. Not only in caloric depri-
vation, but in states of high energy expenditure, carbohydrate availability may be
limited and utilization of fat stores may be warranted.

In addition to the fat storage in adipose tissue, a small amount of fat is present
as lipid droplets in muscle tissues, or in circulation as free fatty acids associated
with albumin or as part of a lipoprotein particle. The amount of fat both in the
plasma and stored in muscle varies according to several factors, including energy
state, fitness level, and dietary fat intake. Within the muscle cells, free fatty acids
are primarily oxidized for energy.
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2.2.3 FAT METABOLISM DURING EXERCISE: FROM ADIPOSE, FROM 
INTRAMUSCULAR TRIGLYCERIDES (IMTG)

Triglycerides in the body are continuously being hydrolyzed and esterified, depend-
ing on the body’s energy status, i.e., a fed or fasting state. When the body is in an
energy-deficient state, as occurs with exercise, increased hydrolysis of triglyceride
stores and resultant liberation of fatty acids from adipose and muscle tissue occur.
During exercise, fat and carbohydrate metabolism are tightly coupled, both con-
trolled by nervous and hormonal mechanisms. At rest, total energy provision is
greatly supplemented by fat oxidation, whereas a majority of the energy is obtained
from glycogen stores during intense, short-term exercise. As exercise continues, the
use of carbohydrate as a fuel source decreases while the utilization of fat via
oxidation of muscle and adipose triglyceride stores increases. The proportion of each
substrate utilized depends on factors such as the duration and intensity of exercise,
the fitness level of the individual, and the meal prior to exercise.

Specific hormones increase during exercise, stimulating fat mobilization, trans-
port, and oxidation. Lipolysis is initiated in the adipocytes, stimulated by epinephrine
and norepinephrine, which can activate hormone-sensitive lipase (HSL). The release
of epinephrine and norepinephrine also inhibits pancreatic insulin secretion, decreas-
ing its inhibition of HSL. The free fatty acids produced by lipolysis are transported
across the adipocyte plasma membrane either passively or via transport proteins
such as fatty acid binding protein and fatty acid translocase.10 Once the free fatty
acids reach circulation, they are bound to albumin and transported to muscle tissue.
Since exercise-induced energy deficiency is occurring, reesterification of fatty acids
to triglycerides is suppressed and lipolysis is accelerated, increasing blood levels of
free fatty acid bound to albumin during exercise.11

Once the fatty acids are in the cytoplasm of the muscle cells, they are transported
across the mitochondrial membrane by carnitine palmityol transferases I and II for
β-oxidation and energy production. During exercise, total fat oxidation rates can
increase more than ten-fold during the transition from rest to moderate-intensity
exercise.9 The availability of glucose, rather than that of fatty acids, controls the rate
of fatty acid oxidation because glucose can decrease the oxidation of long-chain
fatty acids by inhibiting their transport into the mitochondria.12

In addition to the use of fatty acids liberated from adipocytes, or obtained
from the plasma as albumin-bound long-chained fatty acids or in very low-density
lipoproteins (VLDLs), research indicates that the intramuscular triglyceride
(IMTG) pool can serve as a dynamic fuel source during physical activity. Because
no blood transport is required, intramuscular fatty acids can be readily used for
energy in exercising muscle. A detailed discussion on IMTG can be found in
Section 2.4.1.

2.3 CHOLESTEROL METABOLISM

While many mechanisms regulate cholesterol homeostasis within the body, limited
means of cholesterol input and output exist. Cholesterol input into the body pool is
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derived from two sources: cholesterol synthesized in the body and cholesterol from
the diet. Cholesterol is not an energy-providing nutrient and cannot be broken down
by the body. To remove cholesterol from the body, it must be excreted in the form
of free cholesterol or bile acids through the liver.

2.3.1 CHOLESTEROL BIOSYNTHESIS

The average North American diet provides approximately 300 to 500 mg of choles-
terol per day,13 ingested as either free cholesterol or cholesteryl esters. A feedback
system exists in which cholesterol synthesis decreases as the ingestion of dietary
cholesterol is increased. Endogenous supplies originating from newly synthesized
cholesterol, bile, and intestinal mucosal epithelium are about 1000 to 1600 mg/day.14

Synthesis of cholesterol is a multistep process regulated by 3-hydroxy-3-methylglu-
taryl-CoA (HMG-CoA) reductase, the rate-limiting enzyme in cholesterol biosyn-
thesis. When an increase in dietary cholesterol occurs, a reduction in hepatic cho-
lesterol synthesis is observed, while synthesis in peripheral tissues may not be
altered.15 In this way, hepatic synthesis is the primary regulator of cholesterol balance
in the body, despite the human liver accounting for only 10% of whole-body syn-
thesis.16 In hamsters fed a diet containing 2% cholesterol (wt/wt), cholesterol feeding
induced hypercholesterolemia and inhibited cholesterol synthesis.17 In addition to
feedback inhibition as a result of dietary cholesterol intake, cholesterol synthesis is
regulated by other forms of feedback inhibition, hormonal regulation, and sterol-
mediated regulation of transcription.18

2.3.2 CHOLESTEROL ABSORPTION

Cholesterol absorption efficiency normally shows great variation among individuals,
ranging from 30 to 80% with an average of ~50%.13,19 Cholesterol feeding studies
have shown that cholesterol absorption efficiency is unchanged up to a relatively
large intake of cholesterol, where it reaches a saturation level with poor maximal
absorption capacity.19,20 Young male Syrian hamsters fed a lithogenic diet containing
high cholesterol for 7 weeks showed a reduction in dietary cholesterol absorption
efficiency of 26%.21 In rhesus monkeys, cholesterol absorption and fecal excretion
are suggested to play a major role in regulating plasma cholesterol concentrations.22

Recently, several transporters have been identified to be involved in cholesterol
absorption, including ATP-binding cassette transporters G5 (ABCG5) and G8
(ABCG8) and Niemann-Pick C1 Like 1 (NPC1L1). ABCG5 and ABCG8, trans-
membrane proteins functioning as a heterodimer, have been shown to play pivotal
roles in biliary cholesterol secretion from the liver as well as cholesterol absorption
in the intestine.23,24 NPC1L1 is required for the intestinal uptake of cholesterol
and works as a modulator of whole-body cholesterol homeostasis.25 Because a
positive relationship exists between the fractional absorption of cholesterol and
plasma cholesterol levels,26 NPC1L1 may be a target for the treatment of hyper-
cholesterolemia.27
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2.3.3 CHOLESTEROL TRANSPORT

With the notable exception of free fatty acids that circulate through the body attached
to albumin, lipids are transported in the circulation as a component of lipoprotein
particles. A lipoprotein is a spherical particle consisting of a surface monolayer of
phospholipids, apolipoproteins, and free cholesterol, and an inner core of triglycer-
ides and cholesteryl esters. The phospholipids are arranged so that their hydrophilic
heads are on the outside, allowing the lipoproteins to be dissolved in the circulation.
Apolipoproteins, the protein component of lipoproteins, contribute to the regulation
of lipoprotein metabolism as well as lipid emulsification. The functions of lipopro-
teins include maintaining lipid solubility and providing an efficient transport mech-
anism for lipids in the body.

Several classes of lipoproteins exist, characterized by the various amounts of
triglycerides, cholesterol, phospholipids, and protein with which they are composed.
The lipoproteins are commonly classified based on their density and are as follows:
chylomicrons, VLDLs, low-density lipoproteins (LDLs), and high-density lipopro-
teins (HDLs). Individual lipoprotein class exerts differential physiological function
in the body.

Chylomicrons are the largest of the lipoproteins and have the lowest density at
0.95 g/ml. As mentioned earlier, a major role of chylomicrons is to transport lipids
originating from dietary sources from the small intestine to other tissues and ulti-
mately to the liver. After triglycerides are deposited in peripheral tissues by the
action of lipoprotein lipase, the chylomicron remnants are transferred to the liver,
where they are endocytosed. As the remnant is hydrolytically degraded, the choles-
terol released from the chylomicron regulates the rate of biosynthesis of cholesterol
in the liver.

VLDLs, which have a density range of 0.95 to 1.006 g/ml, are produced in the
liver and function as transporters for endogenous triglycerides and cholesterol to
peripheral tissues.28 The primary apolipoprotein constituents of VLDLs are apolipo-
proteins B-100, Cs, and E. Apolipoprotein E present in VLDL plays an important
role in plasma lipoprotein metabolism through its high binding affinity to cell surface
LDL receptors, which could reduce plasma VLDL and LDL concentration as well
as the atherosclerotic process.29

After VLDL loses its triglyceride molecules by lipopoprotein lipase primarily
in adipose and muscle tissues, the resulting smaller and denser particles become
LDL. LDL particles contain a large quantity of cholesteryl esters, and the apolipo-
protein constituent is mostly apolipoprotein B-100.30 LDL particles are normally
taken up by the liver and extrahepatic tissues, mainly by an LDL receptor-mediated
endocytosis.8 LDL receptors are cell surface glycoproteins and their primary function
is to take up LDL particles from the circulation in response to cellular cholesterol
status.31 In doing so, they maintain cellular cholesterol homeostasis and modulate
plasma LDL cholesterol concentrations, ultimately affecting atherogenesis. Once
LDLs enter the tissues through these receptors, their components are hydrolyzed,
producing cholesterol, amino acids, fatty acids, and phospholipids.

Of the lipoproteins, HDLs contain the highest amount of protein and make
up approximately 20 to 30% of the total serum cholesterol. Though numerous
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apolipoproteins, including As, E, and Cs, are present in HDL particles, apolipopro-
teins A-I and A-II represent approximately 80 to 90% of the total apolipoprotein
content of HDL. Two clinically defined fractions of HDL exist, i.e., HDL2 and HDL3,
which have density ranges of 1.016 to 1.125 g/ml and 1.125 to 1.210 g/ml, respec-
tively. Nascent HDL is produced mainly in the liver and intestine by the function
of ABCA1, a cholesterol transport protein that plays a key role in cholesterol and
phospholipid efflux.32,33 Nascent HDL particles are short-lived in plasma, becoming
mature HDL particles when they acquire cholesterol. Lecithin: cholesterol acyltrans-
ferase (LCAT) plays a critical role in esterifying free cholesterol from cells, particu-
larly in the extrahepatic tissues, to cholesteryl ester. Numerous studies have shown
that HDL protects against cardiovascular disease due, in part, to its participation in
reverse cholesterol transport. In this process, excess cholesterol from extrahepatic
tissues, including cells in the artery wall, is transported by HDL to the liver for
excretion from the body.

2.4 FUNCTION AND EFFECT OF LIPIDS

2.4.1 FATS/SATURATED FATS AND PHYSICAL PERFORMANCE

The impact of fat intake on substrate utilization, exercise training, and performance
depends on several factors, including time of ingestion and quantity of fat ingested.
Consuming a diet higher in fat prior to exercise has been shown to enhance the
body’s capacity to oxidize fatty acid.34 However, how diets affect a recovery period
after exercise is also important when considering the efficacy of fat intake on physical
performance.

Though the benefits of high carbohydrate intake before exercise are well docu-
mented, the benefit of a high-fat diet before exercise is not clearly understood. A
high-fat/low-carbohydrate diet lowers glycogen stores in the liver and muscle, in
part by increasing the utilization of fat stores for energy. While consuming a high-
fat/low-carbohydrate diet for a short period of time (1 to 3 days) can actually decrease
one’s exercise endurance and capacity, a longer period of consumption (>7 days)
may enhance fat oxidation during exercise, compensating for the reduced carbohy-
drate availability. Marked carbohydrate sparing occurs with a longer period of fat
adaptation (5 days), with 1 day of carbohydrate intake for glucose normalization
without any alteration in exercise performance.35,36 

As previously mentioned, triglycerides may be stored within striated muscle
cells, i.e., IMTG, and provide an important energy source for exercise. At the cellular
level, muscle cells have machinery for esterification and hydrolysis of IMTG depend-
ing on cellular energy status. As in adipose tissue, when muscle cells have excess
energy, fatty acids and glycerols are esterified to form triglycerides for storage, which
can be used to supply energy when needed by the cells. Muscle contraction during
exercise requires energy so that it triggers hydrolysis of triglycerides primarily by
hormone-sensitive lipase, whose products are further metabolized to generate energy.

Given that IMTG is present in muscle cells, it has been presumed that it provides
energy to the cells during exercise. However, the degree of contribution of IMTG
to exercise as an energy source is still controversial.37 Several factors, including
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exercise intensity, exercise duration, pre-exercise IMTG level, training status, and
gender, can affect use of IMTG during exercise.37 It is likely that IMTG is utilized
during moderate-intensity exercise, whereas little or no IMTG is used during low-
or high-intensity exercise. During moderate-intensity exercise such as continuous
bicycling at 65% VO2 peak, i.e., oxygen uptake peak, the whole-body IMTG oxi-
dation rate reached maximum during the first hour and declined during the second
hour of exercise.38 IMTG content in the vastus lateralis muscle decreased at the first
2 hours of bicycle exercise at 60% VO2 without further reduction for 2 hours.39

These studies suggest that IMTG provides energy during an early stage of moderate
exercise. Compared with men, IMTG appears to be quantitatively important for
women during prolonged moderate-intensity exercise, partly due to higher basal
IMTG levels in women than in men.40

Because of the potential role of IMTG as an energy source during exercise,
replenishment by post-exercise nutrition, such as increased fat intake, has been
explored. Studies have shown that high fat intake (35 to 57% of energy) replenishes
IMTG stores faster than low fat intakes (10 to 24%) following prolonged exercise.41,42

With a fat intake of 35% after exercise, IMTG recovery time is only 22 hours.42 A
concern exists for the adequacy of replacing glycogen stores by carbohydrate intake
when fat intake is substantially increased. It is possible that post-exercise diets
moderate in fat will be adequate for repletion of IMTG stores. Additional studies
examining fat intake before and after exercise need to be performed to recommend
an optimal fat intake to improve athletics’ performance.

2.4.2 CHOLESTEROL AND PHYSICAL ACTIVITY

Physical activity has beneficial effects on both plasma HDL cholesterol and tri-
glyceride concentrations as well as LDL and HDL particle size.43 A meta-analysis
on the effects of aerobic exercise on lipid profiles of adults at the age of 50 years
and older reported that aerobic exercise increased plasma HDL cholesterol, creating
a more favorable ratio of plasma total cholesterol to HDL cholesterol concentration.44

The magnitude of increased plasma HDL cholesterol concentration following aerobic
exercise training may partially depend on exercise intensity, frequency, duration of
the individual exercise session, and the length of the training period. It is suggested
that changes in plasma HDL cholesterol levels occur incrementally and reach sta-
tistical significance around a distance of 7 to 10 miles of moderate-intensity exercise
per week, or equivalent to 1200 to 1600 kcal.45 Resistance exercise has been shown
to reduce plasma LDL cholesterol concentration.43

In addition to physical activity independently affecting plasma lipid levels, a
combination of interventions, including diet and exercise regimens, has been shown
to be effective at positively altering plasma lipid profiles. Decreased saturated fat
intake and exercise incorporation induce complementary effects on plasma lipid
levels, the combination of which shows a more optimal plasma lipid profile than
either intervention alone.46 The modification in dietary lipid intake complements the
reduced levels of plasma HDL cholesterol and triglycerides often seen by an increase
in physical activity. Therapies involving both a low-saturated-fat diet and exercise
incorporation lowered plasma total cholesterol, LDL cholesterol, and triglyceride
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concentrations by 7 to 18, 7 to 15, and 4 to 18%, respectively, whereas plasma HDL
cholesterol concentration was increased by 5 to 14%. Specifically, when diet alone,
exercise alone, and a combination of diet and exercise were compared with the
control, the diet group (total fat and saturated fat limited to 30 and 7%, respectively)
showed the greatest reduction in total cholesterol (7.9%) and LDL cholesterol
(7.3%), and the exercise group (trained three times per week for 60 minutes) showed
the greatest increases in HDL cholesterol levels (2.3%) and total cholesterol levels
(12.2%). The combination group with identically altered diet and exercise as the
previous two groups showed favorable results within all four lipid groups.47 The
greatest plasma lipid-altering effects have been seen in long-term trials,46 suggesting
the significance of the length of treatment to obtain health benefits from diet and
exercise intervention.

2.4.3 HEALTH EFFECTS OF FAT AND CHOLESTEROL ON DISEASES

2.4.3.1 Obesity and Diabetes

Obesity, often resulting from chronic excess of dietary energy, is strongly linked to
both increased inflammatory status and type 2 diabetes.48 Visceral obesity, dyslipi-
demia, and insulin resistance are all conditions that, when they occur simultaneously,
comprise what is termed the metabolic syndrome, increasing the risk for both
diabetes and cardiovascular disease. Weight loss has been shown to decrease insulin
concentration and increase insulin sensitivity.49

Obesity can be influenced by a variety of factors, including genetics, metabolism,
environment, and socioeconomic status. Obesity is positively correlated to excess
energy intake and low levels of physical activity. In addition, both the degree of
total fat consumption and the type of fat consumed play a role in obesity. Dietary
fat intake is a significant predictor of sustained weight reduction and progression of
type 2 diabetes in high-risk subjects.50 Short-term studies suggest that very high
intakes of fat (>35% of calories) may modify metabolism and potentially promote
obesity.51 Cross-cultural studies have also shown an increase in body mass index
(BMI) in countries with higher intakes of fat.52 In part, the dietary intake of both
saturated and total fat is related to the risk of developing diabetes, primarily through
its association with a higher BMI.53 An upward trend in overweight has occurred
since 1980, including an increase in adults 20 to 74 years of age who are obese, as
well as an increase in overweight seen in children. The National Center of Health
Statistics reports that the age-adjusted prevalence of overweight increased from
55.9% (1988 to 1994) to 65.1% (1999 to 2002) in adults.54 During this same period,
the prevalence of obesity (BMI of 30 or higher) also increased from 22.9% to 30.4%,
while extreme obesity (BMI of 40.0 or higher) increased from 2.9% to 4.9%. Modest
reductions in total fat intake are suggested to facilitate a decrease in caloric intake,
leading to better weight control and potential improvement in metabolic syndrome.55

2.4.3.2 Coronary Heart Disease (CHD)

Atherosclerosis, the underlying pathological process of CHD, is characterized by an
accumulation of plaque and fatty material within the intima of the coronary arteries,
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cerebral arteries, iliac and femoral arteries, and the aorta. It is the atherosclerotic
development in the coronary arteries that leads to CHD and its manifestations. The
deposition and buildup of cholesterol and inflammation create reduced blood flow
to the heart and possible thrombosis, and are the principle causes of myocardial and
cerebral infarction.

Of all cardiovascular diseases, CHD is the leading cause of death for both men
and women in the U.S., causing one in five deaths in 2003. Approximately every
29 seconds someone in the U.S. suffers from a CHD-related event, and approximately
every minute someone dies from such an event. In addition, it is predicted that 1.2
million Americans will have a new or recurrent coronary attack in 2006, and the
estimated direct and indirect cost of CHD for 2006 is $142.5 billion. After the age
of 40, the lifetime risk of having coronary heart disease is 49% for men and 32%
for women.56 Risks for CHD include both modifiable and nonmodifiable factors,
including male gender, increasing age, overweight/obesity, saturated fat intake, and
elevated plasma cholesterol levels.

One of the major risk factors for CHD is dyslipidemia, encompassing increases
in plasma concentrations of total and LDL cholesterol, along with a decrease in
HDL cholesterol concentration. A direct correlation exists between human deaths
caused by CHD and plasma cholesterol concentrations.57,58 In particular, a positive
correlation between death from CHD and total cholesterol levels exceeding 200
mg/dl prompted the National Cholesterol Education Program to recommend serum
cholesterol levels to remain at 200 mg/dl or lower for the general population. Two
thirds of CHD-related mortality occurs in individuals who had plasma total choles-
terol concentrations higher than 200 mg/dl when they were young adults.58 Between
the years of 1999 and 2002, 17% of adults at the age of 20 and more in the U.S.
possessed high serum cholesterol levels of 240 mg/dl or higher.54 Elevated plasma
LDL cholesterol has been shown to play a major role in the formation of athero-
sclerotic plaque, making it a common target for prevention strategies.59 According
to the 2006 American Heart Association statistical update, approximately 40% of
individuals in the U.S. have plasma LDL cholesterol concentrations greater than 130
mg/dl, above the recommendation for individuals with a moderate risk (two or more
risk factors and a 10-year risk of developing CHD of <10%) or moderately high
risk (two or more risk factors and a 10-year risk of developing CHD of 10 to 20%).60

The risk of CHD falls as concentrations of plasma HDL cholesterol increase, espe-
cially to levels of >40 mg/dl.

Contrary to previous beliefs, altering the amount of cholesterol ingested has only
a minor effect on total plasma cholesterol concentration in most people. A study
performed on over 80,000 female nurses found that increasing cholesterol intake by
200 mg for every 1000 calories in the diet did not appreciably increase the risk for
heart disease.61 Because the body is well equipped with compensatory mechanisms
to maintain cholesterol homeostasis, if a decrease in dietary cholesterol intake occurs,
the biosynthesis of cholesterol increases, almost to a level to fully compensate for
the decrease in cholesterol intake; in contrast, when body has excess cholesterol,
cholesterol biosynthesis decreases with a concomitant increase in cholesterol excre-
tion pathways through biliary cholesterol and bile acids.
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Plasma cholesterol concentrations are more subject to regulation by dietary fat
than dietary cholesterol. As previously noted, short-term studies indicate that very
high intakes of fat (>35% of calories) may have the ability to modify metabolism
and potentially promote obesity.51 The Women’s Health Initiative Dietary Modifica-
tion Trial, a long-term dietary intervention study on approximately 49,000 women,
was designed to investigate the effect of dietary intervention on the risk of cancer
and CHD. The 8.1-year follow-up showed trends toward greater reductions in CHD
risk, i.e., reduction in LDL cholesterol levels in individuals consuming lower intakes
of saturated fat (2.9% decrease by year 6), but found nearly identical rates of heart
attacks, strokes, and other forms of cardiovascular disease.62 Findings from the study
are similar to both the Nurses’ Health Study and the Health Professionals Follow-
Up Study, indicating no link between the overall percentage of calories from fat and
several health outcomes, including cancer, heart disease, and weight gain.

A majority of saturated fatty acids appear to have a negative effect on plasma
cholesterol profiles, i.e., increases in LDL cholesterol level and LDL:HDL ratio and
a decrease in HDL cholesterol level, which can enhance the risk of CHD. Hyper-
cholesterolemic effects of saturated fatty acids are attributed, in part, to their abilities
to alter the secretion of bile acids, to regulate gene expression, to enhance LDL
formation, and to inhibit the reverse cholesterol transport pathway by retarding the
activity of lecithin:cholesterol acyltransferase, a plasma protein important for reverse
cholesterol transport pathway. Therefore, recent clinical trials replacing saturated
fatty acids with monounsaturated fatty acids showed an improvement in plasma lipid
profiles, as well as beneficial effects on insulin sensitivity.63–65 Decreasing saturated
fat intake from 12% to 8% has been shown to decrease plasma LDL cholesterol by
5 to 7 mg/dl, based upon equations from Hegsted et al.66 and Mensink and Katan.67

While most of the saturated fatty acids, such as lauric (12:0), myristic (14:0), and
palmitic (16:0) acids, are all considered hypercholesterolemic, researchers have
shown that stearic acid (18:0) actually has a neutral or mild hypocholesterolemic
effect on plasma total and LDL cholesterol.68–73 In addition, 18:0 was as effective
as 18:1 in lowering plasma cholesterol levels when it replaced 16:0 in the diet.74

2.4.3.3 Cancer

According to the American Cancer Society, little evidence currently exists that
implicates cholesterol itself as causing the increased risk of certain cancers associated
with eating foods from animal sources. In contrast to cholesterol, increased risk of
cancer has been associated with the intake of saturated fats, with varying evidence
in regard to the effect of total fat consumption on the risk of various cancers.
However, diets high in fat are often correlated with those high in calories, potentially
contributing to obesity and overweight, a risk factor linked to the incidence of
multiple cancers such as pancreas, kidney, colon, and esophagus.75,76

A report of the National Cholesterol Education Program (NCEP) indicates that
the percentage of total fat in the diet, independent of caloric intake, has not been
documented to be related to cancer risk in the general population.77 The Women’s
Health Initiative Dietary Modification Trial, involving approximately 49,000 sub-
jects, showed that those exposed to dietary intervention including an 8.1% lower fat
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intake than the control group developed colon cancer at the same rate as the control.78

As with colon cancer, the study showed similar rates of breast cancer risk in women
eating a low-fat diet (8.1% decrease from comparison) and in those without diet
modification. The Nurses’ Health Study also reported no association between total
fat intake or specific types of fat and breast cancer risk.79 In contrast, a higher risk
of prostate cancer progression is seen in men with a high fat intake, with fat of
animal origin correlating to the highest risk of prostate cancer.80,81

Various clinical, experimental, and epidemiologic studies have suggested that
colorectal cancer is related to diets high in total fat, protein, calories, alcohol, and
meat, and low in calcium and folate. A literature search on dietary fat and breast
cancer risk involving published articles from January 1990 through December 2003
found a positive association between increased total and saturated fat intake and the
development of breast cancer.82 The review acknowledges that not all epidemiolog-
ical studies provided a strong positive association between dietary fat and breast
cancer risk, but a moderate association does exist.82,83

Research has shown a correlation between saturated fat intake and cancer risk.
A recent prospective cohort study performed by the European Prospective Investi-
gation into Cancer project found no association between breast cancer and saturated
fat intake measured by a food-frequency questionnaire, but when using a food diary,
a daily intake of 35 g of saturated fat doubles the risk of breast cancer in comparison
to women who had a daily intake of 10 g or less.84 A greater intake of saturated fat
may increase the risk of esophageal adenocarcinoma and distal stomach cancer.85

In addition, a meta-analysis of the association between dietary fat intake and breast
cancer found significant summary relative risks for saturated fat.86

While cholesterol intake is not correlated with cancer risk, intake of both fat
and saturated fat has been implicated in the risk of cancer. In general, total fat intake
may not be positively correlated with cancer risk, while saturated fat intake may
possess a positive correlation with various cancers.

2.5 LIPID INTAKES

2.5.1 DIETARY SOURCES OF CHOLESTEROL AND FATS

Only food of animal origin contains cholesterol. Organ meats and egg yolks are
especially high in cholesterol, with moderate levels in meat, seafood, poultry, dairy
products, and animal fats. According to the U.S. Department of Agriculture National
Nutrient Database Standard Reference, Release 17,87 foods with the highest content
of cholesterol per common measure, listed in descending order, are poultry giblets
(419 to 641 mg/cup), beef liver (324 mg/3 oz), and one whole egg (245 mg/egg).
Other foods considered high in cholesterol commonly eaten are shrimp and butter.

Dietary fat can be found in nearly all foods in varying amounts. Individual foods
with high amounts of fat per common measure include all oils, meats such as pork
and duck, nuts, and cheeses.87 Saturated fat, similar to cholesterol, mainly comes
from animal sources. Foods with high amounts of saturated fat are red meat, poultry,
butter, and whole milk. In addition to animal food sources, tropical oils such as
coconut and palm kernel oil also contain considerable amounts of saturated fat,
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approximately 87 and 50% of total fatty acids, respectively. As for individual fatty
acids, butyric acid (4:0) is contained in butter, lauric acid (12:0) in coconut oil, palm
oil, and cocoa butter, myristic acid (14:0) in cow’s milk and dairy products, and
palmitic acid (16:0) and stearic acid (18:0) in meat.

2.5.2 COMMON FAT INTAKES

From 1971 to 2000, an increase in mean energy intake of calories, with a decrease
in the mean percentage of calories from total fat and saturated fat, has occurred in
the U.S. In the 1999 to 2000 National Health and Nutrition Examination Survey
(NHANES), the daily mean percentage of calories from total fat and the percentage
of calories from saturated fat were decreased from 36.9% to 32.8% and 13–13.5%
to 11%, respectively, compared with those in 1971 to 1974.88 While a decrease in
the percentage of total fat and saturated fat consumed was seen between 1971 and
2000, when total fat intake was assessed, the absolute level of fat intake actually
increased from the time periods 1989–1991 (73.4 g) to 1994–1996 (76.4 g).89

Mean dietary cholesterol levels declined from the 1970s to 1988–1994, leveling
off between 1988–1994 and 1999–2000. For adults aged 20 to 74, mean dietary
cholesterol intake decreased from 487 to 341 mg in men and 313 to 242 mg in
women.90 Possible reasons for this decrease include improved measurements of the
cholesterol content of foods and a decreased consumption of whole eggs.91

2.5.3 RECOMMENDED FAT INTAKES

2.5.3.1 Adults

In 2002, the Institute of Medicine (IOM) of the National Academies released new
dietary reference intakes for fat and cholesterol.92 The IOM recommends cholesterol
intake to be as low as possible within a nutritionally adequate diet. Specifically, it
recommends an intake of less than 300 mg of dietary cholesterol when plasma LDL
cholesterol is <130 mg/dl, and an intake of less than 200 mg/dl when plasma LDL
cholesterol is greater than or equal to 130 mg/dl. This is supported by the NCEP
Expert Panel, recommending that less than 200 mg of cholesterol per day be con-
sumed as a part of the Therapeutic Lifestyle Changes (TLC) diet to achieve maximal
plasma LDL cholesterol lowering.51

For adults, based on the Acceptable Macronutrient Distribution Range, the IOM
recommends a range of 20 to 35% of total calorie intake to be ingested as fat. Low
intake of fats may increase the risk of inadequate intakes of essential fatty acids
such as linoleic acid and α-linolenic acid, and vitamin E. In addition, low-dietary-
fat intake may have a potential adverse affect on lipid profiles due to increased
carbohydrate intake often associated with low-fat diets.93 Therefore, the NCEP
recommends a lower limit of 25% for individuals with elevated plasma cholesterol
concentrations, established cardiovascular disease, and more than one major risk
factor. On the other hand, an upper level intake of total fat, i.e., approximately 35%
of total calories, is associated with increased calorie and saturated fat intake. In
individuals with lipid or metabolic disorders, total fat intakes should not be extreme
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because very high levels of fat intake could aggravate lipid and nonlipid risk factors
common in metabolic syndrome.

Due to the dose–response relationship between saturated fat and plasma LDL
cholesterol levels, the IOM recommends saturated fat consumption to be as low as
possible, while maintaining the recommended 20 to 35% of total calories from fat.
More specifically, adults with plasma LDL cholesterol concentrations below 130
mg/dl should consume less than 10% of calories from saturated fat, while adults
with elevated LDL cholesterol (greater than or equal to 130 mg/dl) should consume
less than 7% of their total calories from saturated fat.92 As previously mentioned,
not all saturated fat raises plasma LDL cholesterol levels, exemplified by stearic
acid (18:0) exerting a neutral or hypocholesterolemic effect. Despite strong evidence
that individual fatty acids have independent effects on plasma cholesterol levels, no
recommendations for individual fatty acid consumption have been made.

Only 20% of approximately 14,000 individuals with hypercholesterolemia
reported intakes of fat, saturated fat, and cholesterol consistent with the NCEP
guidelines.94 Therefore, while the recommended intakes of total fat, saturated fat,
and cholesterol are nearly identical among expert groups, a potential disparity exists
between expert recommendations and population compliance. It is necessary to
continue with public education to increase their compliance to the dietary recom-
mendation.

2.5.3.2 Adult Athletes

The recommended intakes of total fat, saturated fat, and cholesterol are the same
for both power and endurance athletes as they are for nonathletes. As previously
discussed, differing levels of fat intake can have modest effects on energy sources
utilized during exercise. Overall, recommendations for fat, saturated fat, and cho-
lesterol specific for sports nutrition do not differ from those recommended to the
general population.

2.6 SUMMARY

Dietary sources of fat and cholesterol are well established and their digestion and
metabolism is a complex process. Fatty acid metabolism may be altered by energy
status and exercise training. While cholesterol intake does not reflect exercise training
or performance, studies indicate that fat ingestion pre- and post-exercise may
increase IMTG stores and enhance fatty acid oxidation. IMTG stores play a role in
energy availability during exercise, and altering fat intake pre- and post-exercise
may affect IMTG stores.

The effects of total fats, saturated fats, and cholesterol on health and disease
have been well documented. While increased amounts of total fat and saturated fat
in the diet have largely shown to be detrimental to personal health, i.e., increased
risk of coronary heart disease, some contradicting evidence exists concerning their
impact on certain diseases, such as various cancers. Plasma cholesterol levels have
been positively correlated with the risk of coronary heart disease, as well as diabetes.
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Despite this correlation, it is the intake of saturated fat that has an unfavorable effect 
on plasma cholesterol.

The recommended intakes of total fat, saturated fat, and cholesterol have been 
established and were recently addressed by the IOM. Recommended intakes of 
total fat, saturated fat, and cholesterol mirror those of the general population. 
Further research is warranted before definitive recommendations are made con-
cerning the effect of total fat, saturated fat, and cholesterol intake on exercise and 
physical performance.
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3.1 INTRODUCTION

In a brief discussion that appeared in the Mayo Clinic Bulletin, Dr. Wilder reported
on progress made by Dr. Geyelin in preventing epileptic seizures by prolonged
fasting. Dr. Wilder suggested that the positive results may not have been the fast
itself, but the resulting ketonemia that occurs from fasting. He mentioned that “as
has long been known, it is possible to provoke ketogenesis by feeding diets which
are very rich in fat and very low in carbohydrate.” This article appeared in 1921.1

The promotion of ketogenic diets, by reason of consumption of high fat and low
carbohydrate, are nothing new. When medium-chain triglycerides (MCTGs) were
recognized as dietary components that promoted ketosis, they were incorporated
into the ketogenic diet. MCTGs have been used effectively for years, orally and in
tube feedings, for the treatment of malabsorption syndromes or wasting disease
syndromes.2–4
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The purpose of this chapter is to provide a brief description of the digestion,
absorption, and metabolism of MCTGs, their similarities and differences with long-
chain triglycerides (LCTGs), the dietary sources of MCTGs, and a review of human
studies on the usefulness of MCTGs as an ergogenic aid.

3.2 OVERVIEW OF METABOLISM

3.2.1 CHEMICAL AND PHYSICAL PROPERTIES

Fatty acids (FAs) consist of a carbon chain of varying lengths with a hydrocarbon
tail and a carboxyl group for a head. Upon ionization of the carboxyl group, a
negative charge is created. By means of an ester bond, an FA is attached to a molecule
of glycerol forming a molecule of water and a monoglyceride. A triglyceride (TG)
consists of three FAs attached to a molecule of glycerol by means of ester bonding.
FAs can be classified according to the number of carbons they contain (chain length),
their level of saturation (number of double bonds), or the orientation of their double
bonds (omega 3, omega 6, or omega 9). FAs can be short-chain (SCFA), medium-
chain (MCFA), or long-chain (LCFA). The chain length, number of double bonds,
and location of the double bonds determine the biological activity and physical
characteristics of FAs and ultimately of TGs. A TG does not have to consist of three
identical FAs but may have a mixture of FAs. Medium-chain triglycerides (MCTGs)
consist predominately of MCFAs, and long-chain triglycerides (LCTGs) consist
predominately of LCFAs. Figure 3.1 indicates a unit of glycerol and an MCTG. Not
all FAs in nature exist as TGs, but most of them do.

The naming of FAs according to the chain length is arbitrary. There is not total
agreement in the literature as to the exact dividing line between classifications of
FAs by chain length. Some reports indicate that SCFAs are 2, 3, 4, or 6 carbons
long, while others classify caproic, a 6-carbon FA, as an MCFA. Likewise, some
classify MCFAs as 6 (or 8) carbons to 12 (or 14) carbons. In most cases, MCFAs
are considered to be 6 to 12 carbons long and LCFAs are from 14 to 24 carbons.5–7

In his book Nutritional Biochemistry, Brody indicates SCFAs as less than 8 carbons,
MCFAs as 8 to 12 carbons, and LCFAs as 16 to 24 carbons. He mentions that some

FIGURE 3.1 Chemical structure of glycerol and the chemical structure of a medium-chain
triglyceride where the R represents a medium-length fatty acid.
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12- and 14-carbon FAs are considered “in between” MCFAs and LCFAs.8 Most
others classify 14-carbon FAs as LCFAs.

Table 3.1 lists some of the common FAs along with their main dietary source
and some of their physical and chemical characteristics. Note that as the carbon
chain length increases, the melting point increases and the solubility decreases.9 This

TABLE 3.1
Names, Characteristics, and Dietary Sources of Some Fatty Acids Found in 
Nature

Fatty Acid 
Common Name

and Formula

Chemical or
Systematic

Name

Carbon
Atoms:

Double Bonds

Melting
Point,

˚C

Solubility
in Water,
g/100 g 
at 20˚C

Common Food
Source

Medium-Chain
Caproic
CH3(CH2)4CO2H

Hexanoic 6:0 –3.24 30.9 Palm kernel, cow’s 
milk (butter fat)

Caprylic
CH3(CH2)6CO2H

Octanoic 8:0 16.3 0.068 Coconut oil

Capric
CH3(CH2)8CO2H

Decanoic 10:0 31.0 0.015 Coconut oil

Lauric
CH3(CH2)10CO2H

Dodecanoic 12:0 44.2 0.0055 Coconut, palm 
kernel

Long-Chain
Myristic
CH3(CH2)12CO2H

Tetradecanoic 14:0 54.4 0.0020 Coconut oil

Palmitic
CH3(CH2)14CO2H

Hexadecanoic 16:0 62.9 0.00072 Animal fat

Palmitoleic
CH3(CH2)5CH=CH
(CH2)7CO2H

9-Hexadecenoic 16:1 0.5 Mackerel, avocado

Stearic
CH3(CH2)16CO2H

Octadecanoic 18:0 69.6 0.00029 Animal fat, cocoa 
butter

Oleic
CH3(CH2)7CH=CH
(CH2)7CO2H

9-Octadecanoic 18:1 16.3 — Olive oil, avocado 
oil

Linoleic
CH3(CH2)4CH=CHC
H2CH=CH(CH2)7

CO2H

9,12-
Octadecadienoic

18:2 –5 — Safflower oil

Linolenic
CH3CH2CH=CHCH2

CH=CHCH2CH=
CH(CH2)7CO2H

9,12,15-
Octadecatrienoic

18:3 –10 — Rapeseed oil
(flaxseed oil)
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is a noteworthy and striking difference between MCFAs and LCFAs. The greater
the solubility, the faster the rate of digestion and absorption of the FA. The mech-
anism of absorption is also different. Observe that as the number of double bonds
increases, the melting point decreases dramatically. For those who classify lauric
acid (a 12-carbon FA) and myristic acid (a 14-carbon FA) as being between MC
and LC, it may be noted that they do appear to be in a separate classification when
comparing their characteristics to the SCFAs and LCFAs, particularly the solubility
constants.

3.2.2 FAT CONSUMPTION

Fat consumption refers to the ingestion of all types of TGs, regardless of their size
or saturation factor. In 1997 the U.S. Department of Agriculture (USDA) reported
that fat consumption by humans in the U.S. can exceed 100 g/day.10 A more recent
report indicates that Americans consumed an average of 65 g of fat per capita per
day in 2000. This represents a 34% increase in fat consumption since the 1970 to
1974 survey.11 In 2003 another survey found the average daily intake of total fat for
adults aged 19 to 64 to be 86.5 g for males and 61.4 g for females. Some individuals
consumed over 140 g of fat per day.12 A fat is generally considered to be a solid at
room temperature, while an oil is generally considered to be a liquid at room
temperature.

3.2.3 FAT DIGESTION AND ABSORPTION

Most fat is consumed in the form of TGs. Digestion of TGs, both MC and LC,
begins in the stomach with lingual lipase and gastric lipase,14 but most digestion of
TGs takes place in the small intestines with pancreatic lipase.15 Lingual and gastric
lipase become more important with infants16 and those with malabsorption syn-
dromes secondary to conditions such as cystic fibrosis and alcoholic pancreatitis.15–18

Lingual lipase activity varies with species. Lingual lipase in humans originates
from the serous secretions of von Ebner glands on the tongue.19 Gastric lipase is
secreted from the glands in the fundus of the stomach.8 Lingual lipase is present in
humans in trace amounts, but gastric lipase dominates in preduodenal enzymatic
digestion.20 In rats and newborn infants, lingual lipase hydrolyzed MCTGs five to
eight times faster than LCTGs. The optimum pH for lingual lipase in humans is 3.5
to 6.0. This means it would still have some activity when in the upper small intestines.
This would be particularly true during the neonatal period when the pH in the lumen
of the small intestine is close to 6.5.21 Lingual and gastric lipase digests TGs by
removing the sn-3 FA (third FA) from glycerol. The remaining diglyceride and the
free FAs pass to the small intestines where pancreatic lipase continues the digestion
process by cleaving fatty acids from the sn-1 (first FA) position, leaving a monoglyc-
eride with an attached FA at the sn-2 position.20,22 Pancreatic lipase, like gastric
lipase, can also remove FAs from the sn-3 position. Reports vary, but it has been
suggested that lingual and gastric lipases can hydrolyze FAs from 10 to 30% of the
dietary TGs while in the stomach.
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Lingual and gastric lipase and the remaining diglycerides pass to the small
intestines where they continue to cleave FAs along with pancreatic lipase.15,21,23

The effectiveness of digestion and absorption of LCTGs is increased by the
secretion of bile acids from the gall bladder. Bile acts as an emulsifying agent that
forms a micelle with LCFAs and, in addition to keeping fats separated, allows for
greater surface area and facilitates their passage through the unstirred water layer
that surrounds the epithelial surface of the small intestines.24 A major difference
occurs at this point between MCFAs and LCFAs. Since LCFAs have a low solubility,
they have a difficult time penetrating this aqueous unstirred water layer. On the other
hand, MCFAs with a much higher solubility can penetrate this layer and be absorbed
much quicker, even with pancreatic insufficiency.25 Thus, bile salts and pancreatic
lipase are absolutely essential for efficient digestion and absorption of LCTGs.

Under normal conditions, the gastrointestinal tract can absorb greater than 95%
of the TGs ingested. If greater than 5% of the ingested fat is not digested, but instead
lost in the feces, steatorrhea (a form of diarrhea caused by fat malabsorption) can
result.26 Most of the LCFAs and MCFAs are absorbed in the proximal small intes-
tines,27 but can be absorbed in the ileum,28 the large intestines,29 possibly the rec-
tum,26,30 and even the stomach.18 About half of the MCFAs in human milk can be
absorbed in the stomach.31

The exact method of absorption of FAs is still under investigation, but it is
believed that, for the most part, LCFAs are carried across the intestinal mucosa by
a protein-mediated mechanism,32 while MCFAs can be more easily absorbed through
the aqueous unstirred water layer33 and enter the intestinal mucosa by diffusion.24 It
is well established that once the LCFAs are absorbed, they are incorporated into
chylomicrons (CMs) in the intestinal mucosa and transported via the lymphatic
system to the circulatory system and eventually to the liver.8,33,34 Most of these CMs
undergo some degree of hydrolysis in extrahepatic tissue before reaching the liver
and release most of the attached LCFAs as a result of hydrolysis.35 This is usually
not the case with MCFAs, which can bypass the lymphatic system, be absorbed
directly into the portal vein, and go straight to the liver. The percentage of FAs that
are incorporated into CMs and transported via the lymphatic system vs. those that
are transported via the portal vein depends on the total amount of fat ingested, the
chain length of the FAs ingested, and their degree of saturation. Lymph is the major
means of transporting LCFAs, while the portal blood is the major transport mech-
anism of MCFAs. However, some LCFAs are absorbed into the portal system and
some MCFAs are reassembled into TGs and thus end up in CMs and are transported
via the lymphatic system.26,36–40 MCTGs do not require bile acids for absorption, and
large amounts can be absorbed in patients who are even deficient in pancreatic
lipase.25 For this reason, MCTGs have been used for over 50 years to provide an
enteral source of kilocalories in the treatment of fat malabsorption syndromes.41 

MCFAs are usually found in adipose tissue in only trace amounts, but can be
found in larger amounts after supplementation in the diet.42,43 TGs deposited in
adipose tissue consist predominately of LCFAs.35 The amount and kind of FAs fed
will have an effect on the transit time through the small intestines. To determine the
effects of transit time, eight healthy subjects participated in a study that was designed
so each subject was his own control. Four treatments were used. One LCTG treatment
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was administered in a dose of 15 mmol/h, which was equal to 125 kcal/h. Two
MCTG treatments were administered. One was in equimolar amounts compared to
the LCTG treatment at 15 mmol/h (56 kcal/h). The second treatment contained 113
kcal/h (30 mmol/h), nearly isocaloric with LCTG treatment. Since the molecular
weight of MCTGs is about half that of the LCTGs, the caloric values would be
different if equimolar amounts were used. Thus, the MCTG treatment was completed
twice, once as equimolar and once as equicaloric with the LCTG treatment. The
fourth treatment was a control and consisted of saline solution administered at 15
ml/h. Each treatment was infused into the duodenum for 360 min followed by at
least 7 days of rest. Each subject that received MCTGs complained of abdominal
cramps and diarrhea. The subjects on the high dose of MCTGs experienced diarrhea
until the day after the experiment. The subjects receiving the low dose of MCTGs
experienced abdominal cramps and diarrhea only during the day of treatment.
Because of this discomfort, only five subjects were subjected to the high-dose
treatment of MCTGs. None of the subjects receiving the LCTGs experienced cramps
or diarrhea. The effects on transit time can be found in Table 3.2. The transit time
was significantly reduced (p < 0.05) during the administration of MCTGs, compared
to the control. Also, MCTGs did not stimulate cholecystokinin (CCK) release but
LCTGs did.44 In a very similar experiment conducted with intraduodenal adminis-
tration of MCTGs, LCTGs, and a control at similar equimolar doses, the same results
were found. The MCTG treatment significantly (p < 0.05) accelerated the small
bowel transit time. CCK’s secretion was significantly (p < 0.05) increased with the
administration of LCTGs, but no significant alterations were observed during the
MCTGs treatment or control.45 Increased transit time means increased bowel move-
ments that would take place sooner after ingestion than usual. This would be
an important consideration when using MCTGs as an ergogenic aid for athletic
performance. 

Most MCFAs reach the liver bound to albumin without being incorporated into
CMs like LCFAs, but about 8% of the MCTGs were found in CMs 3 h after
consuming a meal that contained MCTGs.41 Some propose that MCTGs be consumed
in greater quantities to promote weight loss without the MCTGs being incorporated
into adipose tissue. Others propose increased consumption of MCTGs for a quick

TABLE 3.2
Transit Time through the 
Small Bowel

Treatment Transit Timea

Low dose of MCTGs 56 ± 6 min
High dose of MCTGs 69 ± 9 min
LCTGs 105 ± 13 min
Normal saline 101 ± 9 min
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source of energy that may benefit athletes. These proposals are based on assumptions
that MCTGs are utilized very rapidly for energy without being converted into adipose
tissue. These assumptions may not be true. Studies have shown that the liver does
not utilize all MCTGs for rapid oxidation into ketone bodies for energy,35,41,46 but
may reesterify some MCFAs into LCFAs after elongation.47,48 This is particularly
true when the percentage of MCFAs consumed in the diet is high.48 It has been
demonstrated in preterm infants that octanoic acid (an 8-carbon FA), fed in a standard
formula, was detected in plasma as myristic acid (a 14-carbon FA) and palmitic acid
(a 16-carbon FA).47

3.2.4 FATTY ACID UTILIZATION

CMs are synthesized in the small intestine mucosa and are transported to the
circulatory system via the thoracic duct.49 They can appear in the circulatory system
in a matter of minutes.50–52 The circulating CMs are enzymatically attacked by
lipoprotein lipase on the luminal side of blood vessels. TGs attached to the CMs are
hydrolyzed, releasing FAs. These FAs are able to be utilized by muscle for energy
or can be incorporated into adipose tissue for storage.50 The fate of the hydrolyzed
FAs depends on the amount of total fat ingested, total kilocalories ingested, and the
energy demands on the body. If the body is at rest and consumes an excess of fat,
or an excess of kilocalories that are converted to fat, then excessive amounts of FAs
will be deposited in adipose tissue as TGs. If the body is at work or does not consume
an excess of fat or kilocalories, more of the FAs will be utilized by the muscle for
energy. During a fasting period, the energy utilized from free FAs is produced by
the hybridization of TGs stored in adipose tissue. Signaling mechanisms activate
hormone-sensitive lipase, an enzyme that hydrolyzes intracellular tri- and diglycer-
ides, releasing FAs into circulation in the blood (usually in the form of LCFAs).
The FAs are carried by albumin to muscle tissue where they are utilized for energy.53

Higher than normal intakes of MCTGs have become attractive to the athlete
since the MCFAs that make them up can be absorbed faster, go into portal circulation,
and enter the mitochondria without carnitine. It is well known that increased con-
sumption of MCTGs can increase circulation of ketone bodies.1,54,55 Provided the
liver has ample calories, the rapid metabolism of MCFA can result in the production
of ketone bodies (β-hydroxybutyrate, acetoacetate, and acetone) or an increase in
free fatty acids (FFAs) in circulation. These ketones and FFAs can then be used by
the muscles for energy.56 How well this works will be discussed in Section 3.4.

FAs are in a more reduced state than glucose. The oxidation of FAs requires
more oxygen than glucose, but more energy is released in the process. Fats yield 9
kcal/g, while glucose yields 4. MCTGs provide 8.2 kcal/g.57 The oxidation of FAs
takes place under aerobic conditions in the mitochondria of cells. First, LCFAs must
migrate through the cytoplasm and enter the mitochondria by means of a carrier,
carnitine.58 Once in the mitochondria, the LCFAs undergo beta-oxidation and enter
the Krebs cycle and produce ATP. This mechanism requires enzymes and transporters
inside the cell that accrue carnitine. A deficiency in any of the transporters or any
of the enzymes results in an increased excretion of carnitine in the urine and an
inability of LCFAs to enter the mitochondria, resulting in hypoketotic hypoglycemia
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and hepatic encephalopathy. Another advantage to MCFA ingestion is their ability
to enter into the mitochondria without carnitine. Thus, treatment for carnitine defi-
ciency includes a low-fat diet supplemented with MCTGs.59 Since a large percentage
of ingested MCTGs can bypass the lymphatic system, enter the mitochondria
directly, and be oxidized, they make an attractive alternative to a quick energy source,
but ingestion of large amounts of MCTGs can have drawbacks in that they may
cause gas, abdominal cramps, diarrhea, and may stimulate an elongation process
and cause additional fat deposition, or may contribute to cardiovascular disease.
Each of these possibilities will be discussed later.

To summarize, MCTGs are hydrolyzed faster and more completely than LCTGs
and are absorbed more quickly into the small intestine mucosa. A greater percentage
goes directly into portal circulation to the liver, where they can enter the mitochondria
without carnitine and preferentially enter into the Krebs cycle.60 However, a large
intake of MCTGs can cause gas, cramps, bloating, and diarrhea,45 and the elongation
of MCFAs resulting in deposits in adipose tissue, along with the possibilities of
promoting cardiovascular disease, is still under investigation.

3.3 DIETARY AND SUPPLEMENTAL SOURCES

To select a natural diet that is high in MCFAs and low in LCFAs would be very
difficult, boring, and unhealthy. While MCFAs appear in several natural foods, there
is not a class of foods that is high in MCFAs while being low in LCFAs and balanced
in other nutrients. While some foods are higher in one FA than another, both groups
of FAs are intermingled in a variety of natural foods. Also, MCTGs do not contain
the essential fatty acids (EFAs) linoleic and linolenic. Both EFAs are long-chain
FAs with 18 carbons. Linoleic has two double bonds and linolenic has three. A diet
without EFAs would cause severe deficiencies incompatible with life. It can be noted
in Table 3.3 that MCFAs are not found in abundance in most foods. Coconut oil
and palm kernel oil are two plant oils that are high in MCFAs, but note that these
FAs are also saturated. The lack of MCFAs in everyday foods creates an argument
for taking supplements containing MCFAs, if there is sufficient reason for increasing
intake. “Sufficient reason” is a topic of considerable interest in the sports and dieting
research arenas. Commercial preparations that contain nothing but MCFAs are
available. The MCFAs used in these preparations are usually called MCT oil, which
was developed in the 1950s by V.K. Babayan.65 MCT oil has been used since then
for clinical treatment of fat malabsorption and routinely in tube and intravenous
feedings. Since MCTGs (MCT oil) are listed on the Generally Recognized As Safe
(GRAS) list by the U.S. Food and Drug Administration, they can legally be added
to food products. Recently, there has been a new wave of claims that MCTGs are
useful in weight reduction and as an energy source for athletes. MCTG products
containing MCT oil are abundant in health food and other stores in various forms,
including powders, liquids, and incorporated into foods. The research concerned
with some of these claims will be discussed in the next section.
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3.4 ERGOGENIC BENEFITS

3.4.1 PERFORMANCE

Typically, a low-fat, high-carbohydrate diet has been the diet of choice for many
athletes. The competitive athlete, however, demands a more productive routine. Out
of a quest for excellence, numerous nutritional protocols have been examined.
Among them are included methods to elevate plasma FFA concentration and thus,
as discussed earlier, deliver more FAs or ketones to skeletal muscle for oxidation
during exercise. Some of the procedures researched include fasting, the ingestion of
MCTGs, LCTGs, or combinations of the two, L-carnitine, caffeine, and even intra-
venous infusions of lipid emulsions. From these studies have emerged suggestions
that a high-fat diet, particularly high in MCTGs, may increase VO2max, endurance,
and glycogen sparing. Following are brief summaries of some of the research
conducted to determine the accuracy of these claims.

Misell et al. completed a study to assess the effects of daily consumption of
MCT oil for 2 weeks on the performance of endurance runners. The subjects
consumed dietary supplements containing either 56 g of LCTGs (corn oil) or 60 g
of MCT oil for 14 days. At the end of 14 days, there was a 3-week washout period
and a second crossover trial of 14 days. After each of the two trial periods, subjects
completed a maximal treadmill test followed by an endurance treadmill test. The
subjects ran at 85% VO2max for 30 min proceeded by 75% VO2max until exhaustion.
VO2max and endurance time did not differ (p > 0.05) between MCT oil and LCTGs
trials, nor were any differences found (p > 0.05) in lactate, glucose, FFA, glycerol,
or TGs between the trials. Respiratory exchange ratio (REP) was higher (p < 0.05)
at 15 min for the MCT oil. The REP was similar between trials at other time points
measured.66 

The effects of three levels of fat on performance and metabolism were evaluated
by Horvath et al.67 A low-fat diet (16% of total kcal) and a medium-fat diet (31%
of total kcal) were compared by feeding the diets to 12 males and 13 females for
approximately 30 days. Six males and 6 females completed a second phase of the
trial by increasing their fat consumption to a high-fat diet (44% of total kcal) for
approximately another 30 days. Protein percentages in the diet remained about the
same as percent fat increased and carbohydrate (CHO) percentage decreased. CHO
was never below 250 g/day for the females and 325 g/day for the males. Body weight
or percent body fat was not affected by the different diets. Additionally, VO2max,
expiratory gas exchange, maximum heart rates, peak power and average power,
plasma lactate, pyruvate, and triglycerides were not affected by the different diets.68

Endurance time increased between the low-fat and the medium-fat diet by an
average of 14% for all subjects, but there was no significant difference between the
medium-fat and high-fat diets. The authors concluded that runners on a low-fat diet
consumed fewer calories and thus had less endurance. The runners on a high-fat
diet, with adequate calories, did not compromise anaerobic power or endurance.67

Another study was conducted with cyclists to examine the effectiveness of CHO
vs. CHO + MCTGs on metabolism and performance. Eight endurance-trained men
completed a 35 kJ/kg time trial as quickly as possible while consuming 250 ml/15
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min of either a 6% CHO solution, a 6% CHO + 4.2% MCTG solution, or a sweet
placebo. The time trials were completed faster for both of the treatments than for
the placebo, 7% and 5%, respectively (p < 0.01). The study suggested that CHO
ingestion during exercise improves performance compared with a sweet placebo,
but the addition of MCTGs does not provide any further performance enhancement.68

Another study was conducted to determine whether ~25 g of MCTGs consumed
1 h prior to exercise would reduce the rate of muscle glycogen use during high-
intensity exercise. The subjects consumed either 0.72 g of sucrose/kg of body weight
or 0.36 g of tricaprin (C10:0) 1 h before exercise. There was no change in muscle
glycogen concentration for either trial, and the calculated glycogen oxidation was
also similar. Glucose uptake at rest was increased.69

Still another study tested the effect of pre-exercise meals on metabolism and the
performance of cyclists. The meals consisted of high fat, high CHO, or high protein
90 min before a weekly exercise test. A CHO supplement was ingested throughout
the exercise. The fat oxidation peak rate on the high-carbohydrate meal was half
that of the other meals and reduced the fat oxidation across all workloads. However,
meal composition did not have a clear effect on performance.70 

The effects of ingesting different amounts of MCTGs and CHO on gastric
symptoms, fuel metabolism, and exercise performance were measured in nine endur-
ance-trained cyclists by Goedecke et al. During exercise, the cyclists ingested 400
ml of 10% glucose, 10% glucose + 1.72% MCTGs, or 10% glucose + 3.44% MCTGs
solutions at the start of exercise and 100 ml every 10 min thereafter. Gastrointestinal
symptoms were not a problem. MCTGs raised serum FFAs and β-hydroxybutyrate
concentrations but did not affect fuel oxidation or the time trial performance.71

Hawley also reported that an increase in serum FFAs did not effect exercise capac-
ity.72,73 In yet another review, Hawley included long-term adaptation to high-fat diets
(>7 days) and concluded that high-fat, low-CHO diets can prolong endurance time
at fixed, submaximal work rates, but pointed out that this is relevant to only a small
group of competitive athletes. With or without an effect on performance, high-fat
diets can considerably alter substrate utilization during submaximal exercise. The
adaptation to a high-fat diet from a high-CHO diet does not appear to amend
glycogen utilization in working muscle during prolonged exercise of moderate
intensity.74

Another study with cyclists was completed to investigate the effect of MCTG
intake during time trial cycling performance. During the trials, subjects ingested
either a 10% CHO solution, a 10% CHO–electrolyte solution with 5% MCTGs, a
5% MCTGs solution, or a placebo consisting of artificially colored and flavored
water. There was no difference between the CHO or the CHO + MCTGs ingestion,
but the ingestion of MCTGs had a negative effect on performance.75

Satabin et al. completed a study in which nine subjects participated in three
exercise tests on a bicycle ergometer 1 h after ingestion of one of three different
isocaloric meals (total of 400 kcal). The meals were calculated to theoretically
contain 20% of the total energy expenditure of the exercise and consisted of a drink
that contained glucose, MCTGs (78% C6 to C8), or LCTGs. A fourth test
was performed after an overnight fast. Significant differences were found in the
hormones insulin, epinephrine, and norepinephrine. As would be expected, insulin
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concentration was increased by the CHO diet (p < 0.001). Norepinephrine concen-
tration increased after 30 min of exercise (p < 0.05), while the epinephrine concen-
tration did not increase until after 1 h of exercise. When at rest 30 min after ingestion
of MCTGs or LCTGs, respiratory exchange ratio (RER) was significantly decreased
(p < 0.05) compared to the CHO diet or the fasting state. At the end of exercise,
80% of the glucose was oxidized from the glucose-containing drink compared to
45% for the MCTGs and 9% for the LCTGs. The authors concluded that their
research suggested both MCTG and LCTG ingestion act on epinephrine secretion.
This questions the relationship between the digestive tract and sympathetic activity.76

Lambert et al. found a positive effect of MCTGs when they examined the effects
of a high-fat diet vs. a usual diet prior to CHO loading on fuel metabolism and
cycling time trial performance. Five well-trained male subjects with an average age
of 22.4 years were selected. The subjects had been cycling on a regular basis for at
least 3 years. Two randomized crossover trials were conducted in which subjects
consumed either a high-fat diet (>65% MJ from fat) or their usual diet (30 ± 5%
MJ from fat) for 10 days. After 10 days they ingested a high-CHO loading diet
(CHO > 70% MJ) for 3 days. The subjects ingested 400 ml of a 3.44% MCTG
solution 1 h before each exercise trial. During the trial, they ingested 600 ml/h of a
10% glucose + 3.44% MCTG solution. None of the treatments altered weight, body
fat, or lipid profile, nor were there changes in circulating glucose, lactate, FFA, or
β-hydroxybutyrate concentrations during exercise. However, the high-fat diet CHO
treatment was associated with improved time trials. The high-fat diet for 10 days
prior to CHO loading was associated with an increased reliance on fat, a decreased
reliance on muscle glycogen, and improved time trial performance after prolonged
exercise.77 Note that the tests involved subjects that were well trained before the
trials began and only five subjects were used. Lipid profiles were not altered, but
they should not be expected to be altered in 13 days. The authors mention a previous
trial by Helge et al. that found an opposite effect.78 In Helge’s research, 10 untrained
men were used to test the effects of a high-CHO diet compared to 10 similar
untrained men on a high-fat diet. This trial lasted 7 weeks. In the eighth week all
subjects were converted to a high-CHO diet. Since all of the 20 subjects were
untrained at the start of the trials, all improved in the parameters measured as the
trials progressed. After 8 weeks, endurance was the same in the high-CHO diet as
it was at 7 weeks, while endurance continued to improve with those that were on
the high-fat diet. However, the endurance of the subjects on the high-fat diet was
still significantly less than the endurance of those on the high-CHO diet (p < 0.05).
Muscle glycogen rate of breakdown was halved by endurance training but not
significantly different between groups. Also, muscle glycogen stores were not
depleted by either group at exhaustion. The RER was the same in the high-CHO
group throughout the trial when compared to the pretrial value, but the RER
decreased for the group on the high-fat diet (p < 0.05). After including high CHO
in the eighth week, all subjects on both trials had similar RERs. The authors
concluded that ingesting a high-fat diet during an endurance training program is
detrimental to improvement of performance.78

Differences between the two trials mentioned above should be noted. That
conflicting results were obtained between these two studies could be due to the fact
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that either the length of time the subjects were on the high-fat diet was greatly
different or the subjects in the first study were well trained at the beginning of the
study while the others were not trained at all. Also, none of the subjects were worked
to exhaustion. If they had been, different results may have been obtained. Additional
research is needed to reproduce these studies with varying lengths of fat consump-
tion, degree of training of the subjects, and workload.

In a review article, Hawley noted that even though it has been reported that acute
increases in FAs delivered to working muscle have decreased muscle glycogenolysis
by 15 to 48% during whole-body exercise at 65 to 90% of VO2max, the overall effects
of the elevated FFAs are vague. Even with substantial muscle glycogen sparing, exercise
capacity is not systematically improved with the increase in FFA availability.73 Many
researchers are trying to identify exactly what happens with chronic feeding of MCTGs.
The liver produces ketones but does not utilize them for energy. Instead, they diffuse
into circulation and can be utilized by the muscle and other tissue for energy. FAs are
made available by hormone-sensitive lipase catabolism of TGs stored in adipocytes.79

Theoretically, a chronic intake of MCTGs could cause an increase in plasma FAs and
increase the liver’s production of ketones. These FAs and ketones could be used by
muscle for readily available energy and thus spare glycogen. It may be important to
consider that glucose transport into cells can be inhibited by FA oxidation. Increases in
PFK1 (an alpha subunit of heterooctameric phosphofructokinase involved in glycolysis)
is primarily responsible for this inhibition. As increased oxidation of FAs occurs in the
mitochondria, an increase in citrate and ATP occurs in the cytosol and inhibits PFK1.
This prohibits glucose 6-phosphate from being utilized. Glucose 6-phosphate then
blocks hexokinase by a feedback mechanism.79

MCTGs are less dense than LCTGs, but they produce a greater thermic effect
following ingestion. Hill and co-workers hypothesized that the previously observed
high rate of thermogenesis produced by MCTGs with overfeeding was due to hepatic
de novo synthesis of LCFAs from the excess MCFAs fed in the diet. To determine
this, a randomized crossover design was used whereby 10 nonobese males were
overfed (150% of estimated energy requirements) two formula diets for 6 days each.
All diets were liquid and were cholesterol- and fiber-free. The only difference in the
diets was the composition of the kind of fat. One contained 40% of energy as MCTGs,
and the other contained 40% of energy as LCTGs (soybean oil). The MCTG over-
feeding resulted in nearly a threefold increase in fasting TG levels, whereas the LCTGs
did not produce a change. About 10% of the TGs recovered were MCFAs (8:0 to
12:0) on the MCTG diet, while only 1% of MCFAs were found in the TGs on the
LCTG diet. The MCTG diet also resulted in greater concentrations (14:0, 16:0, and
16:1) than the LCFA diet (18:1, 18:2, and 20:4). Total cholesterol (TC) was reduced
significantly with the LCTG diet but did not change with the MCTG diet. High-
density lipoprotein cholesterol (HDL-C) was not significantly altered by either diet
but was slightly decreased by the MCTG diet. There were no significant differences
noted in insulin or glucose concentrations on either diet. The authors reported a
reduction in low-density lipoprotein cholesterol (LDL-C) with both diets, but LDL-
C was predicted and not measured.80 Important considerations of these results include
the fact that the diet was only 6 days long; this should not be interpreted to mean
that the same results would be obtained if the diet were long term. Also, the diet was
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not a practical daily diet in that it was all liquids, was cholesterol- and fiber-free, and
the subjects were overfed 150%. These are not normal conditions and would not be
usual for athletes.

Jeukendrup et al.81 found that when MCTGs were ingested in combination with
CHO, 72% of the ingested MCTGs were oxidized. This compared to 33% being
oxidized when MCTGs were ingested alone. The data confirmed that due to the high
metabolic availability of MCTGs during exercise, MCTGs could serve as an energy
source in addition to glucose. However, other studies did not find that a high rate
of MCTG oxidation significantly changed the total rate of fat oxidation.82

Jeukendrup et al. looked at CHO utilization in subjects receiving CHO or CHO
+ MCTG supplements. Plasma FFAs were comparably elevated in all trials, but
plasma ketones were significantly increased after MCTG ingestion when compared
to the CHO trial. However, they concluded that the MCTGs co-ingested (29 g) with
CHO during the exercise period (180 min) did not influence CHO utilization or
glycogen breakdown.83

In another study, Jeukendrup and colleagues also reviewed the effects of fat
metabolism during exercise. Their summary of the effects of short-term high-fat
diets included an increase in the availability of lipid substrate but a decrease in the
storage of glycogen. This allows for an increase in fat oxidation during exercise,
but fatigue resistance and exercise performance may be decreased. Most of the effects
of long-term fat diets were significantly detrimental to performance and to recovery
when reverting back to a high-carbohydrate diet. The authors point out that high-
fat diets are associated with increased obesity and cardiovascular disease, but most
of the studies in those areas were performed on nonathletes. The authors conclude
that since high-fat diets are associated with obesity, insulin resistance, and cardio-
vascular disease, and since little is known of the effects of high-fat diets on athletes,
it would be prudent for athletes to exercise caution when using such a diet.84

Another study attempted to determine if MCTGs in combination with CHO
would alter substrate metabolism and improve ultra-endurance cycling performance.
Eight endurance-trained cyclists took part in this study in which on two separate
occasions they cycled for 270 min at 50% of peak power output. The tests were
interspersed with four 75-kJ sprints at 60-min intervals, followed immediately by a
200-kJ time trial. One hour prior to the trials, the subjects ingested one of two
treatments, either 75 g of CHO or 32 g of MCTGs. These were followed by 200 ml
of a 10% CHO solution or a 4.3% MCTGs + 10% CHO solution every 20 min
during both trials. No differences were found in VO2 or RER between the MCTGs
and CHO trials (p = 0.40). The interspersed sprints (p = 0.03 for trial × time
interaction) and trial times (p < 0.001) were slower in the MCTG ingestion. The
authors concluded that MCTGs ingested prior to exercise and co-ingested with CHO
during exercise did not alter substrate metabolism and significantly compromised
sprint performance during prolonged ultra-endurance cycling exercise. The authors
also noted that previous studies found that the ingestion of small boluses (25 to 30
g) of MCTGs increased serum ketone concentrations, but did not alter overall rate
of fat or CHO oxidation.85

In a study using male endurance runners, a low-fat diet was fed with approxi-
mately 15% of energy coming from fat and an additional consumption of either
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supplemental MCT oil, 30 g twice a day, or LCTGs (corn oil), 28 g twice a day, for
14 days. Each dietary trial was separated by at least 3 weeks. Concentrations of TC
were significantly higher (p = 0.004), LDL-C was significantly higher (p = 0.033),
and TGs were significantly higher (p = 0.006) with the MCT oil. The concentration
of HDL-C was not significantly different between the trials. All of the blood lipids
were still within desirable ranges, but the test results suggest that consumption of
MCT oil for 2 weeks negatively alters the blood lipid profile of athletes.86

In summary, it can be concluded that trials testing the consumption of MCTGs
for the purpose of improving athletic performance or endurance during an athletic
event have not produced evidence that MCTG ingestion is effective. Some studies
suggested a negative effect. The one study that produced a positive result was
completed with elite well-trained endurance athletes and needs to be investigated
further. The health concerns of MCTGs also need to be further investigated.

3.4.2 MCTGS AND HEALTH

Health concerns are an important issue with high-fat diets and diets high in MCTGs.
Considering that it has been claimed that MCFAs do not increase plasma cholesterol,
Tholstrup et al. compared the effects of a diet rich in either MCFAs or oleic acid
on fasting blood lipids, lipoproteins, glucose, insulin, and lipid transfer protein
activities in healthy men. The trial employed a double-blind, randomized, crossover
design, with 17 healthy young men. The treatments consisted of replacing part of
their usual dietary fat intake with 70 g of MCTGs (66% 8:0 and 34% 10:0) or high-
oleic acid sunflower oil (89.4%18:1). Intervention periods lasted for 21 days. After
completing one of the diets, there was a 2-week washout period. Blood was obtained
before and after the intervention periods. Compared with the intake of high-oleic
sunflower oil, MCTG intake resulted in 11% higher plasma TC (p = 0.0005), 12%
higher LDL-C (p = 0.0001), 32% higher very low density lipoprotein cholesterol
(VLDL-C) (p = 0.080), a 12% higher ratio of LDL-C to HDL-C (p = 0.002), 22%
higher plasma total TG (p = 0.0361), and higher plasma glucose (p = 0.033). Plasma
HDL-C, insulin concentrations, and activities of cholesterol ester transfer protein
and phospholipids transfer protein did not differ significantly between the diets. The
authors concluded that compared with the high-fat oleic acid diet, the MCTG diet
unfavorably affected lipid profiles in healthy young men by increasing plasma LDL-
C and TG.87

The changes in FA composition of TGs when fed MCTGs are another concern,
as mentioned previously. It has been hypothesized that excess dietary MCTGs cause
an increase in hepatic synthesis of MCFAs through de novo synthesis or chain
elongation and desaturation. The elongation process is costly energy-wise and may
account for the increase in energy expenditure when MCTGs were overfed. The
authors cited another study that is consistent with this finding88 in which case an
increase in postprandial thermogenesis was theorized to be due to hepatic de novo
lipogenesis.80 Since the writing of this article, additional work supports this theory.89

Nine middle-aged men with mild hypercholesterolemia were studied to deter-
mine the effects of a natural food diet supplemented with MCTGs, palm oil, or high-
oleic acid sunflower oil on blood lipids. TC and LDL-C concentrations obtained on
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the MCTG diet and the palm oil diet were not significantly different, but they were
significantly higher than those produced by a high-oleic acid (sunflower oil) diet.
The MCTG diet resulted in nonsignificant increases in TG concentrations when
compared to the palm oil or high-oleic acid diet. No differences were found in the
HDL-C concentrations. The authors concluded that, on the basis of percent of energy
in the diet, the study suggested MCTGs are cholesterol-raising FAs that can raise
TC and LDL-C similar to palm oil and also have the tendency to raise TGs.90

Naohisa et al. completed a study to investigate the effects of dietary MCTGs on
serum lipid levels, liver function, and hepatic fat accumulations in healthy men.
Eleven men consumed diets between 2200 and 2600 kcal daily. The diets consisted
of 70 to 80 g of fat and included either 40 g of MCTGs or 40 g of LCTGs as blended
vegetable oil. The FA content of the oil was predominately unsaturated. The diet
was administered for 4 weeks. No significant differences were found between the
diets for serum TC, VLDL-C, LDL-C, HDL-C, or TGs. No other blood, urine, or
liver tests indicated a problem from the ingestion of 40 g of MCTGs for 4 weeks.91

Note that the subjects were not athletes.
A single-blind, randomized, crossover study to test the effects of a single dose

feeding was completed whereby 20 healthy men were fed a single dose of 71 g of
either MCT oil or canola oil. Blood was drawn at baseline before the participants
ingested the oils. The dose of 71 g of oil was chosen because it was equivalent to
a large order of French fries or a salad with oil-based dressing and a cookie. Blood
was drawn at 1, 2, 3, 4, and 5 h postingestion and analyzed for TGs. Two weeks
later, the project was repeated with the oils consumed being reversed, that is, those
who received the canola received the MCT oil and vice versa. The canola oil caused
a 47% increase in TGs above baseline (p < 0.001) and the MCT oil caused a 15%
decrease in TGs below the baseline. Remember that these results are based on lipid
profiles just hours after ingestion of the test oils, and the authors point out that the
effect of long-term usage of MCT oil on TGs is yet to be established.92 This finding
is in disagreement with the work of Hill et al.80 and Swift et al.93 It should also be
remembered that with a trial such as this, where the amount of oil used was equivalent
to the oil in a large order of French fries or a salad with an oil-based dressing and
a cookie, the French fries, the salad, or the cookie were not consumed. Had they
been consumed, there could possibly have been a difference in the postprandial TG
levels. Thus, it would not be correct to assume that eating a large order of French
fries would produce exactly the same results as reported here, and it was not the
authors’ intention to imply such. The subjects in this trial also were not athletes.

A study was conducted to observe the effects of MCTGs and corn oil on plasma
lipids in patients with primary hypertriglyceridemia. Ten subjects ate a low-fat diet
for 2 weeks followed by different proportions of corn oil and MCTGs for 12 weeks.
Fasting plasma TC, TGs, and HDL-C concentrations were measured at the end of
each period. Compared with corn oil, MCTGs were associated with an increased
mean for fasting TC concentration (p < 0.05) and non-HDL cholesterol concentra-
tions were also higher with MCTGs than with corn oil (p < 0.005). It was concluded
that MCTGs can raise TC concentrations in primary hypertriglyceridemic subjects.94

Again, since these subjects were not athletes, these results should not be assumed
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necessarily to be true for athletes, but this should be thoroughly investigated with
athletes before recommendations for increasing fat or MCTGs in the diet are made.

The effects of MCT oil, myristic acid (14:0), and oleic acid (18:1) on serum
lipoproteins were studied. The test fats were incorporated into solid foods. All
subjects, 37 women and 23 men, were fed an initial diet high in oleic acid for 3
weeks. At the end of the initial diet, the subjects were divided into three groups.
One group received a diet high in MCT oil, the second a diet high in myristic acid,
and the third group continued on the oleic diet. The results indicated that the subjects
on the diet high in myristic acid had LDL-C levels that were 0.37 mmol/l higher
than those of the oleic acid diet (p = 0.0064). Those on the MCT oil diet had increased
LDL-C levels, but not significantly higher than the oleic acid diet. HDL-C concen-
trations increased with the myristic acid diet by 0.10 mmol/l (p = 0.02), but there
was no difference with the MCT oil diet. The MCT oil diet slightly elevated TG
concentrations, but there was no significant difference between the diets. There was
a significant decrease in the apoA-I-to-apoB ratio in the MCT oil diet compared to
both of the other diets (p < 0.02). The authors concluded that MCT oil raises LDL-
C concentrations slightly and affects the apoA-I-to-apoB ratio unfavorably compared
with oleic acid. Myristic acid is hypercholesterolemic and raised both LDL-C and
HDL-C concentrations compared with oleic acid.95

Thomas et al. conducted a study to evaluate the effect of MCTGs with and
without exercise on postprandial lipemia (PPL). Twenty-five young men and women
were chosen. Each subject had to perform three trials: (1) a control group ate a meal
with only 1.5 g of fat/kg of body weight; (2) MCT oil was substituted for 30% of
the fat calories; and (3) MCT oil was consumed as in trial 2, but 12 h of exercise
was completed before the meal. ANOVA indicated that the substitution of MCT oil
to the control meal did not affect the PPL. However, the PPL was significantly lower
after the MCT oil + exercise vs. the other trials. The results suggest that MCT oil
does not affect the TG response to a fat meal.96

On a different note, considering atherosclerosis as a result of the aging process and
not due to the lipid theory, Kaunitz reviewed the research completed prior to 1986 and
concluded that MCTGs could possibly prevent or slow down atherosclerosis.57

In summary, it can be noted that most of the research concerning health effects
of acute and chronic ingestion of MCTGs has been completed with nonathletes and
has involved nonpractical diets that have not been tested over the long term. Until
long-term health effects of chronic practical ingestion of MCTGs can be adequately
reported, athletes should exercise caution when using MCTGs as an ergogenic aid.

3.4.3 STRUCTURED LIPIDS

In the past decade, chemically defined structured lipids have become popular
research items. These lipids were originally produced by mixing pure MCTGs and
LCTGs and allowing hydrolysis to produce FFAs. This was followed by random
transesterification of the FAs into mixed triglyceride molecules. This results in a TG
containing combinations of short-, medium-, and long-chain fatty acids on a single
glycerol backbone. The resulting TGs have unique chemical, physical, and physio-
logical properties. Today the use of 1,3-specific or 2-specific lipases can be used to
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synthesize 1,3-specific or 2-specific triglycerides containing MC and LCTG on the
same glycerol.97

A study was conducted to test performance after consumption of specific struc-
tured TGs consisting of a mixture of MCFAs and LCFAs (MLM), in an attempt to
prevent the adverse effects observed by feeding larger doses of MCTGs (i.e., gas-
trointestinal distress and elevated plasma lipids). Seven well-trained cyclists worked
3 h at 55% of maximum O2 uptake. During this time, they ingested CHO or CHO
plus the MLM. Immediately after the constant-load cycling, the subjects performed
a time trial of ~50 min duration. Treatments did not significantly affect performance.
Plasma FA concentrations were significantly higher after 3 h of cycling compared
to the resting stage, but no differences in the sum total between groups was noted.
No gastrointestinal disturbances were noted. The MLM consisted of M = 8:0
(caprylic) and L = 18:2 (linoleic). Breath and blood samples revealed no plasma 8:0
FAs, but the amount of phospholipid FAs was significantly higher after CHO +
MLM than with CHO intake. The fact that 8:0 did not appear in the plasma when
large doses were consumed may indicate the MLM treatment was not glycogen
sparing. Possible explanations by the authors for a lack of 8:0 in the plasma include
possible elongation of the 8:0 FAs to 14:0 FAs and longer, or possibly the 8:0 FAs
were metabolized so fast they were not detected. In any case, the treatments did not
improve performance.98 Kasai et al. found structured lipids to cause a reduction in
body fat and to lower TC.99 Mu and Hoy reported that structured TGs are absorbed
by the same mechanism as conventional LCTGs.100

Carvajal et al. found a difference in the fecal excretion of FAs in rats when they
were fed diets containing different types of structured TGs.101 The future of structured
lipids’ use in diets remains to be seen, but most of the current research results are
positive.

3.4.4 MCTGS AND WEIGHT REDUCTION

While weight reduction is usually not a goal for athletes, exercise, along with dieting,
is a necessary component of any weight loss regimen. Researchers concerned with
obesity have noted that MCTGs seem to promote an increase in energy expenditure,
and thus a chronic intake of MCTGs may be a possible means of weight loss.
Developments in this area could be of interest to athletes. For example, St.-Onge
and Jones reported on a review of the literature concerning MCTGs and weight
reduction. In their summary they state that diets with elevated levels of MCTGs
cause an increase in energy expenditure, a depression of food intake, and a lower
body mass. While these results should be of some interest to athletes, the authors
point out that most of the research completed with MCTGs and weight reduction
were done over short testing periods. The longest test period reported was 14 days.
Clinical trials of longer duration need to be conducted before specific recommen-
dations can be made.102 Others have shown that MCTGs in a diet help reduce body
weight when compared to LCTGs103 and increase thermogenesis in humans104,105 and
rats.106 This is also true for structured TGs.99 The future of MCTGs and structured
lipids in weight reduction diets is also yet to be decided.
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3.5 TOXICITY

As a food additive in the U.S., MCTGs are found on the GRAS list and are well 
tolerated but are not without side effects if consumed in large enough quantities. 
Recommended daily intake ranges from 30 to 100 g, so long as the intake is not 
over 40% of the daily energy requirement.35 In a thorough review, Traul et al. report 
on numerous studies and conclude that human dietary consumption is safe at 1 
g/kg.107 However, that is not to say that 75 kg/day for a 75-kg man would be well 
tolerated. Gas, cramps, bloating, and diarrhea have all been reported. This is in 
agreement with side effects commonly reported and includes nausea, vomiting, 
bloating, abdominal cramps, or osmotic diarrhea.35,45,107 Extended trials with humans 
to determine possible long-term effects on reproduction, cardiovascular complica-
tions, or carcinogenicity have not been completed.

3.6 SUMMARY AND RECOMMENDATIONS

Numerous studies have investigated the use of MCTGs as an ergogenic aid prior to 
exercise, during exercise, and as a training aid. From these studies there are no 
convincing arguments that MCTGs have a significantly positive effect on muscle 
glycogen concentration, endurance, RER, or overall performance. In fact, there are 
reports of negative effects of MCTG ingestion on athletic performance and lipid 
profiles. When taken with CHO, results are improved over MCTGs taken alone; 
however, the overall performance is still not an improvement over CHO alone. If 
MCTGs are taken in larger doses, gastrointestinal disturbances can inhibit perform-
ance. In addition, when MCTGs are ingested in larger quantities than needed, there 
is the question of possible elongation of MCFAs into LCFAs and deposited as such 
in adipocytes. There is also the question of possible cardiovascular complications 
with chronic ingestion of MCTGs. Until future research indicates a definite safe 
advantage of MCTGs, the current suggestions of adequate CHO ingestion and 
loading seem to be the safest and most reliable training method. Research with 
specially structured TGs appears to have an interesting future, particularly with 
weight control, but to date has not provided evidence for improvement of athletic 
performance. In addition, it should be noted that anyone with a tendency to produce 
ketones, such as diabetics, or anyone who has compromised liver function should 
avoid MCTG ingestion as a means of improving athletic performance. A final note 
that was not discussed in this chapter but should also be a practical consideration 
is the financial cost of MCTG supplements when there are no significant benefits 
indicated.
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4.1 INTRODUCTION

The ω-3 and ω-6 fatty acids are polyunsaturated fatty acids that comprise a family
of several other fatty acids that are essential for different physiological processes in
humans. α-Linolenic acid and linoleic acid are the two main representative com-
pounds of the ω-3 and ω-6 fatty acids from which arachidonic acid, eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA) are synthesized. Extensive research
has been conducted to investigate the properties and effects of these polyunsaturated
fatty acids in the last decades. Today there is consensus on the benefits of a diet
with adequate intake and balance of ω-3 and ω-6 fatty acids to ensure nutrient
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adequacy, prevent nutrient deficiency, and reduce the risk of some chronic diseases.
After considerable scientific information, the National Academy of Science’s Insti-
tute of Medicine released the Dietary Reference Intakes for Adequate Intakes for
linoleic acid and α-linolenic acid for the first time in 2002. Important information
is now available about the risk of excessive ω-3 and ω-6 fatty acids intake; however,
upper limit intakes have not yet been set. In that regard, although some studies have
explored the effects of these polyunsaturated fatty acids on athletes, there is still not
enough information to set requirements for individuals engaged in exercise, and
more research is needed in that area. Research may focus on supplementation to
enhance aerobic performance and to decrease exercise-induced bronchoconstriction
in athletes.

This chapter provides current information on the properties, metabolism, func-
tions, nutrient status assessment, recommended intakes, and other important char-
acteristic of ω-3 and ω-6 fatty acids. In addition, available scientific information on
the effects of ω-3 and ω-6 fatty acids supplementation on physical performance and
exercise is presented.

4.2 CHEMICAL STRUCTURES AND SYNTHESIS

Fatty acids are hydrocarbon chains with a carboxyl group (–COOH) at one end and
a methyl group (CH3) at the other. Fatty acids vary in chain length, degree of
unsaturation,1 and location of double bonds2 and can be classified as saturated (no
double bonds), monounsaturated (single double bond), and polyunsaturated (several
double bonds). Unsaturated fatty acids can be classified in two different ways: the
delta (Δ) and the omega (ω) numbering system.1,3 In the delta system, the carboxyl
carbon is denoted as carbon 1, while in the omega system carbon 1 is the methyl
carbon.3 The number of double bonds in the fatty acid chain are counted from either
the carboxyl or the methyl end. For instance, in the delta system the polyunsaturated
fatty acid α-linolenic acid has the notation 18:3Δ9c,12c,15c or 18 carbons, and three
double bonds occurring in the 9, 12, and 15 carbons. The same fatty acid in the
omega system is 18:3ω3 or 18 carbons, with three double bonds and the first
occurring at carbon 3.4 Fatty acids in which the first double bond occurs three carbons
from the methyl end are called omega-3 fatty acids and are symbolized as ω-3 (or
n-3) fatty acids. Fatty acids in which the first double bond occurs six carbons from
the methyl end are named omega-6 fatty acids with the symbol of ω-6 (or n-6) fatty
acids.2

Mammals do not have the capacity to completely synthesize either of these two
types of polyunsaturated fatty acids because they cannot desaturate the 16- or 18-
carbon products of fatty acid synthesis any further than nine carbons from the
carboxyl end.3 Linoleic acid and α-linolenic acid are the two main representative
compounds of the ω-6 and ω-3 fatty acids and are essential fatty acids because they
prevent deficiency symptoms and cannot be synthesized by humans;5 therefore, they
need to be obtained from the diet. These two types of polyunsaturated fatty acids
cannot be interconverted, have different biochemical roles,3,5 and are precursors of
other polyunsaturated fatty acids (Table 4.1). Linoleic acid is a precursor for arachi-
donic acid and eicosanoids. α-Linolenic acid is a precursor for DHA. Linoleic acid,
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arachidonic acid, and DHA are found in cellular phospholipids.6 The more unsatur-
ated and longer-chain ω-3 and ω-6 fatty acids, arachidonic acid (20:4ω-6), EPA
(20:5ω-3), and docosahexaenoic acid (22:6ω-3) can be synthesized from linoleic
and α-linolenic acids by alternating desaturation, elongation, and partial β-oxidation
process3,7 (Figure 4.1). Nonesterified fatty acids enter cells via fatty acid transporters
and are converted to fatty acyl-CoA thioesters by acyl-CoA synthetases. Fatty acyl-
CoA thioesters are the substrate for reactions of elongation, desaturation, and
retroconversion8 that take place in the synthesis of ω-3 and ω-6 fatty acids in humans.
The liver is the primary site for the metabolism of essential fatty acids; however,
other tissues experience metabolism of these fatty acids.9 Dietary 18:2ω-6 and
18:3ω-3 are converted to long-chain highly unsaturated fatty acids by a series of
desaturation and elongation reactions that take place in the endoplasmatic reticulum,
and β-oxidation, which occurs in the peroxisomes.8

Fatty acid desaturation is accomplished by the enzymes Δ6-desaturase and Δ5-
desaturase.3,5,7,8 Δ6-Desaturase is now considered to be the rate-limiting step of the
pathway.5 Earlier it was thought that an acyl-CoA-dependent 4-desaturase was
responsible for the desaturation of the ω-3 and ω-6 fatty acids; however, it was later
found that the endoplasmatic reticulum does not contain this type of desaturase.10

These two desaturases are membrane-bound enzymes that occur in the endoplasmatic
reticulum of tissues in the liver, intestinal mucosa, brain, and retina.11–16 The work
of Okayasu et al.17 showed that cytochrome b5 and cytochrome b5 reductase were
required to desaturate 18:2ω-6 to 18:3ω-6. Later, it was accepted that the desaturase
reactions require O2, NADH, cytochrome b5, and cytochrome b5 reductase for the
desaturation of both linoleic and α-linolenic acid.3,7 Hormonal and dietary factors
such as insulin and fatty acid-deficient diets have been observed to increase the
activity of the Δ6-desaturase, while glucose, epinephrine, and glucagon decrease
desaturase activity.18 Δ6-Desaturase utilizes the fatty acyl chain that has a double
bond at carbon 9 and inserts a new double bond at carbon 6. This desaturase converts
α-linolenic acid to 18:4, and 24:5 to 24:6; and linoleic acid to 18:3, and 24:4 to
24:5. Δ5-Desaturase operates on a fatty acyl chain that has a double bond at carbon

TABLE 4.1
Primary ω-3 and ω-6 Polyunsaturated Fatty Acids

ω-3 Fatty Acids ω-6 Fatty Acids

18:3
20:5
22:5
22:6

α-Linolenic acid
Eicosapentaenoic acid (EPA)
Docosapentaenoic acid
Docosahexaenoic acid (DHA)

18:2
18:3
20:3
20:4
22:4
22:5

Linoleic acid
γ-Linolenic acid
Dihomo-γ-linolenic acid
Arachidonic acid
Adrenic acid
Docosapentaenoic acid

Adapted from Institute of Medicine, Dietary Reference Intakes for Energy, 
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and 
Amino Acids, 
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8 and adds a new double bond at carbon 5. It converts 20:4 to 20:5 (EPA) and 20:3
to 20:4 (arachidonic acid).3

Fatty acid elongation occurs with only one type of elongase. During the elon-
gation process, the chain is lengthened by the addition of two carbons to the carbonyl
group by malonyl CoA. The carbonyl group of the fatty acyl CoA is reduced to a
methylene group in reactions that need NADPH. During the elongation of the fatty
acids the double bonds do not move.3 Three elongation steps occur in the synthesis
of the ω-3 and ω-6 fatty acids.

Retroconversion is the final step in the synthesis of these polyunsaturated fatty
acids. The retroconversion step of peroxisomal β-oxidation is also called the Spre-
cher pathway.19 The role of peroxisomes takes place when the synthesis of 22:5 and
22:6 requires intracellular communication between the endoplasmic reticulum and
a site where a partial β-oxidation could occur.10 In the retroconversion process, two
carbons are removed from the carboxyl end of the fatty acid as acetyl CoA. Then
the 24-carbon intermediaries are retroconverted to 22:5 and 22:6. The retroconver-
sion process requires O2, FAD, and NAD+.3 

FIGURE 4.1 Pathway for the synthesis of ω-6 and ω-3 fatty acids. Note: GLA = γ-linolenic 
acid, DGLA = dihomo-γ-linolenic acid, AA = arachidonic acid, EPA = eicosapentaenoic acid, 
DPA = docosapentaenoic acid, DHA = docosohexanoic acid. 
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4.3 GENERAL PROPERTIES

Table 4.2 lists physical properties of molecular weight, melting point, and solubility
of some ω-3 and ω-6 polyunsaturated fatty acids.

4.4 METABOLISM

4.4.1 DIGESTION AND ABSORPTION

The digestion and absorption of ω-3 and ω-6 fatty acids is similar to that of other
long-chain fatty acids.20 Dietary fat digestion and absorption is a complex process
that further leads to the absorption of lipids by the enterocytes of the small intestine
mucosa.21 Dietary lipids undergo the action of lingual lipase in the mouth, which
cleaves the sn-3 position of the triacylglycerol molecule, and its activity continues
through the esophagus and into the stomach.2 In the stomach, gastric lipase augments
the activity of lingual lipase by cleaving triacylglycerols at the sn-3 position and
partially digesting fats before they enter the small intestine. Gastric lipase preferen-
tially digests triacylglycerols that contain medium-chain fatty acids rather than those
that have long-chain fatty acids. The action of this lipase in the stomach releases
1,2 diacylglycerols and fatty acids that are thought to contribute to emulsification

TABLE 4.2
Selected Physical Properties of Some ω-3 and ω-6 Polyunsaturated Fatty Acids

Fatty
Acid Chemical Name

 Δ
Formula

 ω
Formula MW

Melting
Point
(ºC) Solubility

Linoleic acid

γ-Linolenic acid

α-Linolenic acid

Arachidonic acid

Eicosapentaenoic 
acid

Docosahexaenoic 
acid 

All cis-9,12-
octadecadienoic

All cis-6,9,12-
octadecatrienoic

All cis-9,12,15-
octadecatrienoic

All cis-5,8,11,14-
eicosatetraenoic

All cis-5,8,11,14,17-
eicosapentaenoic

All cis-4,7,10,13,16,19-
docosahexaenoic

18:2Δ9c,12c

18:3Δ6c,9c,12c

18:3Δ9c,12c,15c

20:4Δ5c,8c,11c,

14c

20:5Δ5c,8c,11c,

14c,17c

22:6Δ4c,7c,10c,

13c,16c,19c

18:2ω6

18:3ω6

18:3ω3

20:4ω6

20:5ω3

22:6ω3

280.44

278.44

278.44

304.50

302.50

328.50

–5

–10

–49.5

i.H2O, ∞EtOH, 
eth., CHCl3

i.H2O, s.EtOH, 
eth., CHCl3

i.H2O, s.eth.

Note: MW = molecular weight; i. = insoluble; ∞ = completely miscible; eth. = diethyl ether; s. = soluble.
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of dietary fat in the stomach.2,21 After lipids enter the small intestine as an emulsion,
they are subjected to the action of bile and pancreatic juice. Bile salts and phospho-
lipids from bile emulsify the fat, and pancreatic lipase hydrolyzes the fat. Triacylg-
lycerols are cleaved at the sn-1 and sn-3 positions, resulting in free fatty acids and
2-monoacylglycerides. These resulting products of digestion are absorbed into the
enterocytes.

Absorption of fatty acids in the small intestine follows a complex process that
varies in efficiency depending on certain qualitative characteristics of dietary fat.22

Unsaturated fatty acids tend to be absorbed at a higher efficiency than saturated fatty
acids. Fatty acids with ≤10 carbons are directly absorbed into the portal circulation,
while fatty acids with ≥12 carbons are absorbed into the lymphatic system packaged
as chylomicrons.2 Fat digestion products incorporated into micelles occur largely
through passive diffusion. Absorption of micellar components into intestinal mucosal
cells depends on the penetration of the micelles across the unstirred water layer that
separates the intestinal content from the brush border of the small intestine.2,22

4.4.2 TRANSPORT

Dietary fat is transported to peripheral and hepatic tissues by the exogenous transport
system.22 In the cell, lipid compounds in the cytosol of the enterocytes are transported
from the apical region where they were absorbed to the endoplasmic reticulum21 by
specific fatty acid-binding protein (FABP).23 Biosynthesis of complex lipids takes
place in the endoplasmic reticulum.21 The exogenous system starts with reorganiza-
tion in the enterocytes of 2-monoacylglycerides and fatty acids in triacylglycerol
via the monoacylglycerol pathway.21,22 The formed triacylglycerols along with phos-
pholipids, cholesterol, and glycerol form molecules called chylomicrons.22 The main
function of chylomicrons is to provide a mechanism for dietary fat and other fat-
soluble compounds to be carried from the site of absorption to other parts of the
body for uptake and metabolism.24 Chylomicrons are released into the lymphatic
circulation and further into the blood circulation. In the circulation, the triacyl-
glycerol component of the chylomicrons is hydrolyzed by the enzyme lipoprotein
lipase (LPL). LPL is synthesized in the adipose tissue and skeletal muscle.2 The
hydrolysis of triglycerides by LPL ensures the peripheral tissues a delivery of dietary
fat for diverse metabolic processes such as oxidation, metabolism, and storage.2,22

Chylomicrons are released from peripheral tissues as chylomicron remnants and
further used by the liver.

Humans are unable to insert a double bond at the n-3 position of a fatty acid of
18 carbons in length or a cis double bond at the n-6 position of a fatty acid chain;
therefore, ω-3 and ω-6 fatty acids are essential nutrients.20 α-Linolenic and linoleic
acids are the precursors of other polyunsaturated fatty acids of the ω-3 and ω-6 fatty
acids family. The liver is the primary site for the metabolism of essential fatty acids
and where the synthesis of arachidonic acid (20:4ω-6) from linoleic acid and EPA
(20:5ω-3) and DHA (22:6ω-3) from α-linolenic acid takes place. However, other
tissues experience metabolism of these fatty acids.9 For instance, the desaturase
enzymes occur in the endoplasmatic reticulum tissues of the intestinal mucosa,
brain, and retina.11–16 The metabolism of ω-6 fatty acids involves the synthesis of
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arachidonic acid and eicosanoid precursors from linoleic acid, which is accomplished
by reactions as elongation, desaturation, and retroconversion,8 explained previously.
EPA is the precursor for series-3 eicosanoids and series-5 leukotrienes. DHA is a
component of membrane structural lipids that are enriched in phospholipids found
in nervous tissue, retina, and spermatozoa.20 Arachidonic acid is found primarily in
membrane phospholipids and is a precursor for eicosanoids that are involved in
platelet aggregation, hemodynamics, and coronary vascular tone.25

4.4.3 BODY RESERVES

DHA is the most abundant ω-3 fatty acid in most tissues,8 is in higher concentrations
in the myocardium, retina, brain, and spermatozoa, and is essential for proper
functioning of these tissues and growth.26 In the nervous system, the tissue most
highly enriched in DHA is the photoreceptor outer segment.27 Different classes of
lipids in the body contain ω-3 fatty acids. For instance, α-linolenic acid is found in
triglycerides, cholesterol esters, and, in small concentrations, phospholipids. EPA is
found in cholesterol esters, triglycerides, and phospholipids, while DHA is found
mostly in phospholipids.28

4.4.4 EXCRETION

Polyunsaturated ω-3 and ω-6 fatty acids are almost completely absorbed. Small
amounts of these two fatty acids are lost during sloughing of skin and other epithelial
cells.20

4.5 FUNCTIONS AND PROBABLE FUNCTIONS

Polyunsaturated fatty acids are recognized to be essential for humans and animals
for two reasons: synthesis of lipid mediators and production of membranes that have
the optimum lipid bilayer structure and functional properties. The main function of
ω-3 fatty acids is related to membrane structure, and DHA plays a role. The poly-
unsaturated ω-6 fatty acids have a role in formation of lipid mediators, which
includes the eicosanoids and the inositol phosphoglycerides. Arachidonic acid is the
main fatty acid of the ω-6 family involved in this process; however, EPA also can
play a role in the formation of eicosanoids.3

The ω-3 fatty acids are major structural components of membrane phospholipids
of tissues and influence membrane fluidity and ion transports. These polyunsaturated
fatty acids are rich in the brain, myocardium, and retina, are essential for proper
functioning and growth, and modulate many physiological processes.26 Along with
arachidonic acid, DHA is the major polyunsaturated fatty acid found in the brain
and is recognized to be important for brain development and function.29 These two
types of fatty acids have an effect on the neuronal membrane fluidity index, and it
appears that the relative amounts of ω-3 and ω-6 fatty acids in the cell membranes
are responsible for affecting cellular function.30 Reported effects of polyunsaturated
fatty acids on brain functions are modifications of membrane fluidity, the activity
of membrane-bound enzymes, the number and affinity of receptors, the function
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of ion channels, and the production and activity of neurotransmitters and signal
transduction.31

Omega-3 fatty acids have been recognized to lower the risk of coronary heart
disease (CHD) and protect against sudden cardiac death through antiarrhythmic,
antiatherogenic, antithrombotic, and vasoprotective mechanisms. Omega-3 fatty
effects on inhibition of platelet aggregation and serum lipids (triglycerides and high-
density lipoprotein [HDL]) may prevent CHD. However, the antiarrhythmic rather
than the antiatherothrombotic effect seems to be the major function of ω-3 fatty
acids in preventing CHD.26

The ω-3 fatty acid DHA is also essential for proper development of the retina,
particularly at the synapse and the outer segment of photoreceptors,32 by influencing
membrane fluidity in the temporal response of the G-protein-coupled signaling
system in the retinal rod outer segment (ROS).8,29

One of the most characterized physiological functions of these polyunsaturated
fatty acids is the role of eicosanoids. Eicosanoids work as autocrine/paracrine hor-
mones and mediate a variety of functions, such as immune response, blood pressure
regulation, blood coagulation,33 movement of calcium and other substances into and
out of cells, relaxation and contraction of muscles, and cell division and growth.34

The eicosanoids include substances such as prostaglandins and leukotrienes. Arachi-
donic acid is the precursor for a group of eicosanoids that include series-2 prosta-
glandins and series-4 leukotrienes, while EPA is the precursor for a group of
eicosanoids that include series-3 prostaglandins and series-5 leukotrienes.28

Eicosanoids derived from ω-6 fatty acids are pro-inflammatory and pro-aggregatory
agonists, while those derived from ω-3 fatty acids tend to inhibit platelet aggregation
and be anti-inflammatory.35,36 Adequate production of the series-3 prostaglandins is
thought to have protective effects against heart attacks.28

The effects of ω-3 and ω-6 fatty acids in inflammation and autoimmune diseases
have been linked to the concentration of the type of prostaglandins and leukotrienes
present in the cells. EPA-derived eicosanoids are less potent inducers of inflammation
than the arachidonic acid-derived eicosanoids,5 and competition between ω-3 and
ω-6 fatty acids occurs in the prostaglandins’ formation.36 For instance, an increased
level of interleukin (IL) 1, a pro-inflamatory cytokine, is present in CHD, depression,
aging, and cancer. Similarly, high levels of IL1 and series-4 leukotrienes produced
by ω-6 fatty acids are present in arthritis and other autoimmune diseases.

Other probable effects of ω-3 fatty acids are membrane-mediated processes,
such as insulin transduction signals; activity of lipases, which are affected by alter-
ation of the fatty acid composition of the membrane phospholipids; and regulation
of genes involved in lipid and glucose metabolism, and adipogenesis.37

A newly discovered metabolite (10,17S-docosatriene) synthesized in the brain
has been indicated to have a response to an ischemic insult and to have opposite
anti-inflammatory effects.29

4.6 DIETARY AND SUPPLEMENTAL SOURCES

The predominant food sources of ω-3 fatty acids in the diet are vegetable oils and
fish. Fish is the major source of EPA and DHA, and vegetable oils (canola, soybean,
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flaxseed/linseed, olive) are the major source of α-linolenic acid. Other sources
include nuts and seeds, vegetables and some fruit, egg yolk, poultry, and meat.38,39

Enrichment of diets with fish oil,40,41 extracts of algae oils,42,43 and mixtures of fish
oil and linseed, and canola and sunflower oil44 have been fed to hens to produce
enriched eggs as a source of ω-3 fatty acids for humans. Vitamin E is usually added
to the hens’ diet to avoid lipid peroxidation and extend shelf life.45,46 A trial has
reported feeding subjects with a variety of ω-3-enriched foods, including bread,
milk, spread, eggs, biscuits, cereals, soups, pancake mix, muffin mix, salad dressing,
dips, snacks, and chocolates, to test the feasibility of enriched products to consum-
ers.47 Food sources of ω-6 polyunsaturated fatty acids include nuts, seeds, certain
vegetables, and vegetable oils such as soybean, safflower, and corn oil.20 Blackcurrant
seed oil and evening primrose oil have high contents of γ-linolenic acid. Arachidonic
acid is formed only in animal cells from linoleic acid and is present in small quantities
in meat, poultry, and eggs20 (Table 4.3). 

Dietary fish oil supplements are available on the market and vary in the amounts
and ratios of EPA and DHA. Common amounts of ω-3 fatty acids in fish oil capsules
are 180 mg of EPA and 120 mg of DHA.38,39 Cod liver oil supplement capsules
usually contain 173 mg of EPA and 120 mg of DHA. Fish oil supplements need to
be consumed with caution due to their high content of vitamins A and D.39 Because
vitamin E deficiency may occur when fish oil supplements are taken for several
months, manufacturers add vitamin E to many commercial fish oil products.38 A
DHA source from algae that provides 100 mg/capsule is available on the market.39

4.7 NUTRIENT STATUS ASSESSMENT

The measurements of the total amount of various essential fatty acids as ω-3 fatty
acids in plasma, serum, or erythrocyte membrane phospholipids have been indicated
as useful markers of essential polyunsaturated fatty acids.5,26 Essential fatty acid
deficiency is a clinical condition that derives from inadequate status of ω-3 and ω-
6 fatty acids; however, the symptoms are nonspecific and may not present prior to
marginal essential fatty acid status.48 Widely used biomarkers for biochemical essen-
tial fatty acid deficiency are mead acid and the triene/tetraene ratio.49–51 However,
the total plasma triene/tetraene ratio has been considered the gold standard for
essential fatty acid deficiency.48,52 Mead acid, or 5,8,11-eicosatrienoic acid
(5,8,11–20:3 ω-9)5,52 is synthesized from endogenous oleic acid and is increased
when there is insufficient concentrations of linoleic and α-linolenic acid to meet the
needs of polyunsaturated fatty acids.5,52 Under normal conditions only trace amounts
of mead acid are found in plasma.52 EPA and DHA inhibit mead acid synthesis.5

Mead acid measurement is an indicator of essential fatty acid deficiency state, while
essential fatty acid depletion is associated with a decrease in plasma linoleate and
arachidonate percentages.52 Assessment of long-term essential fatty acid intake is
measured in adipose tissue, and it is considered the best indicator because of its
slow turnover.53–55 Cutoff values for the assessment of essential fatty acids and ω-3
fatty acid status in erythrocytes have been reported.48 Proposed cutoff values for
children older than 0.2 years are 0.46 mol% 20:3 ω-9 (mead acid) for early suspicion
of essential fatty acid deficiency, 0.068 mol/mol docosapentaenoic/arachidonic acid
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TABLE 4.3
Polyunsaturated (ω-3 and ω-6) Fatty Acid Composition 
of Food Commodities

ω-3 Fatty Acids ω-6 Fatty Acids

LNA EPA DHA LA AA
Commodities mg/100 g mg/100 g

Poultry meats 73 5 25 1443 98
Chicken, with skina 140 10 30 2880 80
Chicken, without skina 20 10 30 550 80
Turkey, with skina 110 0 20 1700 110
Turkey, without skina 20 0 20 640 120

Pig meats 53 3 2 831 68
Pork loin, without fat 12 3 2 262 53
Pork loin, without fata 20 NA NA 440 60
Pork, with fata 90 NA NA 1310 80

Eggs 31 0 44 1272 156
Bovine meats 105 5 4 277 24

Beef rib eye 10 5 2 178 46
Beef rib eyea 10 NA NA 240 20
Beef sirloin 20 5 10 94 9
Beef Swiss steak 61 9 8 182 18
Nelore longissimus dorsi 15 3 2 115 11
Canchim longissimus dorsi 13 4 2 101 9
Beefalo longissimus dorsi 16 3 2 98 9
Beef, with fata 190 NA NA 410 30

Goat and mutton 178 5 21 460 64
Lamb loin chop 54 5 10 369 84
Lamb steak leg 126 14 84 202 12
Lamb, raw feet 27 0 9 198 66
Lamb, Australiana 202 NA NA 422 69
Lamb, New Zealanda 420 NA NA 550 10
Lamb, domestica 330 NA NA 1090 70
Goat shoulder 44 9 5 337 109
Goat leg 49 0 9 262 65
Goata 20 NA NA 100 60

Freshwater fish 93 245 461 295 104
Trout, rainbowa 58 260 668 710 25
Bass, freshwatera 111 238 357 87 144

Demersal fish 37 82 199 19 89
Flatfish, flounder and solea 8 93 106 8 38
Halibuta 65 71 292 30 139

Pelagic fish 74 185 619 60 90
Tuna, bluefina 0 283 890 53 43
Salmon, Atlantica 295 321 1115 172 267
Cod, Atlantica 1 64 120 5 22
Pollock, Atlantica 0 71 350 9 26
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for ω-3 fatty acid deficiency, 0.22 mol/mol docosapentaenoic/docosahexaenoic acid
for ω-3 fatty acid/docosahexaenoic acid marginality, and 0.48 mol/mol docosapen-
taenoic/docosahexaenoic acid for ω-3 fatty acid/docosahexaenoic acid deficiency.48

Recently, fasting whole blood has been proposed as a biomarker of essential fatty
acid intake.56

The triene/tetraene ratio (20:3 ω-9/20:4 ω-6) more commonly indicative of
essential fatty acid deficiency is greater than 0.4,57,58 although ratios of 0.2 have been
used.59,60 Currently, there is no accepted cutoff value of plasma or tissue DHA
concentrations for indicating impaired health.20 The triene/tetraene ratio is considered
a sensitive diagnostic index of essential fatty acid deficiencies associated with total
parenteral nutrition.57 Food frequency questionnaires and 24-hour recalls to assess
ω-3 fatty acid intake in cardiac patients,61 pregnant women,62 physically active
adults,63 and hypercholestolemic subjects64 have been used.

TABLE 4.3 (CONTINUED)
Polyunsaturated (ω-3 and ω-6) Fatty Acid Composition 
of Food Commodities

ω-3 Fatty Acids ω-6 Fatty Acids

LNA EPA DHA LA AA
Commodities mg/100 g mg/100 g

Crustacean, shrimpa 14 258 222 28 87
Mollusks, mussela 20 188 253 18 70
Marine fish, other 36 178 323 31 84
Coconut vegetable oila 0 0 0 1800 0
Cottonseed vegetable oila 200 0 0 51,500 100
Groundnut oil 0 0 0 32,000 0
Maize germ oil 700 0 0 58,000 0
Olive oil 600 0 0 7900 0
Palm kernel vegetable oila 0 0 0 1600 0
Palm vegetable oila 200 0 0 9100 0
Canola oila 9300 0 0 20,300 0
Rice bran vegetable oila 1600 0 0 33,400 0
Sesame oila 300 0 0 41,300 0
Soybean oila 6800 0 0 51,000 0
Sunflower vegetable oila 0 0 0 65,700 0

Note: LNA =  α-linolenic acid; EPA = eicosapentaenoic acid; DHA = docoso-
hexanoic acid; LA = linoleic acid; AA = arachidonic acid; NA = not available.
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4.8 INTERACTIONS WITH OTHER NUTRIENTS AND 
DRUGS

The synergistic effects of ω-3 and ω-6 fatty acids and drugs used in the treatment
of Crohn’s disease have been reported.65,66 Amino-salicylic acid (5-ASA) therapy
with ω-3 fatty acids supplementation in the treatment of pediatric patients with
Crohn’s disease delayed the relapse of episodes. The synergistic effect of the drug
and supplement were observed by 5-ASA inhibition of factors of the inflammatory
cascade [cyclooxygenase, thromboxane-synthetase, and platelet activating factor
(PAF) synthetase], production of IL-1 and free radicals, antioxidant activity, and ω-
3 fatty acid inhibition of the PAF synthetase.65 Omega-3 but not ω-6 fatty acids have
shown immunomodulatory properties and an increase in pro-inflamatory cytokines
in patients receiving enteral ω-3 and ω-6 fatty acids used as adjuvant therapy to
corticosteroid medication for the treatment of Crohn’s disease.66 Omega-3 fatty acids
have been shown to decrease the nephrotoxicity caused by cyclosporine therapy used
to prevent rejection in organ transplantation.67,68 Female rats fed with a mixture of
ω-3 and ω-6 fatty acids and receiving intraperitoneal cyclosporine treatment showed
that the metabolites of arachidonic acid increased the levels of thromboxane A,
which plays a role in cyclosporine nephrotoxicity. Additionally, the polyunsaturated
fatty acid mixture improved prostaglandin synthesis, which plays a beneficial role
in the prevention of renal dysfunction.67 It has also been reported that the interaction
of ω-3 fatty acids supplementation to patients early after kidney graft as an adjunctive
treatment to immunosuppressive regimen with cyclosporine reduces the nephrotoxic
effects of this drug.68

Omega-3 fatty acids may increase the risk of bleeding when taken with drugs
that increase the risk of bleeding, including aspirin, anticoagulants such as warfarin
or heparin, antiplatelet drugs such as clopidogrel, and nonsteroidal anti-inflammatory
drugs such as ibuprofen or naproxen.38 A reported case of 1000 to 2000 mg/day
intake of fish oil with warfarin medication indicated increased anticoagulation, and
the ω-3 fatty acid in the oil may have affected platelet aggregation or vitamin K-
dependent coagulation factors, and lowered thromboxane and decreased factor VII
concentrations.69 In contrast, there was no effect on vitamin K-dependent coagulation
factors, but lowered platelet integrin activation and plasma levels of fibrinogen factor
V have been reported with an intake of 3 g of ω-3 fatty acids daily for 4 weeks.

Omega-3 fatty acids supplementation may lower blood pressure by their anti-
hypertensive and hypotriglyceridemic effects, and add to the effects of drugs that
may also affect blood pressure, such as beta-blockers or diuretics.38,70

Omega-3 fatty acids lower triglyceride concentrations and may have a synergistc
effect with the triglyceride-lowering effects of agents such as niacin, fibrates such
as gemfibrozil, or resins such as cholestyramine. However, ω-3 fatty acids may work
against the low-density lipoprotein (LDL) cholesterol-lowering properties of statin
drugs.49

Modulation of interleukins by ω-3 fatty acid and intakes of 500 IU of vitamin
E in the diet have been reported. These two nutrients may modulate the levels of
IL-6, IL-10, IL-12, and tumor necrosis factor-α (TNF-α) in mice.71 Omega-3 fatty
acids have been reported to increase the risk of bleeding with the use of Ginkgo
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biloba, garlic, and saw palmetto; add to the effects of agents that may also affect
blood pressure, such as eucalyptol, eucalyptus oil, flaxseed/flaxseed oil, garlic,
ginger, and ginkgo, among others; and enhance lower blood sugar properties of aloe
vera, American ginseng, bilberry, bitter melon, maitake mushroom, marshmallow,
milk thistle, Panax ginseng, rosemary, shark cartilage, and Siberian ginseng, among
others.38 Omega-3 fatty acids can increase LDL cholesterol concentrations and may
work against the potential LDL-lowering properties of agents like barley, garlic,
guggul, psyllium, soy, or sweet almond.38

4.9 CLINICAL EFFECTS OF INADEQUATE INTAKES

Inadequate status of ω-3 and ω-6 fatty acid families presents a clinical condition of
essential fatty acid deficiency.48 Dietary deficiencies of α-linolenic and linoleic acids
during development result in lower levels of arachidonic and docosahexaenoic acids
in the central nervous system, resulting in altered learning behavior and visual
function.52 Deficiency of the ω-3 fatty acids family leads to neuronal-specific defects,
including reduced learning, impaired vision, numbness, leg pain, and abnormal
electroretinogram.72,73 A normal electroretinogram is observed when α-linolenic acid
is included in the diet again. Reduction in visual function is accompanied by
decreased brain and retina DHA and an increase in docosapentaenoic acid. Changes
in learning behavior have been reported in animals fed low α-linolenic diets con-
taining less than 1%, and high content of linoleic acid.20 Deficiency of ω-6 fatty
acids in humans, although rare,48 has been linked to several nonneuronal abnormal-
ities, reduced growth, reproductive failure, skin lesions such as scaly skin rash, fatty
liver and polydipsia, increased transepidermal water loss, and elevation of the plasma
triene/tetraene ratio of eicosatrienoic acid/arachidonic acid to values greater than
0.4.20,72,73 Inadequate essential fatty acid intake or impaired absorption leads to a
decrease in tissue concentration of arachidonic acid, reduction in the inhibition of
the desaturation of oleic acid, and increased synthesis of eicosatrienoic acid from
oleic acid.20 Protein-energy malnutrition is associated with deficiency in linoleic and
arachidonic acid in infants, children, and malnourished elderly patients, and cuta-
neous hypersensitivity presented in these groups may be attributed to essential fatty
acid deficiency.52

4.10 TOXICITY

According to the 2005 edition of the Dietary Reference Intakes (DRIs), there is
insufficient evidence to set an upper limit (UL) for ω-3 and ω-6 fatty acids. However,
an Acceptable Macronutrient Distribution Range (AMDR) has been estimated for
linoleic and α-linolenic acids.20 An AMDR of 5 to 10% of energy is estimated for
ω-6 fatty acids (linoleic acid), and an AMDR of 0.6 to 1.2% of energy is given for
α-linolenic acid. Approximately 10% of the AMDR for α-linolenic acid can be
consumed as EPA and DHA (0.06 to 0.12% of energy).20 High ω-6-fatty-acid diets
may increase the risk for inflammatory disorders, such as increased plasma arachi-
donic acid concentrations after dietary supplementation of γ-linolenic acid, leading
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to platelet aggregation problems,74 LDL oxidation,75,76 and risk of nutrient excess
by inhibition of the synthesis of ω-3 fatty acids.20 An increase in the risk of cancer
was reported when ω-6 fatty acids were fed as 15% of energy;77 however, a more
recent review of literature concluded that high intakes of linoleic acid were unlikely
to increase the risk of several types of cancer.78 Adverse effects of EPA and DHS
have been reported because they are more potent than their precursor, α-linolenic
acid.20 High intakes of EPA and DHA may have adverse effects on immune function
and increase the risk of bleeding and hemorrhagic stroke. High intakes of α-linolenic
acid can affect the biosynthesis of ω-6 fatty acids important for prostaglandins and
eicosanoid synthesis.20 Several studies in vitro or ex vivo have shown suppression
of different aspects of human immune function in individuals fed ω-3 fatty acid
supplements or experimental diets. Doses of EPA from 0.9 to 9.4 g/day and DHA
from 0.6 to 6.0 g/day are reported to cause some type of immunosuppression.20

Oxidative damage of erythrocytes, liver and kidney membranes, and bone marrow
DNA with high consumption of DHA have been reported.79–81 It has been reported
that high intake of dietary α-linolenic acid (40% of total fatty acids) in male hamsters
adversely affected the hepatobiliary metabolism of sterols.82 The high intake of α-
linolenic acid decreased the ratio of cholic to chenodeoxicholic acid, probably by
an inhibition of sterol 12-hydroxylase via SREBP1, and affected the bile acid
transformation in the colon.82 The combination of the drug prevastatin plus fish oil,
although reported to reduce total plasma cholesterol and plasma triglycerides, was
documented to develop nausea in one subject.83 

Omega-3 fatty acid supplements should be used with caution in diabetic patients
due to potential increases in blood sugar concentrations, in patients at risk for
bleeding, and in individuals with high levels of LDL.38 Other reported side effects
of the use of fish oil are gastrointestinal symptoms such as gastrointestinal upset,
nausea,84,85 diarrhea and potentially severe diarrhea at very high doses,85 burping,86

acid reflux indigestion,87 bloating,88 and abdominal pain.89 Small reductions in blood
pressure with intake of ω-3 fatty acids have been reported and are dose–respon-
sive.90–93 Increase in LDL cholesterol levels by 5 to 10% with ω-3 fatty acid intakes
of 1 g/day or greater,38 mild elevation in alanine aminotransferase enzyme,94 and
rare reports of neurologic and psychiatric effects have also been reported.38

4.11 EFFECTS ON PHYSICAL PERFORMANCE

Physical activity is recognized as one factor that affects polyunsaturated fatty acid
status.5 Physical activity per se induces changes in the phospholipid fatty acid
composition of muscle membranes.5,95 The effects of an aerobic exercise program
(55% VO2 peak) on phospholipid fatty acid composition of ω-3 and ω-6 fatty acids
in the skeletal muscle have been examined in sedentary subjects.95 Six weeks of
physical training showed changes in the levels of ω-3 (EPA, DHA, and docosapen-
taenoic acid) fatty acids, decreased the proportion of ω-6 (linoleic acid, dihomo-γ-
linolenic acid, and arachidonic acid) fatty acids in muscle phospholipids, and reduced
the ω-6 to ω-3 ratio.96 Similar results were reported by Helge et al.95 when investi-
gating the effect of endurance training of the knee extensor of one leg for 4 weeks
on the muscle membrane phospholipid fatty acid composition. After 4 weeks of
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training, the phospholipid fatty acid contents of oleic acid and DHA were higher in
the trained than the untrained leg, and the ratio of ω-6 to ω-3 was lower in the
trained than in the untrained leg.95 The beneficial effect of exercise on lipoproteins
and subfractions has been reported previously. The ω-3 fatty acid role in physiolog-
ical metabolism includes an amelioration of lipid profiles, specifically triglycerides
and cholesterol fractions, and increased fluidity in membranes, of which similar
effects have been attributed to regular aerobic exercise.97 It has been indicated that
a single session of aerobic exercise has shown effects on triglyceride concentrations
similar to those shown by ω-3 supplementation.98

Brilla and Landerholm97 assessed the effect of aerobic exercise for 1 hour three
times a week (mean range VO2 max post-exercise: 35.6 to 49.5 ml kg–1 min–1), and
fish oil supplementation (4 g/day of ω-3 fatty acids) on serum lipids and aerobic
fitness on healthy sedentary males for 10 weeks. Subjects in the exercise only and
fish oil plus exercise groups had significantly higher VO2 max. Subjects in the fish
only, exercise only, and fish oil plus exercise groups had significantly higher venti-
latory anaerobic thresholds (VATs) than controls; however, there were no differences
in blood lipid values among all groups.97 The improvement in aerobic indicators
may be explained by incorporation of ω-3 fatty acids into membranes and their effect
on the increase of the deformability of red blood cells, enhancing oxygen transport,
and probably improving exercise performance.97,99 Contrasting results on plasma
lipoproteins were reported on recreationally active males who completed an aerobic
exercise session of 60 min on the treadmill (60% VO2 max) and were supplemented
with 4 g/day of ω-3 fatty acids (600 mg of EPA and 400 mg of DHA/g) for 4 weeks.
Supplementation increased plasma EPA and DHA, supplementation or exercise each
affected HDL and subfractions (HDL2 for supplementation and HDL3 for exercise),
exercise increased LDL, and the combined treatments affected HDL3 and LDL1.100

The lowering effect of ω-3 fatty acids in the form of fish oil on triglycerides is
thought to involve the suppression on enzymes engaged in the triglyceride synthesis
and stimulation of β-oxidation in the liver.101,102 Chronic supplementation with fish
oil of 4 g/day (600 mg of EPA and 400 mg of DHA/g) rather than an acute high
dose of 16 to 22 g/day (600 mg of EPA and 400 mg of DHA/g) has been reported
to increase fat oxidation during 60 min of aerobic exercise (60% VO2 max) in
recreationally active males.103 The effect on fat oxidation may be linked to the
activation of skeletal muscle peroxisomal poliferator-activated receptor-α (PPAR-α)
by EPA and DHA, resulting in decreased accumulation of triglycerides in myo-
tubes.103

Contrary to studies that reported improvement in ventilatory indicators, Raastad
et al.104 showed that the effect of ω-3 fatty acids supplementation on cardiac output
and peripheral blood flow on increasing aerobic performance did not show positive
results. Well-trained soccer players supplemented with 5.2 g/day of fish oil (1.60
g/day EPA and 1.04 g/day DHA) for 10 weeks did not demonstrate an improvement
in maximal aerobic power, anaerobic threshold, and running performance. However,
supplemented subjects had significantly reduced plasma triglycerides and elevated
plasma concentrations of EPA and DHA.

Omega-3 fatty acid supplementation has been utilized for muscle inflammation
and soreness, and its use is based on the anti-inflammatory response that these
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polyunsaturated fatty acids have shown through modulation of the eicosanoid
pathways.28 Intakes of ω-3 fatty acids to reduce joint tenderness in patients with
rheumatoid arthritis28,105 and myalgic pain106 have been reported, and intake of cod
liver oil to mitigate musculoskeletal pain has been examined in a cross-sectional
study that included nonathletic males and females older than 18 years.107 However,
supplementation of ω-3 fatty acids (1.8 g/day) for 30 days before and during iso-
kinetic eccentric elbow flexion exercise was not effective in decreasing the physical
parameters linked with delayed-onset muscle soreness (DOMS).108

The effect of ω-3 fatty acids, specifically EPA and DHA, has been tested on
cytokine production during strenuous exercise due to their modulation on the pro-
duction of pro-inflamatory and immunoregulatory cytokines.109 Strenuous exercise
induces an acute-phase response with increased plasma concentration of IL-6,110 IL-
1 receptor antagonist,111 and TNF-α.112 It is also thought that the anti-inflammatory
cytokine, and transforming growth factor (TGF)-β1, is increased in physiological
states similar to strenuous exercise.109 Therefore, the effect of 6.0 g/day of fish oil
supplementation containing 3.6 g of ω-3 fatty acids (approximately 1.9 g of EPA
and 1.1 g of DHA), and tocopherol for 6 weeks on male runners before participating
in a marathon was examined.109 The study aimed to investigate whether fish oil
supplementation could modulate the acute-phase response to strenuous exercise.
Subjects supplemented with fish oil showed incorporation of ω-3 fatty acids and
less arachidonic acid in blood mononuclear cells than the nonsupplemented group,
and although cytokine concentrations increased as a result of exercise, the cytokine
concentrations of the supplemented and nonsupplemented groups did not differ.109

Omega-3 fatty acids supplementation on the effect of exercise-induced bron-
choconstriction (EIB) in athletes has gained attention lately.113–116 Fish oil supple-
mentation in doses of 3.2 g/day of EPA and 2.0 to 2.2 g/day of DHA for 3 weeks
has been reported to reduce the severity of EIB in athletes challenged to aerobic
exercise (treadmill) until exhaustion, as seen by decreases in the forced expiratory
volume (FEV1) pre- and post-exercise of 64 to 80% at 15 min after exercise.114,116

Inflammatory mediators of urinary LTE4 and 9α, 11β-PGF2, blood LTB4, TNF-α,
and IL-1β,114 and sputum LTC4-LTE4, PGD2, IL-1β, and TNF-α116 were decreased
in subjects on the ω-3 fatty acid diet compared to placebo and after exercise,114 and
before and following exercise in the fish oil group compared to placebo.116

Supplementation intakes of ω-3 fatty acids have ranged from 1.8 to 6 g/day, and
one study reported using an acute high dose of up to 22 g/day. To our knowledge,
there are no existing studies that have addressed the effect of inadequate or toxic
intakes on physical performance or reported the use and effects of ω-6 fatty acids
supplementation on athletes.

4.12 RECOMMENDED INTAKES

Because a Recommended Dietary Allowance (RDA) cannot be determined, an Ade-
quate Intake (AI) has been estimated for ω-3 (α-linolenic acid) and ω-6 (linoleic
acid) fatty acids. The AIs for α-linolenic acid for men and women older than 19
years are 1.6 and 1.1 g/day, respectively, and the AIs for linoleic acid for men and
women 19 to 50 years are 17 and 12 g/day, respectively; for men and women older
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than 51 years, they are 14 and 11 g/day, respectively.20 AI recommendations differ
by age and gender groups and for special conditions, such as pregnancy and lactation.
It has been recommended that an optimal dietary intake of α-linolenic acid should
be 2 g/day, or 0.6 to 1% of total energy intake.26 The Food and Drug Administration
classifies intake of up to 3 g/day of ω-3 fatty acids from fish as GRAS (Generally
Regarded As Safe).38 A statement of the American Heart Association declared that
people who have elevated triglycerides may need 2 to 4 g of EPA and DHA per day
provided as a supplement, but it cautions patients taking more than 3 g of supple-
mental ω-3 fatty acids because it could cause excessive bleeding.117 An AMDR,
defined as a range of intakes for a particular energy source that is associated with
reduced risk of chronic diseases while providing adequate intakes of essential nutri-
ents, has been set for linoleic and α-linolenic acid.20 An AMDR of 5 to 10% of
energy is estimated for ω-6 fatty acids (linoleic acid), and an AMDR of 0.6 to 1.2%
of energy is given for α-linolenic acid, and approximately 10% of the AMDR for
α-linolenic acid can be consumed as EPA and DHA (0.06 to 0.12% of energy).20 

4.13 FUTURE RESEARCH NEEDS

Future research needs to focus on long-term epidemiologic studies on the effects of
diets supplemented with EPA, DHA, and α-linolenic acid, compared to ω-6 fatty
acids diets, and their outcome in autoimmune and chronic diseases. It is suggested
that future research in the area of ω-3 and ω-6 fatty acids and physical performance
should focus on large long-term controlled intervention studies to assess the effects
and probably benefits of long-term supplementation in athletes. It is also suggested
that studies of the effects of supplemental doses on physical performance need to
be evaluated with caution, as adverse effects have been reported for these polyunsat-
urated fatty acids. Recently, adequate intakes for α-linolenic and linoleic acids have
been set for a healthy population, as there is not enough evidence to set an RDA;
therefore, the need for well-designed studies in the field of exercise and physical
performance is critical to further assess the effect of inadequate or toxic intakes on
athletes. It is recommended that older and female athletes be included to examine
the effect of age and gender, as most of the studies have included only young males.

4.14 SUMMARY

Omega-3 and ω-6 fatty acids are essential for life. Research has shown either
beneficial effects of supplementation or detrimental results of nutritional deprivation
or lower intake on metabolism. DHA and EPA in the form of dietary fish or fish oil
supplements have been shown to lower triglycerides and reduce the risk of heart
attack and strokes in people with known cardiovascular disease. α-Linolenic acid
seems to have similar benefits, although they seem to be less considerable. Omega-
3 and ω-6 fatty acids play a crucial role in brain function as well as normal growth
and development. High intakes of ω-3 and ω-6 fatty acids need to be approached
with caution, as side effects and interaction with drugs have been reported. Some
studies have reported ω-3 fatty acids supplementation to have an effect on aerobic
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capacity, probably by its incorporation into membranes and its effect in the increase 
of the deformability of red blood cells, enhancing oxygen transport and then improv-
ing exercise performance. However, other studies have shown contrasting results. 
Therefore, enhanced aerobic exercise performance has not been clearly demon-
strated, and more research is needed to elucidate the effect of supplementation. 
Based on available information, ω-3 fatty acids supplementation seems to reduce 
the severity of EIB in athletes by reduction of several inflammatory mediators. 
Additional research is needed in this area, as the research on supplementation of ω-
3 fatty acids on nonathlete individuals does not show enough evidence to form a 
clear conclusion.
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5.1 INTRODUCTION

Conjugated linoleic acid (CLA) refers to a group of stereo and positional isomers
of octadecadienoate (18:2) (Figure 5.1).1 This group of polyunsaturated fatty acids
is formed by partial biohydrogenation in the rumen of cattle and lamb, and is
therefore found in the meat and milk products from these ruminant sources (Table
5.1).2–4 Levels of CLA and individual isomers in meat and milk result from differ-
ences in diet and farming management of cows.5 CLA can also be prepared syn-
thetically by heating linoleic acid in the presence of alkali or by partial dehydroge-
nation of linoleic acid; however, synthetic preparation of CLA from precursors such
as linoleic acid results in an alteration of the isomeric composition (Table 5.2).6 In
foods, c9t11 CLA, also called rumenic acid,7 is the most predominant isomer,4,8

followed by t7c9 CLA, c11t13 CLA, c8t10 CLA, and t10c12 CLA.8 In synthetic
preparations of CLA, c9t11 CLA and t10c12 CLA are the dominant isomeric forms,
followed by t7c9 CLA, c8t10 CLA, and c11t13 CLA. Importantly, most research
on CLA in health has utilized the synthetic form of CLA oil containing the altered
ratio of c9t11 CLA:t10c12 CLA of 0.95.

5.2 HEALTH PROPERTIES OF CONJUGATED LINOLEIC 
ACID

Several animal and human studies have found CLA to have various health properties,
including action as an anticarcinogen9 and anti-atherosclerotic agent,10,11 as well as
an antidiabetic agent.12 CLA also reduces body mass in growing animals13–16 and
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adult humans17,18 when provided as a synthetic mixture of CLA isomers. The t10c12
isomer appears to have a greater effect on adiposity than the c9t11 isomer in mice.18,19

Because of favorable effects of CLA on adiposity and lean mass in experimental
animals, CLA has received some attention as an ergogenic aid for resistance-trained
athletes and bodybuilders. This review will summarize the effects of CLA on energy
expenditure, body composition, and muscle mass with and without resistance train-
ing. We will review and present the current state of knowledge surrounding proposed
mechanisms of action, and finally, we will speculate about the possibility of CLA
to act as an ergogenic aid in people.

5.3 EFFECTS OF CONJUGATED LINOLEIC ACID ON 
MUSCLE MASS AND STRENGTH

Along with reducing adiposity in several animal models of obesity, CLA may have
positive effects on muscle mass (Table 5.3). A relationship between CLA supple-
mentation and muscle size and strength was first reported in 1997.20 In a placebo-
controlled study, 24 male novice bodybuilders were supplemented with 7.2 g/day
of CLA or a vegetable oil placebo while completing 6 weeks of bodybuilding
exercises. Arm circumference and skin-fold measurements were used to determine
body mass. Arm girth increased from 7175 ± 978 to 7562 ± 1000 mm2 in the CLA
group compared with the placebo (from 7777 ± 1532 to 7819 ± 1516 mm2). The
greater increase in arm girth in the CLA group suggests that more muscle was built
in the CLA group than in the placebo group. Body mass in the CLA group increased
from 77.6 ± 11.8 to 79.0 ± 12 kg, while the control group remained relatively even
at 77.8 ± 11.9 kg to 77.8 ± 11.8 kg. As a measure of strength, leg press increased
from 263.6 ± 63.0 to 335 ± 75 kg in the CLA group, while there was a smaller
increase in the placebo group: 271.5 ± 62.9 kg to 306.8 ± 70.2 kg. Skin-fold
measurements, total body fat, and total body water measured by bioelectrical imped-
ance analysis (BIA) of both whole body and upper limb were similar between groups.

In a randomized, placebo-controlled study with similar design by Ferreira et
al.,21 experienced resistance-trained men were supplemented with CLA or an olive
oil placebo for 28 days.21 In men supplemented with CLA, performance on the 1-RM
(repetition maximum) bench press and leg press was slightly improved; however,

FIGURE 5.1 Structures of t10c12-conjugated linoleic acid and c9t11-conjugated linoleic
acid.
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TABLE 5.1
Content of Conjugated Linoleic Acid in Selected Foods

Food
Total CLA
(mg/g fat)

c9t11 Isomer
(%)

Dairy Products
Homogenized milk 5.5 92
Butter 4.7 88
Sour cream 4.6 90
Plain yogurt 4.8 84
Nonfat yogurt 1.7 83
Ice cream 3.6 86
Sharp cheddar cheese 3.6 93
Mozzarella cheese 4.9 95
Colby cheese 6.1 92
Cottage cheese 4.5 83
American processed cheese 5.0 93

Meat (Uncooked)
Fresh ground beef 4.3 85
Beef round 2.9 79
Veal 2.7 84
Lamb 5.6 92
Pork 0.6 82

Poultry (Uncooked)
Chicken 0.9 84
Fresh ground turkey 2.5 76

Seafood (Uncooked)
Salmon 0.3
Lake trout 0.5
Shrimp 0.6

Processed Foods
Beef frank 3.3 83
Turkey frank 1.6 70
Peanut butter 0.2

Canned Foods
Spam™ 1.3 71
Baked beans 0.7 56
Corned beef 6.6 85

Vegetable Oils
Safflower 0.7 44
Sunflower 0.4 38
Canola 0.5 44
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the improvement was not statistically different from the control group. In addition,
blood urea nitrogen levels were lower in men supplemented with CLA, suggesting
an anabolic effect. Total body masses measured by dual x-ray absorptiometry
(DEXA), fat-free mass, fat mass, and percent body fat were similar between groups.

In a separate study of CLA in relation to bone mineral content, bone mineral
density, and immune stress, 23 experienced resistance-trained males were supple-
mented with 6.0 g/day of CLA, 3.2 g/day of CLA, or an olive oil placebo for 28
days.22 Bone mineral content increased and the neutrophil/lymphocyte ratio
decreased in the CLA-supplemented groups, suggesting less immune stress. In a
subsequent study, supplementation with 3.0 g/day of CLA had no effect for 23
experienced resistance-trained males on total body mass, fat-free mass, fat mass,
percent body fat, bone mass, strength, serum substrates, general markers of catab-
olism, and immunity during training during a 28-day study.23 Perhaps the relatively
higher doses of 6 g/day of CLA are more effective than a 3 g/day supplement.

Notably, all studies on the role of CLA as an ergogenic aid to enhance strength
have involved humans. Unfortunately, the results are mixed, with some studies
finding a correlation between supplementation of CLA and strength via leg press20,21

and others finding no relationship.22,23 More attention to the prospective relationship
between strength and CLA is needed, including using women in addition to

TABLE 5.2
Approximate Isomeric Content (%CLA) of Conjugated Linoleic 
Acid: Selected Foods vs. Synthetic Mixture

c9t11 CLA
c7t9 CLA,
c8t10 CLA

t10c12 CLA,
Others

c9t11
CLA:t10c12 CLA Ratio

Beef 74.8 15.8 9.0 8.31
Cheese 82.6 8.3 9.0 9.18
CLA mix 48.7 51.3 0.95

TABLE 5.3
Summary of the Role of Conjugated Linoleic Acid to Alter Muscle 
Mass in Humans

Source  Action with CLA

Lowery et al., 199820 ↑ Arm girth in novice bodybuilders
↑ Body mass
↑ Leg press

Ferreira et al., 199721 ↑ Bench press in experienced resistance-trained men
↑ Leg press

Kreider et al., 199822  ↑ Bone mineral content in experienced resistance-trained athletes
↓ Neutrophil/lymphocyte levels

Kreider et al., 200223 ↔ No change in experienced resistance-trained athletes
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men, since it is very possible that the different sexes metabolize and utilize CLA
differently.

5.4 EFFECTS OF CONJUGATED LINOLEIC ACID ON 
BODY COMPOSITION

CLA has been shown to have an inverse relationship with adiposity. A reduction in
body fat mass has been found in growing animals such as mice, rats, pigs, and cattle
as well as adult humans. In fact, when 6-week-old male ICR mice were supplemented
with 0.5% CLA plus 5% corn oil to their diet for 32 days, a 57% reduction in body
fat and a 5% increase in lean body mass was observed compared with their respective
controls.13 In the same study, 6-week-old females were fed a 0.5% CLA plus 5%
corn oil-supplemented diet for 28 days and showed a 60% reduction in body fat and
a 14% increase in lean body mass compared with their respective controls. The
control male and female mice were fed a diet with 5.5% corn oil. It is interesting
to note the similarity of body fat reduction, but there was a nearly threefold difference
in lean body mass between the male and female mice; perhaps male and female
mice metabolize and incorporate CLA differently. In a separate study, a 50% reduc-
tion in adipose tissue mass was observed when 8-week-old female ICR mice were
fed a diet containing 0.5% of a CLA mixture for 4 weeks.14 The adipose tissue
reduction was sustained after the CLA was removed from the diet. When AKR/J
mice were fed a semipurified diet supplemented with 2.46 mg/kcal of CLA mixture
for 6 weeks, a significant reduction in adipose tissue deposition (43 to 88%) inde-
pendent of the high-fat (45 kcal%) and low-fat (15 kcal%) diet composition was
observed.15

To determine whether a metabolite of CLA could explain the reducing effect of
CLA on body weight and adiposity, the effect of CLA and conjugated linolenic acid
(CLNA) on body fat in male Sprague-Dawley rats was determined.16 CLNA is a
highly unsaturated conjugated fatty acid and is expected to affect lipid metabolism.
The 4-week-old male rats were fed a purified diet with either 1% CLA or CLNA
for 4 weeks. Peri-renal and epididymal adipose tissue weight was reduced in both
the CLA and CLNA groups; however, the effects were heightened within the CLNA
group. These results suggest that CLNA and CLA may work differently in reducing
adipose tissue weight.

In studies involving human subjects, research findings have been mixed. A study
supplementing varying amounts of CLA from 1.7 to 6.8 g/day to overweight and
obese humans for 12 weeks showed a reduction in body fat mass, measured by
DEXA, for the CLA group.17 In people with type 2 diabetes mellitus, supplemen-
tation with CLA (mixture of c9t11 CLA and t10c12 CLA isomers) or placebo was
provided at 8.0 g/day. Supplementing for 8 weeks with the CLA mixture resulted
in reduced body weight.18 Further, it was noted that the t10c12 CLA isomer was
more significantly associated with the decreased body weight than the c9t11 CLA
isomer, suggesting that t10c12 CLA may be the bioactive isomer responsible for
weight loss. Another study, involving weanling ICR rats, also found that the t10c12
CLA isomer was associated with reduced body fat, enhanced body water, enhanced
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body protein, and enhanced body ash, whereas the c9t11 and t9t11 CLA isomers
did not affect these parameters.19

In addition to reducing adipose tissue mass, the t10c12 CLA isomer has been
linked to increased insulin resistance in men who have symptoms of the metabolic
syndrome.26,27 A CLA mixture also appeared to cause hyperinsulinemia in C57BL/6J
mice24 that was accompanied by severe adipose tissue ablation and decreased leptin
levels. The effects of the CLA mixture on adipose tissue depletion were reversed
by continuous leptin infusion. In a follow-up study, decreasing the amount of a CLA
mixture from 1 to 0.1 g/100 g diet, while increasing the amount of total fat in the
diet from 4 to 34 g/100 g diet, did not lead to lipodystrophy, while fat mass was
modestly reduced.25 Insulin resistance was present in the group fed the 1 g CLA/100
g diet, but not present in the 0.1 g CLA/100 g diet group.

In men who were supplemented with 3.4 g/day of a CLA mixture, purified
t10c12 CLA isomer, or olive oil placebo, the t10c12 CLA isomer exerted an increase
in insulin resistance that correlated with increased urinary isoprostane levels, sug-
gesting an increase in oxidative stress in these same individuals. Previously, in a
study from the same group, 60 abdominally obese men supplemented with 3.4 g/day
of the t10c12 CLA isomer, a CLA mixture, or equal amounts of olive oil became
more insulin resistant when supplemented with t10c12 CLA than did people sup-
plemented with the CLA mix or olive oil control.27 These results are significant in
the clinical usages of various isomers of CLA as a dietary supplement.

In contrast to the above studies, women supplemented with 3 g/day of CLA had
no significant difference in body composition compared with the placebo.28 Seven-
teen women were supplemented with either a 3 g/day capsule of a CLA mixture or
a sunflower oil placebo while being confined to a metabolic suite for 94 days. Their
diet and activity were held constant. It is possible that 3 g/day is not enough to
elucidate a change in body composition in women.

In 1994, it was proposed that CLA acted as an in utero anabolic stimulus for
rats, since it appeared to enhance weight gain in rats.29 Eight-week-old female Fisher
rats were fed a nonpurified diet and allowed to mate with a male counterpart.
Immediately after mating, the females were separated and fed a mixture of either
0.5 g CLA/100 g or 0.25 g CLA/100 g or corn oil mixed with a semipurified diet.
Diets with CLA did not affect the weight of dams but increased the weight of the
pups in the CLA-fed groups. Conversely, Poulos et al. later performed a similar
study in which pregnant Sprague-Dawley rats were provided diets with 6.5 g/100 g
soybean oil and 0.5 g/100 g CLA or 7 g/100 g soybean oil.30 The maternal treatment
continued until day 21 of lactation, at which time the pups were weaned. The pups
were assigned control or CLA diets until 11 weeks of age. No difference was found
in the number of pups per litter, weights of whole litters, litter weight gain, litter
efficiency, or food intake of the dams fed. Parametrial fat pad weight and retroperi-
toneal pad weight were less in dams fed CLA, and pups from dams fed CLA were
significantly heavier at weaning than the pups from the control dams. Heavier
gastrocnemius and soleus muscles and longer tail lengths, which are markers of
skeletal growth, were found at 11 weeks of age in male pups than in dams fed CLA.
These results suggest that CLA treatment in relation to body composition may be
dependent on the sex and age of the animal as well as the duration of feeding.
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5.5 EFFECTS OF CONJUGATED LINOLEIC ACID ON 
ENERGY INTAKE AND EXPENDITURE

The inverse association of CLA with body mass and adiposity prompted research
to elucidate the role of CLA to modulate energy intake and expenditure (Table 5.4).
Seventeen healthy, nonobese women between the ages of 20 and 41 were supple-
mented with 3 g/day CLA or a sunflower oil placebo for 64 days.28 Energy expen-
diture measured by respiratory gas exchange, energy intake, or body composition
was associated with CLA provided as a low dose and in a short-duration protocol.
Similarly, no effect of CLA on energy expenditure was found in adult male Syrian
hamsters fed diets with the c9t11 CLA isomer to equate 1.6% of energy or a CLA
mixture of 3.2% of energy for 6 to 8 weeks.31 In contrast, male AKR/J mice
supplemented with CLA reduced energy intake and growth rate.15 The group fed a
diet with 1.2% CLA mixture in a high-fat diet and 1.0% CLA mixture in a low-fat
diet also had an increased metabolic rate and a decreased nighttime respiratory
quotient compared with the controls fed without CLA. In a separate study, West et
al. also found no reduction in energy intake when AKR/J mice were fed diets with
1% CLA mixture for 5 weeks.32 However, energy expenditure was increased and
appeared to account for lower body fat stores in the CLA group.

5.6 SUMMARY

The effects of CLA as a modulator of muscle mass have been given little attention.
While there is evidence that CLA may help to increase muscle mass, there is also
some evidence that CLA has no effect as an ergogenic aid. In the studies that
presented evidence that CLA did increase muscle mass, the increase was slight and
only 20 to 30 subjects were tested. A larger subject base along with longer supple-
mentation time could possibly provide more significantly impressive data.

CLA has been found to lower adipose tissue, body fat mass, and body weight
in animal and human models. While lowering adipose tissue in mice, it was also

TABLE 5.4
Summary of the Role of Conjugated Linoleic Acid in Energy 
Expenditure and Food Intake

Source  Action with CLA

Animal Models
West et al., 199815 ↓ Energy intake in AKR/J mice
West et al., 200032 ↔ No change in energy intake in AKR/J mice

↑ Energy expenditure
Bouthegard et al., 200231 ↔ No change in energy expenditure in Syrian hamsters

Human Models
Zambell et al., 200028 ↔ No change in energy expenditure or intake in women
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found to increase hyperinsulinemia, which was later found to be lowered with a
lower concentration of CLA supplementation. More clinical research varying the
amount of CLA and the duration of supplementation is necessary because the data
with human subjects are not conclusive.

The research regarding CLA’s effect on energy intake and expenditure is also
variant between research groups. In animal models, CLA has been shown to increase
or demonstrate no effect on energy intake. Energy expenditure was shown to decrease
and stay at baseline with CLA supplementation. No effect was found in humans.
There is good evidence to support that CLA does in fact modulate energy intake
and expenditure; however, the mechanisms of this action remain unclear.

Based on ambiguous but suggestive findings, more research examining the
effects of CLA on energy expenditure and metabolism is warranted. These studies
are clearly required for a better understanding and for making recommendations to
the public regarding the practice of using CLA as an ergogenic or performance-
enhancing aid (Figure 5.2).

FIGURE 5.2 Health properties that may be responsive to conjugated linoleic acid.
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6.1 INTRODUCTION

Over the past few years, nutraceuticals have become increasingly popular among
the general public.1 Octacosanol is one such supplement that has been the subject
of many research studies. As with other types of supplementation, the benefits must
outweigh the risks.

Octacosanol is the main active component of policosanol and wheat germ oil.
Octacosanol is a long carbon chain: CH3(CH2)26CH2O14. It has a natural mixture of
high molecular weight alcohols and is primarily isolated from sugar cane (Saccharum
officinarum L) wax. Small quantities of octacosanol are available in the human diet
through plants (mainly as a wax in the superficial layers of fruits), leaves, skins of
common plants, and whole seeds. Most studies have used wheat germ oil extract or
policosanol to elicit an octacosanol response.

Early work by Thomas Cureton examined the physiological effects of wheat
germ oil on humans during exercise. He discovered that extracts from wheat germ
oil had beneficial effects on the physical performance of athletes.2,3 Based on Cure-
ton’s work, other researchers began to take notice of the benefits of wheat germ oil.
Soon its components were isolated and examined separately. Octacosanol appeared
to be the primary active compound in wheat germ oil. With the help of Gonzalez-
Bravo et al., the analytical procedure for determining octacosanol in plasma was
refined.4 This procedure allowed for higher recovery (94.5 to 98.7%) and precision
(1.8 to 5.8%) than was ever before permitted.
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6.2 MECHANISM OF ACTION

While only small amounts of octacosanol are ingested in the diet, many health
benefits have surfaced, in part due to researchers developing octacosanol in a sup-
plement form. Most studies to date have used a wheat germ oil extract or policosanol,
a natural mixture of primary alcohols isolated from sugar cane wax, of which
octacosanol is the primary component. Octacosanol has the potential to benefit
human health in many areas, in particular exercise performance, platelet aggregation,
and plasma cholesterol levels. Of the potential health benefits associated with octa-
cosanol, its ergogenic properties and cholesterol-lowering effects have been the most
studied.

6.2.1 EXERCISE PERFORMANCE

Ergogenic aids, substances that enhance athletic performance and increase stamina
and capability to exercise, are believed to improve performance by either renewing
or increasing energy stores in the body, which facilitates biochemical reactions
contributing to fatigue, or by maintaining optimal body weight.5 Because the U.S.
Food and Drug Administration does not require nutritional supplements to be proven
safe or effective, many athletes take such supplements without realizing potential
side effects. Likewise, nutritional supplements are not covered by the U.K. Medicines
Act, and therefore no regulations for manufacture, quality, or usage exist, making
them subject to abuse.6 Additionally, it is often difficult to fully determine whether
an improvement in performance or muscle size is due to a nutritional supplement
or to other factors, such as improved training techniques or diet.

Octacosanol is one such ergogenic supplement proposed to enhance performance
and delay fatigue. Thomas Cureton was the first to report that wheat germ oil had
ergogenic effects. During his career, Cureton performed approximately 42 studies
that addressed the ergogenic potential of wheat germ oil.2 In 1963, Cureton published
a study involving 30 trainees in the U.S. Navy. The subjects received either 3.7 ml
(10 capsules containing 0.37 ml each) of octacosanol in cottonseed oil, cottonseed
oil (used as the placebo), or whole-wheat germ oil daily for 6 weeks. While the
octacosanol-supplemented group had higher mean exercise performance, they did
not differ significantly from that of the placebo group.2

In 1986, Saint-John and McNaughton investigated human subjects taking octa-
cosanol supplements in relationship to chest strength, stamina, grip, cardiovascular
function, and reaction time. Specifically, 1000 μg of octacosanol was administered
to healthy human subjects daily. Grip strength and reaction time significantly
improved in response to a visual stimulus. The researchers concluded octacosanol
was an “active energy releasing factor” and improved performance when compared
with the placebo.7 This research led others to hypothesize that octacosanol might
exhibit properties affecting the nervous system because reaction time was able to
change according to nerve impulses throughout the body. A study was conducted in
1998 on a group of patients with coronary heart disease taking a policosanol
supplement that improved their response to exercise angina and significantly
increased maximum oxygen uptake.8 Animal studies have also exhibited ergogenic
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properties of octacosanol. Exercised-trained octacosanol-supplemented Sprague-
Dawley rats ran 46% longer and had significantly higher plasma ammonia and lactate
concentrations than control rats. While the exercised-trained octacosanol-supple-
mented rats ran significantly longer until exhausted, their plasma glucose level and
gastronecmius muscle gycogen concentrations were not different from those of the
control rats. These results suggest that octacosanol supplementation allows for mus-
cle glycogen sparing and an increase in the oxidative capacity of the muscle.9 On
the other hand, Bucci reported a failure of other researchers to significantly substan-
tiate the ergogenic benefit of octacosanol.10

If octacosanol truly does possess ergogenic properties, the mechanism of action
is not fully understood at this point. Kabir and Kimura attempted to address this
phenomenon using rats. The researchers set out to investigate the biodistribution of
radioactive (14C) octacosanol in response to exercise.11 They found the amount of
voluntary exercise to be significantly higher in octacosanol-fed rats than in control
rats. Additionally, the amount of radioactive octacosanol in the muscle of exercised
animals was significantly higher. The muscle seemed to be able to store a consid-
erable amount of octacosanol in response to exercise. While the exact mechanism
behind this increase in physical activity caused by octacosanol is unclear, it is quite
possible that octacosanol has the ability to increase the mobilization of free fatty
acids from fat cells within the muscle. The results from this study indicate that
octacosanol possesses an adipolinetic activity that could potentially affect lipolysis
in muscle.11

All in all, the studies assessing octacosanol as an ergogenic aid are nonspecific.
The trials up to this point appear to have many confounding factors. It is essential
in clinical trials, especially when athletic performance is measured, to eliminate the
placebo effect as much as possible. Many of the studies presented here, which are
considered the most reliable to date, lack consistency. This lack of congruency makes
it difficult to compare studies. Furthermore, completely randomized, double-blinded
studies comparing athletes participating in similar exercise regimens are warranted.

6.2.2 ANTIAGGREGATORY PROPERTIES

Platelet aggregation occurs when blood is converted from a thin consistency to a
thicker form or even a clot, which can cause a deep-vein thrombosis or stroke.
Exogenous factors such as arachidonic acid, collagen, and adenosine diphosphate
can cause aggregation. Platelet aggregation is an important factor in coronary artery
disease and vascular arterial disease. Patients at risk for one of these diseases have
an increased risk for the other.12 Arruzazabala and colleagues found that 5 to 20
mg/kg of policosanol given to rats resulted in antiaggregatory effects.8 These
researchers suggested the action was due to the inhibition of arachidonic acid
metabolism. The same group of researchers found that when 50 to 200 mg/kg of
policosanol was administered, a significant inhibition of platelet aggregation was
observed.12 This study emphasized the need for a large dose to allow policosanol to
exhibit antiaggregatory effects.

In 1997, the same research group investigated the effects of policosanol and
aspirin on platelet aggregation.13 Aspirin is commonly used to prevent thrombosis
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and cerebral ischemia, but can cause gastric irritation. Policosanol works by inhib-
iting thromboxane A2 (TxA2) synthesis instead of prostaglandin synthesis; therefore,
fewer side effects such as gastric irritation occur. A daily dose of 20 mg of poli-
cosanol caused a significant reduction in platelet aggregation, establishing that
policosanol was just as effective as 100 mg/day of aspirin.

6.2.3 CHOLESTEROL-LOWERING EFFECTS

Researchers noticed that during exercise endurance experiments on mice, octa-
cosanol had the ability to alter hepatic and serum lipid concentrations.14 This led
them to begin focusing on octacosanol as a cholesterol-lowering agent. In 1992,
Hernandez et al. investigated the effects on healthy individuals with normal choles-
terol levels given 10 or 20 mg of policosanol or a placebo.15 The policosanol-
supplemented group had a significant decrease in serum cholesterol levels. The group
taking 20 mg of policosanol also demonstrated an increase in high-density lipopro-
tein (HDL) levels. Aside from the cholesterol-lowering effect, this study revealed a
good tolerance in all subjects taking the policosanol supplement.

Kato and colleagues set out to test the effect of octacosanol on lipid metabolism
through rats fed a high-fat diet supplemented with octacosanol.16 The addition of 10
g octacosanol/kg to a high-fat diet led to a significant reduction in the perirenal
adipose tissue weight without causing a decrease in cell number. This suggests that
octacosanol may suppress lipid accumulation in this tissue. Furthermore, octacosanol
supplementation decreased the serum triacylglycerol concentration, most likely
through the inhibition of hepatic phosphatidate phosphohydrolase. High amounts of
lipoprotein lipase in the perirenal adipose tissue and an increase in the total oxidation
rate of fatty acid in the muscle were also observed. Lipid absorption, however, was
unaffected by octacosanol supplementation. This study suggests that the dietary
incorporation of octacosanol affects some aspects of lipid metabolism. The action
of octacosanol may depend on specific dietary conditions, such as fat content, as
suggested by this study.

While statin drugs (drugs currently used to reduce blood cholesterol levels)
inhibit 3-hydroxy-3-methylglutaryl coenzyme A reductase in the cholesterol synthe-
sis pathway, policosanol inhibits the same pathway but a step earlier. Policosanol
could, therefore, prove to be a useful alternative to statin drugs.

In 1999, a study examined just that — the effects of policosanol and pravastatin
(a statin drug) on the lipid profile of hypercholesterolemic patients.17 The researchers
demonstrated that policosanol was more effective than pravastatin in lowering low-
density lipoprotein (LDL), as well as improving the ratios of LDL to HDL and total
cholesterol to HDL. As seen in previous studies, policosanol also increased HDL.15,16

It is important to note that both drugs in this study were well tolerated with little or
no side effects reported.

A similar study examined the effects of policosanol and fluvastatin, another
commonly used statin drug, on hypercholesterolemic patients.18 Policosanol exhib-
ited LDL-lowering and HDL-raising effects. Again, policosanol was well tolerated
by the hypercholesterolemic patients. As in the studies discussed here, many others
have also investigated the effects of policosanol on hypercholesterolemia, and in all
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cases the results were similar: LDL cholesterol decreased and HDL cholesterol
increased.17–21

From these studies we can conclude that octacosanol/policosanol appears to be
a promising lipid-lowering agent that is well tolerated with fewer reported side
effects than its statin counterpart. Additionally, the cost of octacosanol/policosanol
supplementation is only a fraction of statin drugs, which would make it more
available to lower-income hypercholesterolemic patients. It is important to note that
most of the studies examined here are considered short term (<1 year long). Larger
trials extending over longer periods of time are needed to assess the longer-term
effects of octacosanol.

6.3 BIODISTRIBUTION

To evaluate some of the health claims regarding octacosanol, researchers began to
focus on the distribution of orally administered octacosanol throughout the body.
Kabir and Kimura set out to further understand the mechanism of increased physical
exercise and motor endurance by octacosanol.22 14C-labeled octacosanol adminis-
tered to rats was found to primarily accumulate in adipose tissue, especially brown
adipose tissue. Additionally, they found excretion through the feces to be very low,
but present in measurable quantities in the urine and expired as 14CO2. This study
suggests that a portion of 14C-octacosanol might be converted into fatty acids, which
in turn supplies 14CO2 and energy through the process of β-oxidation. There is,
however, the possibility that all the free acid produced from octacosanol does not
undergo direct oxidation and part of it is stored in the fat pool of the adipose tissue.
Neptune et al. reported similar findings; the conversion of long-chain fatty acids to
14CO2 constituted only a small fraction of the total CO2 in the rat diaphragm.23

Kabir and Kimura further investigated the tissue distribution of 14C-octacosanol
in liver and muscle of rats after a series of administrations.24 They found the highest
amount of radioactivity in the liver (9.5% of administered dose), followed by the
digestive tract (8.2% of administered dose) and the muscle (3.5% of administered
dose). Interestingly enough, the radioactivity in the liver disappeared rapidly, while
the muscle seemed to be able to store a considerable amount in response to the dose
administered. More recently, Menendez et al. demonstrated that octacosanoic acid,
as well as short-chain saturated and unsaturated fatty acids, are formed after an oral
dosing of policosanol in rats and monkeys. These results reinforce the idea that
octacosanol metabolism is linked to fatty acid metabolism via β-oxidation.25

6.4 SUMMARY

Octacosanol has many potential uses for various health concerns. The most widely
studied to date are its cholesterol-lowering properties and exercise performance
effects. The studies presented thus far have supported the potential octacosanol has
in benefiting human health with regard to cholesterol lowering and platelet
antiaggregation. Additionally, it has the potential to treat these health conditions
without the major side effects often associated with currently marketed drugs. Thus,
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octacosanol is an important drug of the future in view of the ever-increasing prev-
alence of obesity and coronary heart disease in the U.S. However, the ability to
pinpoint optimal doses for the aforementioned health benefits is lacking in the current
literature. Likewise, toxicity of octacosanol has not been observed and remains
unknown at this point. More studies are needed to address the long-term effectiveness
of octacosanol as well as long-term problems that may arise with supplementation
such as this. Furthermore, trials need to be consistent to optimize a comparison of
studies that reflect true human function. For example, studies assessing octacosanol
as an ergogenic aid need to be completely randomized and double blinded (to
eliminate placebo effect), comparing athletes participating in similar exercise regi-
mens. A study containing all of these aspects has not yet been reported. Future
research must begin to focus on defining guidelines for octacosanol supplementation,
which need to be specific for each health claim. This is especially important because
supplementation of this sort does not fall under the U.S. Food and Drug Adminis-
tration’s jurisdiction.
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7.1 INTRODUCTION

The quantity of protein intake for athletic populations has been a matter of contro-
versy for several years. Interest in protein intake can even be traced to ancient Greece,
where records from the Olympics indicated that athletes consumed huge amounts
of meat to try to maximize strength performance.1 By the 18th century, muscle
contraction was believed to be fueled by the oxidation of muscle protein.2 As the
importance of lipid and carbohydrate (CHO) oxidation in muscle metabolism became
clear, a central role for protein oxidation in the supply of energy during muscle
contraction waned.3 In contrast, the quality of protein intake for athletic populations
has received much less scientific attention. Only recently have researchers attempted
to distinguish the potential benefits of varying compositions of amino acids and
protein type (e.g., whey vs. casein). The question as to whether physical activity of
any type alters the dietary requirement for protein remains open for debate.4–6

In this chapter, the pathways of protein metabolism in skeletal muscle with
emphasis on the effects of exercise on metabolic and anabolic regulation will be
reviewed, including the factors that modify these responses. We will then review
studies that have attempted to determine whether athletes require dietary protein
intakes higher than those for sedentary individuals and whether protein quality
influences metabolic and anabolic regulation. Throughout the chapter, exercise will
be broadly classified as either endurance or resistance to highlight the two major
classifications of exercise at opposite ends of the metabolic demand spectrum.
Endurance activities can be broadly defined as those that utilize predominantly
oxidative phosphorylation as the primary energy source; resistance activities lead to
increases in strength, power, and muscle mass as outcomes.

7.2 PROTEIN METABOLISM

Proteins are important molecules comprised of amino acids — compounds containing
an amino group (–NH2), a carboxylic acid group (–COOH), and a radical group
(different for each of the amino acids). Structural proteins include cytoskeletal proteins
such as dystrophin, vimentin, and desmin, and connective tissue proteins such as
collagen; regulatory proteins include enzymes such as lactate dehydrogenase, citrate
synthase, or cytochrome c oxidase. There are 20 amino acids that are found as con-
stituents of proteins or present as free amino acids. Nine amino acids are considered
essential or indispensable (histidine, isoleucine, leucine, lysine, methionine, phenyl-
alanine, threonine, tryptophan, valine),7 and arginine is sometimes considered to be
conditionally essential. The essential amino acids must come from the diet or from
endogenous protein breakdown. Since proteins serve such critical roles in the survival
of the organism, it is not surprising that their metabolism is complex, tightly regulated,
and in a constant state of flux with simultaneous synthesis and degradation.

7.2.1 PROTEIN SYNTHESIS

Protein synthesis is initiated when a signal (e.g., nutrient, hormone, mechanical) to
the cell is communicated to the DNA to induce gene expression (transcription),8
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resulting in formation of messenger RNA (mRNA). The mRNA is translated into a
protein through the process of translation by the ribosomes, which are free in the
cytosol or bound to rough endoplasmic reticulum. The process of translation requires
a second form of RNA, called transfer RNA, and three distinct steps: initiation,
elongation, and termination. Following translation, the nascent protein can be further
modified through processes such as glycosylation or degradation (posttranslational
modification).

When the entire process of muscle protein synthesis is considered, there is ample
evidence that this increases in a similar manner after both endurance9,10 and
resistance11–14 exercise. Factors such as the intensity and duration of exercise also
have profound effects on gene expression.15 The sites of regulation and how this
generalized protein synthetic response is fine-tuned to allow for phenotypical diver-
gence are just becoming unravelled. We have used microarray technology and found
that over 200 mRNA species are differentially expressed by only 3 h after endurance
exercise,16 and only a minority of these same species are expressed in a similar
fashion following resistance exercise.17 Others have found that phosphorylation of
proteins such as p70S6k, 4E-BP1, eIF-2B, and AMPK is altered in response to
different contraction patterns in skeletal muscle.18,19 Collectively, the data show that
there are changes at multiple levels (e.g., transcription and translation) within the
protein synthetic pathway that simultaneously respond to exercise. It is also likely
that the state of training will have a major role in determining the absolute and
relative importance of transcriptional and translational control of certain proteins
and how this relates to protein synthesis,8,20,21 ultimately modulating the phenotypic
response to a given pattern of muscle contraction. Innovative approaches have
revealed that muscle conserves the ability to acutely and directionally respond to
divergent stimulii, even if its training history is at the opposite end of the metabolic
demand spectrum.22

The relationship between exercise and nutrition and the fundamental aspects of
gene expression and translation are only now being explored.23–26 For example, low
muscle glycogen content causes an induction of IL-6 mRNA content in skeletal
muscle,24 which may function as a homeostatic sensor to increase hepatic glucose
production.27 During exercise, glucose supplementation, compared with water intake,
can attenuate increases in the expression of PDF-4 and UCP-3 — genes involved
in metabolic regulation.28 Insulin and amino acids also influence the assembly of
the initiation complex required for protein translation.29 Recent evidence suggests
that diet and exercise may influence different components of the synthetic pathway,
for amino acids altered p70 S6 kinase and eukaryotic initiation factor 4E-binding
protein-1 phosphorylation status, while resistance exercise had no effect at the same
time point.30 Consequently, nutrition and exercise may alter protein metabolism
through independent and possibly complementary pathways. If and how these
changes will impact upon protein and amino acid requirements at various phases of
the training continuum is not clear. It is theoretically possible that endurance exercise
training could impact upon amino acid requirements through increased synthesis of
enzymes, capillaries, hemoglobin, and myoglobin (in addition to oxidation). The
amino acids for these processes may be derived from an increase in dietary protein
intake or an increase in the efficiency of amino acid reutilization.
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7.2.2 PROTEIN BREAKDOWN

Protein degradation is the process of breaking down proteins into their constituent
amino acids. These amino acids contribute to the intracellular free amino acid pool,
which may be exported into the plasma, directly oxidized, or reincorporated back
into tissue protein (synthesis). Although most athletes think only of maximizing
protein synthesis, it is equally logical to try to attenuate degradation, for net protein
balance is a function of synthesis minus degradation. A bodybuilder, for example,
could achieve net protein retention by decreasing degradation even without a change
in synthesis.

The three main pathways for protein degradation in human skeletal muscle
include the lysosomal (cathepsin) and nonlysosomal (calpain and ubiquitin) path-
ways. The lysosomal pathway degrades endocytosed proteins, some cytosolic pro-
teins, hormones, and immune modulators.31 This pathway is not a major contributor
to human skeletal muscle protein degradation,32 except when there is significant
muscle damage and inflammation.33 The two major nonlysosomal pathways in
human skeletal muscle are the (ATP)-dependent ubiquitin pathway31 and the calcium-
activated neutral protease or calpain pathway.34–36 The calpain pathway is felt to play
a role in skeletal muscle proteolysis during exercise.34 The ubiquitin pathway is
activated after the targeting of proteins for degradation (e.g., oxidative modification).
Following targeting, ubiquitin molecules are linked to lysine residues through a
series of pathways catalyzed by three enzymes, termed E1, E2, and E3, and are then
degraded by the 26S proteosome into peptides.31 This pathway is activated during
starvation and muscle atrophy.37 Evidence suggests that activation of apoptotic
pathways, particularily caspase 3, is a prerequisite for initiation of ubiquitin-proteo-
some-mediated proteolysis of acto-myosin.38 It is not currently known whether
endurance exercise training has an effect on the activation or content of any of the
specific protein breakdown pathways.

In addition to dietary protein intake, protein degradation is the only other source
of amino acid contribution to the intracellular free amino acid pool. In human skeletal
muscle, at least eight amino acids (alanine, asparagine, aspartate, glutamate, iso-
leucine, leucine, lysine, and valine) can be oxidized.39 During exercise, however, the
branched-chain amino acids (BCAAs; isoleucine, leucine, and valine) are preferen-
tially oxidized.39–42 The BCAAs are transaminated to their ketoacids via branched-
chain aminotransferase (BCAAT), with subsequent oxidation occurring via
branched-chain oxo-acid dehydrogenase enzyme (BCOAD).43,44 In the cytosol, the
amino-N group is usually transaminated with α-ketoglutarate to form glutamate,
which is in turn transaminated with pyruvate to form alanine45 or aminated via
glutamine synthase to form glutamine. Some of the amino-N may end up as free
ammonia released from muscle; however, during high-intensity contractions most
of the ammonia comes from the myoadenylate deaminase pathway.46–48 The BCOAD
enzyme is rate limiting in BCAA oxidation, with about 5 to 8% active (dephos-
phorylated) at rest and 20 to 25% active during exercise.40,43 BCOAD activation is
related to a decrease in the ATP/ADP ratio, a decrease in pH, and a depletion of
muscle glycogen.48–51 The inverse correlation between BCOAD activation and mus-
cle glycogen concentration48,49 provides theoretical support for strategies to ensure
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CHO availability during exercise to attenuate BCOAD-mediated amino acid oxida-
tion. Somewhat surprisingly, glucose supplementation during exercise does not
appear to significantly attenuate BCOAD activation even though leucine oxidation
was attenuated at higher protein intakes (1.8 g/kg/day).52

7.2.3 MODELS AND MEASUREMENT OF PROTEIN METABOLISM

There are several measurements of protein turnover at the whole-body and tissue
level. At the most basic level, the balance between all protein intake and excretion
would provide a net balance measurement. This protein balance can be measured
using nitrogen balance (NBAL) methods. With the NBAL method, measurements
are made of all sources of nitrogen intake (diet and intravenous) and output (urine,
feces, sweat, and miscellaneous) and a balance is calculated. If the balance is
positive, the person is in a state of net retention, and if it is negative, the person is
in a state of net depletion. The measurement of nitrogen is based upon the fact that
proteins are about 16% nitrogen by weight.

If an essential amino acid such as leucine is used to study protein turnover, the
only sources are from dietary intake (I) or protein breakdown (B). Amino acids like
leucine can be removed from the plasma, either for protein synthesis (S), oxidation
(O), or incorporation into other metabolic pathways after transamination/deamina-
tion. In the case of leucine, this amino acid can also be completely oxidized in the
human body to CO2, allowing for the measurement of O as well. A simple model
in the measurement of protein turnover/flux therefore takes into consideration the
above factors so that flux (Q) is equal to I + B, which is in turn equal to S + O (i.e.,
Q = I + B = S + O). Isotope studies are used to derive these variables of protein
turnover, since amino acid tracers can be used to measure Q and O, and if intake
equals zero, then Q = B, and by subtraction, S = Q – O.53 Isotopes are molecules
that share the same atomic number (protons), yet have different numbers of neutrons
(atomic mass). Stable isotopes occur naturally and do not emit ionizing radiation,
whereas radioactive isotopes undergo spontaneous decay. For these reasons, stable
isotopes have become very popular in exercise research.10,40,41,53–56 Although useful,
this model is very simplistic in that there are multiple amino acid pools turning over
at very different rates.

Using arteriovenous catheters, one can also measure the amino acid balance
across a limb, and measurements of amino acid transport, muscle protein synthesis,
and breakdown can be made by simultaneously using stable isotopes.12,54,57 Another
method to measure protein synthesis is the fractional synthetic rate (FSR) method.
This requires the infusion of an isotope and the measurement of the incremental
increase in isotopic enrichment within a tissue or specific protein over time. We,
and others, have used muscle biopsies to look at mixed-skeletal muscle FSR after
exercise using this method.10,11,13,25 Myofibrillar and mitochondrial FSR can also be
determined using stable isotopic tracer incorporation in combination with a gel
separation of the component proteins.58 A recent development has been the meas-
urement of collagen synthesis in both muscle and tendons using the FSR method.14

With this method it has been shown that acute resistance exercise results in a rapid
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increase in the rate of collagen protein synthesis, possibly to remodel the extracellular
matrix.59

A significant limitation to our understanding of protein turnover has been the
lack of an adequate method to measure muscle protein breakdown. Initially, there
was much enthusiasm for the use of 3-methylhistidine (3-MH), which is a posttrans-
lational modification of histidine residues in the actin and myosin of skeletal mus-
cle.60,61 This method requires accurate urinary collections and assumes that most of
the 3-MH arises from skeletal myofibrillar proteolysis and that the proportional
contribution from other sources relative to muscle remains constant under varying
physiological situations.60 These limitations are not as much of an issue in crossover
studies where the subject is his or her own control, yet the collection issues are still
an issue. A method for the determination of mixed-muscle fractional breakdown rate
(FBR) using a stable isotopic decay kinetic method has been developed in the
laboratory of Wolfe;13 we have used this method to show that FBR is not altered
following resistance training in the fed state.62

7.3 ACUTE EXERCISE EFFECTS ON PROTEIN 
METABOLISM

7.3.1 ENDURANCE EXERCISE

The majority of the energy for endurance exercise is derived from the oxidation of
lipid and CHO. As mentioned above, skeletal muscle has the metabolic capacity to
oxidize certain amino acids for energy. While it may seem counterproductive to
oxidize proteins during exercise since they serve either a structural or functional
role, amino acid oxidation may also be required for exchange reactions in the
tricarboxylic acid cycle, and this may increase their net utilization.63 

Early studies evaluated urea excretion as an indicator of protein oxidation (urea
is a breakdown product formed in the liver following amino acid oxidation) and
found that urinary urea excretion was higher following endurance exercise than at
rest.4,64 This increase is missed if sweat is not collected because urea and other
nitrogen compounds are contained in sweat.65,66 For example, a person exercising

TABLE 7.1
Energy Requirements during a 1-h Run at 65 to 
75% of VO2max 

Energy (kcal/h) % Fat % Protein % CHO

Malesa 816 (122) 24 (19) 5 (3) 71 (24)
Females 603 (45) 38 (17) 2 (2) 60 (18)

a Males are different from females for all variables (p < 0.01). Values
are mean (SD) from 41 females and 40 males using pooled
data.40,41,55,64,74,75

9079_C007.fm  Page 114  Wednesday, March 7, 2007  1:00 PM

SPORTS NUTRITION JFII



Protein: Quantity and Quality 115

in high ambient temperatures or humidity with a sweat rate of up to 2 l/h would be
expected to have a high urea sweat loss that may contribute to a more negative
nitrogen balance. Since urea excretion represents the full extent of amino acid
oxidation, this method provides only indirect evidence for amino acid oxidation and,
in some cases, does not correlate well with direct measures of amino acid oxidation.45

By far, the amino acid leucine has been most often used to trace the effects of
exercise on amino acid oxidation, and many studies have shown that endurance
exercise increases leucine oxidation.40–42,66–69 An increase in lysine oxidation has also
been observed during endurance exercise.67 During endurance exercise, leucine
oxidation demonstrates a positive correlation with exercise intensity.70 Leucine
oxidation40,41 and plasma urea content71 also increase with exercise duration. Finally,
leucine oxidation increases with glycogen depletion, which may partially explain
the increase in leucine oxidation with exercise duration.48 Following endurance
exercise, there is a prompt return toward baseline leucine oxidation levels,41 although
there appears to be a slight increase in leucine oxidation following eccentric exercise
that may persist for up to 10 days.72 This may partially explain why nitrogen balance
is negative at the onset of unaccustomed endurance exercise, yet becomes more
positive as the person adapts to the stress.73 The increase in amino acid oxidation
during endurance exercise may account for 1 to 6% of the total energy cost for an
endurance exercise session at about 65% VO2peak (Table 7.1). If only a few of the
nonessential amino acids are oxidized during endurance exercise, then the predicted
effect on protein requirements may be minimal. Conversely, an increase in essential
amino acid oxidation (e.g., leucine and lysine) may affect protein requirements since
they can only come from dietary intake or protein breakdown.

7.3.2 RESISTANCE EXERCISE

In contrast to endurance exercise, acute whole-body resistance exercise does not
alter leucine oxidation.56 In this same study we also did not find an effect of acute
resistance exercise on whole-body protein synthesis, either during exercise or for
up to 2 h post-exercise.56 We hypothesized that since muscle protein synthesis (MPS)
accounted for only 25% of whole-body synthesis,76 changes in MPS either may be
not measurable or would be negated by a reciprocal change in the synthesis of
another protein, such as one in the gastrointestinal tract.

To measure the acute effect of resistance exercise on muscle-specific protein
synthesis, several groups have used the FSR tracer incorporation method described
above. We demonstrated that mixed-muscle FSR was elevated for up to 36 h fol-
lowing a single bout of resistance exercise.11,77 Other groups have also shown the
increase in muscle protein synthesis after an acute bout of resistance exercise using
FSR13,14,59 and arteriovenous balance12 methods. Phillips and colleagues13 demon-
strated that FSR was elevated for up to 48 h after a single bout of resistance exercise
in relatively untrained men and women, and increases in FSR in older adults have
also been found following an acute bout of resistance exercise.78,79 The acute increase
in FSR following a bout of resistance exercise is attenuated after a period of training
in young men, yet the basal FSR rate is elevated.62
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Muscle protein breakdown after resistance exercise can also be studied using the
intracellular tracer dilution13 and the arteriovenous balance or tracer12 methods. In
parallel with muscle FSR, Phillips and colleagues13 demonstrated that fractional
protein breakdown (FBR) was increased after resistance exercise, yet the magnitude
of the increase was less than for FSR (i.e., the muscle was in a more positive balance).
Furthermore, they showed that FBR returned to baseline values before FSR.13 Biolo
and co-workers12 found that muscle synthesis and breakdown were increased follow-
ing an acute bout of resistance exercise. The net balance (synthesis minus degradation)
was negative prior to exercise and was more positive (but still net negative) after
exercise, for the subjects were in the fasted state. Taken together, these data indicate
that muscle FSR and FBR are increased in the post-exercise period following resis-
tance exercise. In the fasted state, net protein balance is negative, and resistance
exercise renders the muscle in a less negative balance. Therefore, the post-exercise
period is an important time for the delivery of nutrients, as discussed below.

7.3.3 FACTORS AFFECTING PROTEIN METABOLISM

7.3.3.1 Energy Intake

Energy is a classical determinant of protein metabolism, with suboptimal energy
intake leading to a relative increase in protein oxidation.80,81 For example, in star-
vation there is a clear net negative protein balance that results in cachexia. Con-
versely, an increase in total energy intake was associated with an improvement in
protein balance in young women who performed endurance exercise on a daily
basis.82 Most men and women consume enough energy and protein to accommodate
any possible increase in protein requirements; however, the goal of the sport nutri-
tionist is to identify and work with athletes who have unique and special needs.
Over the years, our group and others have expressed concern that a varying number
of female athletes appear to report very low energy intakes.41,64,65,74,83–88 Unfortu-
nately, energy restriction is on a continuum from dieting to severe cases of anorexia,
and these disordered eating patterns are not uncommon among various types of
female athletes.89 It is this minority of athletes that require most attention with regard
to energy and protein balance. Fortunately, strategies such as changing the timing
of nutritional delivery (see below) can have beneficial effects on protein balance and
performance, without altering total energy intake.82

7.3.3.2 Carbohydrate (CHO) Intake

It has been known for many years that CHO intake has a significant sparing effect
upon amino acid oxidation and protein balance.81,90 The dietary interaction between
protein and CHO may have implications for those athletes who habitually consume
fad diets that stress a very low CHO intake. Given that CHO is the predominant
fuel utilized during endurance exercise,40,41 and that this substrate can become
depleted during prolonged endurance exercise,40 it is important for amino acid
metabolism to be considered in light of CHO intake and storage (i.e., glycogen)
status of the athlete. CHO loading has been shown to attenuate plasma and sweat
urea excretion following endurance exercise.91 Furthermore, CHO supplementation
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increases whole-body protein synthesis92 and attenuates proteolysis.93 We have
reported that both men and women show attenuated total amino acid oxidation (serial
urinary urea excretion) during endurance exercise when CHO supplements are
consumed during exercise.55 These findings have been confirmed in well-trained
cyclists.94 These latter two studies55,94 emphasize the fact that CHO consumption
during exercise is an effective strategy to attenuate potential exercise-induced
increases in amino acid oxidation. Furthermore, we have also found that urea excre-
tion in urine was lower during a period of intensive endurance exercise training
when women consumed a post-exercise supplement containing CHO with a small
amount of protein, compared to consuming the same supplement at a time separated
from the exercise bout by more than 4 h.8 This finding was replicated in men
performing resistance exercise,95 where a post-exercise CHO supplement resulted
in a more positive nitrogen balance and an attenuation of 3-MH excretion (myo-
fibrillar proteolysis).95 It is important to note that these post-exercise nutritional
strategies net positive effects on nitrogen balance over a 24-h period and not just in
the immediate post-exercise period.82,95 Finally, glucose consumption during endur-
ance exercise appears to reduce leucine oxidation (~20%), but only when dietary
protein intakes are rather high (1.8 g/kg/day) and not when they are low (0.7 g/kg/day
— below any Recommended Dietary Allowance [RDA] for any country).52 The
positive effects of CHO on net protein balance are probably due to an insulin-
mediated stimulation of protein synthesis and an attenuation of protein breakdown
(see below). The convenience and relative inexpense of CHO supplementation makes
this an attractive strategy to favorably alter net protein balance in resistance sports.

7.3.3.3 Dietary Protein Intake

The level of dietary protein intake influences protein metabolism in response to
exercise. During and after endurance exercise, the provision of extra protein (beyond
requirement) resulted in an increase in leucine oxidation68,96,97 and in one study
appeared to attenuate muscle FSR.10 The latter study measured mixed-muscle FSR
in response to three different protein intakes (0.8, 1.8, 3.6 g/kg/day) in endurance-
trained athletes and found that FSR was lowest at the highest protein intake level,10

yet whole-body leucine oxidation was greatest (a nutrient excess).97 Our group has
shown that the provision of dietary protein at levels above requirement (e.g., 2.8 vs.
1.8 g/kg/day) resulted in an exponential increase in amino acid oxidation with no
further increase in protein synthesis in male strength athletes.53 In addition, the
provision of dietary protein at 2.6 g/kg/day during resistance exercise training in
young males doing weight training did not confer any strength or mass benefits
compared to a diet supplying 1.35 g/kg/day.98 Taken together, these data indicate
that protein consumed in excess of need is oxidized as energy and does not have a
net anabolic effect per se. However, there is a lower limit of protein intake where a
further reduction in protein intake will have a negative impact on protein synthesis.
It is the determination of these inflection/plateau points that ultimately will determine
the optimal protein intake for a given type of exercise (exponential increase in
oxidation and plateau in synthesis).
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7.3.3.4 Amino Acids

In addition to CHO, there has been interest in whether amino acids per se stimulate
net protein balance (e.g., increase synthesis or decrease degradation). There appears
to be a potentiation of amino acid transport into muscle after an acute bout of
training,99,100 and there is good evidence that an intravenous amino acid infusion has
a stimulatory effect on muscle protein synthesis99,101–104 independent of the insulin
effect.102 Leucine appears to have a particularly potent effect on stimulating muscle
protein synthesis, with its addition showing a marked stimulatory effect on FSR
following endurance exercise.105 Furthermore, the essential and branched-chain
amino acids seem to increase the sensitivity of the muscle to the protein stimulatory
effects of insulin.101 Net balance, however, only becomes positive with feeding, and
several studies have found that it is the essential amino acids that are critical to this
response.54,106 In contrast, amino acids appear to have equivocal effects on protein
degradation;102–104 however, the addition of carbohydrate to protein appears to atten-
uate the breakdown process following resistance exercise.107 The problem with this
body of literature is that it does not directly answer the question about protein
requirements, for it is impossible to determine whether the amino acids acted to
stimulate protein synthesis during a state of deficiency, compared to a situation of
adequate protein status.

7.3.3.5 Interaction of Nutrients

Complete proteins that contain high biological value (quality) amino acids (whey
and casein) stimulate post-resistance exercise net protein anabolism without a dif-
ference between the two sources.108 CHO has an interactive effect with amino acids
in that amino acids appear to increase protein synthesis, whereas CHO reduces
protein breakdown.107,109 A combination of high-quality protein, amino acids, and
carbohydrate clearly results in a more positive net protein balance following acute
resistance exercise than does isoenergetic carbohydrate alone.110 One study found
that the provision of CHO and essential amino acids before a bout of resistance
exercise increased amino acid (phenylalanine) uptake to a greater extent than when
provided immediately after, and that this was due to a greater delivery of amino
acids.111 In a similar fashion, there is some evidence that the consumption of milk
following resistance exercise may also increase the utilization of available amino
acids for protein synthesis.112 This latter observation is of interest because it reflects
the potentially beneficial role of a whole food product, as opposed to dietary sup-
plements, in optimizing exercise adaptation. Other investigations of nutrient inter-
actions have measured muscle FSR and whole-body protein turnover after resistance
exercise in response. Compared with trials of CHO only, CHO + protein, and CHO
+ protein + free leucine, the CHO + protein + leucine trial resulted in the most
positive protein balance through a reduction in breakdown and an increase in FSR.105

This latter study is the first to our knowledge supporting that the addition of an
amino acid to a complete protein confers advantage in terms of post-exercise protein
balance.
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7.3.3.6 Timing of Nutrient Delivery

There has been an interest in the timing of nutrient delivery and the effects on
glycogen synthesis in the recovery from endurance exercise.113,114 Studies have
demonstrated that glycogen resynthesis is more rapid if the glucose is provided in
the immediate post-exercise period vs. a 2-h delay,114 and that there may be a
synergistic effect from the addition of protein to glucose drinks.113 However, in a
recent study our group did not find evidence for a synergistic increase in post-
endurance exercise glycogen recovery with isoenergetic protein–glucose supple-
ments vs. glucose alone.75 At higher levels of energy intake some have found that
the addition of protein to carbohydrate may enhance the rate of post-exercise gly-
cogen resynthesis compared with an isoenergetic carbohydrate only drink,115 while
others have not,116 even with nonisoenergetic diets.117 Following resistance exercise,
we found that isoenergetic glucose–protein supplements were similar in terms of
glycogen resynthesis compared to glucose supplements alone.118 We also demon-
strated that whole-body protein synthesis was greater for post-resistance exercise
protein–glucose and glucose supplements than for placebo.119 Our group82 also found
that the provision of a CHO + PRO + FAT defined formula diet given immediately
post-endurance exercise in female athletes during a period of increased training
volume enhanced performance, maintained weight, and tended (p = 0.06) to enhance
nitrogen balance, compared to consumption of the same diet at a different time of
the day. A series of studies by Burke and colleagues demonstrated that muscle
glycogen content 24 h after endurance exercise was similarly restored whether
subjects ate four large meals or many small snacks120 and whether protein and fat
were consumed with the meals.121 These results suggest that the timing of post-
exercise CHO intake may not be critical if the next performance is not until 24 h
later. However, if a sport requires several workouts or performances per day (e.g.,
a tournament), then a more rapid glycogen resynthesis may enhance performance.
This phenomenon has also been shown for resistance exercise, where a CHO vs.
placebo supplement given after one bout of exercise resulted in performance
enhancement in a subsequent bout 4 h later.122

Taken together, the aforementioned observations suggest that the immediate
post-exercise period, or at the onset or during exercise,111 is an important time to
consume protein and CHO, particularly for the resistance athlete. This may have an
impact on protein requirements and permit optimal muscle strength gains with any
given protein intake. For the endurance athlete, the immediate provision of CHO is
not as critical to glycogen resynthesis over the ensuing 24 h, provided that the daily
CHO intake is high (~10 g/kg/day). Notwithstanding our current understanding, we
still need to more fully examine the impact of immediate post-exercise intake of
protein and CHO on 24-h whole-body protein retention. However, the acute response
of protein turnover to exercise and amino acid consumption appears to reflect the
balance over the ensuing 24 h.123 Together the findings in the aforementioned several
paragraphs would predict that the timing (early post-exercise) and composition
(protein + amino acids + carbohydrate) of the diet would positively influence (i.e.,
attenuate any possible increase) protein requirements.
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7.3.3.7 Hormones

Although there are many hormones that directly and indirectly affect protein turnover
(e.g., insulin, cortisol, testosterone, growth hormone, and insulin-like growth factor),
only testosterone and insulin will be discussed here. Testosterone is of interest
because of the significant controversy surrounding its unethical use in sporting events
and its potent effects on protein metabolism. For many years testosterone was
assumed to possess stimulatory effects on net protein synthesis, based on observa-
tions of male/female differences in lean mass as well as the increases noted for those
who supplemented with pharmacological doses. Consequently, proper investigations
into the metabolism and efficacy of testosterone administration followed.57,124–127

Even without resistance exercise, testosterone administration can increase lean body
mass,124,126,127 and a resistance exercise training program can magnify these effects.127

At the muscle level, testosterone acts by increasing protein synthesis and intracellular
amino acid reutilization and not degradation.57 Given the fact that acute resistance
exercise also increases plasma testosterone concentration,128,129 it will be important
to conduct properly designed studies to compare the efficacy of an optimal nutritional
intervention to that of exogenous testosterone supplementation. Another interesting
finding with potential relevance to an athlete’s enthusiasm for very high protein
intakes is the apparent negative correlation between protein intake and plasma
testosterone concentration.128

Another key hormone important in protein metabolism and a major factor in the
efficacy of CHO–protein nutrition is insulin. Insulin has a net stimulatory effect
upon muscle protein synthesis,130 primarily through a reduction in muscle proteo-
lysis.102,103,107,131–133 The effect of insulin on protein synthesis appears to depend on
whether there is an abundance of amino acids.130 Several studies have failed to find
a stimulation of insulin on muscle protein synthesis,102,103,132,134 which is likely due
to the hypoaminoacidemia induced by insulin.130 When amino acids are provided
simultaneously with insulin (to prevent hypoaminoacidemia), there appears to be a
stimulation of protein synthesis.102,103,131–133 Other studies have found that hyperin-
sulinemia stimulates both muscle FSR and amino acid transport.12 Finally, the effects
of insulin on protein metabolism are different before and after resistance exercise.130

In the resting state, insulin induces a more positive protein balance by increasing
synthesis and increasing amino acid transport; after exercise, there was no effect on
synthesis, yet there was a significant reduction in degradation and a threefold increase
in amino acid transport.130 These findings provide the theoretical basis for the
provision of protein and CHO in the early post-exercise period in athletes performing
resistance-type exercise, a finding recently confirmed.109

7.3.3.8 Hydration Status

There is no question that dehydration can significantly alter exercise performance
and ultimately lead to more severe medical disorders such as heat stress and heat
stroke.135,136 Hydration status is also a determinant of amino acid oxidation, with
cellular dehydration inducing an increase in leucine oxidation and cellular hyperhy-
dration showing the opposite in resting young men.137 Although dehydration during
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exercise should undoubtedly increase amino acid oxidation, no study has yet been
completed during endurance exercise in men or women to explore this concept.
Although most athletes strive to attain optimal hydration, there are a number of
factors that can limit oral intake of fluids during exercise, and every athlete in the
world has undoubtedly experienced some degree of dehydration during training or
competition. Consequently, the varying and episodic dehydration that all athletes
experience could have some impact on protein requirements.

7.3.3.9 Gender/Sex

A number of studies have examined the influence of gender/sex on metabolic fuel
selection during endurance activity.40,41,64,67,74,75,138–140 Overall, women appear to oxi-
dize proportionately more lipid and less CHO than men during endurance exer-
cise.40,41,64,67,74,75,138–140 The lower contribution from CHO in exercising females would
imply that amino acid oxidation should also be lower than in men. In an earlier
study using 24-h urinary urea excretion as a marker of total amino acid oxidation,
we found that men, but not women, showed elevated 24-h urinary urea during a day
in which they completed a 15.5-km treadmill run as compared to a rest day.64 Using
leucine as a stable isotope tracer, our group41 and others67,141 found that women
oxidized proportionately less leucine than men during endurance cycling. The
reduced leucine oxidation observed for women during endurance exercise is apparent
prior to and following 31 days of endurance exercise training.40 In the latter study
we did not find that the gender difference could be explained based upon either the
total or active proportion of skeletal muscle BCOAD.40 This finding suggests that
the locus of the gender difference in amino acid oxidation cannot be explained at
the skeletal muscle level, and may be at the hepatic level. To further uncover the
mechanisms involved in gender-related differences in protein metabolism during
exercise, we supplemented healthy men with the sex hormone estrogen. Following
8 days of supplementation, the men demonstrated a reduced dependence on amino
acids and CHO and an increased reliance on lipids as a fuel source during endurance
exercise.142 A summary of the effects of exercise on protein metabolism in men and
women is found in Table 7.1.

7.4 CHRONIC EXERCISE EFFECTS ON PROTEIN 
METABOLISM

7.4.1 ENDURANCE TRAINING

Since proteins serve either a structural or functional role within the cell, chronic
endurance exercise training would be expected to achieve adaptations that would
attenuate the oxidation of protein for energy. This would also be predicted based on
the sparing of muscle glycogen that accompanies chronic endurance training, which
would tend to attenuate BCOAD activation. Early work by Gontzea et al.73 showed
that untrained persons who started endurance training were in a negative nitrogen
balance, but as they continued to train, the nitrogen balance became less negative.
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To date, human data have not yielded consistent findings on the effects of chronic
exercise training on protein metabolism. Following endurance exercise training,
whole-body protein synthesis at rest is increased.69,143 There is also a greater pro-
portion of leucine flux at rest diverted toward oxidation in the untrained vs. trained
athlete.69 However, differences in leucine turnover between trained and untrained
subjects disappeared when the data were expressed relative to lean mass.42 These
findings are not consistent with the hypothesis that endurance exercise training
attenuates glycogen use and spares protein oxidation. For this reason we designed
an experiment to train sedentary individuals for 38 days and to measure their leucine
oxidation and BCOAD activation during exercise, before and after the training.40

We found that leucine oxidation during exercise was lower after training, as was
BCOAD activation.40 However, consequent to the increase in total mitochondrial
content, the absolute capacity of BCOAD enzyme activity was higher in the trained
state.40 Our findings were confirmed in a recent study that showed that resting amino
acid oxidation was lower after endurance exercise training.144 Taken together, data
from the latter two studies confirm that chronic endurance training results in a sparing
of amino acid oxidation. With the greater total amount of BCOAD activity after
endurance exercise training,40 the maximal capacity for amino acid oxidation would
be higher in the trained state. However, it is likely that only top sport athletes training
for long hours and at a high relative intensity or during periods of nutritional stress
(i.e., low energy or CHO intake) could ever strain metabolic capacity such that the
daily amount of amino acid oxidation would exceed that in the untrained or mod-
erately trained individual.

7.4.2 RESISTANCE TRAINING

Although there are fewer training studies concerning resistance exercise, it is logical
that protein requirements/synthesis would be greater in the early stages of adaptation
when the initial hypertrophy is achieved than in a long-term maintenance phase
(assuming no compensatory changes in reutilization). We demonstrated that whole-
body protein synthesis and degradation were greater in resistance-trained athletes
than in sedentary controls;53 furthermore, others have found that basal FSR was
higher after a period of resistance exercise training.20,62 In addition, there is an
attenuation of the acute exercise-induced increase in mixed-muscle FSR following
a period of resistance exercise training.20,62 This latter finding would predict that a
trained weight lifter could have either a lower (reduced post-exercise pulse) or a
higher (elevated basal FSR) protein requirement. The elevation in basal mixed FSR
after training is consistent with the finding of a higher whole-body protein synthesis
in well-trained resistance athletes than in sedentary controls.53 However, protein
requirements appear to be lower for well-trained resistance-trained athletes65 than
for those starting a training program,98 but still marginally elevated as compared
with sedentary individuals.65 A study of resistance training in older adults suggested
that protein efficiency was enhanced following a resistance training program.145
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7.5 ASSESSMENT OF DIETARY PROTEIN 
REQUIREMENTS

Overall, dietary protein requirements represent the amount of protein that is required
to support net protein synthesis (growth, repair of damaged tissues, lactation, preg-
nancy, muscle hypertrophy, enzyme synthesis), amino acid oxidation, and the inef-
ficiency inherent in the amino acid recycling process. The two methods of deter-
mining protein requirements are the NBAL method and those using isotope tracers.

7.5.1 NITROGEN BALANCE

As defined above, NBAL is the method whereby the investigator determines all of
the protein that enters a person (diet, intravenous, etc.) and all of the nitrogen that
is excreted.7,146 Since the body excretes nitrogenous compounds rather than whole
proteins and since proteins are ~16% nitrogen by weight, the technique involves
measurement of the total nitrogen intake and the total nitrogen excretion (urine,
feces, sweat, and miscellaneous, e.g., menstrual loss, hair, semen, and skin). If the
person is in a state of net anabolism, then there is a positive NBAL, whereas if the
person is losing protein, then there is a negative NBAL. The protein intake require-
ment for a given physiological state (e.g., exercise, pregnancy, and lactation) is
determined by feeding the person varying protein intakes and determining the NBAL
at each level of intake. From this, one can calculate a regression equation from which
a zero NBAL can be interpolated. In order to account for interindividual variability
in the development of general guidelines, two standard deviations are added to the
zero estimate. In this way, the safe protein intake level is estimated to cover 97%
of the given population. It is important to note that the NBAL experiment must
indicate the biological value of the dietary protein used in the study. For example,
a protein requirement of 1.0 g/kg/day, based on egg white and milk protein, would
have to be higher for a diet based on lower biological value proteins, such as grains.
Most countries in the world base their dietary protein intake recommendations
relative to a biological value estimated to be the mean for the population.7

One of the problems with the NBAL method is that the protein requirement
estimates may underestimate what is required for optimal functioning. This concern
comes from the fact that as protein intake decreases there is an increase in the
efficiency of amino acid reutilization and a lower overall amino acid flux.7,53,147,148

Therefore, NBAL may be achieved with a compromise in some physiologically
relevant processes. For example, an endurance athlete may slow the induction of
aerobic enzyme activity or a resistance athlete may not achieve the same degree of
skeletal muscle hypertrophy over a period of training. Therefore, the ultimate method
to determine the dietary requirements for athletes would be to provide a large group
of sedentary individuals with a variety of graded protein intakes over a prolonged
period of training and determine which was the optimal intake to achieve maximal
improvements in several physiological outcome variables (e.g., VO2max, muscle
strength, muscle mass). Furthermore, one would also want to determine that the
optimal protein intake resulted in optimal function in other critical areas, such as
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resistance to infections. Unfortunately, this approach would be prohibitively expen-
sive and time-consuming and as such is not likely to ever be completed.

7.5.2 TRACER METHODS

Because of the limitations in the NBAL method, Young and Bier have been instru-
mental in devising a conceptual framework from which to determine optimal protein
intakes using stable isotopic tracers. They have coined the terms nutrient deficiency,
accommodation, adaptation, and nutrient excess.147,148 In a state of protein deficiency,
there would be a maximal reduction in amino acid oxidation and a reduction in
protein synthesis to all but the essential organs (e.g., brain) that ultimately would
result in muscle wasting (negative NBAL). The state of accommodation would be
the state where NBAL is achieved with a decrease in a physiologically relevant
process. The state of adaptation would be the dietary intake that provided for optimal
rates of protein synthesis for growth, interorgan amino acid exchange, and immune
function. Finally, the state of protein excess would be defined as that intake where
amino acids are oxidized for energy or used in fat storage, and protein synthesis is
not further simulated by an increase in intake. These four states can be determined
using amino acid tracers during studies at varied protein intakes. The optimal protein
intake would be that where amino acid oxidation starts to increase exponentially
and protein synthesis starts to plateau. There have only been a few of these studies
performed in athletes.10,53,96,97

7.6 HABITUAL PROTEIN INTAKES OF ATHLETES

Athletes are a group of individuals who are constantly striving for optimal perform-
ance. Because of this, many of them fall victim to false or unsubstantiated claims
concerning diet and nutrient supplements. For example, the protein and amino acid
supplement market in the U.S. is a multi-million-dollar industry sustained by a
motive to sell product rather than to encourage optimal nutrition through food. It is
common to observe individuals consuming protein and amino acid intakes that would
clearly be considered a gross nutrient excess. This is particularly true for resistance-
trained athletes, in whom there are anecdotes of extreme protein intakes — a football
player who consumed 80 egg whites + 4 l of milk + 250 g of protein powder per
day. Although some athletes believe that “more is better,” there is a limit to how
much dietary protein that can be incorporated into muscle mass, and anything above
this level is used as energy. 

The problem with excessive protein intakes is that they are quite expensive, the
high protein may displace other food sources such as CHO (many of which contain
fiber, vitamins, and minerals), many protein sources also contain fat, and prolonged
very high protein intakes may be associated with adverse health consequences in
certain people (i.e., high protein intakes can increase calcium excretion, and in people
with mild renal impairment, there is a more rapid progression of renal dysfunc-
tion).149,150 On average, athletes consume about twice the RDA for protein. However,
there may be a role for limited supplement/prepackaged defined formula use, such
as when an athlete is traveling to a foreign country and the availability of familiar
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foods may be limited. In addition, there may be cases where an individual is on a
weight-restrictive diet and protein intake may not be adequate to meet the needs of
a rigorous training program. Included in this group is the bodybuilder who is getting
ready for a competition and the combative athlete who is trying to “make weight.”
Even under such instances it should be possible to take advantage of factors such
as timing of nutrient intake (see previous text) to optimize protein balance. For the
most part, however, the problem of protein excess is predominantly one affecting
resistance athletes and not endurance athletes. In general, resistance training athletes,
who are not energy restricting, consume protein that is already in excess of their
protein requirement (see Table 7.2).

In contrast, some individuals may suffer from protein deficiency where chroni-
cally low intakes may lead to a compromise of function and ultimately to a loss of
body protein (atrophy). There are four groups of athletes who appear to be at highest
risk from protein and energy deficiency, including amenorrheic female runners,85,151

male wrestlers,152,153 male and female gymnasts,152,154 and female dancers.152,154 Table
7.3 provides mean intakes for groups of endurance athletes. It is important to
remember that these nutritional surveys reflect average intakes for a group and the
range can be wide within a group. For example, in one study, the mean energy and
protein intakes reported by male gymnasts were 2080 kcal and 1.1 g/kg/day, respec-
tively; however, some athletes reported intakes as low as 568 kcal and 0.16
g/kg/day.154 Similarly, in a study of female runners, Deuster and colleagues86 found
that the mean reported energy and protein intakes were 2397 kcal and 1.56 g/kg/day,
respectively, yet the lowest reported intakes were 1067 kcal and 0.53 g/kg/day. 

TABLE 7.2
Habitual Protein Intakes of Resistance Athletes

Protein

Reference Participants (g/kg/day) (% EIN)

Roy et al., 1998118 N = 10 males (trained) 1.6 18
Tarnopolsky et al., 199253 N = 7 males (footballers) 1.8 16
Lemon et al., 199298 N = 12 males (bodybuilders) 1.4 14
Chesley et al., 199211 N = 12 males (bodybuilders) 1.6 17
Tarnopolsky et al., 198865 N = 6 males (bodybuilders) 2.7 17
Faber et al., 1986157 N = 76 males (bodybuilders) 2.4 22
Short and Short, 1983154 N = 30 males (footballers)

N = 6 males (bodybuilders)
2.5
2.3

18
20

Burke et al., 1991158 N = 18 males (weight lifters) 1.9 18
Burke and Read, 1988159 N = 56 males (footballers) 1.5 15
Kleiner et al., 1990160 N = 8 females (bodybuilders) 2.8 37

Overall mean 2.0 (0.5) 19 (6)

Note: Values are mean (SD). Trained = weight trained four times per week for more than
2 years; % EIN = % energy intake.
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In summary, the majority of strength and endurance athletes consume adequate
protein and energy to meet their needs. Even when one takes into account the modest
increases required by certain athletes (see below), most athletes are still above these
levels. It appears that the human body homeostatically adapts to exercise by matching
protein and energy intakes to cover any increase in demand from the activity in
question. In some groups, there are extrinsic pressures to restrict intake for weight
class or aesthetic reasons. In fact, certain groups may not even be attaining the
recommended intake levels for sedentary individuals. Each athlete must be consid-
ered as an individual when determining the adequacy of dietary protein and energy
intakes. The identification of the at risk groups above may help the nutritionist or
coach to be aware of those who may need special nutritional counseling.

TABLE 7.3
Habitual Protein Intakes of Male and Female Endurance 
Athletes

Protein

Reference Subjects (g/kg/day) (% EIN)

Carter et al., 2001155 N = 8 males 1.7 16
N = 8 females 1.3 17

Tarnopolsky et al., 199775 N = 8 males 1.9 17
N = 8 females 1.2 14

Tarnopolsky et al., 199574 N = 7 males 1.8 15
N = 8 females 1.0 12

Tarnopolsky et al., 198865 N = 6 males 1.5 11
Phillips et al., 199341 N = 6 males 1.9 15

N = 6 females 1.0 13
Tarnopolsky et al., 199064 N = 6 males 1.2 12

N = 6 females 1.7 13
Saris et al., 198983 N = 5 males 2.2 15
Deuster et al., 198687 N = 51 females 1.6 13
Ellsworth et al., 1985156 N = 13 males 2.1 14
Nelson et al., 198684 N = 17 EUM 1.0 15

N = 11 AMEN 0.7 15
Marcus et al., 198585 N = 6 EUM 1.3 17

N = 11 AMEN 1.0 15
Drinkwater et al., 198488 N = 13 EUM 1.1 13

N = 14 AMEN 1.2 16
Approximate mean Males 1.8 (0.4) 14 (2)

Females 1.2 (0.3) 14 (2)

Note: Values are mean (SD). EUM = eumenorrheic; AMEN = amenorrheic 
females; EIN = energy intake.

.
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7.7 DIETARY PROTEIN REQUIREMENTS FOR 
ATHLETES

In most countries there are no specific allowances for an effect of physical exercise
on protein requirements. It is sometimes stated that these are not required because
all athletes consume more energy and subsequently achieve adequate protein intakes.
Others have argued that moderate exercise does not increase the requirement for
dietary protein,66,80,145 and therefore there is no need to provide specific protein
requirements for athletes. However, these studies were undertaken using exercise
intensities that would be considered recreational by most standards. Clearly, an elite
athlete is performing daily exercise at a much higher intensity and for a longer
duration than the novice. Therefore, it is critical to quantify the state of training and
the daily volume for any study looking at protein requirements in athletes. Although
most athletes consume enough protein to cover any potential increase in dietary
need, there are individuals who may not even meet minimal requirements, and it is
this group for whom an awareness of protein requirements is useful. For example,
a person who is performing regular strenuous activity while on an energy-restrictive
diet may wish to know the minimal protein intake for optimal functional status.

7.7.1 PROTEIN REQUIREMENTS FOR ENDURANCE ATHLETES

Given that amino acids can be oxidized as energy during exercise, it is theoretically
possible that this may impact on the need for extra dietary protein. The determination
of dietary protein requirements for endurance athletes is a function of the duration
and intensity of exercise, gender, age, training status, and habitual energy and CHO
intake. In a simplistic approach to determining protein requirements, it is possible
to calculate the estimated need for dietary protein by an athlete from first principles.
For example, if a 70-kg male was running for 1.5 h at 70% VO2peak and protein
accounted for 5% of the total energy expenditure, he would oxidize about 15 g of
protein. If his basal protein requirement was 0.86 g/kg/day (60 g), this would
represent an additional 25% increase in his daily protein requirement (1.07 g/kg/day).
Most male and female endurance athletes habitually consume more protein than this
(Table 7.3). These calculations are only rough estimates and most studies have used
NBAL to try to quantify dietary protein requirements for endurance athletes. 

Two often-quoted studies from the mid-1970s determined NBAL following the
initiation of an endurance exercise program on a constant protein intake,73 and while
consuming two different protein intakes.161 In a group of males starting an endurance
exercise program they found that a protein intake of 1.5 g/kg/day was adequate to
maintain a positive NBAL, whereas 1.0 g/kg/day was inadequate.161 In addition, they
also found that the subjects on a constant protein intake showed progressive adap-
tation to the moderate exercise program by improving NBAL over the course of
about 1 week.73 These latter findings suggested that there were adaptive changes to
the stress of exercise (e.g., an increase in amino acid reutilization efficiency), and
therefore, an increased protein intake was needed only at the initiation of an endur-
ance exercise program. This is similar to our findings in men and women following
a modest training program.40 An improvement in NBAL with moderate-intensity
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endurance exercise training is due to a lower resting,144 and exercise-induced,40 amino
acid oxidation.

With moderate-intensity endurance exercise (≤50% VO2peak), there does not
appear to be an increase in protein requirements.80,162 At these modest exercise
intensities, protein utilization is enhanced80 and energy deficits are better tolerated.162

In another study of endurance exercise at moderate intensity (46% VO2peak), El-
Khoury and colleagues66 used a combined isotopic tracer and nitrogen excretion
method and found that a protein intake of 1 g/kg/day was adequate for young males.
The improvement in NBAL observed by Gaine and colleagues144 occurred in men
and women with modest aerobic capacity (39 ml/kg/min) after 4 weeks of modest
exercise training (4 to 5 times/week at 65 to 85% max HR). Likely the most
comprehensive study of endurance exercise training and protein metabolism was
completed by Forslund and colleagues.96 They studied leucine oxidation, protein,
carbohydrate, fat, and energy balance over a 24-h period in men performing low-
to moderate-intensity exercise (90 min at 45 to 50% VO2peak) while consuming a
higher (2.5 g/kg/day) and lower (1.0 g/kg/day) protein intake.96 Whole-body protein
balance was slightly negative on the 1.0 g/kg/day diet and positive on the 2.5 g/kg/day
diet.96 These results suggest that people performing moderate-intensity exercise do
not require an increase in dietary protein intake or, at most, it is only marginally
above 1.0 g/kg/day.96 However, most athletes exercise at intensities of 65 to 85% of
VO2peak, where there may be a negative impact on protein homeostasis and NBAL.

For well-trained and elite endurance athletes, there does appear to be an increase
in protein requirements.6,41,65,163–165 One study used NBAL to determine the protein
requirements in a group of endurance-trained males who were young (27 years;
VO2peak = 65 ml/kg/min) or middle-aged (52 years; VO2peak = 55 ml/kg/min).159 They
found that a protein intake of 0.94 g/kg/day was required for NBAL, and whole-
body protein synthesis (glycine tracer) increased with increasing protein intakes
(0.61 > 0.92 > 1.21 g/kg/day). When accounting for interindividual variability by
adding two standard deviations to the zero NBAL intercept, the estimated protein
requirement for these males was about 1.28 g/kg/day.165 We performed an NBAL
experiment in six elite male endurance athletes (VO2peak = 76.2 ml/kg/min; training
>12 h/week) to determine what we considered to be close to the upper limit of
protein requirements for endurance athletes.65 We determined the safe protein intake
for the elite athletes to be 1.6 g/kg/day, whereas the estimate for a sedentary control
group (N = 6) was 0.86 g/kg/day, which was very close to Canadian and U.S.
recommendations.65 In a simulated Tour de France cycling study, Brouns and
colleagues163 found that well-trained cyclists (VO2peak = 65.1 ml/kg/min) required
protein intakes of 1.5 to 1.8 g/kg/min to maintain NBAL. In a final study, Friedman
and Lemon164 calculated that the protein requirement for five well-trained runners
was about 1.49 g/kg/day, using NBAL. Another study performed in our laboratory
found that both male (VO2peak = 59 ml/kg/min) and female (VO2peak = 55 ml/kg/min)
endurance athletes had a negative NBAL while consuming a dietary protein intake
that was close to the Canadian, U.S., and Australian recommended intake (males =
0.94 g/kg/day; females = 0.80 g/kg/day).41 Finally, a recent study by Gaine and
colleagues97 found that the zero intercept for NBAL in well-trained athletes (VO2peak
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= 70.6 ml/kg/min) was 1.2 g/kg/day, which would equate to a +2 SD value of 1.5
to 1.7 g/kg/day.

To summarize the available data, it appears that low- and moderate-intensity
endurance exercise does not result in an increase in dietary protein requirements.
At the initiation of an endurance exercise program there may be a transient increase
in dietary protein need, yet the body rapidly adapts to the increase in need. For the
well-trained athlete (training 4 to 5 days per week for >45 min at >60% VO2max),
there appears to be an increase of about 20 to 25% in dietary protein requirements.
In the elite athlete, the increase in dietary protein requirements may be as high as
1.6 g/kg/day (or nearly twice the recommended intake for sedentary persons). Given
that the fitness of the Tour de France cyclists163 and that of the athletes in our study65

are respectively among the most demanding and highest reported, this protein intake
is probably the top limit of requirement needed. Clearly, there may be some more
demanding events; however, the day-to-day training is not likely to exceed that
reported for the athletes in these studies.65,163 In spite of these elevated requirements,
there is no need for supplementation with a mixed diet of adequate energy intake,
providing 15% of the energy from protein. For example, with an energy intake of
about 3500 kcal/day (which is still modest), this would amount to about 125 g protein
per day or ~1.6 to 1.9 g/kg/day.

One final point about protein requirements for endurance athletes is the possi-
bility of a gender difference. We first found a gender difference in protein metabolism
in 1990,64 whereby males increased urinary urea excretion on an exercise compared
to rest day, whereas females did not. We concluded that this was due to a glycogen-
sparing effect seen in the women.64 In the study where we found that the recom-
mended intake for protein was inadequate for well-trained endurance athletes, we
also found that the females had a less negative NBAL and their basal leucine
oxidation was lower than that of the males.41 In a subsequent study, we also found
that females had a lower leucine oxidation than males both at rest and during exercise
before and after a 38-day training program.40 These findings may indicate that the
dietary protein recommendations for endurance athletes (Table 7.4) may be 10 to
20% lower for females than for males. 

7.7.2 PROTEIN REQUIREMENTS FOR RESISTANCE ATHLETES

In contrast to endurance exercise, resistance exercise results in muscle
hypertrophy98,166 rather than an increase in amino acid oxidation and mitochondrial
biogenesis.40,56 If, for example, there are no changes in efficiency of amino acid
retention, there must, at some point, be a protein intake in excess of basal require-
ments to provide the amino acids required for anabolism. The extent of this increased
need is again a function of the basal state of training, the duration, and the intensity
of the training program.

An early study used NBAL and lean mass measurements to estimate the protein
requirements during an isometric exercise training program.167 They found that a
daily protein intake of 1.0 g/kg (egg white and milk) was required to maintain
positive NBAL and lean mass accretion in males performing isometric exercise for
75 min/day.167 The equivalent protein intake from a mixed source would be about
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1.2 g/kg/day. Similar results were found in young males performing circuit training
with both endurance and resistance exercise where even after a 40-day adaptation
period protein requirements were ~1.4 g/kg/day.168 

Modest-intensity resistance exercise programs can attenuate nitrogen loss at
protein intakes close to the RDA for protein intake in older adults.145 This phenom-
enon has also been observed in young men training with a protein intake of ~0.8
g/kg/day.169 The ability to achieve NBAL (through increased nitrogen utilization
efficiency) with modest resistance exercise may be indicative of accommodation and
not adaptation because of the lower protein intake (~0.8 g/kg/day).145 Campbell and
colleagues145 also found that whole-body protein synthesis in the group consuming
protein at 0.8 g/kg/d was lower than for the group who consumed protein intakes
of 1.6 g/kg/day. We performed an NBAL experiment in six well-trained bodybuilders
(>2 years training experience) and six sedentary individuals and found that the
protein requirement for the trained bodybuilders was only 12% greater than that for
the sedentary controls.65 We also found that the bodybuilders in this study were
habitually consuming protein intakes of ~2.7 g/kg/day.65 However, the error of the
NBAL method was demonstrated in this study because if the positive NBAL on the
high protein intake were extrapolated to net protein retention (assuming no change
in breakdown), there would have been a 200 g/day increase in lean body mass each
day. Some lay reports have used these data in support of the high protein intakes
consumed by the bodybuilders. However, the magnitude of the positive NBAL cannot
be directly extrapolated to an increase in lean mass for two reasons. First, there is
an inherent error in the technique, which overestimates NBAL at high nitrogen
intakes,147 and second, protein synthesis and breakdown change in parallel.13

We followed up on our observations with two studies to more accurately char-
acterize the impact of resistance training on dietary protein needs. In the first we
reasoned that the protein requirements would be highest during the early adaptation
period to unaccustomed training, since most of the myofibrillar protein accretion

TABLE 7.4
Estimated Protein Requirements for Athletes

Group Protein Intake (g/kg/day)

Sedentary men and women 0.80–1.0
Elite male endurance athletes 1.6
Moderate-intensity endurance athletesa 1.2
Recreational endurance athletesb 0.80–1.0
Football, power sports 1.4–1.7
Resistance athletes (early training) 1.5–1.7
Resistance athletes (steady state) 1.0–1.2
Female athletes ∼15% lower than male athletes

a Exercising approximately four to five times per week for 45 to 60 min. b 

Exercising four to five times per week for 30 min at <55% VO2peak
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occurs within the first several months following the initiation of a resistance exercise
program. Therefore, we exposed 12 young males to 2 months of a supervised
resistance exercise program (6 days per week, 2 h/day, 70 to 85% 1RM) and
measured NBAL, muscle mass, muscle protein, and strength before and after a 1-
month period, where they were randomized to receive protein at 1.44 and 2.6
g/kg/day. We calculated the estimated protein requirement during this period to be
~1.65 g/kg/day.98 Strength, muscle protein, and lean mass gains following training
were not different between the two protein intakes.98 We went on to use the con-
ceptual framework put forth by Young et al.147 and studied the protein kinetic
response to graded protein intakes in young males who were performing weight
training and high-intensity sprinting/power activities (e.g., football and rugby).53 In
this study we randomly allocated six sedentary males and seven athletes to receive
a diet supplying protein at each of three levels (recommended intake, ~0.86 g/kg/day;
moderate, ~1.4 g/kg/day; and high, ~2.4 g/kg/day). We measured NBAL, whole-
body protein synthesis, leucine oxidation, and protein breakdown.53 We calculated
the estimated safe protein intake to be 0.89 g/kg/day for the sedentary group and
1.76 g/kg/day for the athletes.53 The whole-body protein synthesis was greater for
the athletes than for the sedentary controls at all protein intakes. Furthermore, whole-
body protein synthesis was lower at 0.86 g/kg/day than at 1.4 and 2.8 g/kg/day, and
appeared to plateau at around 1.4 g/kg/day for the athletes. At protein intakes of 2.8
g/kg/day, leucine oxidation increased nearly twofold, which provided evidence that
protein intake above the requirement is merely oxidized for energy.53

7.8 POTENTIAL SIDE EFFECTS OF EXCESSIVE PROTEIN 
INTAKE

In general, there are probably few side effects arising from daily protein intakes
under 2.0 g/kg/day in healthy people. Perhaps the most definite effect of a very high
protein diet would be the cost of protein supplements or protein-rich foods. Even
with dietary protein, the ultimate cost to produce a kilogram of beef is more than
an isoenergetic amount of wheat. Furthermore, most meat products also contain
significant amounts of fat, which, if taken at a high enough level, may render the
diet atherogenic. Again, these are not likely to be a problem with protein intakes
below 2.0 g/kg/day.

Although it is probable that most people can safely maintain very high protein
intakes for long periods, there are several caveats that must be considered. First, a
high-protein diet can increase urinary calcium excretion (from the sulfur-containing
amino acids), which may be a concern for the female athlete with a low energy
intake and amenorrhea. Second, high protein intakes in conjunction with preexisting
renal disease may accelerate the progression of the disease.149 Third, rodents fed
very high protein intakes have been found to exhibit morphological changes in the
liver mitochondria, which could be pathological.170 Finally, some problems could
theoretically occur if the protein is taken as an amino acid supplement. One possible
problem relates to contamination of purified amino acids, as in the case of L-tryp-
tophan supplements that were manufactured in Japan and caused a life-threatening
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disorder called eosinophilia-myalgia syndrome.171,172 Some sources state that this
occurred as a result of a high-performance liquid chromatography purified contam-
inant present from a bacterial processing method.173 In addition to the expense
involved, large doses of purified amino acids could potentially be carcinogenic and
mutagenic. Such warnings are noted on the Materials Safety Data Sheet labels of
purified chemical-grade laboratory amino acids, although these problems have not
been substantiated in humans. Even if purified amino acids are safe, they are expen-
sive and the efficacy is equivocal;174,175 however, recent work does suggest that the
addition of leucine to post-exercise supplements may confer metabolic advantages,105

which could translate into enhanced performance. Although essential amino acids
appear to be the most potent in stimulating post-exercise protein synthesis,54 this
response does not appear to be greater than the consumption of high biological value
proteins.108 Furthermore, the consumption of a drink containing exclusively essential
amino acids may exclude amino acids that could enhance other aspects of the
adaptation to exercise (such as proline for connective tissue adaptations) or arginine
and glycine (for creatine synthesis).

7.9 SUMMARY

Protein is an important component of the diet and is involved in almost every
structural and functional component of the human body. In general, endurance
exercise may impact on the need for dietary protein by increasing the oxidation of
amino acids. Resistance exercise may also have an impact through the need for
amino acids to support muscle hypertrophy. At the onset of an endurance exercise
program there is a negative effect on NBAL, yet with time the body adapts to the
stress and NBAL and leucine oxidation are attenuated. After endurance exercise
training, the amount of amino acid oxidized at the same absolute exercise intensity
is reduced, yet the capacity of the body to oxidize amino acids is increased. However,
only in the elite athlete (who is training very hard every day) is there a significant
impact upon dietary protein requirements, with a maximal requirement of ~1.6
g/kg/day. For the resistance-trained athlete, there also appears to be a homeostatic
adaptation to the stress of the exercise, where very well-trained athletes require only
marginally more protein than sedentary persons, and those in the early stages of
very intensive resistance exercise may require up to 1.7 g/kg/day. A dietary protein
intake that represents 15% of the total energy intake with an energy-sufficient diet
should cover the requirements for nearly all strength and endurance athletes. Given
the increase in energy intake by most athletes, there is no need to use protein
supplements to attain these levels. However, athletes on a low-energy diet or a low-
CHO diet could have an inadequate protein intake to cover their needs. The timing
of nutrient delivery appears to be important for resistance athletes, where an imme-
diate post-exercise (or pre-/during exercise) intake of CHO and protein will lead to
a more positive protein NBAL, probably by reducing protein breakdown (CHO) and
stimulating synthesis (protein).

9079_C007.fm  Page 132  Wednesday, March 7, 2007  1:00 PM

SPORTS NUTRITION JFII



143

8 Whey, Casein, and Soy
Protein

CONTENTS

8.1 Introduction ..................................................................................................144
8.2 Food Sources and Supplements ...................................................................144

8.2.1 Whey Protein....................................................................................144
8.2.2 Casein Proteins.................................................................................147
8.2.3 Soy Proteins .....................................................................................147

8.3 Postprandial Kinetics ...................................................................................148
8.3.1 Digestion and Absorption ................................................................148
8.3.2 Absorption of Whey, Casein, Milk, and Soy Proteins ....................149
8.3.3 Habitual Protein Intake ....................................................................149

8.4 Protein Synthesis..........................................................................................150
8.4.1 Amino Acid Infusion .......................................................................150
8.4.2 Whey vs. Casein at Rest ..................................................................152
8.4.3 Whey vs. Casein with Exercise .......................................................153
8.4.4 Milk ..................................................................................................153
8.4.5 Milk vs. Soy during Rest and Exercise...........................................154
8.4.6 Soy vs. Whey ...................................................................................154

8.5 Health Benefits of Whey, Casein, or Soy Proteins .....................................155
8.5.1 Whey ................................................................................................155
8.5.2 Casein ...............................................................................................155
8.5.3 Milk ..................................................................................................156
8.5.4 Soy....................................................................................................156

8.5.4.1 Vegetarians ........................................................................156
8.5.4.2 Cardiovascular Risks ........................................................156
8.5.4.3 Hot Flashes .......................................................................157
8.5.4.4 Cancer ...............................................................................157

8.6 Recommendations ........................................................................................157
8.7 Summary ......................................................................................................158

9079_C008.fm  Page 143  Thursday, February 8, 2007  10:11 AM

SPORTS NUTRITION JFII



144

8.1 INTRODUCTION

Athletes and weight trainers often use protein supplements in an attempt to maximize
their gains and performance. There are a large variety of protein supplements avail-
able on the market today, with the main sources coming from milk or soy processing.
These supplements may contain a mixture of whey, casein, or soy protein, or may
contain a relatively pure protein from one source. Many protein supplements include
other types of supplements, such as glutamine or maltodextrose; thus, it is best to
read the label and fully understand the full composition of the protein supplement.

While there is not a consensus regarding the best supplements to ingest to
maximize the goals of athletes, current research is attempting to address this issue.
This chapter will explain the current processes used to make these protein supple-
ments and their physiological effects. It has been shown that the digestion and
absorption of protein sources may be one of the most important factors in determin-
ing how protein is assimilated. There have been a limited number of studies directly
comparing whey, casein, and soy proteins regarding their effects on both acute and
chronic protein synthesis and lean body mass. Aside from body composition changes,
protein source plays a role in general health outcomes. This chapter will present a
summary of these data and attempt to elucidate the protein source that may be best
for athletes.

8.2 FOOD SOURCES AND SUPPLEMENTS

Whey, casein, and soy proteins are all naturally occurring proteins found in foods
that are consumed every day. The primary whole food source of whey and casein
intake is dairy milk. Whey and casein can also be separated from whole milk,
concentrated, and made into a variety of supplements. Soy protein is derived from
soybeans and used in a variety of products. There are also a variety of soy supple-
ments and foods commercially available.

8.2.1 WHEY PROTEIN

Whole milk is approximately 87% water, with the remaining 13% as solids. The
13% solids are composed of 30% fat, 37% lactose, 27% protein, and 6% minerals.
Of the 27% of milk that is protein, 20% is whey protein and 80% is casein protein.
Thus, by consuming whole milk, an individual will ingest a larger portion of protein
in the form of casein than whey. During the process of making cheese, whey protein
is separated out into a liquid fraction and was originally thought to be a waste
product.1 However, whey is now considered to be a good source of protein and is
commonly processed into protein powders and many other products.

Whey protein contains all 20 amino acids and contains the highest naturally
occurring portion of the branched-chain amino acids (BCAAs) leucine, valine, and
isoleucine.2 Branched-chain amino acids are important for athletes and active indi-
viduals, as they are metabolized for energy in working muscle. Additionally, leucine
has been found to play a crucial role in the regulation of protein synthesis.3–5 
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The whey protein fraction is composed of numerous individual proteins, includ-
ing β-lactoglobulin, α-lactalbumin, bovine serum albumin, lactoferrin, immunoglo-
bulins, lactoperoxidase enzymes, and glycomacropeptides6,7 (see Table 8.1). β-Lac-
toglobulin is the most abundant protein in whey, accounting for 50 to 55%, and is
very high in the BCAAs. The biological function of β-lactoglobulin is not fully
understood, but it has been recognized for its ability to bind hydrophobic molecules.
α-Lactalbumin is the second most abundant protein found in whey and accounts for
20 to 25%. It is also the primary protein found in breast milk and is high in tryptophan
and BCAAs. It has been shown to bind calcium and potentially can increase calcium
absorption. Immunoglobulins make up about 10 to 15% of the protein in whey. They
may provide immunity-enhancing benefits and are the predominant protein found
in colostrum. Lactoferrin makes up approximately 1 to 2% of whey protein and may
help to reduce inflammation. The amount of these native proteins remaining intact
in the final whey product depends on the processes used to separate out the fat and
lactose and purify the proteins. Additionally, the health benefits of these protein
fractions are derived mainly from the bioactive peptides that enter the blood.1

TABLE 8.1
Percentage w/w Amino Acid Values for Specific Subfractions of Whey 
Protein

Amino Acid β-Lactoglobulin α-Lactalbumin Glycomacropeptide Ion-Exchange Whey

Essential 48.1 47.2 47.0 42.1
BCAA 25.1 21.0 22.5 21.2

Isoleucine 6.2 6.4 11.9 4.7
Leucine 13.6 10.4 1.7 11.8
Valine 5.4 4.2 8.9 4.7

Lysine 10.5 10.9 5.8 9.5
Methionine 2.9 0.9 2.0 3.1
Phenylalanine 3.2 4.2 0.0 3.0
Threonine 4.4 5.0 16.7 4.6
Tryptophan 2.0 5.3 0.0 1.3
Histidine 1.5 2.9 0.0 1.7
Arginine 2.6 1.1 0.0 2.4

Alanine 5.4 1.5 6.4 4.9
Asparagine 3.1 9.7 5.1 3.8
Aspartic Acid 6.9 7.3 1.7 10.7
Cystine 2.8 5.8 0.0 1.7
Glutamine 6.3 4.5 3.8 3.4
Glutamic Acid 11.3 7.3 15.5 15.4
Glycine 0.9 2.4 0.0 1.7
Proline 4.2 1.4 11.7 4.2
Serine 3.3 4.3 7.8 3.9
Tyrosine 3.6 4.6 0.0 3.4

9079_C008.fm  Page 145  Thursday, February 8, 2007  10:11 AM

SPORTS NUTRITION JFII



146

Treatment with strong acids and high heat tends to indiscriminately denature all
of the protein fractions and essentially hydrolyze the proteins into smaller peptides
and free amino acids. This procedure also has a tendency to oxidize cystine and
methionine, destroy serine and threonine, and convert glutamine and asparagine to
glutamate and aspartate, respectively.8 A better method to hydrolyze proteins is by
adding specific proteolytic enzymes to break down the proteins into small peptides.
However, it has been shown1 that many of the health benefits associated with whey
protein intake are associated with their individual proteins and not necessarily the
amino acid content. These health benefits will be discussed later in this chapter. On
the other hand, individuals with milk allergies may be able to safely digest highly
hydrolyzed whey protein as a protein source without adverse effects because the
allergenic native proteins are no longer present.

There are a few main types of whey protein supplements available for use. The
first is undenatured whey, which is basically purified whey protein with most of its
individual proteins in their native or undenatured form. Originally, undenatured whey
concentrates ranged from 25 to 40% protein, with the remaining percentage coming
from fat, lactose, mineral, and ash. This type of whey is still used in some baking and
other food product applications. Newer techniques such as ultrafiltration have been
developed to make the current whey concentrates, which range from 50 to 89% protein.
The other main type of whey protein is whey protein isolate, which is approximately
90 to 95% whey protein. It contains minimal fat, lactose, or minerals and may be the
best choice for lactose-intolerant individuals. However, some companies are now
adding lactase to their whey protein powders to help with lactose digestion.

As stated previously, the native protein fractions of whey protein are implicated
as offering the most health benefits associated with whey protein intake. Separating
the fat, lactose, and minerals from these protein fractions without denaturing them
was rather difficult and expensive until recently. One of the easiest ways to purify
whey protein is to treat it with high heat and acid conditions to precipitate the
proteins in a denatured form. Whey protein processed in this manner is typically
referred to as hydrolyzed whey. The resulting small peptides are absorbed even faster
than the larger native proteins present in the whey fraction.8

Researchers have recently developed four main types of processes to separate
and purify whey proteins in an attempt to leave them in their more biologically
active native forms. The types are selective precipitation, membrane filtration (ultra-
filtration), selective adsorption, and selective elution (ion exchange).7

Selective precipitation is a more advanced method of precipitating proteins out
of solution than simply adding acid and heat or proteolytic enzymes. There are
numerous fraction-specific methods currently in use to precipitate and purify the
proteins without applying as much heat or acid, thus limiting the denaturing of the
protein fractions.

Membrane filtration procedures are separated into two subcategories, ultrafiltra-
tion and cross-flow filtration, as seen on some nutrition labels. These procedures
separate the whey proteins by molecular mass (typically 5000 to 1000 g/mol) and
are used to produce most whey concentrates.7 However, this process does not fully
separate out the lactose and fat; thus, whey concentrates derived from this method
typically have higher levels of these two macronutrients. This method typically
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allows a majority of the proteins to remain in their native forms and in their original
frequency of unprocessed whey.

Selective absorption is a process used to separate one type of protein out of the
whey protein mixture while leaving the other proteins in solution, but it has not yet
been widely applied to commercially available products. With the recent findings of
health benefits associated with some of the subfractions of whey and the recently
developed large throughput of manufacturing, some companies will soon start mar-
keting whey protein subfractions.

Selective elution, also known as ion exchange chromatography, is the process
most often used to make whey protein isolates. Using selective elution, whey protein
solution is applied to an ion exchange column so that all of the proteins bind to the
column. The column is then rinsed and the individual proteins are eluded one by
one to produce highly purified whey proteins. This process can be used to both
concentrate and fractionate the proteins. If done carefully, the native protein struc-
tures can be retained. However, some of the smaller peptides such as lactoferrin may
have a decreased concentration, while the β-lactoglobulin protein fraction tends to
increase in whey protein isolates.

8.2.2 CASEIN PROTEINS

Casein is the other, larger, protein fraction of milk, accounting for approximately
80% of the milk proteins. Casein is the protein source of cheese and forms curds
during processing because it exists as a micelle in milk. The clotting properties of
casein cause it to be digested and released into the intestine slowly.9–11 This slow
release into the intestine and ultimately circulation leads to a muted peak in plasma
amino acid content compared to whey and soy proteins, which will be explained in
Section 8.3. In supplemental form, casein is often made into caseinates because the
native casein does not dissolve well in solution and forms clumps or curds. It is
most often combined with calcium for dietary supplements, resulting in calcium
caseinates. Casein is made up of three protein fractions: α-casein, β-casein, and
κ-casein.

8.2.3 SOY PROTEINS

Soy protein is a product derived from soybeans. Whole soybeans are 40% protein,
with the remaining percentage of macronutrients in the form of fat and carbohydrates.
Soy protein is a complete protein with a relatively high amount of BCAAs, albeit
lower than whey proteins’ BCAA content.12 Soy protein is also lower in methionine
and lysine content. The carbohydrate content of soybeans is made up of several
sugars that humans cannot digest. Raffinose and stachose are two such sugars, and
if consumed in high amounts, pass into the large intestine where bacteria digest
them, producing flatulence.

Whole soybeans also contain a number of chemicals and proteins that would be
harmful to humans if they were not removed prior to ingestion. Raw soybeans contain
trypsin inhibitors. Trypsin is a protease that breaks proteins down into smaller
peptides by cutting the large proteins after lysine or arginine residues. Inhibiting
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trypsin may thereby result in protein malabsorption. Soybeans contain biologically
active molecules know as isoflavones, which are similar in structure to estrogen in
humans.

There are a variety of isoflavones present in raw soy, specifically known as
genistein, daidzin, and glycitin.13 These isoflavones can have numerous effects in
the body, including mimicking estrogen, antiestrogen effects, as well as some effects
unrelated to estrogen.13 These chemicals remain in soy products that are not washed
with alcohol to remove these isoflavones.

There are many different processes that raw soybeans must undergo before they
are ready to be consumed by humans in whole food products or as protein supple-
ments. The soybeans are first picked and cleaned. They are then conditioned, cracked,
de-hulled, and rolled into flakes. The soybean oil is then removed from the flakes
and used for other food applications. The remaining soy flakes are dried, resulting
in defatted soybean flakes. These flakes can then be further processed into a variety
of usable soy products. The flakes are essentially ready to be processed into soy
protein concentrates by adding flavorings and other vitamins, and potentially con-
centrating them further. The soy flakes can also be ground into soy flour. Soy protein
isolates are derived from the soy protein concentrate by removing most of the
carbohydrates and any remaining fat. A soy protein isolate is almost 90% protein
on a moisture-free basis. The removal of the carbohydrates tends to also remove
most of the beany flavor that soy concentrates tend to retain. Soy protein isolates
also typically have the lowest concentration of isoflavones. Another product made
from soybeans is texturized soy protein. This product is the typical protein source
in imitation chicken, pork, or other meat products. Texturized soy protein is also
used in numerous other soy protein products; these products tend to retain the original
isoflavone content.

8.3 POSTPRANDIAL KINETICS

8.3.1 DIGESTION AND ABSORPTION

Proteins are hydrolyzed in the stomach by pepsin with the aid of hydrochloric acid
to cause unfolding and breaking of the proteins into smaller peptides. The amount
of time that a protein spends in the stomach is dependent upon a number of variables,
including the type and form of protein consumed, the fat content of the meal, the
fiber content of the meal, the surface area, and the total weight of the meal consumed.
Once proteins are passed into the small intestine, they are absorbed throughout the
entire length of the small intestine. Pancreatic enzymes such as trypsin and chymo-
trypsin hydrolyze the proteins even further into oligopeptides. Protein is primarily
absorbed into the blood as oligopeptides. Free amino acids are also present in the
small intestine and are absorbed by specific transporters, with neutral amino acids
absorbed fastest, followed by basic and acidic amino acids. Thus, the composition,
quality, and source of the amino acid load influence the appearance of those amino
acids in the plasma pool. Once amino acids are absorbed into the blood, they circulate
via the portal vein to the liver and then to the rest of the body. These amino acids
are metabolized for energy, made into proteins, or released back into circulation.
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The splanchnic handling of amino acids is very important to their appearance in
peripheral circulation, and thus availability for protein synthesis in other tissues such
as muscle.14 The intestinal and liver tissues have a high demand, and turnover, for
protein and have first access to ingested amino acids. Splanchnic tissue takes up
much of the dietary amino acids early in the postprandial state, which can directly
affect their availability to peripheral tissues.14,15 In fact, splanchnic protein metab-
olism accounts for the majority of whole-body protein metabolism at rest even
though muscle has more mass.16 The splanchnic zone acts as a buffer to amino acid
ingestion to keep the level of circulating urea and free amino acids in check to
prevent hyperaminoacidemia.17

8.3.2 ABSORPTION OF WHEY, CASEIN, MILK, AND SOY PROTEINS

The amount of time that a protein takes to enter circulation is partly dependent upon
the form of the protein. Whole foods are absorbed slowly, and hydrolyzed proteins,
in the form of small peptides, are absorbed the fastest. It is generally thought that
whey protein is a quickly absorbed protein due in part to the fact that it remains
soluble in solution.9 Casein is absorbed very slowly, most likely due to the fact that
it tends to clot in the stomach, delaying gastric emptying.9,18 Most other protein
sources fall somewhere between whey and casein in their rate of appearance in
systemic circulation, with a tendency to be slightly slower than whey. Milk proteins
consist of approximately 80% casein and 20% whey and appear in a pattern similar
to that of casein alone. Soy protein is mostly soluble and appears in circulation more
like whey proteins than milk or casein proteins.19 The intestinal half transit time of
soy proteins is shorter than that of milk proteins, potentially playing a role in the
reduced bioavailability of soy proteins.12 It has also been shown that soy proteins
are less digestible on a nitrogen basis.12 The pattern of amino acids reaching the
liver is more unbalanced in soy proteins than milk proteins due to the lower digest-
ibility of the soy proteins.12,20 Also, soy proteins tend to produce more urea than
casein intake, indicating an increased oxidation of soy proteins and reduced avail-
ability of their amino acids for protein synthesis.21 Soy proteins arrive quickly and
in large amounts in the splanchnic region, most likely contributing to the increased
urea production as the splanchnic region uses these amino acids.17,21 The appearance
of amino acids in the peripheral circulation are, for the most part, dependent upon
the amino acids that have been ingested. However, this is not the case for amino
acids that are highly metabolized in the splanchnic regions. There is a paucity of
data directly comparing whey vs. soy regarding these postprandial properties. To
fully elucidate the differences, it is necessary to directly compare whey and soy
proteins considering that both whey and soy proteins exit the stomach quickly. Whey
appears to have a slow and efficient intestinal absorption.22

8.3.3 HABITUAL PROTEIN INTAKE

In general, increases in habitual protein intake lead to increases in amino acid
catabolism and deamination as well as an increase in the cycling protein gains and
losses.17 Interestingly, the amount of nitrogen loss, as urea or lack of absorption,
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with higher protein intakes may also depend on the form of protein ingested. It has
been shown that soy protein leads to a greater loss of nitrogen than milk proteins.17

In a study conducted by Morens et al.,17 the net postprandial protein utilization was
higher in the milk group (74%) than in the soy group (71%) at habitually normal
protein intakes (1 g/kg/day), and this difference became even greater (71% vs. 61%)
with habitually high protein intakes (2 g/kg/day).17 Ingestion of habitual high protein
diets resulted in a trend toward decreased circulating amino acids when fed the high-
protein soy test meal. In fact, soy protein deamination was increased 54% between
the normal protein and high protein intake.17 This is critical as the availability of
circulating amino acids is, in part, responsible for the rate of muscle protein syn-
thesis, and soy protein may lead to reduced levels of circulating amino acids.17

8.4 PROTEIN SYNTHESIS

Skeletal muscle mass is maintained by a balance between muscle protein synthesis
(muscle PS) and muscle protein breakdown (muscle PB), yielding an overall net
protein state (NPS). This balance can be written as an algebraic equation where
muscle PS – muscle PB = NPS. If muscle PS is greater than muscle PB, then NPS
will be positive. A chronic positive NPS over time yields protein accretion, and
likely increased muscle mass. Conversely, NPS will be negative if muscle PB is
greater than muscle PS. If an individual is experiencing chronic negative NPS, he
or she is losing muscle mass, as in older individuals with sarcopenia as well as
disease and disuse states. However, in nondisease or disuse states, the main deter-
minants of NPS are changes in muscle PS.23 These changes are due to a variety of
stimuli, including feeding and exercise. Additionally, amino acid availability, insulin,
and total energy load are all key factors that influence PS.

8.4.1 AMINO ACID INFUSION

Muscle PS is the main determinant of net protein balance in healthy adults.19,23

Numerous studies have shown that total body PS9,22 and muscle PS24,25 are increased
in response to amino acid provision at rest. However, this increase in muscle PS is
transient, even if circulating amino acid levels remain elevated.23,25 This is why an
additional stimulus, i.e., resistance exercise,26–28 is needed to achieve increased
muscle mass over time.29 Much of the original muscle PS work was done using free
amino acid infusions as the nitrogen source.30 This early research suggests that as
much as 80% of the effect of feeding amino acids on muscle PS is attributed to the
amino acid content of the meal.31–34 This point was refined and expanded in numerous
recent studies. It appears that as long as the amino acid source contains all the
essential amino acids (EAAs), it will increase muscle PS above baseline.

Some recent studies have compared providing a mixture of all 20 amino acids
with EAAs only. Tipton et al. found that 40 g of mixed amino acids did not differ
from 40 g of EAA in their ability to promote muscle PS after exercise.35 Unpublished
data discussed by both Drs. Robert Wolfe and Michael Rennie examined whether
nonessential amino acids (NEAAs) are needed to increase muscle PS at rest. Muscle
PS was measured in subjects given 30 g of a balanced mixture of EAAs and NEAAs
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over a 3-h period. The protocol was repeated using 14 g of EAAs only. There was
no difference in muscle PS or NBS between the two groups.23 Additionally, it has
been shown that NEAAs do not induce increases in muscle PS at rest.23 In fact, large
doses of NEAAs sufficient to flood the system had no effect on muscle PS.36 If only
a single stimulatory amino acid is provided, i.e., valiene, leucine, phenylalanine, or
threonine, an initial anabolic response is noted. However, this response is transient,
as all other amino acids in the intracellular pool fall and muscle PS decreases.36–38

There are data that suggest there is an upper concentration of circulating amino
acids above which additional increases in amino acid concentration have no effect
on PS at rest. Rennie’s group found that the system is saturated when the plasma
amino acid concentration reaches approximately 2.5-fold normal circulating levels
by means of amino acid infusion.34 To further this point, the best relationship between
exogenous amino acid provision and the stimulation of muscle PS was the concen-
tration of extracellular EAAs. Increasing the extracellular EAA content resulted in
the disappearance of amino acids from the intracellular space (most likely being
incorporated into muscle),34,39 suggesting that extracellular amino acid concentration,
and not intracellular amino acid concentration, is the stimulus for increased muscle
PS.24,40,41 Further, a study conducted by Bohe et al.24 supports the hypothesis that
there is a curvilinear positive relationship between extracellular EAA and increased
muscle PS and no relationship between muscle PS and intracellular EAA concen-
tration. The extracellular availability is thought to signal for increased muscle PS,
leading to increased uptake of amino acids as the intracellular amino acids are
incorporated into protein.42 Artificially reducing the plasma amino acid level has
been studied by Wolfe’s group through use of hemodialysis to reduce blood amino
acid concentration in pigs by 50%.23 When the amino acid concentration was
reduced, there was a corresponding reduction of muscle PS. The inward transport
of circulating amino acids was decreased while the intracellular concentrations
remained constant. This change in muscle PS persisted for the entire 4-h hemodi-
alysis procedure. Muscle PS returned to basal values when blood amino acid levels
returned to normal shortly after conclusion of the hemodialysis. While the previous
examples support a ceiling effect in a rested state, research is needed to determine
if this occurs after exercise.

Muscle protein breakdown is a more complex and less studied side of the
equation. It has been shown that provision of amino acids inhibits muscle PB,43–45

but not as robustly as they stimulate muscle PS. This would make sense in protein
sparing because the increased extracellualar amino acids may act as a signal that
amino acids are available; thus PB is not needed to provide additional amino acids.
However, many of the experiments showing this effect were either in vitro, conducted
in nonhuman models, or conducted in individuals in extreme catabolic states such
as burn victims.23 Data regarding the control of muscle PB are equivocal, with some
suggesting that in nondiseased human subjects, infusion or ingestion of amino acids
has no effect on breakdown,23,46,47 while others state the contrary.9,22,46

Muscle PB is the result of proteolysis. There are two main processes through
which proteins in general may be degraded: the autophagic-lysomal pathway and
the ubiquitin-proteosome pathway.48 Both of these systems are present in skeletal
muscle, yet their contribution to total PB is not yet fully understood. However, the
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autophagic-lysomal system is physiologically controlled by plasma and exogenous
amino acids, which suggests its potential role in muscle PB. The autophagy system
is a nonselective system, which is not specific for proteins alone but does metabolize
protein into individual amino acids.

It appears that at rest, there is an upper limit of circulating amino acids beyond
which additional amino acid provision will have no further effect on muscle PS.
Data are lacking regarding this dose–response in conjunction with exercise. It also
would appear that provisions of EAAs are sufficient to support acute changes in
muscle PS. Whether EAAs, as opposed to a protein source containing all 20 amino
acids, are optimal over time for maximizing muscle PS at rest or during exercise
needs to be investigated further.

8.4.2 WHEY VS. CASEIN AT REST

As discussed previously, whey, casein, and soy all have differing amino acid
compositions and, seemingly more important, differing postprandial kinetics. The
speed of amino acid absorption has a major impact on postprandial PS and PB
responses of a meal. Whey protein is a very fast absorbed protein and, after
ingestion, the appearance of circulating amino acids is rapid, increased, and
transient. Whey protein has been shown to quickly and transiently increase whole-
body PS as well as amino acid oxidation. Boirie et al. found that the increase in
protein synthesis was 68% above baseline during the period from approximately
40 min to just after 140 min after ingesting a whey drink.9 Casein is a slowly
absorbed protein, and the appearance of postprandial circulating amino acids is
slow, low, and prolonged. Casein tends to inhibit PB when consumed at rest and
has a slight, but relatively long, increase in PS. The pattern of amino acid delivery
with casein appears to lead to better leucine balance (net protein state) than whey
at rest. It is interesting to note that casein ingestion does not lead to large increases
in circulating levels of amino acids as was observed in many early amino acid
infusion studies or whey ingestion studies. To further support these points, a study
conducted by Dangin et al.22 compared casein to a supplement containing amino
acids in the same amount as native casein, and compared whey protein to that
same dose of whey spread out over 13 small feedings every 20 min. All the feedings
were composed of 30 g of protein. The two meals (casein and whey feedings every
20 min), which were designed to mimic casein, showed results that were similar
to the previously listed results. The single whey feeding and casein amino acids
group mimicked the previous results of whey protein.22 It is of interest to note
that the frequent whey feeding increased net leucine balance to 87 μmol/kg–1 and
the casein feeding increased leucine balance to 38 μmol/kg–1.22 These authors did
not statistically compare these values. Overall, it would appear that casein protein,
and its slow absorption rate, leads to a greater positive net whole-body protein
state than single feedings of whey protein or amino acids at rest. Additionally,
frequent small feedings of whey proteins may lead to the greatest net leucine
balance, indicative of the greatest protein accretion.
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8.4.3 WHEY VS. CASEIN WITH EXERCISE

Contrary to the resting data, there is a much smaller body of literature examining
the effects of whole food ingestion on the rates of protein synthesis after a resistance
training bout. A recent study by Tipton et al.49 examined casein or whey proteins
with regard to their effects on muscle PS after resistance exercise. The main result
of this study was that both casein and whey protein ingestion 1 h after resistance
training lead to a positive amino acid balance, which can be translated to an acute
increase in muscle PS.49 These results differ from those of Boirie, Dangin, and co-
workers,9,22 suggesting that resistance training influences the use of amino acids.
Although not statistically significant, it is interesting to note that the casein group
did exhibit a greater phenylalanine balance (~35%) than the whey group. Addition-
ally, the phenylalanine concentration remained elevated for a longer period in the
casein group.49 Conversely, net leucine balance was higher in the whey group.
However, this may be attributed to the leucine content of the meal, such that whey
protein has a greater leucine content than casein. Leucine taken up across the leg
can be oxidized or used for protein synthesis, while muscle does not oxidize phenyl-
alanine. Thus, phenylalanine may be a better marker of muscle PS. The whey group
exhibited a higher insulin response than the casein group, which is likely due to the
increased arterial leucine concentration. Additionally, it has been shown that leucine
alone can stimulate PS. These differing results between casein and whey leave many
questions to be answered. Overall, both casein and whey protein ingestion after
resistance training elicit increased muscle PS. However, if there is a difference
between these two protein sources, it appears to be small.

Demling and DeSanti50 examined the effects of casein or whey on body com-
position and strength measures during 12 weeks of hypocaloric, high-protein diets,
with resistance training, in overweight police officers. The protein supplements were
hydrolysates. While both the casein and whey groups lost weight and gained lean
mass, the casein group gained more lean mass. Additionally, the casein group had
a greater increase in strength for the chest, shoulder, and legs.50 It would appear that
use of a casein supplement during weight loss and lean body mass gain in concert
with resistance training leads to more accretion of lean body mass.

8.4.4 MILK

Elliot et al.51 examined the effects of different milk compositions on the response
of net muscle protein balance after resistance training. There were three groups who
consumed either 237 g of fat-free milk, 237 g of whole milk, or 393 g of fat-free
milk, which was isocaloric to the whole milk. The milk was ingested 1 h after the
resistance training bout. All three milk compositions resulted in increased phenyl-
alanine and threonine uptake, which is acutely indicative of increased protein syn-
thesis. The group consuming the whole milk had the greatest threonine uptake,
indicating increased protein synthesis compared to the other milk groups. It is of
interest to note that whole-body leucine balance has been shown to be greater with
the addition of carbohydrates and fat to a protein meal than protein alone in resting
subjects.52 Furthermore, the addition of fat and sucrose to milk proteins results in
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more protein uptake by the peripheral (i.e., muscle) tissues.22,51,52 Also, the addition
of fat to a protein meal after resistance training appears to increase muscle PS
independent of total energy. There was no difference in the insulin response between
the milk groups of the Elliot et al. study.51

8.4.5 MILK VS. SOY DURING REST AND EXERCISE

When comparing milk vs. soy, it has been shown that milk proteins are better at
supporting protein anabolism in peripherial (i.e., muscle) tissues.12,14,17,19 Soy pro-
teins have been shown to be digested more rapidly and directed toward deamination
as well as liver protein synthesis. This may be due to differing amino acid compo-
sitions of soy protein as well as its rapid delivery into circulation. Recently, Phillips
et al.19 compared both the acute and chronic effects of milk vs. hydrolyzed soy
protein ingestion on post-exercise PS. To test the acute effects of milk and hydrolyzed
proteins on net protein state, subjects consumed 18.2 g of protein from low-fat milk
or from isoenergetic and isonitrogenous hydrolyzed soy protein beverage immedi-
ately after resistance training. The soy protein group showed a more rapid and
transient hyperaminoacidemia than the milk group. The milk protein group had
greater amino acid uptake, indicating a greater NPS than the soy group. It is important
to note that the amino acid makeup of the two protein sources administered was
similar.

The next step was to test the chronic effects of milk vs. hydrolyzed soy protein.
Subjects consumed either low-fat milk or isocaloric and isonitrogenous hydrolyzed
soy proteins immediately and at 1 h after resistance exercise bouts. A control group
consumed maltodextrin equivalent in calories to the other drinks. The milk group
gained more whole-body lean mass than the energy control group, but not statistically
more than the soy group (p = 0.11) (personal communication). The increase in cross-
sectional area of the vastus lateralis (quadricep) was greater in the milk group,
although not statistically significant (p = 0.08).19 Overall, it would appear that any
difference in muscle PS exhibited by different sources of protein is small, yet may
become relevant if a diet is solely of soy protein or over more than 12 weeks.

A potential underlying mechanism may be related to the isoflavone content of
soy proteins. It has been shown that soy may play an inhibitory role in protein
synthesis in vitro and in animal models.53,54 It has been shown that the isoflavones
present in varying concentrations in soy products are cytotoxic in vitro, partially due
to their inhibition of protein tyrosine kinase and DNA topoisomerase activities.
However, these mechanisms have not been elucidated in humans. The amount of
soy isoflavones in the soy proteins administered or present in the blood have not
been widely presented in these studies assessing PS.

8.4.6 SOY VS. WHEY

Brown et al.55 conducted a study examining the chronic effects of soy or whey
protein bars on lean body mass and antioxidant status. Subjects consumed three bars
per day over 9 weeks with each protein bar adding an additional 11 g of protein to
the subjects’ habitual diet. The control group did complete the exercise protocol but
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did not consume a protein supplement. Both the whey and soy groups exhibited
increases in percent lean body mass, while the control group did not significantly
increase in percent lean body mass. There was not a difference between the soy and
whey groups’ increase in lean body mass.55

8.5 HEALTH BENEFITS OF WHEY, CASEIN, OR SOY 
PROTEINS

Many foods and supplements are now being examined as functional foods. Many
of these foods have been used for their perceived health benefits for hundreds of
years, and science is now elucidating the mechanisms eliciting their health benefits.

8.5.1 WHEY

Whey has been used as a functional food for many years in some cultures. As already
mentioned, whey contains all of the essential amino acids and is a good source of
the BCAAs. It is a protein source that can be used to support anabolism. It also
contains colostrums, β-lactoglobulin, α-lactalbumin, bovine serum albumin, lacto-
ferrin, immunoglobulin, lactoperoxidase enzymes, and glycomacropeptides. It is
thought to provide antimicrobial activity and additional immune functions, prevent
osteoporosis, increase glutathione, and may lead to better nitrogen retention in
elderly women.56

Lactoferrin and glycomacropeptides seem to have bactericidal activity. Lacto-
ferrin may be converted to lactoferricin in the stomach after ingestion, which has
been shown to inhibit microorganism growth in vitro with mixed results in humans.57

Lactoferrin may also have some antifungal properties. α-Lactalbumin may have a
function in immune response as well, and the mechanisms of action are currently
being elucidated.58

Whey protein concentrate is a good source of cystine, which is used to make
glutathione (GSH).59 GSH is a potent antioxidant and is important in neutralizing
reactive oxygen species. There are some case studies that suggest that increased
whey protein intake is protective against some cancers.

Immunoglobulins are present in milk and may transfer passive immunity to
people who ingest them. Colostrum has the highest component of immunoglobulins
and is present in milk, but whey protein still has immunoglobulins.

8.5.2 CASEIN

Casein has been shown to be a good source of protein and essential amino acids as
well. Additionally, the β- and κ-caseins seem to inhibit the angiotensin converting
enzyme. Hence, casein may play a role in reducing blood pressure in hypertensive
individuals.57 During the breakdown of κ-caseins, a small peptide is formed that has
been shown to exhibit antithrombotic activity by inhibiting fibrinogen binding,57

thereby potentially delaying atherogenesis. Casein also aids calcium absorption.57

Thus, many supplement companies incorporate calcium caseinates to assist in cal-
cium delivery with the intent of preventing osteoporosis.
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8.5.3 MILK

Whole milk is composed of both whey and casein proteins and has been shown to
be better at supporting muscle PS acutely compared to hydrolyzed soy protein.19

Milk ingestion has also been associated with lower blood pressure and a reduced
risk of hypertension.1 Recently, increased intake of dairy products such as milk and
yogurt has been shown to enhance weight loss.60–63 However, the proposed mecha-
nism that was shown to exist in animal models does not seem to transfer to humans.
Thus, the mechanism for the associated weight loss appears to be calcium indepen-
dent,64 at least when calcium intake is adequate. In a multicenter trial,65 milk intake
without weight loss did not elicit favorable changes in metabolic outcomes.

8.5.4 SOY

There are numerous health benefits that have been attributed to increased soy protein
intake. Unfortunately, the results of many of the studies on the topic are mixed.
Additionally, mechanisms that work well in an animal model may not always transfer
to human applications.

8.5.4.1 Vegetarians

Vegetarian athletes have a limited choice of protein sources, especially if they are
vegan. These athletes would almost require the inclusion of soy protein in their diet
to be able to consume an adequate protein intake. While it appears that soy protein
may not be the ideal choice for maximal muscle PS, it has been shown to be viable
as a sole source of dietary protein. Studies have been conducted where soy protein
was used to replace other protein sources without negative effects on the subjects.66–73

However, these tests were conducted in nonexercising individuals. As shown by
Phillips, soy protein may not be the optimal choice for athletes and those seeking
increased muscle mass. Additionally, because both resistance and cardiovascular
exercise alone can decrease cardiovascular risks,74 the benefits of including soy in
the diet of an athlete may not be worth the potential decrease in attained muscle
mass. However, sedentary persons may notice less of the diminished effect of soy
protein intake than highly trained and competitive athletes.

8.5.4.2 Cardiovascular Risks

Soy protein intake has been touted for its effects on reducing blood cholesterol and
improving risk factors for cardiovascular disease. The recommended daily intake to
reap the benefits of soy protein was set at 25 g/day by the FDA following its review
of the literature. However, the average dose in numerous clinical trials to elicit an
approximate 3% reduction of LDL cholesterol was 50 g/day.13 This value is double
the FDA recommendation and may account for a quarter to one half of a person’s
daily total protein intake. It also appears that soy may be more effective at lowering
cholesterol in hypercholesterolemic individuals.75 It is of interest to note that soy
isoflavones alone do not appear to affect blood lipid concentrations.76 Inclusion of
soy proteins as a trade for other, higher-fat sources of protein may be protective via
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decreasing the total and saturated fat intake regardless of the protein source. As we
observed in older men,77 the nonprotein macronutrients (carbohydrates, fiber, and
saturated fat) were better predictors of lipoprotein lipid values than protein source
(beef or soy).

8.5.4.3 Hot Flashes

Soy isoflavones have been shown to have weak estrogenic activity and may be able
to mimic estrogen by binding estrogen receptors. The results of the body of literature
regarding the effectiveness of isoflavone treatment of hot flashes are mixed. It appears
that in vivo, some women may be more susceptible to the estrogenic activity of
isoflavones than others.13

8.5.4.4 Cancer

The idea that soy protein and isoflavone intake are associated with reduced risk of
cancer stemmed from the high consumption of soy products in Asian countries and
some animal models that exhibited this relationship. Unfortunately, some studies
have shown that soy intake decreases cancer risk, while others have shown no
effect.13,78–80 Some studies have even shown increased risk.13,81,82 A new hypothesis
is being tested that isoflavone intake may only be protective in adult life when
consumed in adolescence.13

8.6 RECOMMENDATIONS

For most athletes, achieving competitive advantages and optimizing recovery and
gains are the most important variables. Considering the intake of only one type of
protein source (whey, casein, or soy), it would appear that casein leads to the optimal
total body protein state at rest. However, following resistance exercise, it would
appear that ingestion of a combination of whey and casein, or milk proteins, offers
the most benefit to athletes attempting to increase strength, power, and lean mass.
The addition of carbohydrates to an amino acid source or consuming milk in its
whole form (with fat and carbohydrates) ellicits a greater increase in muscle PS.
The precise dose and source of amino acids, carbohydrates, and fat to be ingested
both before and after a resistance training bout has not been fully elucidated.

Milk itself and the protein components of milk are not agreeable with some
athletes. In this case, hydrolyzed whey protein or casein supplements may afford
similar results. It has been shown that soy protein can also support anabolism, but
to a lesser degree. Thus, vegans should include soy protein in their diet to ensure
an adequate protein intake. To fully clarify these conditions, more closely controlled
clinical trials are needed.

Independent of the source of protein, the most important variables to consider
are total caloric and protein intake, which must be adequate to support gains
and maintenance of lean body mass. Additionally, an amino acid source must be
ingested either shortly before or after resistance or endurance activities to change
NPS from a negative to a positive state. Even a small amount of protein with adequate
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carbohydrates has been shown to be able to switch NPS from negative to positive
after endurance and resistance training.

8.7 SUMMARY

The use of protein supplements is prevalent among athletes. The protein supplement
that an athlete chooses can affect his or her training and maintenance of lean body
mass. There are three main sources of protein used in these supplements, and their
processing plays a role in their functionality. While there is not a consensus regarding
which protein is optimal, evidence seems to indicate whey and casein provide better
acute gains in muscle protein accretion. Long-term studies are limited, but the data
appear to indicate a long-term benefit of whey and casein use. While the difference
in protein accretion between soy and milk proteins appears to be small, it may have
physiological relevance, especially if consumed over extended periods.

Future research is needed to compare the use of all of these different protein
sources in controlled clinical trials from acute and chronic perspectives. The dose
and macronutrient profile as well as timing of ingestion should also be considered.
Additionally, a diet based solely on each supplement as a protein source would be
an interesting and needed comparison to elucidate the magnitude of the differences.
However, a study with this design would have limited applicability.
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9.1 INTRODUCTION

Creatine has become one of the most extensively studied and scientifically validated
nutritional ergogenic aids for athletes. Additionally, creatine has been evaluated as
a potential therapeutic agent in a variety of medical conditions. In terms of exercise,
the energy supplied to rephosphorylate adenosine diphosphate (ADP) to adenosine
triphosphate (ATP) during and following intense exercise is dependent to a large
degree on the amount of phosphocreatine (PCr) stored in the muscle.1,2 As PCr stores
become depleted during intense exercise, energy availability deteriorates due to the
inability to resynthesize ATP at the rate required.1,2 Consequently, the ability to
maintain maximal-effort exercise declines. Since the availability of PCr in the muscle
may significantly influence the amount of energy generated during brief periods of
high-intensity exercise, it has been hypothesized that increasing muscle creatine
content via creatine supplementation may increase the availability of PCr and allow
for an accelerated rate of resynthesis of ATP during and following high-intensity,
short-duration exercises.1–7 Theoretically, creatine supplementation during training
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may lead to greater training adaptations due to an enhanced quality and volume of
work performed. In terms of potential medical applications, creatine is intimately
involved in a number of metabolic pathways. Creatine deficiencies or lack of creatine
availability has also been identified as a limiting factor in the pathology of a number
of neurological and chronic diseases. For this reason, medical researchers have been
investigating the potential therapeutic role of creatine supplementation in a variety
of patient populations. The purpose of this chapter is to provide an overview of the
available literature regarding the effects of creatine supplementation on muscle
bioenergetics and training adaptations, potential medical uses of creatine, and med-
ical safety of creatine.

9.2 REVIEW OF LITERATURE

9.2.1 CHEMICAL STRUCTURE AND SYNTHESIS

Creatine is an amino acid derivative synthesized from arginine, glycine, and methion-
ine in the kidneys, liver, and pancreas (see Figure 9.1).4,8 The metabolic fate of
creatine is conversion to creatinine and excretion in the urine.4 

9.2.2 BODY RESERVES

Approximately 95% of creatine is stored in the muscle. There is also a small amount
of creatine (~5%) found in the brain and testes.3,9 About two thirds of the creatine
found in the muscle is stored as phosphocreatine (PCr), while the remaining amount
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is stored as free creatine.2 The total creatine pool (PCr + free creatine) in the muscle
averages about 120 g for a 70-kg individual. However, the body has the capacity to
store up to 160 g of creatine under certain conditions.4,9 The body breaks down about
1 to 2% of the creatine pool per day (about 1 to 2 g/day) into creatinine in the
muscle. The creatinine is then excreted in urine.10 Creatine stores can be replenished
by obtaining creatine in the diet or through endogenous synthesis of creatine from
glycine, arginine, and methionine.11,12 Normal dietary intake of creatine from food
and creatine synthesis typically maintains creatine levels at about 120 g for a normal-
size individual.11,12 Vegetarians have been reported to have lower than normal muscle
creatine stores.13 Additionally, some people have been found to have creatine syn-
thesis deficiencies, and therefore must depend on dietary or supplemental creatine
intake to maintain normal muscle concentrations.14,15 

9.2.3 DIETARY SOURCES

Table 9.1 presents a list of foods that contain relatively large amounts of creatine.
Most dietary creatine is obtained from meat and fish. For example, there is about 1
to 2 g of creatine in a pound of uncooked beef and salmon.3 Creatine can also be
obtained in the diet from a number of dietary supplements. Since large amounts of
fish and meat must be consumed in order to obtain gram quantities of creatine,
dietary supplementation of creatine provides an inexpensive and efficient means of
increasing dietary availability of creatine without excessive fat or protein intake. 

TABLE 9.1
Creatine Content in 
Selected Foods

Creatine Content

Food g/lb g/kg

Shrimp Trace Trace
Cod 1.4 3
Tuna 1.8 4
Salmon 2 4.5
Herring 3–4.5 6.5–10
Beef 2 4.5
Pork 2.3 5
Cranberries 0.01 0.02
Milk 0.05 0.1
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9.2.4 SUPPLEMENTATION PROTOCOLS

Sidebar 9.1 summarizes the various creatine supplementation protocols that have been
studied over recent years. Most studies that have evaluated the effects of creatine
monohydrate supplementation have utilized a creatine loading technique. This has
typically involved ingesting 20 g/day of creatine (divided into four 5-g doses ingested
throughout the day) for 5 to 7 days. More recently, researchers have suggested ingesting
relative amounts of creatine (i.e., 0.3 g/kg/day), which would provide 15 to 30 g/day
of creatine for 50- to 100-kg individuals.5,12,16 Studies show that this protocol can
increase muscle creatine and PCr by 10 to 40%.5,16 Once muscle creatine stores are
elevated, research indicates that you only need to ingest 3 to 5 g of creatine per day to
maintain elevated creatine stores. Cessation of creatine maintenance doses after loading
typically allows for creatine stores to return to normal within 4 to 6 weeks after loading.
More recent studies indicate that it may only take 2 to 3 days to maximize creatine
stores, particularly if creatine is ingested with carbohydrate or protein.5,17,18 Additionally,
a dose of 0.25 g/kg of fat-free mass (FFM) per day during the loading phase may be a
sufficient method of increasing muscle creatine stores.13 An alternative supplementation
protocol is to ingest 3 g/day of creatine monohydrate for 28 days.9 Studies show that
this method can increase muscle concentrations of creatine as effectively as creatine
loading techniques. However, this method would only result in a gradual increase in
muscle creatine content compared to the more rapid loading method, and therefore may
not promote as quick of an ergogenic benefit. Willoughby and Rosene19,20 reported that
6 g/day of creatine during 12 weeks of resistance training was sufficient to promote
positive changes in strength and muscle mass. Some athletes also cycle on and off
creatine by taking loading doses of creatine monohydrate for 3 to 5 days every 3 to 4
weeks during training.12,16 Theoretically, since it takes 4 to 6 weeks for elevated creatine
stores to return to baseline, this protocol would be effective in increasing and maintaining
elevated creatine stores over time.12

Sidebar 9.1: Creatine Supplementation Protocols

• Loading/Maintenance Protocol
• Ingest 20 g/day divided into four equal doses for 5 to 7 days.
• Ingest 0.3 g/kg/day (15 to 30 g/day for 50- to 100-kg individuals) for

5 to 7 days.
• Ingest 0.25 g/kg of FFM per day for 5 to 7 days.
• Ingest 3 to 5 g/day or 0.03 g/kg/day to maintain elevated stores.

• Low-Dose Protocol
• Ingest 3 to 6 g/day during training.

• Cycling Protocol
• Load/maintain during training and reduce/abstain between training

periods.
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9.2.5 EFFECTS OF CREATINE SUPPLEMENTATION ON MUSCLE 
CREATINE STORES

Numerous studies indicate that dietary supplementation of creatine monohydrate
increases muscle creatine and phosphocreatine content by 10 to 40%.9,16 In simple terms,
one can think of the normal creatine content of the muscle (about 120 g) as a gas tank
that is normally about three fourths full. Creatine supplementation typically allows an
individual to fill up his creatine storage tank up to 150 to 160 g (i.e., 20 to 30%). It
should be noted that the amount of creatine retained in the muscle following creatine
supplementation depends on the amount of creatine in the muscle before supplementa-
tion. Individuals with low creatine content in muscle prior to supplementation may
increase creatine stores by 20 to 40%, while individuals with relatively high creatine
levels before supplementation may experience only a 10 to 20% increase in muscle
creatine content. Performance changes in response to creatine supplementation have
been correlated with the magnitude of increase in muscle creatine levels.21,22 Differences
in intrasubject creatine retention have been described as creatine responders and non-
responders. Subsequent research has shown that ingestion of creatine (5 g) with carbo-
hydrate (20 to 95 g) or with 50 to 60 g carbohydrate and protein helps all subjects
maximize creatine stores.17,18,23,24 Once creatine levels are elevated and an individual
stops taking creatine, studies indicate it may take 4 to 6 weeks before creatine levels
return to baseline.25,26 There is no evidence that muscle creatine levels fall below baseline
after cessation of creatine supplementation, which might suggest a long-term suppres-
sion of endogenous creatine synthesis.16,26,27

9.2.6 METABOLIC ROLE OF CREATINE

Most research on creatine has evaluated the effects of creatine supplementation on
the content of high-energy phosphates within muscle and its role on exercise capacity
and recovery following intense exercise that is dependent on the phosphagen energy
system.12,28 However, recent attention has also been paid to the role of creatine
supplementation on creatine kinases (CKs) in muscle as well as the transfer of high-
energy phosphates within the cell via what has been called the creatine phosphate
shuttle29–31 (Figure 9.2). CK is an important cellular enzyme that facilitates energy
transduction in muscle cells by catalyzing the reversible transfer of a phosphate
moiety between ATP and PCr.32 There are several isoforms of CK which work
simultaneously to form a rapid interconversion of PCr and ATP. In this regard, CK
is composed of two subunit types, including M (muscle) and B (brain), with three
isoenzymes, MM-CK, MB-CK, and BB-CK. In addition, a fourth CK isoenzyme
(Mi-CK) is located on the outer side of the inner mitochondrial membrane.32–34 CK
activity is greatest in skeletal muscle and CK in the muscle exists almost exclusively
in the MM form. MM-CK (also referred to as myofibrillar CK) is bound to the
myofibrils and localized to the A-bands as well as distributed across the entire
filament. MM-CK generates ATP from ADP. Mi-CK is found on the outer surface
of the inner mitochondrial membrane and is functionally coupled to oxidative
phosphorylation. Mi-CK, at the site of oxidative mitochondrial ATP generation,
catalyzes the phosphorylation of creatine to PCr.32–34 Fast-twitch fibers have greater
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CK activity, containing large amounts of MM-CK, than slow-twitch oxidative fibers,
but the latter have a higher percentage of Mi-CK.32–35 Recent studies suggest that
dietary and muscle availability of creatine may influence CK activity in various
healthy and diseased populations.20,31,36–41 

From an ergogenic viewpoint, resynthesis of PCr could be the critical factor during
sustained very high intensity exercise. Although the mechanisms are not clearly under-
stood, a creatine phosphate shuttle may be the functional mechanism.34,42 In addition to
its role as an energy buffer, it has been proposed that the CK-PCr system functions in
energy transport on the basis of the functional and physical association of CK isoenzymes
with subcellular sites of ATP production and hydrolysis. In the creatine phosphate shuttle
concept, PCr and Cr act as shuttle molecules between these sites.35 One proposed shuttle
is believed to be functionally coupled to glycolysis,35 but others believe that the rapid
resynthesis of PCr is likely to be oxidative in origin.32,43,44 Mi-CK promotes the formation
of PCr from creatine and from ATP formed via oxidative metabolism in the mitochon-
dria.34 van Deursen and others35 note that PCr is presumed to diffuse from the mitochon-
dria to the myofibrillar M-band, where it locally serves to replenish ATP with MM-CK
as a catalyzing agent. Finally, Cr diffuses back to sites of ATP synthesis for rephospho-
rylation. The potential role of modulating CK activity and the shuttling of adenine
nucleotides for synthesis and use have prompted a significant amount of research eval-
uating the potential clinical uses of creatine, as described in the following. Additionally,

FIGURE 9.2 Basic diagram of the creatine phosphate shuttle.
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since creatine appears to play a role in shuttling of ATP from the mitochondria to the
cytosol, it may also be involved in enhancing high-intensity aerobic exercise capacity.31,34

Finally, creatine has been shown to have an important role in maintaining brain function
and protecting neural activity in the brain following injury.41,45–47

9.2.7 THEORETICAL ERGOGENIC BENEFITS OF CREATINE 
SUPPLEMENTATION

Table 9.2 lists the types of exercise and sports that creatine supplementation has
been suggested to influence, while Sidebar 9.2 lists the reported ergogenic benefits
of creatine supplementation. Increasing muscle availability of creatine and PCr can
affect exercise and training adaptations in several ways. First, increasing the avail-
ability of PCr in the muscle may help maintain availability of energy during high-
intensity exercise like sprinting and intense weight lifting. Second, increasing the
availability of PCr may help speed recovery between sprints or bouts of intense
exercise. These adaptations would allow an athlete to do more work over a series
of sprints or sets of exercise, theoretically leading to greater gains in strength, muscle
mass, or performance over time. For this reason, creatine supplementation has
primarily been recommended as an ergogenic aid for power/strength athletes or
patients who need to increase strength, power, or maintain muscle mass. However,
recent research indicates that endurance athletes may also benefit from creatine
supplementation. In this regard, studies indicate creatine loading prior to carbohy-
drate loading promotes greater glycogen retention.48 Additionally, studies indicate
that ingesting creatine with carbohydrate during carbohydrate loading promotes
greater creatine and glycogen retention.18,49–51 Theoretically, this may improve gly-
cogen availability for endurance athletes. Creatine has also been shown to improve
repetitive sprint performance. Since endurance athletes employ interval training
techniques in an attempt to improve speed and anaerobic threshold, creatine supple-
mentation during training may improve interval training adaptations leading to
improved performance. Finally, studies also indicate that creatine supplementation
can help maintain body weight and muscle mass during training.25,28,52–55 Since many
endurance athletes have difficulty maintaining body mass during training, creatine
supplementation may help maintain optimal body composition.

Sidebar 9.2: Potential Ergogenic Benefits of Creatine Supplementation

• Increased muscle mass and strength
• Increased single and repetitive sprint performance
• Enhanced glycogen synthesis
• Possible enhancement of aerobic capacity via greater shuttling of ATP

from mitochondria and buffering of acidity
• Increased work capacity
• Enhanced recovery
• Greater training tolerance
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9.2.8 EFFECTS OF CREATINE ON EXERCISE PERFORMANCE AND 
TRAINING ADAPTATIONS

As of this writing, there have been over 1000 articles published in the peer-reviewed
scientific literature on creatine supplementation. Slightly over half of these studies

TABLE 9.2
Examples of Sports Performance 
Theoretically Enhanced by 
Creatine Supplementation

Increased PCr
Track sprints: 100, 200 m
Swim sprints: 50 m
Pursuit cycling

Increased PCr resynthesis
Basketball
Field hockey
Football (American)
Ice hockey
Lacrosse
Volleyball

Reduced muscle acidosis
Downhill skiing
Rowing
Swim events: 100, 200 m
Track events: 400, 800 m

Oxidative metabolism
Basketball
Soccer
Team handball
Tennis
Volleyball
Interval training in endurance athletes

Enhanced training
Most sports
Increased body mass/muscle mass

Bodybuilding
Football (American, Australian)
Heavyweight wrestling
Power lifting
Rugby
Track/field events (shot put, javelin, discus)
Weight lifting
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have evaluated the effects of creatine supplementation on exercise performance. The
majority of these studies (about 70%) indicate that creatine supplementation pro-
motes a statistically significant improvement in exercise capacity.28 This means that
95 times out of 100, if you take creatine as described in the study, you will experience
a significant improvement in exercise performance. The average gain in performance
from these studies typically ranges between 10 and 15%. For example, short-term
creatine supplementation has been reported to improve maximal power/strength (5
to 15%), work performed during sets of maximal effort muscle contractions (5 to
15%), single-effort sprint performance (1 to 5%), and work performed during repet-
itive sprint performance (5 to 15%).28 Long-term creatine supplementation appears
to enhance the quality of training, generally leading to 5 to 15% greater gains in
strength and performance.28 Nearly all studies indicate that creatine supplementation
increases body mass by about 1 to 2 kg in the first week of loading.28 In training
studies, subjects taking creatine typically gain about twice as much body mass or
FFM (i.e., an extra 2 to 4 pounds of muscle mass during 4 to 12 weeks of training)
than subjects taking a placebo. No study has reported that creatine supplementation
significantly impairs exercise capacity, although some have suggested that weight
gain may potentially impair performance in swimming or running. Although all
studies do not report significant results, the preponderance of scientific evidence
indicates that creatine supplementation appears to be an effective nutritional ergo-
genic aid for a variety of exercise tasks in a number of athletic and clinical popu-
lations.12,28 The following highlights some of the recent research that has evaluated
the effects of short- and long-term creatine supplementation on exercise performance
and training adaptations.

9.2.8.1 Short-Term Supplementation

Numerous studies have been conducted to evaluate the effects of short-term creatine
supplementation (3 to 7 days) on exercise performance. For example, Volek and
colleagues56 reported that creatine supplementation (25 g/day for 7 days) resulted
in a significant increase in the amount of work performed during five sets of bench
press and jump squats in comparison to a placebo group. Tarnopolsky and
MacLennan57 reported that creatine supplementation (20 g/day × 4 days) increased
peak cycling power, dorsi-flexion maximal voluntary contraction (MVC) torque, and
lactate in men and women with no apparent gender effects. Moreover, Wiroth and
colleagues58 reported that creatine supplementation (15 g/day × 5 days) significantly
improved maximal power and work performed during 5 × 10 sec cycling sprints
with 60-sec rest recovery in younger and older subjects.

Creatine supplementation has also been shown to improve exercise performance
during various sport activities. For example, Skare and associates59 reported that
creatine supplementation (20 g/day) decreased 100-m sprint times and reduced the
total time of 6 × 60 m sprints in a group of well-trained adolescent competitive
runners. Mujika and colleagues60 reported that creatine supplementation (20 g/day
× 6 days) improved repeated sprint performance (6 × 15 m sprints with 30-sec
recovery) and limited the decay in jumping ability in 17 highly trained soccer players.
Similarly, Ostojic61 reported that creatine supplementation (30 g/day for 7 days)
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improved soccer-specific skill performance in young soccer players. Theodorou et
al.62 reported that creatine supplementation (25 g/day × 4 days) significantly
improved mean interval performance times in 22 elite swimmers. Mero and
colleagues63 reported that supplementation of creatine (20 g/day) for 6 days com-
bined with sodium bicarbonate (0.3 g/kg) ingestion 2 h prior to exercise significantly
improved 2 × 100 m swim performance. Finally, Preen and associates64 evaluated
the effects of ingesting creatine (20 g/day × 5 days) on resting and post-exercise
creatine and PCr content as well as performance of an 80-min intermittent sprint
test (10 sets of 5 or 6 × 6-sec sprints with varying recovery intervals). The authors
reported that creatine increased resting and post-exercise creatine and PCr content,
mean work performed, and total work performed during 6 × 6 sec sets with 54- and
84-sec recovery. In addition, work performed during 5 × 6 sec sprints with 24-sec
recovery tended to be greater. While not all studies report significant effects from
creatine supplementation, these findings and many others indicate that creatine
supplementation can significantly improve performance of athletes in a variety of
sport-related field activities.

9.2.8.2 Long-Term Supplementation

Theoretically, increasing the ability to perform high-intensity exercise may lead to
greater training adaptations over time. Consequently, a number of studies have
evaluated the effects of creatine supplementation on training adaptations. For exam-
ple, Vandenberghe et al.25 reported that in comparison to a placebo group, creatine
supplementation (20 g/day × 4 days; 5 g/day × 65 days) during 10 weeks of training
in women increased total creatine and PCr content, maximal strength (20 to 25%),
maximal intermittent exercise capacity of the arm flexors (10 to 25%), and FFM by
60%. In addition, the researchers reported that creatine supplementation during 10
weeks of detraining helped maintain training adaptations to a greater degree. Noonan
and collaborators65 reported that creatine supplementation (20 g/day × 5 days; 0.1
or 0.3 g/kg/day of FFM × 51 days) in conjunction with resistance and speed/agility
training significantly improved 40-yard dash time and bench press strength in 39
college athletes. Kreider and associates54 reported that creatine supplementation
(15.75 g/day × 28 days) during off-season college football training promoted greater
gains in FFM and repetitive sprint performance in comparison to subjects ingesting
a placebo. Likewise, Stone et al.53 reported that 5 weeks of creatine ingestion (~10
or 20 g/day with and without pyruvate) promoted significantly greater increases in
body mass, FFM, 1 RM bench press, combined 1 RM squat and bench press, vertical
jump power output, and peak rate of force development during in-season training
in 42 Division IAA college football players.

Volek and co-workers52 reported that 12 weeks of creatine supplementation (25
g/day × 7 days; 5 g/day × 77 days) during periodized resistance training increased
muscle total creatine and PC, FFM, types I, IIa, and IIb muscle fiber diameter, bench
press and squat 1 RM, and lifting volume (weeks 5 to 8) in 19 resistance trained
athletes. Kirksey and colleagues66 found that creatine supplementation (0.3 g/kg/day
× 42 days) during off-season training promoted greater gains in vertical jump height
and power, sprint cycling performance, and FFM in 36 Division IAA male and
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female track and field athletes. Moreover, Jones and collaborators67 reported that
creatine (20 g/day × 5 days; 5 g/day × 10 weeks) promoted greater gains in sprint
performance (5 × 15 sec with 15-sec recovery) and average on-ice sprint performance
(6 × 80 m sprints) in 16 elite ice hockey players. Interestingly, Jowko et al.68 reported
that creatine supplementation (20 g/day × 7 days; 10 g/day × 14 days) significantly
increased FFM and cumulative strength gains during training in 40 subjects initiating
training. Additional gains were observed when 3 g/day of calcium beta-hydroxy-
beta-methylbutyrate (HMB) was co-ingested with creatine. Finally, Willoughby and
Rosene19 reported that in comparison to controls, creatine supplementation (6 g/day
× 12 weeks) during resistance training (6 to 8 repetitions at 85 to 90% × 3 weeks)
significantly increased total body mass, FFM, and thigh volume, 1 RM strength,
myofibrillar protein content, types I, IIa, and IIx myosin heavy-chain (MHC) mRNA
expression, and MHC protein expression. In a subsequent paper, Willoughby and
Rosene20 reported that Cr supplementation (6 g/day × 12 weeks) increased M-CK
mRNA expression apparently due to increases in the expression of myogenin and
MRF-4. The researchers concluded that increases in myogenin and MRF-4 mRNA
and protein may play a role in increasing myosin heavy-chain expression. These
data indicate that creatine supplementation can directly influence muscle protein
synthesis. Collectively, these studies and others provide strong evidence that creatine
supplementation during intense resistance training leads to greater gains in strength
and muscle mass.

9.2.9 POTENTIAL THERAPEUTIC USES OF CREATINE

Creatine and creatine phosphate are involved in numerous metabolic processes.
Creatine synthesis deficiencies and abnormal availability of creatine and PCr have
been reported to cause a number of medical problems. For this reason, the potential
medical uses of creatine have been investigated since the mid-1970s. Initially,
research focused on the role of creatine and creatine phosphate in reducing heart
arrhythmias and improving heart function during ischemia events (i.e., lack of
oxygen).12 Initial studies also evaluated the effects of treating various medical pop-
ulations who had creatine deficiencies (i.e., gyrate atrophy,69–72 infants and children
with low levels of PCr in the brain,73–75 etc.). Interest in the potential medical uses
of creatine has increased over the last 10 years. Researchers have been particularly
interested in determining whether creatine supplementation may reduce rates of
atrophy or muscle wasting, speed the rate of recovery from musculoskeletal and
spinal cord injuries, and improve strength and muscle endurance in patients with
various neuromuscular diseases.12,16 For example, researchers have been evaluating
whether creatine supplementation may improve clinical outcomes in patients with
brain or spinal cord injuries,47,76–79 muscular dystrophy,40,80,81 myophathies,38,82–85

Huntington’s disease,41,45,86,87 amyotrophic lateral sclerosis or Lou Gerhig’s dis-
ease,88–91 arthritis,92 diabetes,93 high cholesterol and triglyceride levels,54,94 and ele-
vated homocysteine levels.95–98 Other studies have reported that creatine supplemen-
tation during training reduces injury rates in athletes99–103 and allows athletes to
tolerate intensified training to a greater degree.104 Although more research is needed,

9079_C009.fm  Page 175  Tuesday, March 20, 2007  7:49 AM

SPORTS NUTRITION JFII



176

some promising results have been reported in a number of clinically related studies,
suggesting that creatine may have therapeutic benefits in certain patient populations.

9.2.10 MEDICAL SAFETY OF CREATINE

The only clinically significant side effect that has been consistently reported in the
scientific and medical literature from creatine supplementation has been weight
gain.12,16,105 However, there have been a number of anecdotally reported side effects
in the popular literature, such as gastrointestinal distress, muscle cramping, dehy-
dration, and increased risk to musculoskeletal injury (i.e., muscle strains/pulls).
Additionally, there has also been concern that short- or long-term creatine supple-
mentation may increase renal stress or adversely affect the muscles, liver, or other
organs of the body. One research group suggested that creatine supplementation may
increase anterior compartment pressure in the leg, thereby increasing an individual’s
risk to developing anterior compartment syndrome (ACS).106–109 Over the last few
years, a number of studies have attempted to assess the medical safety of creatine.
These studies indicate that creatine is not associated with any of these anecdotally
reported problems, nor does it increase the likelihood of development of
ACS.100,110–118 In fact, there is recent evidence that creatine may lessen heat stress
and reduce the susceptibility to musculoskeletal injuries among athletes engaged in
training.102,117,118 While people who take creatine may experience some of these
problems, the incidence of occurrence in creatine users does not appear to be greater
than subjects who take placebos, and in some cases has been reported to be less.111

Another concern that has been expressed is whether there are any long-term side
effects of creatine supplementation. Athletes have been using creatine as a nutritional
supplement since the mid-1960s. Widespread use as a dietary supplement began in
the early 1990s. No clinically significant and reproducible side effects directly
attributable to creatine supplementation have been reported in the scientific literature.
Nevertheless, there are some concerns about the long-term side effects of creatine
supplementation. Over the last few years, a number of researchers have begun to
report long-term safety data on creatine supplementation. So far, no long-term side
effects have been observed in athletes (up to 5 years), infants with creatine synthesis
deficiency (up to 3 years), or in patient populations (up to 5 years).12,111,112,115,116 One
cohort of patients taking 1.5 to 3 g/day of creatine has been monitored since 1981
with no significant side effects.69,70 Conversely, research has demonstrated a number
of potentially helpful clinical uses of creatine in heart patients, infants and patients
with creatine synthesis efficiency, patients suffering orthopedic injury, and patients
with various neuromuscular diseases. Consequently, all available evidence suggests
that creatine supplementation appears to be safe when taken within recommended
guidelines.

9.2.11 ETHICAL CONSIDERATIONS

Several athletic governing bodies and special interest groups have questioned
whether it is ethical for athletes to take creatine as a method of enhancing
performance. Their rationale is that since studies indicate that creatine can improve
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performance and it would be difficult to ingest enough food in the diet alone to
creatine load, that it is unethical to do so. Others argue that if you allow athletes to
take creatine, they may be more predisposed to try other dangerous supplements or
drugs. Still others have attempted to lump creatine in with anabolic steroids or
banned stimulants and have called for a ban on the use of creatine and other
supplements among athletes. Finally, fresh off of the ban of dietary supplements
containing ephedra, some have called for a ban on the sale of creatine citing safety
concerns. Creatine supplementation is not currently banned by any athletic organi-
zation, although the NCAA does not allow institutions to provide creatine or other
muscle-building supplements to their athletes (e.g., protein, amino acids, HMB, etc).
The International Olympic Committee considered these arguments and ruled that
since creatine is readily found in meat and fish and there is no valid test to determine
whether some athletes are taking creatine or not, there was no need to ban it. In my
view, creatine loading is no different than carbohydrate loading. Many athletes ingest
high-calorie concentrated-carbohydrate drinks in an effort to increase muscle gly-
cogen stores or supplement their diet. If carbohydrate loading is not a banned
practice, then creatine loading should not be banned. This is particularly true when
one considers that creatine supplementation has been reported to decrease the inci-
dence of musculoskeletal injuries,99,100,112,119 heat stress,99,117,118 provide neuroprotec-
tive effects,37,45,47,76,78 and expedite rehabilitation from injury.79,89,120 It could be argued
that not allowing athletes to take creatine may actually increase the risk of athletic
competition.

9.3 SUMMARY AND CONCLUSIONS

Creatine remains one of the most extensively studied nutritional ergogenic aids
available for athletes. Hundreds of studies have reported that increasing muscle
creatine stores through creatine supplementation can augment muscle creatine con-
tent, improve exercise and training adaptations, and provide some therapeutic benefit
to some clinical populations. Consequently, creatine represents one of the most
effective and popular nutritional ergogenic aids available for athletes. The future of
creatine research is very promising. Researchers are attempting to determine ways
to maximize creatine storage in the muscle, which types of exercise may obtain the
greatest benefit from creatine supplementation, the potential medical uses of creatine,
and the long-term safety and efficacy of creatine supplementation. Among these, the
most promising area of research is determining the potential medical uses of creatine,
particularly in patients with creatine synthesis deficiencies or neuromuscular dis-
eases, or prevention of sarcopenia. Nevertheless, in regard to athletes, creatine has
continually proved itself to be one of the most effective and safe nutritional supple-
ments to increase strength, muscle mass, and performance. This is despite oftentime
inaccurate and misleading information that has been written about creatine in the
popular media over the last several years. Sidebar 9.3 describes some factors that
Williams et al. suggested should be considered before taking creatine.12 Research
since this time has supported these conclusions and recommendations.
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Sidebar 9.3: Should Athletes Take Creatine?

After extensively evaluating the literature, Williams et al.12 concluded the
following in their book, Creatine: The Power Supplement (available at
http://www.humankinetics.com):

• Individuals contemplating creatine supplementation should do so after
being informed of potential benefits and risks so that they may make an
informed decision.

• Adolescent athletes involved in serious training should consider creatine
supplementation only with approval/supervision of parents, trainers,
coaches, and/or appropriate health professionals.

• If you plan to take creatine, purchase quality supplements from reputable
vendors.

• Athletic administrators in organized sports who desire to establish policies
on creatine supplementation for teams should base such policies on the
scientific literature. Any formal administration policy should be super-
vised by a qualified health professional.

• Although more research is needed, available studies indicate that creatine
supplementation appears to possess no health risk when taken at recom-
mended doses and may provide therapeutic benefit for various medical
populations.
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10.1 INTRODUCTION

Americans currently spend more money on natural remedies for osteoarthritis than for
any other medical condition,1 thus producing an extremely large and lucrative market
for the multi-billion-dollar supplement industry. Osteoarthritis is destined to become
one of the most prevalent and costly diseases in our society. It is estimated that currently
over 21 million adults in the U.S. suffer from osteoarthritis; it is predicted that this
number will double over the next 20 years. Increasing age, female gender, and obesity
are risk factors. It is also known that athletes of all types frequently live with chronic
joint pain often associated with overuse injuries; they present an additional multi-
million-dollar market for the supplements. Glucosamine and chondroitin sulfate have
been widely publicized in the popular media as being capable of decelerating the
degenerative processes, decreasing pain, and maintaining and improving joint function
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in osteoarthritis and other conditions where joint pain is the result. However, studies
have not been able to confirm these statements. There are numerous anecdotal reports
to which supplement manufacturers refer. However, the majority of clinical trials have
small sample sizes, little or no follow-up, and are sponsored by the supplement
manufacturers.2 Problems in evaluation of efficacy begin with classification of these
agents, as they have been called drugs, nutriceuticals, food supplements, alternative
therapy, homeopathic therapy, and complementary therapy. Individuals with joint pain
now consume very large quantities of glucosamine and chondroitin primarily based
on a great volume of media coverage as to their value. There is currently much
controversy and confusion concerning the topic.

In osteoarthritis the chondrocytes and aqueous matrix decrease with age, which
results in poor-quality cartilage. Bones may become exposed and rub together, which
creates damage and pain. With time, bones chip and fracture, which can lead to bone
growth, producing increased pain and lack of mobility. The individual finds that this
disrupts daily life and activity makes symptoms worse. Patients feel unwell and
depressed. Active individuals may terminate exercise completely, which increases
the risks of inactivity-related chronic diseases.

Osteoarthritis affects approximately 12% of the U.S. population and is a common
cause of age-related pain and physical disability. The condition itself, however, is
poorly understood. The degenerative process is not slowed or reversed with current
treatments, which include aspirin, acetaminophen, and nonsteroidal anti-inflamma-
tory drugs (NSAIDs). Interestingly, the origin of pain caused by the condition is
unclear and, upon investigation, is more often attributed to lesions or referred pain
rather than articular problems, as there are no nerves in articular cartilage. The
biochemistry of glucosamine has led to the suggestion that its use might stop and
possibly reverse the degenerative process. However, evidence is questionable. Chard
and Dieppe3 showed great insight into the problem by commenting that glucosamine
may become the first agent about which we have more published systematic reviews,
editorials, meta-analyses, and comments than primary research papers. They iden-
tified only 24 primary research studies, but also found 9 reviews and numerous
comments and editorials. Most primary research studies are poor, and positive results
are invariably found in supplement manufacturer-sponsored research. Chard and
Dieppe3 also concluded that there is more hype than magic, rationales for use are
unclear, best dose and route of administration are unknown, and published work
does not allow conclusions about efficacy or effectiveness. However, since it is safe,
toxicity concerns cannot be raised. There is a need for regulation, as there could be
long-term side effects, while the length of treatment is not known. Other uses of the
drugs are to treat migraines,4 gastrointestinal disorders such as Crohn’s disease,
ulcerative colitis, atherosclerosis, and capsular contracture in breast implants.5

10.2 DESCRIPTION OF PRODUCTS

10.2.1 GLUCOSAMINE

Glucosamine is an amino monosaccharide (amine sugar) that can be found in chitin,
glycoproteins, and the glycosaminoglycans (mucopolysaccharides), such as heparin
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sulfate and hyaluronic acid. Other chemical designations are 2-amino-2-deoxy-beta-
D-glucopyranose, 2-amino-2-deoxyglucose, and chitosamine.6 It is available over the
counter as a nutritional supplement as glucosamine hydrochloride (glucosamine HCl),
glucosamine sulfate, or N-acetyl-glucosamine. Research has used primarily the chlo-
ride and sulfate salts, which are those most commonly purchased.

The chemical structure of glucosamine is such that at physiologic and neutral
pH the molecule has a positive charge. Negative anions are found in the salt forms,
which neutralize the charge. In glucosamine sulfate the anion is sulfate, in glu-
cosamine HCl the anion is chloride, and in N-acetylglucosamine the amino group
is acetylated, which results in a neutral charge. All forms are water soluble. Nutri-
tional supplements are usually derived from marine exoskeletons with the chitin
extracted from seashells. There are also synthetic forms. Since glucosamine falls
under the 1994 Dietary Supplement Health and Education Act (DSHEA) and is
classified as a medicinal product, its manufacture is not regulated. As a result, there
is no standardization of active ingredients, concentrations, or reporting requirements
for labels. A consumer cannot know what is contained in the product as glucosamine
is inherently unstable and must be combined with other ingredients for stability.
Analysis of products consistently produces the result that many formulations do not
contain ingredients listed on the label.7

10.2.2 CHONDROITIN SULFATE

Chondroitin sulfate is a heteropolysaccharide identified as a glycosaminoglycan
(GAG). GAGs form the ground substance in connective tissue’s extracellular matrix.
The molecule itself is comprised of repeating linear units of D-galactosamine and
D-glucuronic acid. It is found in human cartilage, cornea, bone arterial walls, and
skin; this form is called chondroitin sulfate A (chondroitin 4-sulfate). Cartilage of
humans, fish, and shark contains chondroitin sulfate C (chondroitin 6-sulfate). The
two forms differ in the amino group of chondroitin sulfate A and in the sulfate group
of chondroitin sulfate C. There is a B form called dermatan sulfate, which is found
in heart valves, tendons, skin, and arterial walls. The molecular weights of all forms
range from 5,000 to 50,000 daltons. It is available over the counter as a nutritional
supplement, usually in an isomeric mixture of A and C forms. Nutritional supple-
ments are derived from varied sources, such as pork by-products (ears, snout), bovine
trachea cartilaginous rings, whale septum, and shark cartilage.6

10.3 MECHANISMS

10.3.1 GLUCOSAMINE

Glucosamine is produced within the body in small amounts in reactions involving
glucose and glutamic acid. It is a small molecule (molecular weight = 179.17) that
is easily absorbed in vivo. Humans may decrease production with aging. It is not
found in any common foods and cannot be obtained externally. If the body is not
synthesizing the substance, it needs to be taken as a supplement. It is found in
abundance in cartilage, with small amounts measured in tendons and ligaments; it
is an essential substrate matrix that is a component of cartilage.
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It is still not clear what the actions are of glucosamine taken as a nutritional
supplement. Purported effects are the promotion and maintenance of the structure
and function of cartilage in the joints of the body. It has also been reported that
glucosamine has anti-inflammatory effects. The biochemistry, however, has been
known for quite some time. Glucosamine, a sugar and a sulfated amino monosac-
charide, is involved in glycoprotein metabolism where it is found in proteoglycans
as polysaccharide groups called GAGs. All GAGs contain derivatives of glucosamine
or glactosamine. These polysaccharides comprise 95% of the ground substance in
the intracellular matrix of connective tissue. One of the GAGs, hyaluronic acid, is
essential for the function of articular cartilage and is responsible for shock absorbing
and deformability functions.6 In vitro studies show that it can alter chondrocyte
metabolism; it is not clear whether oral glucosamine can reach chondrocytes in vivo.8

Over 90% of the studies in glucosamine pharmacokinetics have used animal
models. It has been shown that about 90% of the salt is absorbed from the small
intestine and transported to the liver. The majority is then catabolized in the first
pass; seldom is it detected in serum after oral ingestion. Free glucosamine is not
usually detected in plasma.9,10 How much is taken into joints is not known for
humans, while some uptake is seen in articular cartilage in animals.

10.3.2 CHONDROITIN SULFATE

It is still not clear what the actions are of chondroitin sulfate when taken as a
nutritional supplement. Purported effects are the promotion and maintenance of the
structure and function of cartilage in the joints of the body. It has also been reported
that chondroitin sulfate has anti-inflammatory and pain relief effects. The biochem-
istry has been known for some time. Chondroitin sulfate is a GAG, previously
described in the glucosamine mechanisms. It is essential for the structure and
function of articular cartilage and provides the same properties as hyaluronic acid.
While intra-articular injections of hyaluronic acid have been shown to relieve joint
pain and improve mobility, the same has not yet been demonstrated for chondroitin
sulfate. It is speculated that oral ingestion of chondroitin sulfate may lead to an
increase in hyaluronic acid. Thus, cartilage breakdown would be inhibited.6

It has been shown that absorption is from the stomach and small intestine. High
molecular weight forms are not significantly absorbed, while low molecular weight
forms show significant absorption after oral ingestion. How much is taken into joints
is not known for humans, while it is known that some does enter the joint space.

10.4 REVIEW OF RESEARCH STUDIES AND CLINICAL TRIALS

10.4.1 GLUCOSAMINE

Glucosamine was looked at for use in reducing the symptoms of osteoarthritis as early
as 1969.11 A number of years ago early studies showed, in 20 patients, that the use of
glucosamine sulfate resulted in patients who experience lessening or disappearance of
symptoms with use over 6 to 8 weeks12 with no adverse reactions. Barclay and
associates13 reviewed the pharmacology and pharmacokinetics of glucosamine and
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evaluated the available literature regarding safety and efficacy. Of the literature pub-
lished between 1965 and 1997, three critically evaluated studies were found that
reported a decrease in the symptoms of osteoarthritis. However, flaws in the research
designs precluded making positive recommendations for improvements in the symp-
toms of osteoarthritis with oral glucosamine use. Intramuscular glucosamine admin-
istration, however, is effective.14 No statistically significant difference in glucosamine
sulfate and placebo were found in managing pain, leading to the conclusion by one
group that the supplement was no more effective than the placebo.15

A 12-week study of 2000 mg/day doses of glucosamine in subjects with articular
cartilage damage and possible osteoarthritis showed self-reported improvement in
symptoms. However, while clinical and functional test scores improved over the
evaluation period in both the test and placebo groups, there were no significant
differences between groups at the end of the study.16 The trend reported was that
improvement could be seen after 8 weeks. A 3-year prospective, placebo-controlled
study evaluating the effect of glucosamine sulfate use on joint space narrowing in
knee osteoarthritis did not find statistically significant results in the most severe
cases. However, patients with less severe radiographic knee osteoarthritis showed a
trend toward significant reduction in joint space narrowing.17 It has been shown that
a 3-year treatment of osteoarthritis with glucosamine sulfate use retarded the pro-
gression of knee osteoarthritis as determined by a lesser joint space narrowing than
in the placebo group.18 The authors suggested that this retardation of narrowing of
joint space might modify and slow the disease process; however, joint space nar-
rowing is not associated with pain.

Positive results are difficult to demonstrate (glucosamine hydrochloride). The objec-
tive measurement differences between groups are not usually statistically significant.
Results are reported as positive trends19 in objective measurements. More often than
not, however, patients report that they feel better than at the start of the trial.19 Glu-
cosamine use was shown to preserve joint space in that significant narrowing did not
occur. It was suggested that long-term use prevents joint structure changes and improves
disease symptoms.20 However, a change in joint space is not necessarily associated with
a change in pain levels. Some have reported overall positive results.21

Literature reviews usually conclude that glucosamine may not only provide
symptomatic pain relief, but also have a role in chondroprotection.22 Even though
no differences were found between the glucosamine and placebo groups, and positive
results were modest, it was still concluded that glucosamine sulfate may be a safe
and effective symptomatic slow-acting drug for osteoarthritis.23 Glucosamine can be
administered orally, intravenously, intramuscularly, and intra-articularly. Reviews of
primarily European and Asian literature have suggested that glucosamine sulfate use
may provide pain relief, reduce tenderness, and improve mobility in patients with
osteoarthritis.24 Studies in the U.S. do not support these conclusions.

10.4.2 CHONDROITIN SULFATE

A number of years ago, based on in vitro studies, chondroitin sulfate was identified
as a supplement that may provide chondroprotection.25 A multicenter randomized,
double-blind, controlled study of 143 subjects with osteoarthritis that used three

9079_C010.fm  Page 191  Thursday, February 8, 2007  10:53 AM

SPORTS NUTRITION JFII



192

different formulations of chondroitin sufate showed that improvement of subjective
symptoms was achieved after 3 months of treatment.26 A single daily dose of 1200
mg was found to be just as effective as three 400-mg doses.

A meta-analysis of chondroitin sulfate supplementation found 16 publications
that fit criteria for inclusion. Criteria included types of joint involvement studied,
study designs, numbers of patients enrolled, and pain index variables analyzed.27 It
was concluded that chondroitin sulfate may be useful in osteoarthritis treatment;
however, results of the published studies were clouded by concomitant use of
analgesics or NSAIDs, thus making conclusions about benefits difficult.27 Some have
suggested that it can be used as an anti-inflammatory without dangerous effects on
the stomach, platelets, and kidneys.28

Conte and co-workers29 showed that single daily doses of 0.8 g and two daily
doses of 0.4 g resulted in an increase of plasma concentration of chondroitin sulfate
for a 24-h period, showing that there was bioavailability. In 20 male volunteers
chondroitin sulfate plasma levels increased in all subjects and peaked after 2 h.30 It
is questionable, however, as to what level of chondroprotection can be achieved by
orally administered chondroitin sulfate. Baici and co-workers31 found no changes in
serum concentrations of glycosaminoglycan concentraton before and after ingestion
of chondroitin sulfate in six patients with rheumatoid arthritis and six patients with
osteoarthritis. They suggested that claims for benefits were biologically and phar-
macologically unfounded.

Uebelhart and co-workers32 assessed the clinical, radiological, and biological
efficacy and tolerance of chondroitin 4- and 6-sulfate with symptomatic knee osteo-
arthritis in 42 patients over the period of 1 year. They reported that the combined
preparation was an effective and safe symptomatic slow-acting drug for the treatment
of knee osteoarthritis in 42 patients. It was claimed that this was the first study to
demonstrate that the natural course of the disease could be changed with symptom-
atic slow-acting drugs in osteoarthritis (SYSADOAs). Others have made the same
suggestion.32

10.4.3 COMBINED GLUCOSAMINE AND CHONDROITIN SULFATE

There is some evidence that if positive results in mild to moderate symptoms of
osteoarthritis are seen, combined preparations of low molecular weight chondroitin
sulfate and glucosamine may be more effective with results reported as synergis-
tic.33 In 93 patients a combination preparation was found to be effective when a
randomized, placebo-controlled study design was implemented.33 Combination
therapy relieved symptoms of knee osteoarthritis and was safe when tested in 34
young males with chronic pain and radiographic evidence of degenerative dis-
ease;34 however, this group was not the older population usually seen with osteo-
arthritis.

Animal studies show that both chondroitin sulfate and glucosamine sulfate
stimulate chondrocyte growth in vitro and in animal models.35 However, no direct
evidence that they cause regeneration of cartilage in osteoarthris has been produced.
In knee osteoarthritis, glucosamine sulfate can be shown to prevent knee joint space
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narrowing, and chondroitin polysulfate has been shown to prevent the same in finger
osteoarthritis, as seen on radiographs.35 These effects are not evidence of regeneration
of cartilage. Topical creams have been evaluated using glucosamine sulfate, chon-
droitin sulfate, and camphor, which show improvement in relieving pain after 4
weeks.36

Some literature reviews have shown that glucosamine and chondroitin sulfates
offer safe and effective alternatives to NSAIDs, which may have serious and life-
threatening adverse effects.37 When glucosamine and chondroitin preparations were
subjected to meta-analysis, 15 studies were found to fit rigorous criteria. These
studies showed some degree of efficacy; trials reported moderate to large effects,
but the authors reported that most studies had flawed designs.38 Chondroitin sulfate
is a much larger molecule than glucosamine and is poorly absorbed. Some claim
that, in combination with glucosamine, there is no added benefit,11 but admit to the
lack of side effects with use. Manufacturers now use a low molecular weight chon-
droitin sulfate in the hopes of increasing absorbability.

Deal and Moskowitz39 reviewed glucosamine, chondroitin sulfate, and collagen
hydrolysate use in the symptomatic treatment of osteoarthritis. They came to con-
clusions similar to those of most researchers in that recommendations are difficult
to make with the current status of non-FDA-evaluated supplements, particularly with
long-term use. At a cost of $30 to $45 per month, older adults on limited incomes
may have difficulty sustaining treatment. Some believe that current therapies have
little benefit and great risk because of the lack of data in humans; chondroprotection
is still questionable, but glucosamine and chondroitin sulfate show modest effec-
tiveness when taken together.40 Most conclude that there is a modest efficacy for
glucosamine and chondroitin sulfate use; however, long-term safety is not yet
proved.41 Meta-analysis does, however, show some degree of positive results with
both supplements,42 claiming that they are effective and safe.43

The preliminary results of a multicenter, double-blind, placebo- and celecoxib-
controlled Glucosamine/Chondroitin Arthritis Intervention Trial (GAIT) have been
published.44 Subjects included 1583 patients with osteoarthritis of the knee randomly
assigned to one of five groups for 24 weeks. Orally administered treatments were
(1) 500 mg of glucosamine hydrochloride three times daily, (2) 400 mg of sodium
chondroitin sulfate three times daily, (3) 500 mg of glucosamine plus 400 mg of
chondroitin sulfate three times daily, (4) 200 mg of celecoxib daily, or (5) placebo.
Patients were further stratified based on WOMAC™ pain stratum as either mild or
moderate to severe. The authors concluded that both glucosamine and chondroitin
sulfate alone or in combination did not reduce pain effectively in the overall patient
population. In the subgroup of individuals with moderate to severe knee pain,
combined glucosamine and chondroitin sulfate were found to have some efficacy.
Interestingly, there were positive effects noted in 60% of the patients in the placebo
group. As would be expected, these results have led to further controversy and
discussion of the methods used both in the design of the study and in the statistical
analysis.45,46
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10.5 SIDE EFFECTS

10.5.1 GLUCOSAMINE

There are no known or reported contraindications to glucosamine supplementation.
Concerns have been expressed for the potential to increase insulin resistance if
glucosamine is given intravenously, as it has been shown to do so in both normal
and experimentally diabetic animals. However, this effect is not seen in oral prepa-
rations. Some researchers, however, do suggest that it is contraindicated in diabetes
with concerns about its effect on insulin secretion.43,47 Individuals who are diabetic
or overweight should err on the side of caution and carefully monitor blood sugar
levels if supplements are taken. Because there are no data, children and pregnant or
nursing women should avoid consumption.6

Side effects are few and are usually mild digestive problems such as upset
stomach, nausea, heartburn, and diarrhea. These suggest that glucosamine is better
taken with food. Short-term adverse effects for glucosamine use also include head-
ache, drowsiness, and skin reactions. No allergic reactions have been reported.6

There are no known interactions with any other nutritional supplement, drug, herb,
or food. There are no reports of overdosage. Biochemical, hemostatic, and hemato-
logical measurements indicate that it is safe.48 The usual dose recommended for
benefit is 1500 mg.

10.5.2 CHONDROITIN SULFATE

There are no known or reported contraindications to chondroitin sulfate supplemen-
tation. Concerns have been expressed for the theoretical possibility that chondroitin
sulfate may have antithrombotic activity and should be avoided by those with
hemophilia and those taking anticoagulants, such as warfarin. It may also be immu-
nosuppressive.49 Since the most common form sold is a salt, those on salt-restricted
diets should use a salt-free supplement. Because there are no data, children and
pregnant or nursing women should avoid consumption.6

Side effects are few and are usually mild digestive problems such as nausea,
heartburn, and diarrhea. No allergic reactions have been reported.6 There are no
known interactions with any other nutritional supplement, drug, herb, or food. If
chitosan is taken, it may decrease absorption. There are no reports of overdosage.
Biochemical, hemostatic, and hematological measurements indicate that it is safe.48

The usual dose recommended for benefit is 1200 mg.

10.6 USE IN SPORT AND EXERCISE

Much of the use in sport and exercise is based on the possibility that both glu-
cosamine and chondroitin sulfate will be chondroprotective and will reduce inflam-
mation and pain if injury occurs. People who exercise will use these supplements
for varied reasons, and many use them more for prophylaxis than after an injury.
There is a belief that these supplements will help avoid injury, will speed up healing
if it occurs, and will be a useful adjunct if surgery has occurred.50
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Exercisers by the nature of what they do put stress on chondral surfaces and
wear and injury can occur. Those most interested in supplementation are runners
and those involved in contact and cutting sports where ligaments can be injured.50

Many athletes injure or tear menisci, and chondroprotection is desired. However,
there are no data in athletes to support any claims of benefit. The research that has
been done has used individuals with osteoarthritis, and the supplements have been
an adjunct to other therapies used at the same time. Whether the effects will be the
same in those without joint damage is not known.

It is known that there is widespread use of supplements among athletes even
though there may be no evidence for efficacy.51 When Olympic athletes were sur-
veyed, it was found that supplement use is widespread. The most common drugs
taken were NSAIDs, used by 100% of surveyed gymnasts. It has also been reported
that glucosamine and chondroitin sulfate are frequently first taken by athletes to
ameliorate the pain and swelling following injury.52 After initial use, many athletes
tend to become chronic users of these substances, and concerns have been expressed
over increased risk of adverse effects on the gastrointestinal, hepatic, and renal
systems. There is much anecdotal evidence to indicate that athletes take glucosamine
and chondroitin sulfate even without injury.

The fact remains that consumption of these supplements appears to be safe,
although long-term studies have yet to be performed. Athletes will have to judge
for themselves, but there are no cautions for use. Knowing that the placebo effect
is real, the mere consumption of a product purported to alleviate pain may have a
positive effect.

10.7 SUMMARY AND RECOMMENDATIONS

Glucosamine and chondroitin sulfate have been used as nutriceuticals since 1969.11

They are believed to ameliorate the symptoms of osteoarthritis by reducing inflam-
mation and by aiding in the restoration of normal cartilage.53,54 While animal studies
have shown positive effects, research in humans is still equivocal. However, as yet,
no firm conclusions can be made about these homeopathic remedies.55 A recom-
mendation for the use of a nonpharmacological treatment for symptomatic osteo-
arthritis of the hip and knee includes exercise, both aerobic and strength training,
and diet. Exercise was found to be just as effective as NSAIDs for improvement in
pain and function.56 The results of this study suggest that, in particular groups of
individuals, supplement and drug therapy could be reduced or eliminated.

There is no question that human research needs to be done, particularly in
athletes who consume these supplements in large quantities with no knowledge of
their effects in the long term. Although anecdotal evidence suggests that glucosamine
sulfate and chondroitin sulfate are widely used to ameliorate the symptoms of
osteoarthritis and may be effective in some cases, the American College of Rheu-
matology Subcommittee on Osteoarthritis continues to evaluate recommendations
for use.57 The National Institute of Arthritis and Musculoskeletal and Skin Diseases
(NIAMS) in collaboration with the National Center for Complementary and Alter-
native Medicine (NCCAM) announced in 1999 a multicenter effort to study the
effectiveness of glucosamine and chondroitin sulfate use in a large database of
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subjects.57 Initial published results did not show efficacy in the overall population,
but there is a suggestion that the supplements may be useful in moderate to severe
evaluated pain.

Athletes consistently look for an advantage in their sport and for natural ways
to enhance their performance. While glucosamine and chondroitin sulfate cannot be
considered ergogenic aids with the current lack of human data on exercisers, their
use cannot be precluded because of their safety. Since little harm can be done,
athletes can safely consume these supplements if they believe there will be a benefit.
They can be found in pills, powders, and beverages (“joint juice,” “motion potion”).
The greatest benefit, if it does indeed occur, seems to be found in preparations that
contain both glucosamine and low molecular weight chondroitin sulfate. Athletes
can safely consume these supplements and need to decide if the cost ($30 to $45
per month) is warranted in light of equivocal research and the fact that, if benefits
are noted, it takes one to several months before they are observed.11 The supplements
need to be regulated as there could be long-term side effects and the length of
treatment is not known.4 Since athletes are healthy, effects may not be the same as
in those with the diseased joints of osteoarthritis. An excellent book has been
published that outlines regimens for reducing pain.57 Anecdotally, the regimens
recommended in this publication are reported to be successful. While athletes take
supplements for osteoarthritis to aid their exercise, those with osteoarthritis may
find that exercise itself is the “drug” that will benefit them the most.56,58
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11.1 INTRODUCTION

11.1.1 CARNITINE: A BRIEF HISTORY

The word carnitine is derived from the Latin word carno or carnis, which means
flesh or meat. Carnitine was discovered in muscle extracts by Gulewitsch and
Krimberg1 as well as Kutscher2 in 1905 and was first thought to be involved with
muscle function. Gulewitsch and Krimberg1 identified the structure of carnitine as
3-hydroxy-4-N-trimethyl-aminobutyric acid (C7H15NO3), which was later confirmed
in 1927 by Tomita and Sendju.3 Following its discovery, its exact configuration was
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FIGURE 11.1 L-carnitine’s chemical structure.

proposed in 19624 and became definite in 1997 as L- or R-3-hydroxy-4-N,N,N-
trimethylaminobutyrate.5 Initially carnitine was called vitamin BT because of its 
necessity for growth in the yellow mealworm known as Tenebrio molitor. Subse-
quently, the distribution of carnitine in the organs of mammals, lower animals, plants, 
and microorganisms became well established6 (Figure 11.1)

11.1.2 METABOLIC ACTIONS OF CARNITINE

The most widely investigated aspect of carnitine is the carnitine-dependent transport of 
fats to the intermitochondrial membrane; however, some other established roles include 
the preservation of membrane integrity, stabilization of a physiologic coenzyme 
A:acetyl-CoA ratio in the mitochondria, and the reduction of lactate production.7,8

Carnitine serves as a cofactor for several enzymes, including carnitine translo-
case and acylcarnitine transferases I and II, which are essential for the movement 
of activated long-chain fatty acids from the cytoplasm into the mitochondria (Figure 
11.2). The translocation of fatty acids (FAs) is critical for the generation of adenosine 
triphosphate (ATP) within skeletal muscle, via β-oxidation. These activated FAs 
become esterified to acylcarnitines with carnitine via carnitine-acyl-transferase I 
(CAT I) in the outer mitochondrial membrane. Acylcarnitines can easily permeate 
the membrane of the mitochondria and are translocated across the membrane by 
carnitine translocase. Carnitine’s actions are not yet complete because the mitochon-
drion has two membranes to cross; thus, through the action of CAT II, the acylcar-
nitines are converted back to acyl-CoA and carnitine. Acyl-CoA can be used to 
generate ATP via β-oxidation, Krebs cycle, and the electron transport chain. Car-
nitine is recycled to the cytoplasm for future use.

As previously mentioned, carnitine has a unique interaction with acyl-CoA in 
the mitochondria and is an important modulator of the acyl-CoA:free CoA ratio. 
This is demonstrated when acylcarnitines are formed. This relationship is defined 
by the rate of acyl-CoA production: if the acyl-CoAs are produced more rapidly 
than they are used, then the acyl-CoA within the intramitochondrial space is high 
compared to the free CoA concentration.9,10 This imbalance can then be corrected 
because carnitine can bind the acyl-CoAs and the once elevated ratio can return to 
normal. The regulation of this ratio and the interaction of carnitine with acetyl-CoA 
may suppress the production of lactic acid during high-intensity exercise, primarily 
because it acts to inhibit the downregulation of the pyruvate dehydrogenase (PDH) 
caused by the increase in acetyl-CoA.11

H3C N+

CH3

CH3

CH2 C CH2 COO-

OH

H
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It is important to differentiate the two forms of carnitine, which are L-carnitine
and D-carnitine (Dextro form). L-carnitine is the physiologically active form and is
endogenously produced within the human, whereas D-carnitine is not physiologi-
cally active and is a synthetic.12 Research has shown that subjects given D-carnitine
saw a depletion of their endogenous stores of L-carnitine,13,14 which may manifest
itself as carnitine deficiency, especially during intense bouts of exercise.15 Supple-
mentation of D-carnitine is therefore not recommended because it may have a
deleterious effect on the body as well as performance.

Carnitine plays a major role in substrate metabolism in healthy individuals, but
there are individuals who have carnitine deficiencies, and in these individuals carnitine
supplementation can be utilized as a therapeutic agent. Typically the daily average
American diet has about 100 to 300 mg of carnitine.16 The primary sources of carnitine
are found in red meat and dairy products, whereas vegetables have very little L-
carnitine; thus, vegetarian diets may contain miniscule amounts. Despite adequate
intake of carnitine by the majority of the population, there is still a fraction of the
population who have carnitine disturbances. This may be due to several metabolic
abnormalities, which include defective carnitine synthesis, enhanced carnitine degra-
dation, impaired transport of carnitine whether it is in or out of cells, and finally
abnormal renal handling of carnitine.17,18 These abnormalities manifest in a syndrome
known as primary carnitine deficiency, the myopathic form having symptoms such as
muscle fatigue, cramps, hypotona, and atrophy of the musculature, and the systemic
form, the more severe form, having symptoms such as nausea, vomiting, and coma
due to excessive fat storage because of reduced hepatic efficiency.19–21

FIGURE 11.2 Roles of carnitine in the movement of long chain fatty acids into the mito-
chondrial matrix.
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Carnitine supplementation in these states has proven effective. For example, in
cardiac diseases, the myocardium uses fatty acids as its primary source of fuel;
therefore, a deficiency in carnitine may have a serious impact on heart rate and
stroke volume and thus cardiac output. In fact, most research on these types of
cardiac patients supports the use of carnitine as a supplement and furthermore has
found that abnormal fatty acid metabolism is normalized.22–25 The focus of this
chapter, however, will be the effects and efficacy of carnitine supplementation in
healthy populations, specifically as a potential ergogenic aid to athletic performance.

11.2 THE ROLE OF CARNITINE IN FAT METABOLISM

11.2.1 BIOSYNTHESIS OF CARNITINE

In humans carnitine is synthesized from the essential amino acids lysine and
methionine.12,26–28 Methionine contributes its methyl groups,29–30 and the carbon and
nitrogen moieties come from lysine.31,32 In addition, ascorbic acid, iron, niacin, and
vitamin B6 are all requirements for the biosynthesis of carnitine33 (Figure 11.3). The
liver, kidney, heart, and skeletal muscle can convert the trimethyl lysine, which
originates from digestion of proteins, to γ-butyrobetaine, but studies have shown
that in humans only the liver and kidney can convert γ-butyrobetaine to car-
nitine.10,12,34 This has several implications because the heart and skeletal muscles
need carnitine but do not produce it; thus, carnitine’s transport efficiency is critical,
especially during activities such as exercise. Carnitine biosynthesis occurs at a rate
of 2 μmol/kg of body weight/day, does not experience significant daily fluctuations,
and seems to be related to the availability of N-trimethyllysine.26

As mentioned previously, the diet can provide a significant amount of carnitine,
approximately 50% (100 to 300 mg/day) in the form of either free carnitine or short-
and long-chain FAs.35,36 This is true for individuals who consume large amounts of
beef, pork, and lamb. In addition, this intake is sufficient to maintain normal carnitine
homeostasis. Vegetarians who consume less than 0.5 μmol/kg of body weight/day
must rely on endogenous production of carnitine to maintain homeostasis.37

Once carnitine is produced, the intracellular homeostasis is controlled by dif-
ferent membrane transporters called organic cation transporters (OCTNs), specifi-
cally OCTN2. OCTN2 acts to operate on both the intestinal and renal absorption of
L-carnitine, in addition to playing a major role in tissue distribution and transport
rates within circulation. This transporter has been implicated in the deficiencies
mentioned earlier in this chapter, as research has shown that OCTN2 is directly
inhibited by various agents and substances identified as causing systemic carnitine
deficiencies.38

11.2.2 CARNITINE POOLS: DISTRIBUTION AND EXCRETION

In general, carnitine homeostasis is maintained several ways, including absorption
from dietary sources, modest rates of biosynthesis, and reabsorption, which is very
efficient.26 Carnitine in its esterified forms as short- and long-chain acylcarnitines
is found in several tissues and cellular fluid. In a healthy 70-kg adult the pool of
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carnitine is estimated to be about 100 mmol and is distributed between the skeletal
and cardiac muscles (98%), liver and kidney (1.6%), and extracellular fluid (0.4%).39

Plasma carnitine concentrations in a normal U.S. population can range from 37
to 89 μM, with approximate concentrations for males ranging from 59.3 ± 11.9 μM
and females 51.5 ± 11.6 μM. Studies have revealed that 54 to 87% of dietary carnitine
is absorbed, which contributes to this plasma pool,12,26 and furthermore during its
metabolism and excretion it is highly conserved within the kidneys. Approximately
90 to 98% of ingested carnitine is reabsorbed in the renal tubules.40 That which is
not reabsorbed can be excreted via the feces (about 1 to 2%) or its typical elimination
pathway through the urinary system (about 0.1 to 0.3%).12

11.3 CARNITINE UTILIZATION DURING EXERCISE

11.3.1 PYRUVATE DEHYDROGENASE COMPLEX

Research has postulated that there are a few interrelated pathways that can utilize
carnitine to enhance the use of long-chain FAs while manipulating acetyl-CoA and
pyruvate dehydrogenase (PDH). This would allow for the increased burning of fat
as a fuel and the sparing of muscle glycogen during exercise. The rationale behind
these assumptions is that in vitro experiments have shown that the activation of the
pyruvate dehydrogenase complex (PDC) is inhibited by high ratios of acetyl-
CoA:free CoA and NADH:NAD+.41 Since carnitine is a known regulator of acetyl-
CoA:free CoA via the formation of acylcarnitines, it is plausible to assume that
carnitine may control the activity of the PDC.

This interaction can be illustrated during exercise when acetyl-CoA produced
via the PDC and β-oxidation can be delivered to the Krebs cycle or accumulate in
an acetyl-CoA and acylcarnitine pool. Carnitine can then accept the acetyl-CoA
groups that continue to accumulate, directly affecting acetyl-CoA and carnitine status
during exercise.

11.3.2 ACYLCARNITINES

It is important to exploit the role of the acylcarnitines because an increase in their
formation is directly linked to an increase in acetyl-CoA while free carnitine levels
decline in the muscle.35 This yields no change in the overall carnitine level and
maintenance of the acetyl-CoA:free CoA ratio. This will occur during all types and
intensities of exercise. However, it is very important to also recognize follow-up in
vivo studies examining muscle. They demonstrate that the full potential of PDC
activity could be quickly reached and maintained.42–44 Furthermore, PDC activity
was still fully active with low lactate accumulation, which was to be expected. These
results suggest that in vivo examinations give a more accurate portrayal of the
intricate system and role of carnitine in metabolism and can give us hints into the
effectiveness of carnitine as an ergogenic aid.
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11.4 CARNITINE SUPPLEMENTATION

11.4.1 DOES CARNITINE SUPPLEMENTATION MAKE SENSE?

There are several rationales behind why carnitine might be a promising ergogenic
aid. These reasons are related specifically to its proposed metabolic actions of being
capable of transporting long-chain FAs into the mitochondria for utilization. The
assumption is that more is better, and the more carnitine available for biological
work, the more FAs that can be utilized for energy. To be more specific, this rationale
is used to argue that there will be more FA oxidation since this oxidation is carnitine
dependent, and that this will spare muscle glycogen. In addition, since carnitine
promotes fat utilization, supplementation will then be successful in altering body
composition to favor decreases in fat mass and aid in weight loss. Other rationales
include increasing maximal oxygen consumption (VO2 max), activating the PDC
via the acetyl-CoA:free CoA ratio, replacing carnitine lost during exercise or redis-
tributed to acylcarnitines, and, finally, allowing muscles to become more resistant
to fatigue. All of these scenarios seem plausible and have been extensively researched
as to their efficacy.

11.4.2 WHEN WOULD CARNITINE SUPPLEMENTATION BE 
EFFECTIVE?

When interpreting studies on carnitine, it is important to remember to focus on the
changes that occur within the muscle because that is the major reservoir for carnitine.
This will govern whether it is appropriate to supplement and how effective supple-
mentation will be. The majority of research shows that carnitine is typically only
effective during a primary or secondary carnitine deficiency when the body cannot
maintain adequate levels of the metabolite,16–24 although it is important to recognize
that there are conflicting results regarding performance, specifically when examining
the difference between exercise intensities.

The remainder of this chapter will focus on the exercise- and performance-related
literature that has been completed. This body of literature will examine the possible
role of carnitine as an ergogenic aid.

11.5 CARNITINE AND PERFORMANCE

11.5.1 DIETARY SUPPLEMENTATION AND BODY CARNITINE LEVELS

Research has provided many conflicting results when analyzing changes in body
carnitine levels. This is primarily due to the fact that the methodology is inconsistent.
Many of the studies have focused on blood or plasma levels of carnitine, but the
primary action of carnitine occurs in the muscle. Therefore, those studies that reflect
changes in muscle carnitine will most accurately reflect whether supplementation is
necessary. Unfortunately, there are only a few studies that have reported muscle
carnitine levels.12,45–47 Those that have measured muscle levels find that supplemen-
tation with normal or low doses (approximately 1 to 6 g orally or intravenously)
does not increase levels normally present in the muscle tissue. It seems as though
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there are only a couple of conditions where carnitine supplementation may actually
act to increase concentrations within the muscle. These circumstances include a
supraphysiological dose (100 mg/kg body weight). In addition, those individuals
who are carnitine deficient will benefit from supplementation. Specifically, this is
because those individuals already have low carnitine concentrations and supplemen-
tation will allow for the accumulation of the necessary carnitine content within the
muscle to perform. These studies12,45–47 emphasize that there is adequate carnitine
within the muscle mitochondria to oxidize lipids, and furthermore that a carnitine
deficiency will not occur as a result of aerobic exercise. In addition, when muscle
carnitine levels were compared to plasma levels, it was found that the carnitine
metabolic state, associated with exercise, was very poorly reflected by changes in
both the plasma and urine.46

The general consensus is that individuals who abide by a standard diet will take
in the necessary nutrients to maintain adequate levels of carnitine in the muscle.
Furthermore, it is important to emphasize again that caution be exerted when ana-
lyzing the carnitine literature because individuals need to recognize the nature of
the carnitine pools that were examined, whether in blood or muscle.

11.5.2 CARNITINE LEVELS AND ACUTE EXERCISE

Acute exercise is characterized by a single session that may be repeated for several
days, not usually longer than a week. This type of exercise has been widely used in
the scientific literature on carnitine to study the changes in carnitine concentrations
that occur prior to and after a single exercise session. These types of studies are
effective in quantifying carnitine concentrations within the body as well as providing
an insight into its metabolism during exercise. Acute studies can set the framework
for long-term research because the acute data are used to predict how carnitine will
act with larger volumes of training.

Lennon et al.48 examined subjects during submaximal cycle ergometry at 55%
of VO2 max and found that there was a significant decrease (about 20%) in muscle
carnitine levels. They reported that as the muscle carnitine dropped there was a
significant and concurrent increase in plasma carnitine from rest to the termination
of 40 min of exercise. These results led the authors48 to suggest that some acylcar-
nitines are lost to the plasma from the muscle during acute exercise bouts. They
further suggested48 that more intense exercise could severely deplete muscle carnitine
levels.

Conflicting results were seen by Carlin et al.,49 who found that with 90 min of
cycling (50% VO2 max) there were no decreases in total muscle carnitine levels, but
increased levels of acylcarnitines and decreased free carnitine within the muscle
were observed. Plasma levels of acylcarnitine were shown to increase progressively
with exercise as a result of the decline in free carnitine, and not the transfer of
carnitine from the muscle to the plasma.49 Again, these studies help to illustrate the
importance of measuring and analyzing carnitine pools separately. These results are
supported by Harris et al.,50 who found that both intermittent electrical stimulation
and cycling resulted in no change in total muscle carnitine but a significant fall in
free carnitine and a concurrent increase in acylcarnitine levels. In addition, Harris’s
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group50 was able to quantify that the resting mean carnitine concentration in muscle
is approximately 20.0 mmol/kg dry muscle and that 77% of this was in the form of
free carnitine and 19% was acylcarnitines. Their analysis helped make quantifying
the concentrations more accurate as well as improved the validity of results.

To further examine the acute effects, Soop et al.51 used femoral artery and vein
catheters in seven healthy, moderately trained male cyclists who exercised for 2 h
at 50% VO2 max. The purpose was twofold: first, to examine fatty acid utilization
during oral carnitine supplementation (5 g/day) during exercise and, second, to
quantify and examine the changes that occur in plasma and muscle carnitine levels.
Results from this study showed that despite a twofold increase in plasma carnitine
levels with supplementation, there was no change in FA turnover, and thus no
influence over substrate metabolism.51 In addition, there were no differences between
supplemented and nonsupplemented individuals with regard to plasma carnitine
levels. In addition, free carnitine was observed to fall, but there was a release from
the leg muscles during exercise. Furthermore, there was an increase in acylcarnitines
in the plasma with no evidence of release from the leg muscles. Soop et al.51 further
conclude that there is an alternate site for acylation of carnitine, which they suggested
is the liver. Keep in mind that these results do coincide with those of Lennon et al.48

and Carlin et al.,49 both of whom showed that there were increases in acylcarnitines
and decreases in free carnitine. Soop et al.51 have been able to shed more light on
the intricate biochemical pathways that are involved in carnitine homeostasis during
exercise. These results48,49,51 support the notion that within the muscle adequate
carnitine levels can be maintained during exercise and further deficiencies are not
likely to occur in the muscle.

It seems evident from the numerous studies that there is no drastic effect on
total muscle carnitine concentrations during acute exercise because of the redistri-
bution that occurs; specifically, there is an increase in acylcarnitine and decrease in
free carnitine concentrations. Thus, it seems likely that supplementation of carnitine
for acute bouts of exercise will not be effective and is subsequently unnecessary.

11.5.3 CARNITINE AND HIGH-INTENSITY EXERCISE

It is evident that changes occur within the plasma and muscle with regard to free
carnitine and acylcarnitine, but not necessarily total carnitine. The next logical step
is to analyze the effect of intensity on carnitine concentrations. High-intensity
exercise will decrease the free carnitine levels because of the reaction with acetyl-
CoA. Furthermore, at very high intensities free carnitine will decrease to very low
levels. Brass and Hiatt52 have reported values as low as 0.5 to 1.0 mM/kg of wet
muscle weight, which approach the concentration needed for half-maximal activity
(0.25 to 0.45 mM/kg of wet muscle) of CAT. This decrease in free carnitine has
been postulated to be the reason why exercise physiologists report a transition in
substrate utilization between moderate- to high-intensity exercise.

Siliprandi et al.53 supplemented with 2 g of carnitine before high-intensity
exercise and found that PDH activity was stimulated and there was a reduction in
both plasma lactate and pyruvate. In a similar study, Vecchiet et al.54 administered
L-carnitine or a placebo 1 h before cycle ergometer exercise. The exercise was a
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graded protocol designed to increase by 50 W every 3 min until exhaustion. Seventy-
two hours later the subjects came in to repeat the trial; however, those who got
carnitine first did their second trial with the placebo and vice versa. Results showed
that VO2 max increased while carbon dioxide production, pulmonary ventilation,
and lactate production decreased.

Several authors have reported a decreased respiratory quotient (RQ) with car-
nitine supplementation,55–57 suggesting that carnitine influences substrate utilization.
In support of this hypothesis, both Gorostiaga et al.55 and Muller et al.57 reported
an increase in lipid utilization, therefore sparing carbohydrates and prolonging
exercise time.

High-intensity exercise has been implicated in muscle soreness. Giamberardino
et al.58 examined the effects of carnitine on pain using the Visual Analog Scale,
tenderness (pain thresholds), and creatine kinase (CK) release. Subjects were given
3 g/day of a placebo for 3 weeks, and then after a week, washout was given, 3 g/day
of carnitine. Subjects performed a step test to stimulate eccentric muscular work
during both supplementation periods. Results showed that carnitine supplementation
reduced pain, tenderness, and CK release compared to placebo. These results are
supported by Kraemer et al.,59 who also found decreased muscle tissue damage as
assessed by magnetic resonance imaging (MRI). Both authors suggest that carnitine
supplementation is beneficial for hypoxic (high-intensity) exercise, perhaps due to its
vasodilatory properties, and will reduce sarcolemma disruption and perceived muscle
soreness.

Despite several studies showing the benefits of carnitine supplementation, there
are several that do not show significant results. Hiatt et al.46 set out to characterize
carnitine at two different exercise intensities: 60 min at 50% lactate threshold (LT)
and 30 min at a workload between LT and maximal work capacity for each individ-
ual. This was intended to reflect exercise intensities that primarily utilize FAs (50%
LT) and carbohydrates (above LT to maximum) for energy production. Findings
revealed that the lower-intensity exercise was not associated with changes in muscle
carnitine metabolism as reflected by alterations in free carnitine and acylcarnitine.46

In contrast, within 10 min of the high-intensity exercise, muscle acylcarnitine
increased by 5.5-fold and free carnitine decreased by 66%. These changes remained
over the duration of the high-intensity exercise and persisted for 60 min into recovery.
The changes were seen in both long- and short-chain acylcarnitines. In addition,
plasma acylcarnitine levels were also increased, suggesting that there is a redistri-
bution of the carnitine pool that may persist even after recovery.46 It is important to
note that the authors did report that neither exercise bout was associated with changes
in carnitine urinary excretion rates or plasma concentrations.

In support of this idea, Sahlin60 examined carnitine concentrations during several
exercise intensities (40, 75, and 100% VO2 max). No changes were seen with cycling
in total muscle carnitine concentration, acylcarnitine, or free carnitine during the
low-intensity exercise (40% VO2 max), but the high-intensity (75 and 100% VO2

max) workout produced a significant increase in acylcarnitine from rest (6.9 ± 1.9
mmol/kg) to exercise (18.1 ± 1.0 mmol/kg). In addition, there was a concurrent
decrease in free carnitine levels.60 Decombaz et al.47 took the next step and studied
cross-country skiers who underwent prolonged strenuous exercise to determine if a
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carnitine deficiency developed. The exercise consisted of a ski race in the Swiss
Alps with an average completion time of 13 hours 26 minutes. Carnitine intake was
evaluated for 2 weeks prior to the race (average, 50 ± 4 mg/day) in these highly
trained individuals. Again, there was no difference in total carnitine content from
rest (17.9 ± 1.0 mmol/kg) to post-exercise (18.3 ± 0.8 mmol/kg). In addition, there
was a 20% decline in free carnitine concentration that was offset by a 108% increase
in acylcarnitine. The authors47 concluded that carnitine deficiency would not develop
in trained athletes with a moderate carnitine dietary intake.

There are varying results when analyzing the effects of carnitine on high-
intensity exercise. Karlic and Lohninger38 critically examined the effects of carnitine
supplementation among athletes and reported that 305 subjects demonstrated
improved exercise performance and maximum oxygen consumption while 70 did
not. It is therefore important to evaluate the efficacy of supplementation on an
individual basis, determining whether it will work for you.

11.5.4 INFLUENCE OF CHRONIC EXERCISE TRAINING ON CARNITINE 
STATUS

It is widely accepted that chronic-endurance aerobic training can induce changes
within the skeletal muscle to enhance performance and increase endurance. Some
of these changes include increased capillary density, increased enzymatic concen-
tration, and an increase in the size and number of mitochondria. This is associated
with an increased ability of the athlete to oxidize FAs, in the form of intramuscular
trigylcerides, for fuel. This phenomenon has led researchers to analyze the potential
changes that might occur with carnitine concentrations in all pools, including urinary
excretion, plasma, and muscle.

Several studies have documented that there are no differences in the resting
plasma concentrations of carnitine between trained individuals and their sedentary
counterparts.28,61–63 This is practical because carnitine concentrations are governed
by dietary intake, and as stated previously, the majority of the population has a diet
containing sufficient precursors to promote adequate carnitine synthesis.36 Similarly,
it seems rather unlikely to lose carnitine in the urine, as it only contributes to
approximately 1% of carnitine loss daily. The chance that a carnitine deficiency
develops with training due to changes that occur within the plasma or urinary
compartments is low because of the small fraction that they contribute to both
exercise and daily excretion.

Since the muscle is the major pool for carnitine, it is important to pay particular
attention to the results that have analyzed training and carnitine status. It is important
to emphasize here that research findings regarding this topic are divergent in that
there are researchers who support both sides of the question that asks whether
training causes a change in carnitine concentration. There is literature to support
that both changes occur as a result of training, as well as that which does not support
changes. The discrepancy seems to be within the methodology of the studies, as
there is little uniformity in measurements of carnitine with regard to what pool is
studied or the techniques utilized to measure concentrations. In addition, there are
differences in carnitine levels for each person within each muscle and levels vary
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between genders. Finally, the type of exercise does affect the extent of carnitine
status, as presented in the previous section. All these possibilities present sources
of error and must be thoroughly evaluated.

Lennon et al.48 reported that males have significantly higher levels of muscle
carnitine than females in both a high and moderate training group, and this is likely
due to the increased muscle mass associated with the male. In addition, they report48

that training status does not affect muscle carnitine concentrations in either the males
or females.

Janssen et al.64 further supported these findings with sedentary individuals who
completed an 18- to 20-month marathon training program. Muscle carnitine was
evaluated prior to, during, and after the completion of the marathon and was not
affected during training, nor were sex-related differences observed.65 In addition,
running the marathon did not cause a significant decrease in muscle carnitine levels,
suggesting that neither the training nor the strenuous exercise alters carnitine muscle
levels. Finally, Decombaz et al.47 measured the total muscle carnitine level of skiers
for 2 years prior to an Alpine ski race and found that there were no significant changes
over the course of their training regiment (mean, 17 vs. 16 μmol/g dry wt). It is
important to point out that there were consistent individual variations (range, 12 to 22
μmol/g dry wt) that were stable for the course of the training. These results show that
with training there is little variation in carnitine levels and that deficiencies will not
occur as a result of this training, leading to the suggestion that the diet may provide
a sufficient amount of precursors to synthesize adequate amounts of carnitine.

It is important to point out that there are studies that found differences in carnitine
concentrations after training. One such study by Arenas et al.66 found that endurance
athletes showed a significant decrease in free and total muscle carnitine content after
4 months of training, and that these changes were not as severe as those seen in
sprinters. The authors suggest66 these differences were due to the endurance athletes
having a higher concentration of type I muscle fibers, and thus a higher mitochondrial
content than the type II fibers of the sprinters, leading to the conclusion that there
was a wasting of the short-chain acylcarnitines, a result of chronic training, which
would deplete the carnitine stores for subsequent training sessions. A limitation in
this study was that the researchers did not separate the subjects by gender in their
analysis and when reporting their findings. Furthermore, there was not an equal
amount of males and females in both groups. The endurance group consisted of all
males, whereas the sprint group had 5 females of 11 participants. It has been shown
that there are significant differences between muscle carnitine levels in males and
females.48,67,68

11.5.5 SUMMARY OF CARNITINE AND TRAINING EFFECTS

Exercise, whether it is acute or chronic, does not seem to influence the total muscle
carnitine, but definite changes occur with regard to the accumulation of acylcarnitines
and reduction in free carnitine. These changes are well documented46,47,49–51,60,63,65

and provide a basis for the subsequent literature analyzing performance. The ration-
ale is that despite the fact that exercise does not alter muscle carnitine concentration,
supplementation may contribute to the already existing pool and furthermore
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influence performance. Carnitine supplementation has been postulated to influence
performance by increasing the delivery of FAs into the mitochondria to prolong
endurance exercise as well as delay fatigue by sparing muscle glycogen. Improving
performance is a central theme in nutrition and sport and provides a basis for the
implementation of a supplement to an individual’s diet. It is therefore pertinent to
examine the effects of supplementation on performance to validate the efficacy of
an ergogenic aid.

11.5.6 CARNITINE SUPPLEMENTATION AND PERFORMANCE

Up to this point we have examined the influence of acute and chronic exercise on
carnitine levels in the muscle, plasma, and urine. The literature is fairly consistent
in that there does not seem to be a depletion of total muscle carnitine and that an
acute bout or chronic training does not change these levels. It is important to now
focus on the performance aspect of these and other studies. The intent is to ascertain
whether carnitine supplementation enhances performance as measured by such vari-
ables as VO2 max, RQ, exercise duration, blood lactate concentrations, substrate
metabolism, and glycogen sparing. There have been several studies that measured
all or some combination of these markers, and they will be presented in chronological
order to help follow the progression of carnitine research.

An early study by Marconi et al.62 used six competitive racewalkers and mea-
sured VO2 max, blood lactate, and RQ. Subjects were supplemented with 4 g of oral
carnitine for 2 weeks after which VO2 max was found to be significantly increased
from 54.5 ± 3.7 ml⋅kg⋅min–1 to 57.8 ± 4.7 ml⋅kg⋅min–1. In addition, there were no
significant changes in blood lactate accumulation or RQ at a fixed workload. The
authors62 speculated that this slight but significant increase in VO2 max was due to
the activation of substrate flow through the Krebs cycle. This simply means that
with an increase in substrate flow through the Krebs cycle, there is a postulated
increase in ATP production that allowed the subjects to increase VO2 max. Subse-
quent studies69 could not reproduce these results and found that 2 g of oral carnitine
administered to separate groups for either 14 or 28 days produced no significant
effects on either VO2 max or lactate. It is important to note that the training statuses
of the two groups were different, one being trained62 and the other untrained.69

However, neither study was able to alter blood lactate, RQ, heart rate (HR), or
ventilation (VE), suggesting that the increases in VO2 max found in the Marconi
study62 may not be physiologically significant.

Angelini et al.70 used a double-blind protocol to examine untrained subjects who
were given either a placebo or carnitine supplementation (50 mg/kg/day) for 1 month
during an exercise regiment. VO2 max increased after the supplementation period,
but it was not possible to determine whether the affect was due to the carnitine
supplementation or the training regimen since untrained individuals can show sig-
nificant improvements in VO2 max within 30 days of aerobic training. Furthermore,
Cooper et al.65 showed that there was no significant improvement in marathon race
time despite a daily supplementation of 4 g of oral carnitine for 10 days.

Oyono-Enguelle et al.71 and Soop et al.51 found no effect of carnitine supple-
mentation for VO2, volume of carbon dioxide (VCO2), lactate, blood glucose at a
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fixed workload, or FA turnover. These studies used untrained71 and moderately
trained51 individuals and supplemented 5 g orally for 10 days71 and 2 g orally for
28 days,51 respectively. Both studies concluded that in healthy subjects carnitine
supplementation does not influence FA utilization, suggesting that the endogenous
production of carnitine is sufficient to support exercise.

Gorostiaga et al.55 utilized 10 endurance-trained subjects (8 marathoners, 1
cyclist, 1 jogger) and supplemented 2 g of oral carnitine for 28 days. Subjects
exercised for 45 min at 66% of VO2 max. Significant differences were observed
between supplemented and nonsupplemented groups with respect to RQ during the
38- to 45-min interval (0.95 ± 0.01 vs. 0.98 ± 0.02, respectively), but not any of the
earlier time intervals. There were no other changes reported in any of the other
variables measured, which included VO2 max, HR, blood glycerol, and resting blood
FA concentrations. These results seem insignificant since other physiological param-
eters do not help to substantiate the reduction in RQ at one time interval.

In 1990, Siliprandi et al.53 and Vecchiet et al.54 examined the effects of 2 g of
oral carnitine in a single dose approximately 1 h prior to cycle ergometer exercise.
Carnitine supplementation was reported to reduce blood lactate and increase VO2

max post-exercise. The authors claim that during this high-intensity exercise the
PDC is stimulated, thereby reducing lactate production due to the alteration of the
acetyl-CoA:free CoA ratio. These findings, however, were not supported, as Con-
stantin-Teodosiu42–44 showed that full activity of the PDC was reached within a
minute of activation and is independent of carnitine supplementation.

Subsequent studies45,72–77 have tried to extend carnitine research to cover varying
lengths of time (7 to 14 days), utilize different exercise modalities, including swim-
ming, and alter administration via either oral or intravenous doses. The variables
measured included performance times, VO2 max, VCO2, substrate utilization, gly-
cogen storage, blood lactate, and FA turnover. Findings from these experiments
exhibit no support for the ergogenic benefits of carnitine on performance (Table
11.1). These physiological parameters are what govern our performance, and if a
supplement is not successful in consistently altering these parameters, then the
efficacy of carnitine as an ergogenic aid is diminished. It is important to note here
that there have also been studies trying to elucidate carnitine as a weight-loss
supplement due to its association with FA metabolism. The fact remains that these
studies78,79 show that carnitine is not a contributing factor to weight loss since many
supplements are given with calorie-restricted diets and exercise programs that are
in themselves effective tools in reducing weight and increasing muscle mass. Sup-
plement companies then mask their results behind the truly effective tools in weight
management.

11.6 RECOMMENDATIONS REGARDING CARNITINE 
SUPPLEMENTATION

Despite no nutritional deficiency of carnitine, several of the cofactors and precursors
necessary for its production are essential. Thus, it should be emphasized that a well-
balanced diet is vital for normal carnitine function. Carnitine supplementation,
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however, is another issue. L-carnitine is very well tolerated, and there seems to be
no toxicity and very few side effects even when taken in doses as large as 15
g/day.28,80,81 The problem remains that even with supplementation there is not enough
unequivocal evidence to support a necessity for supplementation. The vast majority
of the research reveals no benefit to enhancing performance as a result of increased
carnitine supplementation. In general, proper training and genetic endowment lead
to athletic success, not supplementation, whether it be carnitine or any other sup-
plement.79 Despite the vast amount of literature on supplementation, it is still prom-
inent to “prescribe” or recommend supplements as a way of enhancing performance.

In conclusion, the majority of studies reveal that carnitine supplementation does
not seem to provide an ergogenic benefit to human performance. The body and diet
are sufficient to provide enough carnitine to allow an individual to effectively regulate
lipid metabolism both at rest and during various types of exercise.

11.7 SUMMARY

The role of carnitine in metabolism is very critical: it is a key component of the
enzymes responsible for transporting long-chain FAs across the mitochondrial matrix
where they can be used to produce energy. Carnitine is endogenously produced from
the essential amino acids lysine and methionine in amounts that are sufficient to
maintain homeostasis, when an individual’s dietary intake includes a low to moderate
amount of meat products. If there is a deficiency of carnitine, it is typically a result
of impaired synthesis, increased degradation, inefficient transport, or abnormal renal
handling. This can result in glucose dependency and perhaps even hypoglycemia.
Skeletal musculature is weakened and may atrophy in addition to decreased myo-
globin concentrations. Finally, cardiac muscle, which utilizes primarily FAs for fuel,
may experience failure and frequent arrhythmias.
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12.1 INTRODUCTION

Since the early 1960s, leucine and its keto acid, α-ketoisocaproate (KIC), have been
the subject of research into the regulation of muscle protein synthesis and muscle
protein breakdown.1,2 However, in the early 1990s a downstream metabolite called
β-hydroxy-β-methylbutyrate (HMB) was shown to have a positive effect on muscle
protein3 and was postulated to be responsible for the leucine effect on muscle protein
metabolism.4 Since the initial discovery, HMB has been studied extensively as an
ergogenic aid in humans, especially related to exercise training.3,5–12

This chapter will focus on HMB and the benefits related to improving human
performance and augmenting the effects of training. The areas that will be examined
include magnification of the strength and fat-free mass gains associated with resistance
training,13 reduction of the muscle damage that occurs during intense exercise,6,9

enhancement of indicators of endurance performance,5 and how HMB combined with
other nutrients can restore muscle mass lost from disease14,15 and aging.16 Lastly, the
effects of HMB on cholesterol metabolism4 and muscle proteolysis3 will be addressed
as a possible mechanism whereby HMB acts to increase lean tissue mass.

12.1.1 ENDOGENOUS PRODUCTION

Endogenous production of HMB occurs in muscle and liver17,18 (Figure 12.1) and
possibly other tissues. The first step in HMB formation is the transamination of
leucine to KIC, which occurs in both the cytosol and mitochondria of muscle cells.19

In the mitochondria, KIC is irreversibly oxidized to isovaleryl-CoA by the enzyme
branched-chain α-keto acid dehydrogenase. Isovaleryl-CoA then undergoes further
metabolic steps within the mitochondria (Figure 12.1), yielding β-hydroxy-β-
methylglutaryl-CoA (HMG-CoA). Further metabolism by the enzyme HMG-CoA
lyase results in the end products acetoacetate and acetyl-CoA. Approximately 90%
of KIC is oxidized to isovaleryl CoA in liver mitochondria and ultimately to ace-
toacetate and acetyl-CoA.

In the cytosol of cells, the remaining ~10% of the KIC is oxidized to HMB20–24

via the enzyme KIC dioxygenase. This enzyme requires molecular oxygen and iron,24

and may be identical to p-phenylpyruvate dioxygenase, which is a key enzyme in
the degradation of tyrosine converting 4-hydroxyphenylpyrvate to homogentisate.25

A second pathway in the production of HMB has also been postulated through
the hydroxylation of methylcrotenoic acid (MCA), but only when biotin is deficient.
It is proposed that MCA concentrations become elevated due to the low activity of
the biotin-requiring enzyme MC-CoA carboxylase. HMB levels also increase,26

suggesting that MCA may be hydrated to HMB by enol-CoA hydrase,27 an enzyme
of the isoleucine pathway. However, it is not clear whether MCA is directly converted
to HMB during biotin deficiency, or if the rise in HMB is simply a result of feedback
inhibition on the various enzymes along the pathway back to KIC.

Extrapolating from leucine turnover studies in pigs,28 it is estimated that endogenous
HMB production is equal to 0.2 to 0.4 g of HMB/day in a 70-kg man, depending on
leucine intake. Furthermore, turnover of HMB is thought to be relatively rapid, as basal
plasma concentrations in normal humans range from 1 to 4 nM.29,30 Plasma levels of
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HMB increase following ingestion of 1 g of HMB to approximately 115 nM, but are
near basal levels 12 h later, again suggesting rapid metabolism.

12.1.2 FATE

HMB has two fates in the body: conversion to HMG-CoA31–33 and excretion in the
urine.28–30 The metabolic pathway of HMB metabolism is conversion to HMG-CoA
(Figure 12.1). In the cytosol, conversion of HMB to HMG-CoA occurs either through
direct carboxylation or through dehydration of MCA-CoA (Figure 12.1). Subse-
quently, the cytosolic HMG-CoA produced can provide substrate for HMG-CoA
reductase, which is the committed step in cellular cholesterol synthesis.4 This fact
has been hypothesized as a mechanism whereby HMB can affect cellular metabolism
by providing a cholesterol precursor during times of elevated need.4

Urinary excretion of HMB in humans ranges from 10% to almost 50% of an
exogenous HMB dosage.4 Nissen et al.3 reported that urine HMB excretion varied
from 10 to 30 mg/day prior to supplementation, while supplementation of 1.5 and
3.0 g of HMB/day resulted in an increase in excretion to 450 to 500 mg/day and
950 to 1200 mg/day, respectively. Recent metabolic studies following ingestion of
1 g of HMB resulted in approximately 14% of the given dose being excreted in the
urine. The percentage of the dosage excreted increased to 29% of the given dose
after consumption of a single 3-g dose of HMB.29 With both dosages of HMB given,

FIGURE 12.1 Overview of leucine, α-ketoisocaproate (KIC), and β-hydroxy-β-methyl-
butyrate (HMB) metabolism.
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most of the urinary excretion occurred within 6 h of the dosing, paralleling the
increases in plasma HMB.29

12.1.3 ABSORPTION

Absorption of dietary HMB appears to be rapid and complete. Plasma HMB levels
have been shown to be elevated as little as 30 min following consumption of 1 g of
HMB.29 Following a single 1-g oral dose of HMB, plasma HMB levels peaked at
115 nM at approximately 2 h postingestion, and after a single 3-g oral dose of HMB,
plasma HMB levels peaked at 480 nM at approximately 1 h post ingestion.29 Absorp-
tion is not increased by concurrent glucose ingestion (75 g); rather, HMB absorption
is slightly slower when consumed with glucose, but overall it is the same either with
or without concurrent glucose ingestion.29 Data from our lab suggest the absorption
of supplemental HMB is complete, as supplemental intake of 1.5 or 3 g of HMB
did not appear to affect fecal HMB concentrations.

12.1.4 DIETARY AND SUPPLEMENTAL SOURCES

Most foods contain trace amounts of HMB. Fruits and vegetables have relatively
low HMB concentrations ranging from 1 to 5 nmol/g, while most meats have higher
concentrations ranging from 15 to 25 nmol/g.34 However, some foods of plant origin
have concentrations of HMB comparable to those seen in products of animal origin.
For example, an herbal tea was found to contain 26 nmol HMB/g, while asparagus
and squash have 22 nmol HMB/g.35 Although diet is a source of HMB, endogenous
production of HMB from leucine generally far exceeds dietary intake of HMB.
Therefore, foods containing large concentrations of leucine would probably have a
greater influence on the circulating concentrations of HMB in the body than the
HMB found in most common foodstuffs. This was demonstrated in pigs when a
meal supplemented with 50 g of leucine was consumed. Plasma HMB concentrations
increased ten-fold over that of pigs fed a meal without supplemental leucine.36 In
humans given leucine intravenously, plasma HMB increased from 1.9 to 3.6 μM
and plasma HMB rate of appearance increased from 0.19 to 0.27 μmol/kg/h.37

Supplemental HMB is commercially available as calcium β-hydroxy-β-methyl-
butyrate-monohydrate, or Ca(C5H9O3)2·H2O (CaHMB; molecular weight = 292).
Supplemental CaHMB is a white powder that is freely soluble in water and has a
slightly bitter taste. HMB is chemically synthesized38–42 and commercially sold under
U.S. Patents 5,348,979, 5,360,613, and 6,103,764, which relate to nitrogen sparing,
decreasing cholesterol, and increasing aerobic capacity, respectively. Based on pre-
viously reported data,3 the recommended dosage is 3 g (as CaHMB) per day for a
70-kg man; therefore, HMB can easily be supplemented in the form of capsules or
tablets, and thus individual dosage can be adjusted on a by-weight basis for signif-
icantly lighter or heavier individuals (38 mg of HMB/kg of body weight/day).

12.1.5 MECHANISM OF ACTION

Although the mechanism of action for HMB is not known, the primary working
theory is that HMB acts by improving cell membrane integrity by supplying adequate
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substrate for cholesterol synthesis.4 It is clear that HMB is converted to HMG-CoA
in the cytosol, which can be used for cholesterol synthesis in cells.4 In all cells,
cholesterol is needed for the synthesis of new cell membranes as well as the repair
of damaged membranes in maintaining proper cell function and growth.43,44 Certain
cells, such as muscle cells, require de novo synthesis of cholesterol for cell choles-
terol functions. Therefore, during periods of increased stress on cells, such as occurs
in muscle during intense exercise, the demand for cholesterol for growth or repair
of cellular membranes may exceed that which can be made through normal endog-
enous production from available cellular HMG-CoA. Thus, supplemental HMB may
help meet an increased demand for and maintain maximal cell function by supplying
intracellular HMG-CoA for cholesterol synthesis. The cholesterol can then be used
to build and stabilize muscle cell membranes. This theory is supported by observa-
tions on diverse cell functions such as immune function and milk fat synthesis, which
also requires de novo synthesis of cholesterol in the cells.4

Another possible mechanism of action of supplemental HMB on muscle mass
is that HMB somehow directly decreases muscle proteolysis or protein breakdown
by having a direct effect on transcriptional or translational control of genes, enzyme
activities, or other processes involved with proteolysis. When isolated chicken and
rat muscles were studied in vitro, HMB addition to the muscle strip media decreased
muscle proteolysis.45 Further research in vivo has shown that HMB decreases muscle
proteolysis through changes in the activity of the proteolytic enzymes such as thiol
cathepsins and calpain II.46 In humans undergoing an intense resistance exercise
program, supplementing HMB resulted in a significant decrease in urinary 3-meth-
ylhistidine (3-MH), indicating decreased protein degradation during the first 2 weeks
of the exercise program (p < 0.04 and p < 0.001 for weeks 1 and 2, respectively).3

Therefore, increasing the circulating levels of HMB through supplementation may
decrease the rate of muscle protein breakdown, which would be of benefit in
unwanted catabolic conditions such as after heavy exercise or wasting conditions
brought about by some diseases.

Both of the mechanisms proposed may contribute to the effects of HMB in helping
maintain cellular function. The increase in cell function could be directly through an
increase in cellular cholesterol, and thus stabilization of the cell membranes, or through
a more positive protein balance by decreasing muscle protein breakdown. Whatever
mechanisms are responsible for the effects of HMB, it appears HMB supplementation
has a positive effect on minimizing cell damage and protein breakdown.3,6,9,45

12.2 APPLICATIONS

Supplemental HMB has been shown to augment the strength and fat-free mass gains
associated with resistance training by approximately twofold.13 Furthermore, HMB has
been shown to have a positive effect not only in younger men and women resistance
training,8 but also in older adult men and women.10 Other uses of HMB include improv-
ing indicators of endurance performance5 and minimizing muscle damage that occurs
during intense exercise.6,9 HMB in combination with other nutrients has also been shown
to have positive effects on muscle mass in nonexercising populations, such as those
suffering from disease or age-related muscle loss.14–16
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12.2.1 RESISTANCE TRAINING

There have been a total of nine peer-reviewed studies published so far with HMB
in exercising humans. These are summarized in Table 12.1. From the original study
investigating the effect of HMB on resistance training3 to a meta-analysis on nutri-
tional supplements,13 HMB has been consistently shown to increase strength and
fat-free mass gains in conjunction with a resistance training program.8–11

12.2.1.1 Increases Strength and Muscle Mass

In the first published study, Nissen et al.3 reported a linear increase in lean body
mass with HMB supplementation. Three weeks of HMB supplementation at 0, 1.5,
or 3.0 g/day resulted in gains of 0.4, 0.8, and 1.2 kg of lean body mass, respectively.
Furthermore, similar increases in total body strength were observed with the three
levels of HMB supplementation. Total strength increased 338, 529, and 707 kg with
0, 1.5, and 3.0 g of HMB/day, respectively. Although positive changes were observed
with the lower dose of 1.5 g of HMB/day, the dose of 3.0 g/day resulted in the
greatest gains with resistance training. Later, in a study by Gallagher et al.,9 it was
concluded that a higher dose of HMB of up to 76 mg/kg of body weight/day (6
g/day) may result in some additional benefit, such as attenuating the creatine phos-
phokinase (CPK) levels during an intense training program. However, the higher
dose did not appear to promote additional increases in one repetition maximum
strength or fat-free mass.7,9

A meta-analysis by Nissen and Sharp13 summarized the effects of HMB (and
other nutritional supplements) on muscle mass and strength with resistance training.
It was found that in conjunction with resistance training, supplementation of 3 g of
HMB/day resulted in a net increase in lean mass of 0.28% per week and strength
of 1.40% per week (Figure 12.2a and Figure 12.3a). When these results are expressed
as an effect size, a method of data standardization, HMB resulted in a significant
effect size of a net lean mass gain of 0.15 and strength gain of 0.19 (Figure 12.2b
and Figure 12.3b). These effect size values indicate a highly positive effect of HMB
supplementation on strength and muscle mass (p < 0.01). Table 12.1 summarizes
the characteristics of all of the HMB studies included in the meta-analysis, including
dosage used, age and gender of subjects, training status, training duration, and body
composition method. The accumulative conclusion of the individual studies3,8,9,11

along with the conclusion from the meta-analysis13 clearly support the nutritional
supplementation of HMB to augment strength and muscle mass gains from resistance
training.

12.2.1.2 Effect of Gender and Training Status

Initially, most of the research performed on HMB supplementation with resistance
training was conducted in college-aged men. However, Panton et al.8 reported that
men and women similarly respond to HMB supplementation. When corrected for
the initial starting differences and expressed as a percent change, HMB supplemen-
tation resulted in similar improvements in strength, body composition, and degree
of decrease in muscle damage with resistance training for both men and women.
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FIGURE 12.2 Comparison of the net lean mass gain of the placebo and treatment groups 
for each supplement. The upper panel (a) expresses lean gain as percent gained per week, 
while the lower panel (b) expresses the net effect size for each supplement. *, a significant 
effect of the treatment vs. the placebo (p < 0.05). 

Furthermore, it was also reported that the response from HMB supplementation 
does not appear to be influenced by previous training status.8 For example, HMB-
supple-mented trained men had about a 10-kg increase in chest press strength while 
HMB-supplemented untrained men had approximately a 9-kg increase. The study 
con-cluded that regardless of gender or training status, HMB supplementation 
increases strength gains from resistance training.

Vukovich et al.10 also reported the effects of HMB in men and women. However, 
the study subjects were 70 years of age or older. Even older adult men and women 
were shown to respond equally to HMB supplementation (the study results are 
presented in the next section).
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FIGURE 12.3 Comparison of the net strength gain of the placebo and treatment groups for 
each supplement. The upper panel (a) expresses strength gain as percent increased per week, 
while the lower panel (b) expresses the net effect size for each supplement. *, a significant 
effect of the treatment vs. the placebo (p < 0.05). 

12.2.1.3 Benefit to Older Adults

Studies have also been conducted in elderly subjects participating in an exercise 
program, where it was shown that HMB supplementation improved body composi-
tion.10 Seventy-year-old adult men and women were assigned to either 3 g of HMB 
or a placebo undergoing a 5 days/week exercise program for 8 weeks. The exercise 
program was a combination of both resistance training (2 days/week) and walking 
(3 days/week). After 8 weeks, HMB supplementation tended to increase fat-free 
mass gain (p < 0.08) and significantly decreased body fat (p < 0.05) compared to
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the placebo-supplemented subjects. In a second study in resistance training elderly
subjects, strength gains during the study were similar between the HMB-supple-
mented group and the placebo-supplemented group.47 However, HMB supplemen-
tation significantly improved functional ability as measured by a “get up and go”
(GUG) test,47 which measures the time to get up out of a chair, walk a set distance,
turn around, and return to the chair and sit down again. Decreasing body fat and
improving muscle function are both important findings in the elderly. Body fat, and
in particular visceral fat storage, is linked to the development of insulin resistance
(type II diabetes)48 and cardiovascular disease.49 Additionally, improving functional
ability in the elderly should improve the quality of life and may result in decreasing
falls, a common cause of injury in the elderly population.

12.2.1.4 HMB Compared to Other Nutritional Supplements

The previously mentioned meta-analysis by Nissen and Sharp13 looked at the effects
of common dietary supplements on lean mass and strength gains in conjunction with
a resistance exercise program. A meta-analysis involves the scientific process of
gathering and analyzing research results from all previous studies on a related topic
to form a final conclusion. Peer-reviewed studies during the years 1967 to 2001
were included in the analysis of nutritional supplements and ergogenic aids marketed
to improve the results from exercise or athletic performance. Criteria for inclusion
in this meta-analysis were studies that were randomized and placebo controlled,
were at least 3 weeks in duration, and performed full-body (all major muscle groups)
resistance training at least twice per week. Over 250 researched supplements were
found in the original search, and only 48 studies met the inclusion criteria for the
meta-analysis. Interestingly, only six supplements had more than one published study
(at least two studies were needed for inclusion). Creatine had 18 studies, HMB had
9 studies (Table 12.1), chromium had 12 studies, dehydroepiandrosterone (DHEA)
had 2 studies, androstenedione had 3 studies, and protein had 4 studies. Of the six
supplements analyzed, only creatine and HMB were statistically shown to augment
strength and muscle mass gains. Furthermore, creatine and HMB gave statistically
similar responses.

12.2.1.5 Combination of HMB and Creatine

Most commonly HMB is available singularly in capsule form. However, HMB is
also found combined with other nutritional ingredients. The most popular of these
products is a combination of HMB and creatine. As shown in a recent meta-analysis,
creatine and HMB are the only two supplements that have been scientifically shown
to individually increase strength and muscle mass.13 One study measured the effect
of a combination of creatine and HMB, and this combination was shown to work
even better than each of the supplements alone.11 This suggests creatine and HMB
might work by different mechanisms. Lean mass and strength gains were signifi-
cantly increased in the creatine, HMB, and combination of creatine and HMB groups,
with the greatest increases reported in the subjects receiving the creatine and HMB
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combination. Therefore, the interaction between creatine and HMB results in an
additive effect on lean body mass gain and strength with resistance training.

12.2.2 ENDURANCE

In addition to the studies supporting the use of HMB supplementation during resis-
tance training, there is evidence to suggest that HMB can improve endurance as
well. In a study by Vukovich and Dreifort,5 competitive cyclists were randomly
assigned in a double-blinded manner to one of three different supplementation
periods (placebo, 3 g of HMB/day, or 3 g of leucine/day). Each cyclist completed
each 2-week supplementation period with a 2-week washout period in-between
periods. Maximal oxygen consumption and onset of blood lactate were measured
prior to and after the 2 weeks of supplementation for each treatment. The cyclists
maintained their current training volume throughout the study period. The results
showed that HMB supplementation (3 g/day) resulted in a 3.6% increase in the time
to reach VO2 peak, while time to reach VO2 peak decreased by –3.6% and –1.2%
for the placebo and leucine treatments, respectively (p < 0.05). The onset of blood
lactate accumulation was also delayed with HMB supplementation. At 2 mM blood
lactate, VO2 was significantly increased by 9.1% with HMB supplementation (p <
0.05), compared with 2.1% and 0.75% nonsignificant increases during the leucine
and placebo supplementations, respectively. These findings suggest that HMB sup-
plementation may improve the ability to exercise at a greater intensity for a longer
duration. Similarly, O’Connor and Crowe50 investigated the effects of HMB supple-
mentation on the aerobic capacity of elite male rugby players. Although not signif-
icantly different, HMB supplementation resulted in a 2.3 ml/kg/min increase in
aerobic power, while the control group experienced no change in aerobic power.50

The results from this study need to be cautiously interpreted because the highly
trained and motivated subjects were not blinded to the treatments.

Although not showing a significant effect on the indicators of endurance
performance (VO2 max/peak), studies by Knitter et al.6 and Byrd et al.51 reported
that HMB supplementation can decrease the muscle damage and soreness associated
with either prolonged or downhill running. In conclusion, HMB is one of the
few, if not only, nutritional supplements shown to improve indicators of endurance
performance.

12.2.3 MUSCLE DAMAGE

In studies investigating the effects of HMB on muscle damage either following a
single bout of strenuous exercise6,51 or during an intense resistance training pro-
gram,3,7–9,11 HMB supplementation has been shown to reduce the appearance of
creatine phosphokinase (CPK) and lactate dehydrogenase (LDH), both indicators of
muscle damage. Both CPK and LDH are muscle enzymes that appear in blood
following muscle membrane damage or disruption, and the amount in blood is
proportional to severity or magnitude of the muscle damage. Furthermore,
supplementation of HMB also results in a significant decrease in plasma 3-MH,
which is another marker used as an indicator of muscle breakdown or damage. While

9079_C012.fm  Page 231  Tuesday, March 20, 2007  7:55 AM

SPORTS NUTRITION JFII



232

undergoing an intense resistance training program, subjects supplemented with HMB
showed a decrease in 3-MH appearance in plasma during the first 2 weeks of the
exercise program, which suggests a decrease in protein degradation.3

Knitter et al.6 studied the effects of HMB on muscle damage following a single
prolonged run. In this study, runners were recruited and assigned to either a placebo
or 3 g of HMB/day. The subjects were asked to maintain their current running
program during the supplementation period. After 6 weeks of supplementation and
training, all subjects participated in a 20-km run. Blood was taken and analyzed for
CPK and LDH before the run and at several time points after. Following the pro-
longed run, HMB supplementation resulted in a smaller increase in levels of CPK
and LDH than the placebo-supplemented runners. In addition, Byrd et al.51 examined
the effect of HMB supplementation on muscle soreness and strength after downhill
running. Following the downhill running protocol, HMB supplementation resulted
in less perceived soreness and less strength loss, which may suggest a protective
effect of HMB on muscle and less muscle damage occurring. Therefore, these results
suggest that HMB appears to minimize the degree of muscle damage that occurs
following intense, prolonged activity.

HMB supplementation has also been shown to minimize the muscle damage
associated with an intense resistance training program. During the course of a 4-
week weight training regimen in both men and women, HMB-supplemented subjects
(n = 39) actually showed about a 2% decrease in CPK, while the placebo-supple-
mented subjects (n = 36) had a 26% increase in CPK levels due to the training
intensity.8 Similarly, Gallagher et al.9 reported results from an 8-week resistance
training program where subjects were assigned in a double-blind randomized fashion
to receive either a placebo or HMB. This study also found significantly higher blood
CPK levels in placebo-supplemented subjects during the start of the strenuous
resistance training program than in those subjects taking HMB.9 The findings from
these studies in addition to several others3,7,11 suggest HMB supplementation mini-
mizes the muscle damage that occurs from repeated bouts of intense resistance
exercise.

12.2.4 REVERSING UNWANTED MUSCLE LOSS (NONEXERCISE)

The in vitro data and clinical data in exercise suggest HMB could have a benefit
in reducing muscle proteolysis, which should increase muscle mass in individuals
suffering from unwanted muscle loss from disease or aging. Although not studied
alone, a combination of HMB, arginine, and glutamine has been clinically exam-
ined in muscle-wasted AIDS15 and cancer patients.14 In each of the studies HMB
was supplemented at 3 g/day, while arginine and glutamine were each supple-
mented at 14 g/day. The supplement was divided into two equal daily dosages.
This combination of HMB and amino acids was shown to result in an increase in
lean mass in wasting AIDS and cachexic cancer patients without the need for
exercise. Both of the patient populations were in a highly catabolic state and were
breaking down muscle tissue. Supplementing HMB to these patients is thought to
minimize the protein breakdown they experience while the amino acids support
immune, intestinal, and muscle protein synthesis. In the 8-week study in wasted
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AIDS patients, the HMB-, arginine-, and glutamine-supplemented patients gained
on average 2.5 kg of lean mass (p < 0.01), while the placebo-supplemented patients
continued to lose lean mass and lost on average 0.7 kg during the study period.
Similarly, cachexic cancer patients supplemented with the HMB, arginine, and
glutamine mixture gained 1.4 kg of lean body mass in 8 weeks (p < 0.05), while
the placebo-supplemented patients continued to lose an additional 1.1 kg of lean
body mass. No exercise protocol was used in either of these studies with the
nutritional mixture. Therefore, the nutritional mixture alone (HMB, arginine, and
glutamine) resulted in increased cell function and restoration of muscle mass in
catabolic patients losing muscle mass.

A combination of HMB, arginine, and lysine was shown to restore protein
synthesis in older adult women (71.6 years of age), which resulted in significantly
improved functionality, strength, and fat-free mass.16 The HMB-, arginine-, and
lysine-supplemented group significantly increased GUG performance time compared
to the placebo-supplemented subjects. HMB, arginine, and lysine supplementation
also resulted in increased leg and grip strength and tended to increase fat-free mass
compared to the placebo-supplemented subjects. The resulting improvement in mus-
cle mass, strength, and functionality has the potential to positively impact many
aspects of daily activities of the ever-increasing elderly population.

12.2.5 WOUND HEALING

Similar to muscle-wasting conditions, HMB has been tested with two amino acids
to determine if wound healing is improved.52 Wound healing requires immune
activation, cell proliferation, and protein synthesis,53–55 and the combination of HMB
with arginine and glutamine supports these cell functions. Williams et al.52 studied
the effects of HMB, arginine, and glutamine on wound healing, where a simulated
model of wound healing was used. In this model, small subcutaneous catheters were
inserted into the deltoid region of the subject’s arm. After 2 weeks, the catheters
were removed and analyzed for hydroxy-proline (OHP), an indicator of collagen
synthesis. The researchers noted that the supplements were well tolerated and that
no adverse events were reported during the supplementation period. The results
showed that supplementation with HMB, arginine, and glutamine increased collagen
synthesis by 67% over that of a placebo-supplemented group (p < 0.03). It was
concluded from the study that the nutritional mixture of HMB, arginine, and
glutamine would provide a safe nutritional means to increase wound healing in
patients.

12.3 SAFETY

The safety of any supplement is a function of total dose, dosage schedule, and total
time of consumption. Most supplements have not been systematically examined
relative to safety and toxicity. In some regards, HMB is no different in that long-
term, multiyear studies have not been completed. However, in each of the human
efficacy studies, extensive safety data were collected.56
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12.3.1 SAFETY AT RECOMMENDED DOSAGES

An analysis of the safety data available from nine published clinical studies on HMB
was compiled and published by Nissen et al.56 The nine studies included both young
and elderly, males and females, ranging in age from 18 to 81 years, and the studies
were from 3 to 8 weeks in length. Seven of the studies had a resistance exercise
component, while one was in subjects who ran and another had no exercise com-
ponent. In each of the studies, data were collected on emotional profile, adverse
events, and blood chemistry and hematology. The following is a summary of the
safety of consuming 3 g of HMB/day.

12.3.1.1 Adverse Events

Adverse event questionnaires were given during the studies and consisted of 32
questions relating to adverse events in major bodily systems. The questionnaires
asked the subjects if they had any adverse symptoms over the last 3 days. Supple-
mentation of HMB resulted in no differences in the occurrence of these events when
compared to placebo-supplemented subjects.

12.3.1.2 Blood Chemistry and Hematology

Extensive blood chemistry (approximately 30 parameters) and hematology (approx-
imately 20 parameters) data were reported. Supplemental HMB had no negative
effects on any of these serum parameters when compared with the placebo-supple-
mented subjects. Blood potassium was minimally (<2%) but significantly (p < 0.01)
decreased in HMB-supplemented subjects. This may have been due to the difference
in mineral intakes between the treatment groups, as the HMB-supplemented group
had a daily intake of 400 mg of calcium, 135 mg of phosphorous, and 170 mg of
potassium, whereas the placebo group was not balanced for these nutrients. Blood
hematology parameters measured during the studies included white blood cells
(WBCs), red blood cells (RBCs), hemoglobin, hematocrit, platelets, and WBC
subclasses. The only effect of HMB supplementation on any of these parameters
was a small (p < 0.05) 0.5% decrease in hematocrit; however, no significant differ-
ence was noted in initial or ending values for hematocrit for the HMB- and placebo-
supplemented groups.

12.3.1.3 Blood Lipids

Blood lipid profiles were measured during the studies and consisted of total choles-
terol, high-density lipoprotein cholesterol (HDL), very low-density lipoprotein cho-
lesterol (VLDL), low-density lipoprotein cholesterol (LDL), and triglycerides. In
HMB-supplemented subjects, HDL cholesterol showed no change, while in the
placebo-supplemented subjects, a 4% increase in HDL cholesterol was seen (p <
0.04). Of particular interest is that supplemental HMB significantly (p < 0.03)
lowered total cholesterol by 3.7% in all subjects and by 5.8% in subjects with
cholesterol levels over 200 mg/dl. The decrease in total cholesterol with HMB
supplementation was mainly the result of a significant decrease in LDL cholesterol
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of 5.7% in all subjects (p < 0.05) and an even greater decrease of 7.3% (p < 0.01)
in the high cholesterol subjects with starting cholesterol levels of >200 mg/dl.

12.3.1.4 Blood Pressure

Resting blood pressures were also measured in seven of the nine studies. Supple-
mentation with HMB resulted in a significant decrease in systolic blood pressure of
4.4 mmHg. In a subset of subjects with systolic blood pressures of >130 mmHg,
the decrease was even greater. Diastolic blood pressure was unaffected by HMB
supplementation.

12.3.1.5 Emotional Profile

Emotional changes were measured using the circumplex test of emotion.57 This
consists of a questionnaire of 48 words that describe various emotions and the
subjects are instructed to rate each on a scale from 1 (very slightly or not at all) to
5 (extremely) based upon their degree of feeling for that emotion. When compared
with the placebo-supplemented group, no negative changes in emotional profile were
noted with HMB supplementation during the studies. Supplementation with HMB
resulted in a decrease of about 10% in the “unactivated unpleasant affect,” which is
described by the words tired, drowsy, sluggish, dull, bored, and droopy, indicating
HMB had a slight but positive effect on emotion.

12.3.2 SAFETY AT HIGHER DOSAGES

Since the first study was published, two studies have investigated the use of higher
dosages of HMB (6 g/day).7,9 It was concluded that a higher dose of HMB does not
appear to promote additional increases in one repetition maximum strength or fat-
free mass.7,9 Gallagher et al.58 studied the effects of HMB consumption at 0, 38, or
76 mg HMB/kg of body weight/day for 8 weeks on hematology and hepatic and
renal function. The dosages studied corresponded to dosages of approximately 0, 3,
or 6 g of HMB/day for the average person, with the 6 g/day level being twice the
normally recommended dosage. Thirty-seven healthy male volunteers 18 to 29 years
of age took the HMB supplements while undergoing a resistance exercise program.
No differences in liver function were seen between any of the treatment groups (0,
38, or 76 mg HMB/kg body weight/day). There were also no differences in hema-
tology parameters between the treatment groups, except for an increase (p < 0.05)
in basophils in the 38 mg of HMB/kg of body weight/day. However, this increase
in basophils was not seen in either the 0 or 76 mg of HMB/kg of body weight/day
supplemented groups. Additionally, no differences were seen in lipid profiles, blood
urea nitrogen, or hemoglobin between the treatment groups. Renal function was
assessed by urine pH and the presence of glucose, protein, and ketones. No treatment
differences existed for any of the values, and all data were within normal limits.
Similarly, Kreider et al.7 also studied the effects of supplementing HMB at 0, 3, and
6 g/day and showed no adverse effects on hematological or metabolic profiles for
the higher dose group as well as the 3 g/day dose group.
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In conclusion, supplementation of 3 g of HMB/day for several weeks should be
considered safe. Additionally, studies of adult males consuming up to 6 g of
HMB/day for up to 8 weeks had no adverse effects on measures of hematology or
hepatic and renal function. Health-related positive effects of consuming 3 g of
HMB/day include decreasing LDL and total cholesterol, decreasing blood pressure,
and feeling better (improved mood).

12.4 RECOMMENDATIONS

Based on the combined published data, HMB has several benefits, and applications
can be recommended for a broad range of people, such as athletes, fitness enthusiasts,
those with an active lifestyle, and individuals experiencing unwanted muscle loss.
Recommendations are based on the fact that HMB supplementation clearly augments
strength and fat-free mass gains from resistance training, minimizes muscle damage
and soreness, and has been shown to improve endurance.

12.4.1 WELL-TRAINED ATHLETES

For a well-trained athlete who is accustomed to a high training volume, it is important
to maintain a proper dosage of 38 mg of HMB/kg of body weight (2 to 5 g of
HMB/day) to minimize the muscle damage that occurs when training intensity or
duration changes. For maximal gains, the addition of creatine to the HMB dose
should be considered.

12.4.2 CASUAL ATHLETE AND FITNESS ENTHUSIAST

A second group that would benefit from HMB supplementation is the fitness enthu-
siast or casual athlete who frequently changes his training routine through periods
of low to moderate to high activity and often participates in strenuous single bouts
of competitive activity, such as road races, softball games, golf tournaments, etc.
Supplementation of 3 g of HMB/day should improve the gains experienced from
either resistance or endurance training as well as help minimize the muscle damage
that occurs during those single bouts of strenuous activity. Furthermore, HMB
supplementation also provides an additive health benefit to exercise.

12.4.3 ACTIVE LIFESTYLE

People with an active lifestyle but who rarely participate in a set training regimen
will benefit mainly from the health benefits of HMB supplementation, but older
adults may also benefit by reduced muscle loss and potentially muscle gain. Fur-
thermore, supplementation of 3 g of HMB/day a few weeks prior to and during
planned times of strenuous activity (active vacation, golf outing, long hike, etc.)
should minimize the muscle damage and soreness that is normally experienced
following these activities. Lower doses of 1.5 to 2.0 g/day may be sufficient, as the
physical demands of this group are rather low.

9079_C012.fm  Page 236  Tuesday, March 20, 2007  7:55 AM

SPORTS NUTRITION JFII



β-Hydroxy-β-Methylbutyrate 237

12.5 FUTURE RESEARCH

As recently summarized in a meta-analysis, HMB is one of the few supplements to
clearly enhance strength and lean gains with resistance exercise.13 Further research
investigating the effect of HMB on resistance training is not likely based on the
current body of evidence. However, research examining the effect of HMB on
endurance is not as clear-cut. Only three studies on the use of HMB as an endurance
supplement have been conducted. While these studies showed positive results on
increasing VO2 max and decreasing muscle damage, further studies of HMB use for
long-distance cyclists, marathon runners, or other elite endurance athletes would
provide increased evidence for HMB use by these athletes. Further work should
focus on the effect of HMB on VO2 max or lactic acid accumulation, which could
indicate an increase in fatty acid oxidation, therefore benefiting the endurance athlete.
Future studies should also concentrate on the muscle damage caused by these types
of exercise and the recovery after the endurance event.

Another potential use for HMB is in preserving lean mass in persons losing
weight. Many calorie-restrictive diets also limit the amount of protein intake. A
combination of protein and calorie restriction causes loss of muscle as well as fat
tissue during weight loss. Therefore, it could be hypothesized that HMB could be
used to preserve lean muscle during the process of weight loss. Maintenance of
muscle while losing body fat would better accomplish the goal of maintaining a
permanent weight loss because maintaining more muscle would result in a greater
resting metabolic rate. This in turn would help maintain body weight once the caloric
restriction ended.

Although HMB has been shown to decrease muscle protein degradation3 and
CPK leakage from muscle cells,6 the exact mechanism is still unknown. Evidence
points to HMB having a direct effect on stabilizing muscle cell membranes; however,
thus far this is only a hypothesis. While the literature clearly shows that HMB carbon
is incorporated into cholesterol,31,32 suggesting that through this mechanism HMB
supplies more cholesterol for cell membrane synthesis, actual experiments showing
that HMB carbon is incorporated into cell membranes have yet to be reported.
Additionally, HMB has been shown to decrease muscle protein breakdown.3 In an
animal model to examine protein degradation, it appears HMB may have an effect
on decreasing protease activity.46 Therefore, HMB could have a primary effect on
the genes expressing proteases or the proteases themselves, or the decrease in protein
degradation may be secondary to minimizing cellular membrane damage.

12.6 SUMMARY

HMB is one of only a few ergogenic aids that have unequivocal science backing
the augmentation of strength and fat-free mass gains associated with resistance
training. In general, HMB doubled the effects of resistance training on strength and
fat-free mass gains. Furthermore, HMB is an ergogenic aid that has a positive effect
on the cardiovascular disease risk profile through lowering blood pressure and
cholesterol. HMB also has a strong database of safety showing no harmful effects
and, in general, improving emotional profiles. HMB supplementation may also have
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value in improving endurance and minimizing muscle damage, as well as preventing 
unwanted muscle loss. In conclusion, there is strong evidence that 3 g of HMB/day 
can magnify both the strength and lean gains as well as the health benefits of 
exercise.
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13.1 INTRODUCTION

The three branched-chain amino acids (BCAAs), leucine, isoleucine, and valine, are
not synthesized in the body, and therefore are classified as essential amino acids
that must be supplied in the diet.1 They are required for protein synthesis and
neurotransmitter synthesis. The basic structure of all amino acids consists of an
amine (–NH2) group and a carboxyl (–COOH) group attached to a single carbon
atom: also present is an organic side chain, and it is the structures of these side
chains that give the different amino acids their characteristic structures. The struc-
tures of the BCAAs are shown in Figure 13.1, and they are so called because they
each possess a short, branched hydrocarbon chain as the side group attached to the
alpha carbon of the amino acid molecule. They are the only essential amino acids
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that are oxidized to a significant extent during exercise, and they must therefore be
replenished by the diet. In the late 1970s, BCAAs were suggested to be the third
fuel for skeletal muscle after carbohydrate and fat, and BCAAs are sometimes
supplied to athletes in energy drinks to provide extra fuel. Claims have also been
made that BCAA supplementation can reduce net protein breakdown in muscle
during exercise, reduce fatigue, enhance performance via effects on the brain, and
speed up the repair of muscle following exercise-induced muscle damage.

However, the majority of studies, using various exercise and treatment designs
and several forms of administration of BCAAs (infusion, oral, and with and without
carbohydrates), have failed to find a performance-enhancing effect. Leucine does
appear to provide a stimulatory signal for muscle protein synthesis and thus has an
anticatabolic effect during and after exercise in humans, but there is only very limited
scientific evidence to support the claim that BCAA supplements may accelerate the
repair of muscle damage or reduce muscle soreness after exercise. Acute intakes of
BCAA supplements of up to about 30 g/day seem to be well tolerated and without
ill effect, though the suggested reasons for taking such supplements have not received
much support from well-controlled scientific studies.

13.2 METABOLIC FUNCTIONS OF BCAAs

13.2.1 A FUEL FOR EXERCISE

Muscle has a limited capacity to oxidize amino acids, and mammalian skeletal
muscle has been shown to be capable of oxidizing only six of the amino acids:
alanine, aspartate, glutamate, leucine, isoleucine, and valine.2 Of these, the BCAAs
may be quantitatively the most significant, and it is known that BCAA oxidation is
promoted by exercise.3 The BCAAs can act as precursors of the tricarboxylic acid
cycle (Krebs cycle) intermediates following removal of their amino group by revers-
ible transamination, as illustrated in Figure 13.2. Transamination is followed by

FIGURE 13.1 The general structure of amino acids and the structures of the branched-chain
amino acids: leucine, isoleucine, and valine.
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irreversible oxidative decarboxylation of the branched-chain α-keto acid transami-
nation products, the branched-chain α-keto acids.4 The oxidative decarboxylation
step of BCAA catabolism is common to all three BCAAs and is the rate-limiting
step in their oxidation. The activity of the branched-chain α-keto acid dehydrogenase
complex is controlled by covalent modification. Phosphorylation of subunits of the
complex by a branched-chain kinase causes inactivation when there is a need to
conserve BCAAs for protein synthesis, and dephosphorylation of the complex by a
branched-chain phosphatase causes activation when BCAAs are present in excess.
Elevated levels of α-ketoisocaproate (formed by the transamination of leucine) have
a potent inhibitory effect on the activity of the branched-chain kinase, thus activating
the branched-chain α-keto acid dehydrogenase complex and elevating catabolism
of all three BCAAs.3,4 The keto acids of isoleucine and valine (α-keto-β-methylval-
erate and α-ketoisovalerate, respectively) have a similar but far less potent effect.

FIGURE 13.2 The role of BCAAs in energy metabolism. Following removal of their amino
group by reversible transamination (a) and the irreversible decarboxylation of the resulting
branched-chain α-keto acids to form coenzyme A (CoA) compounds (b), BCAAs act as
precursors of acetyl CoA and tricarboxylic acid cycle intermediates. CoA-SH, reduced form
of CoA; IB-CoA, isobutyryl-CoA; ILE, isoleucine; IV-CoA, isovaleryl-CoA; KIC, α-ketoiso-
caproate; KIV, α-ketoisovalerate; KMV, α-keto-β-methylvalerate; LEU, leucine; MB-CoA,
α-methylbutyryl-CoA; NADH2, reduced nicotinamide adenine dinucleotide; VAL, valine.
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Thus, increasing the availability of leucine alone could result in a potentially harmful
BCAA imbalance by inducing a relative deficiency of isoleucine and valine.3

Reduced capacity to oxidize BCAAs, as in the hereditary disorder maple syrup urine
disease, results in excess BCAAs in the blood and profound neurological dysfunction
and brain damage.4

The BCAA catabolic enzymes are distributed widely in body tissues and, with
the exception of nervous tissue, all reactions occur in the mitochondria of the cell.
Oxidation of the BCAAs by muscle results in the problem of disposal of the amino
groups, and some of these will be transferred to pyruvate in a transamination reaction,
with the formation of alanine, which will be transported via the circulation to the
liver for entry into the urea cycle. In resting muscle, amino acid oxidation does not
account for more than about 10% of total adenosine triphosphate (ATP) turnover,
and the fractional contribution decreases during exercise as the rate of oxidation of
other fuels (i.e., carbohydrate and fat) increases.2 Where the availability of other
fuels is limited, as in states of glycogen depletion, the contribution of amino acid
oxidation to energy provision will again become more important. There are large
increases in the oxidation rates of BCAAs during exercise; for example, the rate of
oxidation of leucine may increase up to fivefold during strenuous exercise.7 The
mechanism responsible for this is attributed to the activation of the branched-chain
α-keto acid dehydrogenase complex.

Although early studies suggested that BCAAs can act as a fuel during exercise
in addition to carbohydrate and fat, later it was shown that the activities of the
enzymes involved in the oxidation of BCAAs are too low to allow a major contri-
bution of BCAAs to energy expenditure in humans.5,6 Detailed studies with a 13C-
labeled BCAA (13C-leucine) showed that the oxidation of BCAAs only increases
two to fivefold during submaximal exercise, whereas the oxidation of carbohydrate
and fat increases 10- to 20-fold.7,8 Also, carbohydrate ingestion during exercise can
prevent the increase in BCAA oxidation (Figure 13.3).9 BCAAs, therefore, do not
seem to play a major role as a fuel during exercise, and from this point of view, the
supplementation of BCAAs during exercise is unnecessary.10

13.2.2 EFFECTS ON PROTEIN TURNOVER

The claims that BCAAs reduce protein breakdown were initially based on early in
vitro studies, which showed that adding BCAAs to an incubation or perfusion medium
stimulated tissue protein synthesis and inhibited protein degradation. A few in vivo
studies in healthy individuals11–13 failed to confirm the positive effect on protein balance
that had been observed in vitro. However, several studies in recent years have inferred
an anabolic effect of leucine or the BCAAs on muscle protein breakdown and a
stimulatory effect on muscle protein synthesis. Very recent work suggests that leucine
itself, not its metabolites, acts as a signal to stimulate protein synthesis and acts via a
pathway involving activation of the protein kinase mTOR (the mammalian target of
rapamycin), which controls cellular functions in response to amino acids and growth
factors.14 During exercise, muscle protein synthesis decreases together with a net
increase in protein degradation and stimulation of BCAA oxidation, resulting in falls
in the intramuscular and plasma leucine concentrations. After exercise, recovery of
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muscle protein synthesis requires dietary protein or BCAA to increase tissue levels of
leucine in order to activate the mTOR signaling pathway.15 Leucine’s effect on mTOR
is synergistic with insulin via the phosphoinositol 3-kinase signaling pathway.
Together, insulin and leucine promote net skeletal muscle protein accretion. Insulin’s
main effects are to increase muscle amino acid uptake and inhibit protein degradation,
whereas leucine’s main effect is to promote protein synthesis. Recently it has been
reported that co-ingestion of protein and leucine with carbohydrate stimulates muscle
protein synthesis and optimizes whole-body protein balance compared to the intake
of carbohydrate only after a 45-min bout of resistance exercise (Figure 13.4).16 Thus,
evidence is accumulating that supports the commercial claims that orally ingested
BCAAs have an anticatabolic effect during and after exercise.4 

13.2.3 PRECURSOR OF SEROTONIN AND ROLE IN CENTRAL FATIGUE

The central fatigue hypothesis, illustrated in Figure 13.5a, was proposed by Eric
Newsholme and colleagues in 198717 as an important mechanism contributing to the
development of fatigue during prolonged exercise. This hypothesis predicts that
during exercise, free fatty acids (FFAs) are mobilized from adipose tissue and
transported via the blood to the muscles to serve as fuel. Because the rate of
mobilization is greater than the rate of uptake by the muscle, the blood FFA con-
centration increases. Both FFAs and the amino acid tryptophan bind to albumin and
compete for the same binding sites. Tryptophan is prevented from binding to albumin
by the increasing FFA concentration, and therefore, the free tryptophan (fTRP)
concentration and the fTRP:BCAA ratio in the blood rise. Furthermore, the plasma
concentration of BCAAs falls during prolonged exercise as circulating BCAAs are
taken up by the contracting muscles for oxidative metabolism at a higher rate than

FIGURE 13.3 Carbohydrate ingestion during exercise can prevent the increase in BCAA
oxidation as determined by the oxidation of infused 13C-labeled leucine. (Data from Davies,
C.T.M. et al., J. Physiol., 332, 41P–42P, 1982.)
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the rate at which the plasma BCAA pool is replenished through breakdown of whole-
body proteins. The decline in plasma BCAA concentration during exercise will result
in a further increase in the fTRP:BCAA ratio. Experimental studies in humans have
confirmed that these events occur. The central fatigue hypothesis predicts that the
increase in fTRP:BCAA ratio results in an increased fTRP transport across the
blood–brain barrier because BCAA and fTRP compete for carrier-mediated entry
into the central nervous system by the large neutral amino acid (LNAA) trans-
porter.18,19 Once taken up, the conversion of tryptophan to serotonin (5-hydroxy-
tryptamine, or 5-HT) occurs and leads to a local increase of this neurotransmitter.19

Serotonin has been shown to depress motor neuron excitability, influence autonomic
and endocrine function, and suppress appetite in both animal and human studies.
Furthermore, serotonin plays a role in the onset of sleep and is a determinant of
mood and aggression. Therefore, the increase in serotoninergic activity might sub-
sequently lead to the development of central fatigue, forcing athletes to stop exercise
or reduce the exercise intensity. Of course, the assumption that increased fTRP
uptake leads to increased serotonin synthesis and activity of serotoninergic pathways
(i.e., increased synaptic serotonin release) is a rather large leap of faith.

The central fatigue hypothesis also predicts that ingestion of BCAAs will raise
the plasma BCAA concentration, and hence reduce transport of fTRP into the brain.
Subsequent reduced formation of serotonin may alleviate sensations of fatigue (Fig-
ure 13.5b) and, in turn, improve endurance exercise performance.

FIGURE 13.4 Fractional synthetic rate (FSR) of mixed muscle protein in the recovery phase
during trials in which carbohydrate only (CHO), carbohydrate with protein (CHO + PRO),
and carbohydrate with protein and leucine (CHO + PRO + LEU) were consumed by men
following a 45-min bout of resistance exercise. Co-ingestion of protein and leucine with
carbohydrate stimulated muscle protein synthesis (and optimized whole-body protein balance)
compared to the intake of carbohydrate only after the resistance exercise bout. Values are
means ± SE. *, p < 0.05 significantly different from CHO. (From Koopman, R. et al., Am. J.
Physiol. Endocrinol. Metab., 288, 645–653, 2005. Used with permission from the American
Physiological Society.)
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FIGURE 13.5 Central fatigue hypothesis. (a) The central fatigue hypothesis proposes that
during exercise free fatty acids (FFAs) are mobilized from adipose tissue and transported via
the blood to the muscles to serve as fuel. Because the rate of mobilization is greater than the
rate of uptake by the muscle, the circulating FFA concentration increases. Both FFA and the
free amino acid tryptophan (fTRP) bind to albumin (ALB) and compete for the same binding
sites. fTRP is displaced from binding to albumin by the increasing FFA concentration and,
therefore, the fTRP concentration and the fTRP:BCAA ratio in the blood rise. Experimental
studies in humans have confirmed that these events occur. The central fatigue hypothesis
predicts that the increase in this ratio results in an increased fTRP transport across the
blood–brain barrier because BCAAs and fTRP compete for carrier-mediated entry into the
central nervous system by the large neutral amino acid (LNAA) transporter. Once taken up,
the conversion of fTRP to serotonin (5-hydroxytryptamine, or 5-HT) occurs and leads to a
local increase of this neurotransmitter. It has been well established that serotonin plays a role
in the onset of sleep, and that it is a determinant of mood and aggression. It was therefore
hypothesized that the increase in serotoninergic activity subsequently leads to central fatigue,
forcing athletes to stop exercise or reduce exercise intensity. (b) The involvement of plasma
fTRP and BCAAs in the central fatigue hypothesis also predicts that ingestion of BCAAs
will raise the plasma BCAA concentration, and hence reduce transport of fTRP into the brain.
Subsequent reduced formation of serotonin may alleviate sensations of fatigue, and hence
improve endurance exercise performance.
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13.3 EFFECTS OF BCAA INGESTION ON EXERCISE 
PERFORMANCE

The effect of BCAA ingestion on physical performance was investigated for the first
time in a field test by Blomstrand et al.20 One hundred and ninety-three male subjects
were studied during a marathon in Stockholm. The subjects were randomly divided
into an experimental group receiving BCAA in plain water and a placebo group
receiving flavored water. The subjects also had free access to carbohydrate-contain-
ing drinks. No difference was observed in the marathon time of the two groups.
However, when the original subject group was divided into fast and slower runners,
a significant reduction in marathon time was observed in subjects given BCAAs in
the slower runners only. This study has since been criticized for its design and
statistical analysis. For example, fluid and carbohydrate ingestion were not controlled
during the race, subjects receiving BCAAs were not matched to controls in terms
of previous performance, and the retrospective division of subjects into groups
relating to their performance times in the race has been criticized as statistically
invalid.

A study that examined the effect of BCAA ingestion during exercise in the heat
(ambient temperature of 34°C) has provided some further evidence in support of
these early findings.21 A 14% increase in the capacity to perform relatively low
intensity exercise (40% of maximal oxygen uptake, VO2max) was reported following
BCAA supplementation, compared with placebo (Figure 13.6). No difference in
peripheral markers of fatigue was reported between the BCAA and placebo treat-
ments, and the BCAA supplementation (which began 1 h before the start of exercise)
resulted in a two to threefold reduction in the plasma ratio of fTRP to BCAAs. The
capacity to perform prolonged exercise is reduced at high ambient temperatures, and
this premature fatigue is not adequately explained by peripheral mechanisms. Indeed,
there is now some convincing evidence that central fatigue plays an important role
in limiting exercise capacity in the heat.22 However, two recent studies that have
examined the effects of BCAA supplementation (approximately 20 g of BCAAs
consumed before and during exercise) on cycling exercise capacity in the heat at
two different exercise intensities (60% VO2max at 35°C and 50% VO2max at 30°C)
failed to find any effect on exercise capacity or ratings of perceived exertion.23,24

Indeed, the majority of studies, using various exercise and treatment designs and
several forms of administration of BCAA (infusion, oral, and with and without carbo-
hydrates), have failed to find a performance-enhancing effect.25–29 Van Hall et al.27

studied time trial performance in trained cyclists consuming carbohydrate (6% sucrose
solution) during exercise with and without BCAAs. A high (18 g/l) and a low (6 g/l)
dose of BCAAs were given, but no differences were seen in time trial performance
(Figure 13.7). One limitation of most of the studies that have investigated possible
performance-enhancing effects of ingested BCAAs is that they have lacked sufficient
statistical power to identify small but useful enhancements of performance.

If the central fatigue hypothesis is correct and the ingestion of BCAAs reduces
the exercise-induced increase of brain fTRP uptake and thereby delays fatigue, the
opposite must also be true; that is, ingestion of tryptophan before exercise should
reduce the time to exhaustion. A few studies have included supplemental tryptophan
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FIGURE 13.6 Time to exhaustion during cycling at 40% VO2max in the heat with or without 
ingestion of ~30 g of BCAA. *, p < 0.05 significantly different from placebo. 

FIGURE 13.7 Time to exhaustion during cycling at 75 to 80% VO2max. No significant effect 
on exercise performance is seen with drinks containing tryptophan (3 g/l), a small dose of 
BCAAs (6 g/l), or a large dose of BCAAs (18 g/l) compared with the control drink. All drinks 
contained carbohydrate in the form of sucrose (60 g/l). 

in human subjects before or during exercise,27,30 and from these studies (as illustrated 
in Figure 13.7) the conclusion must be drawn that tryptophan has no effects on 
exercise performance.

The effect of chronic administration of BCAAs on exercise performance has 
also been examined.31 Following 2 weeks of BCAA supplementation (16 g/day), 
performance of a 40-km cycling time trial in temperate ambient conditions was 
improved by 12% compared with placebo. However, the data from this study are 
still not published as a full paper, precluding any definitive conclusions on those 
results. The influence of chronic BCAA supplementation on exercise performance 
warrants further investigation.
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13.4 EFFECTS OF BCAA INGESTION ON RECOVERY 
FROM MUSCLE-DAMAGING EXERCISE

Because of the stimulation of muscle protein synthesis by leucine and the suppression
of exercise-induced increases in protein breakdown by BCAAs, it has been suggested
that BCAA supplements might accelerate the repair of muscle damage after exercise;
however, at present, evidence for this is limited. For example, it has been reported
that oral ingestion of BCAAs (12 g/day for 2 weeks and an additional 20-g dose
both before and after the exercise bout) was associated with a smaller rise in serum
creatine kinase (CK) activity (a marker of muscle fiber damage) for several days
after 2 h of cycle ergometer exercise at 70% VO2max, compared with a placebo
group.32 The drawback with this study is that cycling involves concentric muscle
actions and so is not usually associated with muscle damage, and the rises in serum
CK activity observed were considerably smaller than those observed with eccentric
exercise modes. However, a similar effect was observed in a study in which subjects
ingested 1.33 g of BCAAs (as part of a 3.6-g amino acid mixture) before and after
an exercise test and two doses each day of the same mixture for 4 days after an
eccentric exercise test.33,34 In this study, 24 subjects performed two bouts of exercise
of the elbow flexors (different arms) separated by 3 to 4 weeks with either amino
acid or placebo supplementation in a double-blind crossover design. Peak plasma
levels of CK, aldolase, and myoglobin were substantially (40 to 60%) and signifi-
cantly lower for the amino acid than the placebo treatment. Furthermore, peak ratings
of muscle soreness during palpation and extension (but not flexion) were significantly
lower for the amino acid than the placebo treatment. However, there were no
significant differences between the two treatments for changes in muscle function
(assessed by maximal isometric voluntary force of contraction at an elbow angle of
90°) and range of motion. Another recently published study reported beneficial
effects of BCAA supplementation on delayed-onset muscle soreness and muscle
fatigue in the days following a squat exercise protocol in humans.35 Additional, well-
controlled studies are needed to confirm these preliminary findings and to determine
if the observed effects are specifically due to the increased availability of leucine,
all three BCAAs, or all nine essential amino acids. An alternative mechanism to
altered protein turnover for the observed reduction in muscle soreness following
damaging exercise could possibly be modification of brain neurotransmitters
and pain perception with BCAA supplements. However, at present, this is just
speculation.

13.5 EFFECTS OF BCAA INGESTION ON IMMUNE 
RESPONSES TO EXERCISE

Prolonged strenuous exercise is associated with a temporary immunodepression that
affects macrophages, neutrophils, and lymphocytes.36–38 The mechanisms involved
are not fully established and appear to be multifactorial, including the actions of
stress hormones (e.g., catecholamines and cortisol), inhibition of macrophage and
T-cell cytokine production, altered heat shock protein expression, increased oxidative
stress, and a fall in the plasma concentration of glutamine.38,39 BCAAs are nitrogen
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donors for glutamine synthesis, and some studies have evaluated the effectiveness
of BCAA supplements during exercise to maintain the plasma glutamine concen-
tration and modify immune responses to exercise. One recent study showed that
BCAA supplementation (6 g/day) for 2 to 4 weeks and a 3-g dose 30 min before a
long-distance run or triathlon race prevented the 24% fall in the plasma glutamine
concentration observed in the placebo group and also modified the immune response
to exercise.40 These authors reported that BCAA supplementation did not affect the
lymphocyte proliferative response to mitogens before exercise, but did prevent the
40% fall in lymphocyte proliferation observed after exercise in the placebo group.
Furthermore, blood mononuclear cells obtained from athletes in the placebo group
after exercise presented a reduction in the production of several cytokines, including
tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-1 (IL-1), and IL-
4, compared with before exercise. BCAA supplementation restored the production
of TNF-α and IL-1 and increased that of IFN-γ. However, athletes given BCAA
supplements presented an even greater reduction in IL-4 production after exercise.
There were, however, flaws in the experimental design and statistical analysis of the
data in this study, and the results need to be confirmed in more controlled studies.
Since several previous studies have indicated that glutamine supplementation during
exercise does not prevent the exercise-induced fall in lymphocyte proliferation,41,42

these findings must be viewed with some caution.

13.6 DIETARY AND SUPPLEMENTAL SOURCES OF 
BCAAS

The human adult daily maintenance requirement for total BCAA intake is estimated
to be 68 to 144 mg/kg (10 to 22% of the maintenance protein requirement).43 Among
the athletic population, several groups of athletes can be identified that consume
relatively large amounts of BCAAs. The BCAAs can be obtained from one of four
possible sources: whole food proteins, protein supplements, solutions of protein
hydrolysates, and free amino acids. The reasons why athletes can have quite high
intakes of BCAAs include having high dietary protein intakes and consuming protein
and amino acid supplements.

13.6.1 FROM DIETARY PROTEIN INTAKE

The BCAAs, leucine, isoleucine, and valine, represent 3 of the 20 amino acids that
are used in the formation of proteins. Thus, on average, the BCAA content of food
proteins is about 15% of the total amino acid content. If we take an average man
with a sedentary lifestyle, his daily energy intake will be about 10 MJ/day, and let
us say that 15% of this will come from protein. Thus, he consumes about 1500 kJ
as protein, which is equivalent to about 63 g. Therefore, his intake of BCAAs is
about 9.5 g. Contrast this with a Tour de France cyclist: the energy intake of these
elite athletes has been measured as averaging around 25 MJ/day over a 2- to 3-week
period.44,45 The proportion of protein in the diet may be a little less, as much of the
extra energy consumed is in the form of carbohydrates, but even so, the protein
content of the diet is still about 12% of the total energy content. Thus, the elite
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cyclist consumes about 3000 kJ as protein, which is equivalent to 126 g of protein,
which in turn represents about 19 g of BCAAs, or twice the amount of the sedentary
individual. The requirement for protein may actually be higher in the endurance
athlete because some amino acids, including the BCAAs, are oxidized in increased
amounts during exercise compared with rest.3,6–9 On the other hand, the efficiency
of protein utilization appears to be increased with exercise training, and thus the
dietary protein requirement may not be very different in athletes compared with less
active or even sedentary individuals.46,47

13.6.2 FROM HIGH-PROTEIN DIETS AND PROTEIN SUPPLEMENTS

Debate has always raged over how much dietary protein is required for optimal
athletic performance, partly because muscle contains a large proportion of the protein
in a human body (about 40%). Muscle also accounts for 25 to 35% of all protein
turnover in the body. Both the structural proteins that make up the myofibrils and
the proteins that act as enzymes within a muscle cell can change as an adaptation
to exercise training. Indeed, muscle mass, muscle protein content, and muscle protein
composition change in response to training. Interest in protein consumption is very
high among amateur and professional athletes. Therefore, the fact that meat, which
contains high-quality protein, is a very popular protein source for athletes (especially
strength athletes) is not surprising. This preference for meat probably dates back to
ancient Greece, where athletes in preparation for the Olympic games consumed large
quantities of meat.

A strong belief among many athletes is that a high protein intake or certain
protein or amino acid supplements increase muscle mass and strength. Despite the
long history of protein use in sports, debate continues over even simple questions,
such as whether protein requirements are increased in athletes, and no uniform
opinion exists as to what should be measured as an endpoint. A large intake of
dietary protein is common practice in weight lifters and bodybuilders. Daily protein
intakes as high as 3 g/kg of body mass (b.m.) are not uncommon in these sports,
where the aim is to develop a large muscle mass.1 For a 100-kg individual, this
means a protein intake of 300 g/day, and therefore a daily BCAA intake of about
45 g (450 mg/kg of b.m.) is expected.

13.6.3 FROM PROTEIN HYDROLYSATES AND MIXTURES OF ESSENTIAL 
AMINO ACIDS

Protein hydrolysates are produced from purified protein sources (e.g., casein) by
heating with acid or, more usually, by addition of proteolytic enzymes followed by
purification procedures. Such hydrolysates contain peptides, of which up to about
40% may be dipeptides and tripeptides. Consumption of amino acids as dipeptides
and tripeptides results in faster absorption into the bloodstream, compared with the
ingestion of whole proteins or single amino acids. This is a desirable characteristic
for athletes who wish to maximize amino acid delivery to the muscles, although
whether this has a practical effect of improving muscle protein synthesis, accretion
of muscle mass, or improved recovery from exercise has not yet been established.
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Nevertheless, this possibility remains attractive to consumers, and there is some
strong recent evidence that carbohydrates consumed together with protein hydroly-
sates with added leucine and phenylalanine promote higher insulin secretion than
can be achieved with carbohydrate intake alone.48 The potential advantages of this
effect are that it may (1) further promote muscle glucose uptake and stimulate muscle
glycogen synthesis, and so both increase the stores of this important fuel prior to
exercise and enhance its restoration in the recovery phase after exercise, and (2)
stimulate muscle amino acid uptake and protein synthesis during recovery from
exercise.

13.6.4 BCAA SUPPLEMENTS FROM DRINKS

Although this practice is not common, as few drinks containing significant amounts
of BCAAs are commercially available, there are some studies that have suggested
that BCAA intake during prolonged exercise may enhance endurance performance
by delaying the onset of central fatigue. This suggestion, although not confirmed by
many studies, appears to be enough to convince some athletes that ingesting BCAAs
during prolonged exercise is worthwhile. BCAAs have only limited solubility in
water, and their taste is bitter and rather unpleasant, which is likely to limit the
amount consumed by athletes in the form of drinks.

13.7 TOXICITY AND HEALTH RISKS OF BCAAs

As mentioned previously, a reduced capacity to oxidize BCAAs, as in the hereditary
disorder maple syrup urine disease, results in excess BCAAs in the blood and
profound neurological dysfunction and brain damage. It is hypothesized that the
symptoms of excess intake would mimic the neurological symptoms of hereditary
diseases of BCAA metabolism.4 However, the studies on BCAA supplementation
that have been conducted on physically active humans indicate that a rather large
dietary excess of the three BCAAs is well tolerated when consumed in diets con-
taining surfeit amounts of protein. Ingestion of BCAAs in the diet up to 450 mg/kg
of b.m./day, which is a little over three times the estimated average requirement,
appears to cause no adverse effects in healthy adults. Furthermore, the ingestion of
acute doses of BCAA supplements containing all three BCAAs appears to be well
tolerated by adults in amounts up to 450 mg/kg of b.m., or around 30 g/day, and
without ill effect. Although leucine is the most potent of the BCAAs in promoting
protein synthesis, supplementation with leucine alone may cause BCAA imbalance
via the activating effect of its keto acid (α-ketoisocaproate) on the branched-chain
α-keto acid dehydrogenase complex.4

Despite the lack of strong evidence for the efficacy of BCAA supplements for
improving exercise performance, athletes continue to use them. Intake of individual
amino acids has no added nutritional value compared with the intake of proteins
containing these amino acids, and normal food alternatives are available and are
almost certainly cheaper than BCAA supplements. For example, a typical BCAA
supplement sold in tablet form contains 100 mg of valine, 50 mg of isoleucine, and
100 mg of leucine. A chicken breast (100 g) contains approximately 470 mg of
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valine, 375 g of isoleucine, and 656 mg of leucine, the equivalent of about seven 
BCAA tablets. One quarter of a cup of peanuts (60 g) contains even more BCAA 
and is equivalent to 11 tablets.

13.8 SUMMARY

The requirement for BCAAs is higher in endurance athletes than in sedentary 
individuals because the BCAAs are oxidized in increased amounts during exercise 
compared with rest, and they must therefore be replenished by the diet. In the late 
1970s, BCAAs were suggested to be the third fuel for skeletal muscle after carbo-
hydrate and fat. However, the majority of later studies, using various exercise and 
treatment designs and several forms of administration of BCAA (infusion, oral, and 
with and without carbohydrates), have failed to find a performance-enhancing effect. 
Leucine appears to provide a stimulatory signal for muscle protein synthesis, and 
thus has an anticatabolic effect during and after exercise in humans. Studies on the 
effects of post-exercise nutrition (including BCAA ingestion) on adaptations to 
training are needed to establish if the physiological role of leucine in stimulating 
muscle protein synthesis following acute exercise translates into meaningful benefit 
(e.g., increasing hypertrophy and strength gains with resistance training). There is, 
at present, limited valid scientific evidence to support the claim that BCAA supple-
ments may accelerate the repair of muscle damage after exercise, and additional 
research in this area is needed. Some athletes can have quite high intakes of BCAAs 
because of their high energy and protein intakes, and also because they consume 
protein supplements, solutions of protein hydrolysates, and free amino acids. Acute 
intakes of BCAA supplements of up to about 30 g/day seem to be without ill effect. 
However, the suggested reasons for taking such supplements have not received much 
support from well-controlled scientific studies.
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14.1 INTRODUCTION

Glutamine was first isolated in 1883 from beet juice. Glutamine is one of the most
abundant free amino acids in the human body (muscle and plasma), comprising
approximately 50% of the free amino acid pool in the blood and skeletal muscle.1,2

Glutamine is considered a nonessential amino acid (dispensable) since it can be
produced in the body from other amino acids, namely, glutamic acid, in the liver
and skeletal muscle. The skeletal muscle is the most active tissue for glutamine
synthesis, storage, and release, thus playing a critical role in the maintenance of
plasma glutamine concentrations. However, under certain physiological conditions
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(trauma, infection, stress), glutamine can become a conditionally essential amino
acid (indispensable), and exogenous sources (diet and supplements) may be required
to meet the needs of the body.

14.1.1 CHEMICAL STRUCTURE

Glutamine is a five-carbon compound with two nitrogen groups (Figure 14.1), is a
relatively ubiquitous amino acid, and is unstable in the liquid phase. Glutamine is
an amide derivative of the acid amino acid, glutamic acid (or glutamate). The
conversion of glutamate to glutamine can occur in key tissues such as liver, brain,
kidney, skeletal muscle, and intestine and is catalyzed by the enzyme glutamine
synthase.1,2

Glutamine is a neutral polar amino acid, with an amine functional group, which
is highly polar, and is capable of forming strong hydrogen bonds. This nature of the
side chain enables glutamine to contribute to the stability of the protein molecule.
The hydrogen bonding capacity of the amine group also enables interaction with
water, making glutamine a highly hydrophilic amino acid.1,2

Glutamine is degraded to α-ketoglutarate, which is an important intermediate
in several metabolic pathways, such as the citric acid cycle and the transamination
process.1,2 Glutamine can also be converted to glutamate by the enzyme glutaminase,
and thus plays an important role in the transamination process, in the synthesis of
several key proteins, as precursors of other nonessential amino acids, and in the
synthesis of excitatory neurotransmitters. Figure 14.2 summarizes the metabolism
of glutamine.

FIGURE 14.1 Chemical structure of glutamine.

FIGURE 14.2 Brief overview of glutamine metabolism.

O = C  (CH2)2  CH  COO –

  NH2 N+H3

Glutamine  Protein Synthesis, etc. 

NH3 NH3 Urea, Nucleotide Synthesis, etc. 

Glutamate  Protein, Glutathione Synthesis, etc.

-Ketoglutarate 

Transamination Citric Acid Cycle 

Non-essential Amino Acid Glucose Synthesis, Energy Production 
Synthesis 
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14.2 METABOLIC FUNCTIONS

Glutamine is essential for maintaining many homeostatic functions and for the
optimal functioning of a number of body tissues, most importantly the gut and
immune system. Glutamine is the most versatile amino acid and has several key
regulatory functions in the body. It plays a central role in acid–base homeostasis, is
a precursor for nucleic acids and nucleotide biosynthesis, is used in the synthesis
of amino sugars, and participates in interorgan nitrogen transport. Glutamine is a
key anapleuretic, energy-yielding substrate under conditions of hypoxia, anoxia, and
dysoxia, and a key gluconeogenic metabolite under normal postabsorptive condi-
tions.3 Additionally, glutamine is an important component of the flavor- and taste-
enhancing compound monosodium glutamate. Table 14.1 summarizes the metabolic
functions of glutamine. However, under catabolic states, such as exhaustive exercise,
infection, surgery, and trauma, skeletal glutamine reserves are depleted, making this
amino acid a conditionally essential amino acid.

14.2.1 PROTEIN SYNTHESIS AND DEGRADATION

Glutamine plays a significant role in the synthesis of proteins and nonessential amino
acids. Glutamine is referred to as competence factor since it stimulates protein
synthesis.4 It is an amino group donor in various biosynthetic reactions of purine,
pyrimidine, and amino sugar syntheses. Glutamine also serves as a storage and
transport form of ammonium and plays a significant role in the removal of excess

TABLE 14.1
Physiological Functions of Glutamine

• Nitrogen carrier
• Interorgan transporter

• Metabolic intermediate
• Energy source

• Oxidation to lactate (partial) or carbon dioxide (full)
• Main energy substrate for:

• Immune system
• Gastrointestinal system

• Respiratory substrate
• Enterocytes
• Lymphocytes

• Regulator of protein synthesis
• Regulator of peptide synthesis
• Precursor of nonessential amino acid synthesis
• Purine, pyrimidine, nucleotide synthesis (amine group)
• Formation of glucosamine (amine group)
• Fatty acid synthesis (acetyl group)
• Gluconeogenesis (carbon skeleton)

• Glutathione metabolism
• Muscle-sparing effect
• Acid–base homeostasis
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ammonia by playing a critical part in the urea synthesis process. Glutamine is a
regulator of urea synthesis since the enzyme carbomyl phosphate synthetase is
allosterically activated by N-acetylglutamate for the utilization of the first nitrogen
molecule in the urea synthesis. Glutamine utilization of the cells increases dramat-
ically during hypercatabolic conditions such as trauma and sepsis to fulfill the energy
demands and to provide nitrogen for the protein synthesis occurring during these
states.1,2

Glutamine regulates muscle protein levels and has been shown to have antipro-
teolytic effects on noncontractile protein components in the rat model.5 Decreasing
intramuscluar glutamine concentrations has been shown to increase muscle cata-
bolism. 5 Glutamine has also been observed to regulate the myosin heavy-chain
synthesis seen in glucocorticoid-induced muscle atrophy.5 Fatigue due to increased
exercise can increase overall protein catabolism and lower plasma and muscle
concentration of amino acids; glutamine has been observed to play a key role in
restoring these amino acid concentrations.5 Glutamine supplementation has been
observed to stimulate an increase in muscle protein synthesis, especially immediately
after exhaustive exercise.6

Glutamine also plays an important role in the regulation of acid–base balance
by allowing the kidneys to excrete an acid load, thereby protecting the body against
acidosis, and serves as the most important nitrogen shuttle, supplying nitrogen for
metabolic purposes.1,2 Glutamine is a precursor for the synthesis of nucleic acids.
It also plays a role in the synthesis of glutathione, a tripeptide molecule synthesized
from glycine, cysteine, and glutamate. Glutathione plays a role in the transport of
certain amino acids and in the synthesis of leukotriene (which regulates the inflam-
mation response), and it protects the cells from the harmful effects of free radicals.7

14.2.2 GLUCOSE REGULATION

Glutamine is as important as lactate in contributing to the net gluconeogenesis in
the postabsorptive state, contributing to 20 to 25% of the whole-body glucose
production. Glutamine gluconeogenesis contributes to approximately 5% of the
systemic glucose appearance, and renal production of glucose from glutamine
accounts for nearly 75% of all glucose derived from glutamine.8 However, in trained
cyclists, glutamine supplementation did not show any significant impact on the rate
of glycogen resynthesis, i.e., muscle glycogen concentrations, despite a twofold
increase in plasma glutamine concentrations,9 suggesting that the impact of
glutamine supplementation on glycogen synthesis post-exercise needs to be further
evaluated.

14.2.3 IMMUNE REGULATION

Leukocytes comprise a heterogeneous mix of cells circulating between the lymphoid
tissues and organs and the blood and lymph, and play a very important role in
maintaining a functional immune response system.10 Some of the main leukocytes
are neutrophils, which comprise 60 to 70% of circulating leukocytes, lymphocytes
(T-, B-, and natural killer cells), which comprise 20 to 35% of circulating leukocytes,
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and monocytes, which comprise 15% of circulating leukocytes.10 Additionally, gly-
coproteins such as immunoglobulins (Ig) and antibodies produced by B-cells are
also found in the serum and other body secretions and play an important role in the
immune response.

A moderate level of exercise has been suggested to enhance immunity and lower
the risk of sickness among active individuals.4,11 On the other hand, heavy training
has been suggested to suppress the immune system of athletes.4 Natural killer cell
activity, which protects against viruses and tumor cells, has been observed to be
higher among athletes than nonathletes.11 However, depending on the severity of the
training, neutrophil activity, which is the body’s defense against bacteria and viruses,
has been observed to be depressed.11 Lagranha et al.12 observed oral glutamine
supplementation to partially prevent exercise-induced apoptosis in neutrophils by
possibly preserving mitochondrial function in sexually immature and mature rats.
In healthy men performing 2 h of cycle ergometry, Hiscock et al.13 observed that
supplementation with glutamine during and 2 h after exercise induced an 18-fold
increase in plasma IL-6 concentrations. However, the impact on these changes, in
the immune cell responses, on the risk of infection of athletes is inconclusive.
Although plasma glutamine concentrations are kept constant during and after acute,
strenuous exercise, glutamine supplementation does not appear to abolish the post-
exercise decrease in in vitro cellular immunity, including low lymphocyte number,
impaired lymphocyte proliferation, and impaired natural killer and lymphokine-
activated killer cell activity, implying that the glutamine hypothesis may explain
immunodepression related to stressful conditions such as trauma and burns, but not
exercise-induced immunodepression.14 Given the impact of an altered immune sys-
tem on an athlete’s performance and the role of certain nutrients in development
and maintenance of the immune system, attention has focused on the use of specific
nutrients in the prevention of infections among athletes, one such nutrient being
glutamine.

Glutamine is considered an immunonutrient and is used in medical foods for
hypercatabolic situations, including burns, cancer, infection, surgery, transplants,
and trauma.15,16 Additionally, stressors such as prolonged exercise and overtraining
can cause a reduction in skeletal muscle and plasma glutamine concentrations.
Muscle glutamine levels have been observed to decrease in a dose-dependent manner
based on the degree of stress. Glutamine is also referred to as an anticatabolic
nutrient.15,16 Glutamine has been shown to strengthen the immunity under conditions
of major trauma, especially in the gastrointestinal tract.15,16 It is also needed for
wound healing given its role in the regulation of protein synthesis. Glutamine serves
as a fuel for enterocytes, colonocytes, lymphocytes, and proliferating cells. It has
been observed to be important for lymphocyte proliferation and generation of lym-
phokine-activated killer cell activity in vitro. However, Rohde et al.17,18 did not
observe any benefit of glutamine supplementation following prolonged intense exer-
cise on suppressing the decline in lymphokine-activated killer cell activity. Lympho-
cyte proliferation and synthesis of interleukin 1 by macrophages and interleukin 2
by lymphocytes have been observed to decrease with glutamine deficiency.

Acute effects of aerobic and anaerobic exercise on the immune system
may include increase in leukocyte counts in peripheral circulation with transient
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immunosuppression in the ability of lymphocytes to respond to immune challenges.
The duration and intensity of exercise can also impact the immune response. Exhaus-
tive prolonged exercise can decrease muscle glutamine levels, which is typically
magnified after athletic injury. Castell et al.19 observed that glutamine supplemen-
tation (5 g in 330 ml of water) immediately after and 2 h after a marathon decreased
the incidence of upper respiratory tract infections up to 7 days following the race.
Likewise, Bassit et al.20 observed that branched-chain amino acid supplements
(6 g/day for 15 days), which are precursors for glutamine, prior to a triathlon or 30-
km run prevented a 40% decline in the nitrogen-stimulated lymphocyte proliferation
observed in the control group post-exercise. Additionally, the branched-chain amino
acid supplementation prevented the post-exercise fall in plasma glutamine concen-
trations and was also associated with an increase in interleukin 2 and interferon
production, suggesting a potential role for these amino acids in the regulation of the
immune system. High-intensity exercises have been suggested to suppress neutrophil
functions, which play a major role in nonspecific host defense and constitute 50 to
60% of the blood leukocyte pool. Walsh et al.21 observed that glutamine supplemen-
tation during exercise and recovery helped maintain plasma glutamine concentrations
and prevented the reduction in plasma glutamine levels. However, glutamine sup-
plementation did not have any effect on the post-exercise changes in leukocytosis
or whole-blood neutrophil degranulation following prolonged exercise activity. Fur-
thermore, glutamine as a precursor of glutamate plays a major role in cellular
synthesis of glutathione in lymphocytes, which plays a role in the redox system of
the cell by protecting the cells against the harmful effects of oxidants (free radicals)
produced during the various metabolic processes.7

In athletes, a consequence of overtraining, i.e., excessive training over a pro-
longed period, is immunosuppression, resulting in a higher incidence of infections,
slower wound healing, fatigue, impaired immune function, and decreased exercise
performance. Overtraining has been associated with a decrease in plasma glutamine
concentrations.22–24 Plasma glutamine concentrations have been observed to decrease
acutely after intense exercise and during periods of intense training. During periods
of stress, glutamine metabolism is increased to promote cell division, antibody
production, and protein synthesis. Elite Olympic athletes who had lasting fatigue
after intense training periods had 33% lower plasma glutamine levels than those
who had no long lasting fatigue; however, the impact on athletic performance was
minimal.25 Additionally, athletes with plasma glutamine levels less than 450 μmol/l
were more susceptible to infections, further suggesting that glutamine may have an
impact on the synthesis of immune cells.25

14.2.4 ENERGY SUPPLY

Glutamine provides nitrogen and carbon molecules for synthesis of macromolecules
and production of energy.1,2 Glutamine is a direct respiratory fuel for enterocytes
and mucosal epithelial cells of the small intestine. Glutamine is also utilized as an
energy source by lymphocytes, macrophages, and replication cells of the stomach,
large intestine, spleen, and pancreas. Plasma glutamine concentrations have been
observed to decrease after exhaustive exercise, which has been attributed to increased

9079_C014.fm  Page 266  Thursday, February 8, 2007  12:42 PM

SPORTS NUTRITION JFII



Glutamine 267

utilization of glutamine in the liver for gluconeogenesis and urea formation and an
increased rate of glutamine utilization by the kidneys and immune system.26,27

14.3 BODY STORES AND REGULATION

Glutamine accounts for more than half of the total intramuscular free amino acid
pool, making it one of the most abundant and versatile amino acids in the plasma
and skeletal muscle.28 Glutamine is predominantly synthesized and stored in the
skeletal muscle by the action of the enzyme glutamine synthetase. Adipose tissue,
lungs, liver, and brain are also sites of synthesis of glutamine.

14.3.1 SKELETAL MUSCLE

In the skeletal muscle glutamine is needed to maintain protein levels, immune system
function, and glucose–glycogen metabolism, all of which can be very significant for
an active individual such as an athlete.28 Much of the glutamine is stored in skeletal
muscle, and athletes who overuse these muscles may deplete their glutamine stores
and increase their susceptibility to infection or slow their rate of recovery from
injuries. In the postabsorptive state, skeletal muscle glutamine is a major contributor
(48%) to the amino acid nitrogen released into the circulation.29 Furthermore, 4 h
after a mixed meal, skeletal glutamine accounts for 71% of the amino acid released
and 82% of the nitrogen released from the muscle.29 Plasma glutamine concentrations
decreased 10 to 25% after moderate- to high-intensity exercise (50 to 80% VO2max),
which could be due to an increase in muscle protein synthesis during recovery.29

Glutamine may also be a stimulator of post-exercise glycogen synthesis in the
muscle, probably due to the direct conversion of glutamine (carbon skeleton) to
glycogen or glutamine-induced cell swelling, which stimulates glycogen synthesis.30

However, addition of protein to carbohydrate supplements post-exercise has not been
consistently observed to increase glycogen synthesis beyond that produced with
carbohydrate only.30,31 A high correlation exists between muscle glutamate concen-
trations and muscle glutathione concentrations, suggesting that glutamate plays a
determining role in the glutathione synthesis process, and thus oxidation pathway.32

During exercise, glutamate plays a critical role in energy provision because it
participates in the tricarboxylic acid cycle and the purine nucleotide cycles critical
for protein synthesis. Kargotich et al.33 observed high-intensity exercise in well-
trained swimmers to result in a significant reduction in plasma glutamine during the
post-exercise period, suggesting that glutamine could be a marker of overtraining.

14.3.2 LIVER AND KIDNEY

Glutamine in the liver and kidney is catabolized to glutamate and ammonia with the
help of the enzyme glutaminase.1,2 In the absorptive state or during periods of
alkalosis, liver glutaminase activity increases ammonia production for the urea
cycle.1,2 Under the acidotic state, use of glutamine in the urea cycle decreases, and
instead, glutamine is released from the liver and transported to the kidneys, where
it is catabolized by the renal tubular enzyme glutaminase to produce ammonium
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and glutamate.1,2 This glutamate may be catabolized by the enzyme glutamate
dehydrogenase to produce α-ketoglutarate, which can be used for energy production
via the citric acid cycle or nonessential amino acid synthesis via the transamination
process, and ammonium.1,2

Iwashita et al.34 observed that glutamine supplementation to exercising dogs
stimulated whole-body glucose production during and after exercise above a normal
exercise response by 24%. Hepatic uptake of glutamine and alanine was higher with
glutamine supplementation during exercise, and hepatic glucose output was
increased sevenfold during exercise with glutamine supplementation. Glutamine
supplementation was observed to increase glucose utilization by 16% after exercise,
suggesting that glutamine availability can modulate glucose homeostatis during and
after exercise. Renal glutaminase activity and ammonium excretion increase with
acidosis and decrease with alkalosis.1,2 Thus, given the ubiquitous synthesis of
glutamine in the cells and its ability to diffuse in and out of cells, it serves as a
major transporter of nitrogen.

14.4 DIETARY INTAKE

14.4.1 FOOD SOURCES

Dietary sources rich in glutamine include all foods that are rich in protein, particu-
larly milk protein and meats. Three ounces (85 g) of meat, chicken, or fish contains
3 to 4 g of glutamine. Plant foods such as spinach, parsley, and cabbage are also
sources of glutamine. Table 14.2 provides some examples of food sources of

TABLE 14.2
Food Sources of Glutamine

Food
Amount (g) per 100 g of 
Cooked, Edible Portiona

Whole egg, large, raw 1.68
Turkey breast 2.79
Whole-wheat bread 2.96
Salmon 3.30
Tuna 3.81
Wheat germ 3.99
Beef T-bone steak 4.18
Pork chops 4.29
Chicken breast 4.64

a As glutamic acid.
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glutamine and amount per 100 g. Under normal conditions, diet, in addition to what
is produced by the body, can meet the glutamine needs of an individual. However,
under certain physiological conditions such as injuries, surgery, infections, and
extreme stress, body glutamine stores can be depleted and supplemental glutamine
may be required. 

14.4.2 SUPPLEMENTAL SOURCES

Glutamine is a popular supplement consumed by active individuals. Glutamine
supplements are available as L-glutamine either as an individual amino acid supple-
ment or as part of a protein supplement. These supplements are available in powder,
capsule, tablet, or liquid form, with most claiming to enhance muscular recovery
from intense workouts, with the recommended intake being post-workout or with
meals. An Internet search (Google search engine, June 7, 2006) using the term
glutamine supplements produced 2,040,000 hits. Table 14.3 provides some examples
of currently available glutamine supplements. Like all dietary supplements, caution
should be used when taking glutamine supplements, and these supplements should
be taken under the supervision of a health care provider. Individuals with kidney
and liver disease should not take glutamine supplements given the central role of
these organs in glutamine metabolism. Glutamine supplements should be taken
several hours before or after a meal to prevent interaction with amino acids in the
regular diet of the individual. 

14.4.3 DIGESTION AND ABSORPTION

The proteolytic enzymes produced by the pancreas and the brush border facilitate
the release of glutamine from dietary protein. Glutamine is absorbed efficiently in
the human jejunum and is transported across the intestinal brush border by both a
sodium-dependent and a sodium-independent system. Following protein digestion

TABLE 14.3
Summary of Available Glutamine Supplementsa

Brand
Number of

Servings
Grams Per

Serving
Price Per

Gram Price

ABB Gluta-Force, 1.1 lb 100 5 $0.05 $27.49
All American Pharmaceutical Liquid 
Glutamine, 16 fl oz

32 — $0.90 $28.95

Bioplex L-Glutamine, 1000 g 100 10 $0.03 $32.99
EAS L-Glutamine, 400 g 80 5 $0.05 $18.55
Fitness Technologies Pure Glutamine, 2000 g 400 5 $0.03 $69.95
Nature’s Best L-Glutamine, 600 g 120 4.6 $0.05 $29.99
Optimum Glutamine Powder, 1000 g 222 4.5 $0.04 $40.98
Twinlab Glutamine Fuel, 120 capsules 60 1.5 $0.21 $18.45

a Not a comprehensive list.
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and absorption across the brush border and basolateral membranes, glutamine is
primarily used by the enterocytes, is the main energy source for these cells, and
exhibits tropic effects on the gastrointestinal mucosal cells. The gastrointestinal tract
utilizes approximately 40% of the glutamine entering the system. Given the depen-
dence of the enterocytes on glutamine, a deficiency of this amino acid can decrease
gut function due to a loss of protection against bacterial or endotoxin translocation
from the gut lumen into the portal circulation.1,2

14.5 NUTRITIONAL STATUS ASSESSMENT

Plasma glutamine concentrations can be evaluated to determine an individual’s
glutamine status. Among high-performance athletes (speed skating, swimming, ski-
ing) under a variety of training conditions, Smith and Norris35 observed plasma
glutamine concentrations to range from 402 to 741 μmol/l. Under conditions of rest,
the average plasma glutamine concentration in these athletes was 585 μmol/l, while
under heavy training conditions, a significant reduction to 522 μmol/l was observed.
Additionally, under conditions of overtraining, plasma glutamine concentrations
decreased to 488 μmol/l. Therefore, it has been proposed that glutamine concentra-
tions decrease when the work volume exceeds the athlete’s tolerance level; however,
low glutamine levels are not necessarily indicative of the training status of an athlete.
Hiscock and Mackinnon22 also observed differences in resting plasma glutamine
concentrations based on the athlete’s sport, with cyclists having the highest concen-
tration (1395 μM/l), runners and swimmers having intermediate levels (691 and 632
μM/l, respectively), and power lifters having the lowest levels (556 μM/l), suggesting
that the physical and metabolic demands of a sport may influence an athlete’s
glutamine status. However, it is unclear if this is due to the effect of the sport or a
combination of the sport and dietary practices of these athletes. Furthermore, dietary
protein intake, when expressed as gram per kilogram of body weight, was observed
to be negatively associated with plasma glutamine concentrations, which may be
attributed to the role of glutamine in maintaining acid–base balance, with high
protein diets increasing the acid load and thereby increasing glutamine needs by the
kidneys.

In addition to exercise, an individual’s dietary intake can also have an influence
on his plasma glutamine concentrations. Blanchard et al.28 observed high-carbohy-
drate (70%) diets to increase plasma glutamine concentrations compared to low-
carbohydrate (45%) (i.e., high-protein) diets in endurance-trained men completing
exercise trials. However, muscle glutamine concentrations did not differ between
the two groups, and no association was observed between plasma glutamine con-
centrations and changes in muscle glycogen concentrations. This suggests that the
effect of carbohydrate intake on plasma glutamine is not influenced by the muscle
glycogen stores. Likewise, Gleeson et al.29 observed low-carbohydrate diet (7%) to
be associated with a reduction in plasma glutamine concentrations during recovery
compared to a high-carbohydrate diet (75%). Low-carbohydrate and high-protein
intakes have been suggested to result in lowering plasma glutamine levels due to a
disruption in the acid–base balance, stimulating the kidneys to increase the uptake
of glutamine to buffer the hydrogen ion concentration and restore normal pH.
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Additionally, glutamine may serve as a precursor for gluconeogenesis, with low
carbohydrate intakes, further reducing plasma glutamine concentrations. Branched-
chain amino acid supplementation was also observed to maintain plasma glutamine
concentrations among triathletes compared to placebo, which resulted in a 23%
reduction after the triathlon.20 This ability of branched-chain amino acids to maintain
glutamine concentrations is attributed to their influence of glutamate metabolism in
the skeletal muscle with the subsequent release of NH3, which is used in the pro-
duction of glutamine. Therefore, when assessing an individual’s glutamine status, it
is important to assess both his dietary intake and exercise patterns.

14.6 ERGOGENIC EFFECTS

14.6.1 ENDURANCE ACTIVITIES

The speculation that glutamine supplementation can enhance performance during
endurance activities is largely based on the acute immune system suppression
observed during strenuous exercise. Since glutamine is utilized as a fuel source for
immune system cells, the assumption is that supplementary glutamine will attenuate
the mobilization of glutamine from the skeletal muscle. Prolonged endurance exer-
cise, such as marathon running, may reduce plasma glutamine concentration. Plasma
glutamine concentrations seem to significantly decrease in overtrained athletes com-
pared to control, nonovertrained athletes.36 Physical stress such as illness or increased
physical activity can induce hypercatabolic states, thereby decreasing the body’s
endogenous rate of glutamine synthesis, making it a conditionally essential amino
acid. Early studies suggested that glutamine may be beneficial to endurance athletes
because of its impact on muscle glycogen synthesis, by serving as a substrate for
gluconeogenesis in the liver, thereby decreasing amino acid release from muscle
during extended exercise and decreasing muscle protein degradation. Mourtzakis
and Graham37 observed that during prolonged exercise, carbohydrate oxidation
peaked at 30 min of exercise and decreased for the remainder of the exercise bout,
while pyruvate production was greatest at 1 h of exercise and was closely linked to
glutamate concentrations, which was the predominant amino acid taken up during
exercise and recovery. Alanine and glutamate were associated with pyruvate metab-
olism and comprised ~68% of the total amino acids released during exercise and
recovery, thus implying that a reduced supply of these amino acids can limit endur-
ance exercise performance.

Glutamine supplementation has also been shown to decrease incidence of infec-
tion secondary to overtraining and to improve the response of cells of the immune
system, thereby enabling athletes to maintain training at a greater frequency and
intensity.11 However, other studies have not found any beneficial effects of glutamine
supplementation in athletes.17,18,31

Strenuous exercise can cause significant immunosuppression along with a reduc-
tion in plasma glutamine levels. Following intense exercise of greater than 1 h,
lymphocyte count, natural killer cell activity, and lymphokine-activated killer cell
activity were observed to decline.4,11 Additionally, the lymphocyte proliferative
response to T-cell mitogens decreased during exercise. Concomitant decline in
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plasma glutamine concentrations may play a role in impaired immune function after
sustained physical activity. It has been shown that glutaminase activity is increased
during immunologic challenges, which in rapidly dividing cells is a source of
nitrogen and carbon, which can serve as precursors for macromolecules and energy.38

Thus, under life stresses and disease states, several dispensable amino acids can
become conditionally essential because their utilization within the body exceeds
their endogenous production.

While oral or parenteral glutamine supplementation has helped maintain mus-
cular glutamine concentrations, improve nitrogen balance, and increase protein syn-
thesis,39 the benefits for athletes are not well established. Castell et al.19 investigated
the effects of consumption of glutamine-containing drinks immediately after heavy
exercise and 2 h after exhaustive exercise in middle-distance, marathon, and ultra-
marathon runners and in elite rowers during training and competition. The glutamine-
supplemented group reported a reduced instance of infections compared to the
placebo group. Castell et al.40 later observed that glutamine supplementation did not
appear to have an effect on immune function (as assessed by lymphocyte distribution)
following completion of the Brussels marathon. Similarly, Rohde et al.17,18 examined
the impact of glutamine supplementation on exercise-induced immune change after
30, 45, and 60 min at 75% VO2max. Arterial glutamine concentration decreased by
20% after the last exercise bout in the placebo trial, whereas the glutamine concen-
tration was maintained at a level above rest at all times in the glutamine-supple-
mented group (900 mg/kg body weight). However, these differences between the
two groups were not significant. The concentration of leukocytes increased during
and after each exercise bout, which was attributed to an increase in neutrophils,
lymphocytes, and monocytes (during) and neutrophils and monocytes (after); how-
ever, no differences were observed between the placebo and glutamine groups. Thus,
the post-exercise immune changes did not appear to be caused by decreased plasma
glutamine concentrations.17,18 Kargotich et al.41 observed glutamine responses to
strenuous interval exercise before and after 6 weeks of endurance training. Prior to
training, glutamine concentrations progressively decreased (16 to 18%) post-exer-
cise. However, with training glutamine concentrations increased by 14%, suggesting
that training-induced changes in glutamine may be able to prevent the decline in
glutamine levels following strenuous exercise below a threshold where immune
function might be acutely compromised. These results further suggest that oral
glutamine supplements may prevent the post-exercise reduction in plasma glutamine
concentrations without influencing the immune system, but the ergogenic benefits
of glutamine supplementation need further examination.

14.6.2 NONENDURANCE ACTIVITIES

Antonio and Street42 propose that the ergogenic benefits of glutamine observed in
certain groups of athletes and not in others may be due to its protective role against
protein degradation, potentially enhancing recovery following resistance training
sessions; however, this is yet to be determined among athletes participating in such
sports. Since strength and resistance training result in glycogen depletion and
increased protein turnover, Antonio and Street42 have suggested that glutamine
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supplementation may be beneficial for these athletes. However, the data on non-
endurance activities and glutamine supplementation are scarce. Antonio et al.43

observed that pre-exercise glutamine supplementation (0.3 g/kg body weight) in men
performing weight-lifting exercise did not result in any changes in maximal repeti-
tions performed in the leg press or bench press, suggesting that short-term ingestion
of glutamine does not enhance weight-lifting performance in resistance-trained men.
The supposition that glutamine may act as a buffering agent for repeated bouts of
high-intensity activities originates from the potential ability to maintain the
acid–base balance in the body. However, Haub et al.44 in a study of the effects of
glutamine or placebo supplementation (0.03 kg/kg) did not observe any beneficial
effects of the supplementation on five repeated bouts of cycling at 100% VO2max
peak (four bouts lasting 60 sec and the fifth bout continued to fatigue). The results
indicated that acute ingestion of L-glutamine did not enhance buffering potential or
performance or delay the onset of fatigue during high-intensity exercise in these
athletes.

In another study, Candow et al.45 examined the effect of oral glutamine supple-
mentation combined with a weight resistance program on 1 rep maximum leg press
and bench press, peak knee extension torque, on lean tissue and muscle protein
degradation. Subjects were supplemented with glutamine (0.9 g/kg lean body
mass/day) or placebo for 6 weeks of training. Although increases in strength (31%
for squat and 14% for bench press), torque (6%), lean tissue mass (6%) and 3-
methylhistidine (41%) were observed in the glutamine-supplemented group, similar
increases were observed in the placebo group. The researchers concluded that
glutamine supplementation resulted in no significant effect on muscle performance,
body composition, or muscle protein degradation during resistance training. Simi-
larly, van Hall et al.31 also did not observe any beneficial effects of oral glutamine
supplementation on glycogen resynthesis following intense interval exercise. Anto-
nio et al.46 also investigated glutamine supplementation and its effects on weight-
lifting performance. Resistance-trained individuals (n = 6) performed weight-lifting
exercises in a double-blind, placebo-controlled, crossover design supplemented with
glutamine or glycine (0.3 g/kg; average intake, 23 g) mixed with calorie-free fruit
juice or placebo. One-hour postingestion of the supplement, subjects performed
exercises to muscular failure. Acute ingestion of glutamine did not enhance weight-
lifting performance, and no differences were observed in the average number of
maximal repetitions performed in the leg or bench press exercises, suggesting that
short-term ingestion of glutamine (1 h before the event) may not have any ergogenic
benefits for individuals participating in resistance type activities. The effects of long-
term ingestion of glutamine are yet to be determined.

This lack of an effect of glutamine supplementation during resistance training
may be due to the utilization of glutamine by other tissues before it reaches the
peripheral circulation and skeletal muscle. Glutamine serves as a gluconeogenic
precursor when muscle glycogen is depleted by approximately 90%; however, resis-
tance training typically produces approximately 40% depletion in muscle glycogen,
which may not be severe enough to benefit from glutamine supplementation.46

Serving as an energy source of the immune cells is another proposed ergogenic
effect of glutamine.19,40 Exhaustive endurance exercise has been shown to suppress
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the immune system in some athletes; however, heavy resistance exercise has not
been observed to have any significant impact on the immune system,47,48 suggesting
that some of the ergogenic benefits of glutamine may be dependent on the type of
exercise performed. In a recent review by Ohtani et al.,49 chronic supplementation
with a mixture of amino acids, including branched-chain amino acids, arginine, and
glutamine, was observed to result in a quicker recovery from muscle fatigue, fol-
lowing eccentric exercise training. At the highest doses of the amino acid supple-
mentation (6.6 g/day) for 1 month, blood oxygen-carrying capacity was increased,
while muscle damage was observed to decrease, thus resulting in improved training
efficiency.

14.7 DRUG–NUTRIENT INTERACTIONS

Interactions of glutamine supplements with other nutrients and dietary supplements
are not known.50 Since glutamine is metabolized to glutamate, which can act as an
excitatory neurotransmitter, the potential for antagonizing the anticonvulsant effects
of certain epilepsy medications exists. 50 Furthermore, since glutamine is metabolized
to ammonia, it can potentially antagonize the antiammonia effects of lactulose.50

Although the aforementioned interactions are theoretically possible, no known
adverse effects have been reported with glutamine supplementation. Glutamine
supplements, especially the powders, should not be added to hot beverages because
heat can destroy the amino acid. Individuals with kidney or liver disease should not
take glutamine supplements. It has been suggested that glutamine may increase the
effectiveness and reduce the side effects of chemotherapy treatments, therefore
making it essential that individuals check with their health care providers before
using supplements.

14.8 SAFETY AND TOXICITY

Intake of up to 40 g/day of glutamine supplements did not result in any significant
adverse effects other than mild gastrointestinal discomfort in some individuals.50

Such high intakes can be achieved only through supplement usage, and as such,
these doses should be divided into two to four throughout the data to result in an
increase in total body stores without resulting in significant competition for absorp-
tion with the other amino acids.

14.9 SUMMARY

Glutamine has established important physiological functions under both normal and
hypercatabolic states. Glutamine has a central role to play in maintaining a healthy
immune system and the energy levels of key cells. Adequate dietary protein intake
can ensure that these functions of glutamine are fulfilled in the normal healthy
individual, with hypercatabolic states requiring additional supplemental sources of
glutamine. The immune-enhancing effects and the antiproteolytic effects of
glutamine have implications for athletes involved in intense training activities.
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However, the ergogenic benefits and the immune-enhancing effects of glutamine 
supplementation for the active individual are yet to be realized. Long-term studies 
examining the effect of glutamine supplementation on protein synthesis, body com-
position, prevention of infections, and increase in muscle glycogen stores are nec-
essary before glutamine supplements can be advocated for athletes.
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15.1 INTRODUCTION

Many scientific publications have explored the roles of protein in the support of
exercise performance and adaptation to the stresses of training. Along with this focus
on the role of protein in general, many studies have been conducted about the
functions and effects on performance of supplementation with specific amino acids
(AAs). Perhaps more questions were raised than were answered by the many studies
on the subject of AAs in sports published during the 20th century, and such research
continues actively into the 21st century. Most of the research has been conducted
on the branched-chain amino acids (BCAAs), glutamine, and ARG. Several of
the other AAs are being studied for potential functions that may support sports
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performance. Also, since many AAs have complementary functions, AA mixtures
are being actively studied for their potential to enhance exercise performance and
adaptation to exercise stress.

15.2 AA CHEMICAL STRUCTURES AND 
CLASSIFICATION

15.2.1 CHEMICAL STRUCTURES

The structure of AAs consists of a central carbon atom that is bound to an amino
group (–NH2), an acid group (–COOH), and a side chain (R group) with the following
basic structure:

H2N–CH–COOH
|
R

The R group is what gives each AA its identity and determines its specific
potential functions in the body. At the pH of body fluids, free AAs exist as dipolar
ions (zwitterions) in the following basic form:

H3N+–CH–COO–

|
R

The basic zwitterion form has no net electrical charge because the polar charges
cancel each other out. However, some AAs have charged R groups that give them
a net positive or negative charge. With the exception of glycine (R group = H), AAs
can exist as D or L stereoisomers. The human body only uses L-AAs for protein
synthesis (PS). The AA names used in this chapter refer to the L forms unless
otherwise indicated. Figure 15.1 provides three additional illustrations of the general
structure of most AAs.

15.2.2 CLASSIFICATION OF AAS BY CHEMICAL STRUCTURE

Various systems have been proposed to classify AAs by their chemical structures
according to similar components in their R groups, net electrical charges in solution,
and polarity in water at physiological pH. An example of amino classification used
by Garrett et al.1 based on polarity and electrical charge is illustrated in Figure 15.2
through Figure 15.5.

Nonpolar AAs (Figure 15.2) include those with alkyl chain R groups (alanine,
valine, leucine, and isoleucine), as well as proline, methionine, and two aromatic
AAs (phenylalanine and tryptophan). Nonpolar AAs are generally considered
hydrophobic.
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OF AAs

The isolation of protein from natural sources began as early as 1747 when Beccari
reported on the isolation of gluten from wheat flour.2 However, the discovery of
specific AAs started in 1806 with the isolation of asparagine from asparagus
shoots. By 1935, with the isolation of threonine, all of the AAs commonly found
in natural proteins had been isolated. The industrial production of isolated AAs
began in 1909 when L-glutamic acid was first extracted from a hydrolysate of

FIGURE 15.1 Anatomy of an AA. Except for proline and its derivatives, all of the amino 
acids commonly found in proteins possess this type of structure. 

Polar, uncharged AAs (Figure 15.3) except for glycine contain R groups that 
can form hydrogen bonds with water, making these generally more soluble in water 
than the nonpolar AAs.1

In the two acidic AAs (Figure 15.4), the R groups each contain a carboxyl group. 
Such negatively charged AAs play a unique role in proteins requiring metal binding 
sites for structural and functional purposes.

The two basic AAs (Figure 15.5) have R groups with a net positive charge and 
a neutral pH. ARG and lysine side chains participate in electrostatic interactions in 
proteins. 

15.2.3 CLASSIFICATION OF AAS BY ESSENTIALITY

The human body is capable of producing some AAs via transfer of an amino group 
from one AA to the α-keto acid of another AA. If an AA can be produced this way 
in the body, it is considered to be nonessential or dispensable. The essential or 
indispensable AAs listed in Table 15.1 cannot be produced via such transamination 
reactions in humans, and therefore must be consumed in adequate amounts from 
foods or supplements. 

15.3 COMMERCIAL PURIFICATION AND SYNTHESIS 

α-Carbon
H R

Side

chain

COO–
+

H3N
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group

Carboxyl

group

R

NH3

+
COO–
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FIGURE 15.4 Two acidic AAs.  Illustration, Irving Geis; Garrett RH, Grisham CM, Bio-
chemistry, 3rd ed, Belmont, CA: Thomson Brooks/Cole, 2005. Rights owned by Howard
Hughes Medical Institute. Not to be reproduced without permission.

FIGURE 15.5 Basic AAs. Illustration, Irving Geis; Garrett RH, Grisham CM, Biochemistry,
3rd ed, Belmont, CA: Thomson Brooks/Cole, 2005. Rights owned by Howard Hughes Medical
Institute. Not to be reproduced without permission.

TABLE 15.1
Classification of Essentiality

Essential Nonessential Semi-Essentiala

Isoleucine Threonine Alanine Glutamine ARG
Leucine Tryptophan Asparagine Glycine Histidine
Lysine Valine Aspartic acid Proline
Methionine Cysteine Serine
Phenylalanine Glutamic acid Tyrosine

a Due to their rate of synthesis within the body, ARG and histidine are considered 
semi-essential AAs. It appears that these AAs cannot be synthesized by the body 
at a rate that will support growth (especially in children).
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wheat gluten. This marked the beginning of marketing the sodium salt of
L-glutamic acid (monosodium glutamate) for use as a flavor enhancer in Japan.
Initially, the major commercial use for isolated AAs was for food flavoring. After
1950, as lower-cost production methods were developed, isolated AAs were used
in a variety of new ways such as in pharmaceuticals, animal feeds, and the
nutritional enhancement of human foods.3

A variety of methods have been developed to produce isolated AAs. For indus-
trial production, the method used is determined primarily by cost efficiency. Four
methods are utilized and reviewed briefly in the following subsections.3

15.3.1 EXTRACTION METHOD

Natural protein sources are hydrolyzed (typically by hydrochloric acid), and the
resulting free AAs are subsequently isolated by taking advantage of the unique
chemical properties of each one. This process often starts with separation of acidic,
neutral, and basic AAs, and is followed by further separation with ion exchange
resins or precipitants to produce purified L-AAs.

15.3.2 FERMENTATION METHOD

This technique takes advantage of specific microorganisms that synthesize large
amounts of specific AAs when cultured on media containing carbohydrate and an
inorganic source of nitrogen. Selective breeding over the years has resulted in
cultures that produce specific AAs with great efficiency. Commercial fermentation
commonly takes place in tanks with a capacity of 50,000 to 300,000 l. Upon
completion of the fermentation process, a variety of separation and purification
techniques are used to produce pure crystalline L-AAs. This is currently the major
method used for industrial production.

15.3.3 ENZYMATIC METHOD

This method takes advantage of specific enzymes that convert chemical precursors
for specific target AAs into the actual AA. This may involve the use of microorgan-
isms that contain the necessary enzymes, or it may utilize solutions of partially
purified enzymes. If the precursor compound is available at low cost, this can be a
very efficient method for the production of purified L-AAs.

15.3.4 CHEMICAL SYNTHESIS METHOD

Numerous laboratory techniques have been developed to produce specific AAs
through chemical reactions among organic and inorganic chemicals. These methods
have become important when it has been difficult to produce a specific AA by the
other methods. However, these techniques generally result in the DL form of an AA,
necessitating optical separation of the L-AA form.
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15.4 BODY RESERVES OF AAs

15.4.1 DYNAMIC STATE OF BODY PROTEIN

Proteins and other molecules derived from AAs in cells are catabolized sooner or
later and must be replaced as needed to maintain cell function. Maintaining this
balance requires a relatively constant supply of AAs, often referred to as the AA
pool of free AAs available for synthesis of proteins or other nitrogenous compounds.
The total AA pool in the human body includes AAs circulating in blood plasma and
AAs found within cells. Under most conditions, the average person’s AA pool
contains about 150 g. Normally, the relative amounts of each AA in this pool stay
fairly constant.4

The AA pool derives AAs both from the breakdown of body proteins and from
the intestinal absorption of AAs derived from the digestion of dietary protein. The
supply of AAs from the breakdown of body protein is referred to as endogenous
AAs (derived from sources within the body), as opposed to exogenous AAs, derived
directly from dietary protein or other ingested AAs.

The constant dynamic balance between protein degradation and PS is called
protein turnover. Under normal homeostatic conditions in adult humans, the rates
of PS and protein degradation are similar. During growth or the accumulation of
muscle mass in adults, the rate of PS exceeds the rate of degradation, resulting in a
net increase in the body protein content.

Normal PS requires an adequate amount of each AA to be available in cells.
Since some AAs are needed in larger amounts than others, the pattern of AAs (relative
proportions) in the AA pool is important. AAs present in excess of the amount
needed for synthesis are typically utilized for energy by oxidation to carbon dioxide
and water, with the nitrogen component disposed of primarily as urea in the urine.

The preferred AA pattern in cells is also partially maintained by converting one
AA into another. This is possible only for the 11 dispensable AAs among the 20
AAs used in PS. The other nine AAs are considered to be indispensable or essential
AAs that cannot be formed from another AA (or cannot be formed rapidly enough
to meet needs) and must be supplied in adequate amounts from the diet. As long as
there is enough total AA available, dispensable (nonessential) AAs can be formed
from other AAs in adequate amounts to meet the needs of PS in cells.

15.4.2 IMPORTANCE OF BODY PROTEIN MASS IN HOMEOSTASIS

The human body has the capacity to store carbohydrate in the form of muscle and
liver glycogen, and to store fat as triglycerides in adipose and muscle tissue. How-
ever, there is no comparable storage pool for protein. Yet, under conditions of energy
or protein deficit, proteins that serve a variety of functions must be catabolized.5

When needed, the body can utilize skeletal muscle protein as a somewhat dispensable
protein and energy reserve. With an inadequate supply of protein, AAs can be
mobilized from muscle protein catabolism and used to synthesize proteins more
essential to survival than skeletal muscle. Similarly, with an inadequate supply of
carbohydrate, AAs from protein catabolism are used as substrate for gluconeogenesis
to maintain an adequate supply of blood glucose.
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The maintenance of skeletal muscle and other body proteins is under regulatory
control by the interplay of various hormones and the availability of a variety of
AAs.6 Whereas a transient sacrifice of body protein can benefit essential body
functions dependent upon a steady supply of AAs, prolonged net loss of body protein
eventually can compromise essential functions. The dispensability of skeletal protein
has its limits, and a significant loss can soon impair work performance6 and other
body functions. Consequently, body protein (especially skeletal muscle protein) can
function to some extent as an AA reserve to meet a variety of functions throughout
the body. One of these functions is the skeletal muscle maintenance of plasma
glutamine levels to meet the needs of various cells, such as those of the gastrointes-
tinal and immune systems (see Chapter 14).

Individuals with greater skeletal muscle mass have a greater dispensable pro-
tein reserve, which may enhance the duration of an individual’s ability to maintain
homeostasis in various body functions during times of dietary protein deficit. For
example, Castaneda et al. found that a low-protein diet (0.45 g/kg body weight)
fed to elderly women caused a loss of body protein that impaired muscle function
and immune response.7 Conversely, an excessively high-protein intake can result
in an adaptation to high intake such that the body will experience a rapid loss of
protein if the diet is abruptly changed to a lower, but normally adequate, protein
intake.8

15.5 GENERAL METABOLISM OF AAs

AAs are subjected to a variety of metabolic fates in the body, as shown in Figure
15.6.9 These fates (functions) can be summarized in three basic categories:

1. Synthesis of body proteins
2. Catabolism for energy production
3. Synthesis of other nitrogen-containing compounds (creatine, carnitine,

etc.)

15.5.1 SYNTHESIS OF BODY PROTEINS

Exogenous (from food or supplements) and endogenous (from body protein turn-
over) AAs form the AA pool that serves the body’s needs for the synthesis of proteins
such as:

• Enzymes that combine with other molecules in the cells to catalyze chem-
ical reactions that take place in the body

• Immunoproteins that are involved in identifying and destroying foreign
antigens

• Transport proteins that transport other substances throughout the body
• Peptide hormones that control many bodily functions, usually by regulat-

ing the synthesis or activity of enzymes
• Structural proteins, including skin, hair, nails, and muscle
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COMPOUNDS

Some free AAs are used for the synthesis of other nitrogen-containing compounds,
such as creatine, carnitine, and epinephrine. A full discussion of this topic is beyond
the scope of this chapter. Table 15.2 shows examples of some specific functions of
AAs and various compounds derived from them.10 

15.5.2 CATABOLISM OF AAS FOR ENERGY PRODUCTION

AAs absorbed from the gastrointestinal tract along with those released within the 
body via body protein turnover can be used as a source of energy. The various AAs 
can be converted to either glycolytic or tricarboxylic acid (TCA) cycle intermediates 
and enter the respective pathway for energy production. Endogenous proteins 
undergo a continuous process of turnover (breakdown and synthesis). Approximately 
85% of the AAs are reutilized for biosynthesis of proteins, with the remaining 12 
to15% oxidized as energy.3 As shown in Figure 15.7, glycogenic (glucogenic) AAs 
can be converted to glucose. Some AAs can only be converted to acetyl-CoA. 
Consequently, they cannot be converted to glucose and can only be used for energy 
production or conversion to fatty acids or ketones. They are therefore commonly 
labeled ketogenic AAs. AAs capable of forming both glucose precursors and acetyl-
CoA are sometimes called glyco-ketogenic.

15.5.3 SYNTHESIS OF OTHER NITROGEN-CONTAINING 

Isoleucine**

Glycolysis pathway

Tryptophan**
Leucine*

Lysine*
Acetoacetic acid

Asparatic acid

Pyruvic acid

Acetyl-CoA

Oxaloacetic acid

Fumaric acid

Tyrosine**

Phenylalanine**

Succinyl-CoA

Propionyl-CoA

Valine

Methionine

α-Ketoglutaric acid

Citric acid

TCA Cycle

Threonine

Serine

Cysteine

Alanine

Glycine

Cystine

Hydroxyproline

Proline

Glutamine

Glutamic acid

Histidine

Arginine

* Ketogenic amino acid
**  Glyco-ketogenic amino acid

No mark: Glycogenic amino acid
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15.6 METABOLISM OF SPECIFIC AAs

15.6.1 ALANINE

A nonessential AA, alanine is produced in large amounts within skeletal muscle
during exercise. Much of the amino nitrogen released from BCAA metabolism in
muscle is utilized to produce alanine via transamination of pyruvate. During states
of stress such as aerobic exercise, there is a net flux of alanine from muscle tissue
into the blood for transfer of nitrogen from skeletal muscle to the liver. In the liver,
alanine is deaminated back to pyruvate and ammonia. Pyruvate can enter liver
gluconeogenesis for the production of glucose, and the fate of ammonia is mainly
in the formation of urea for excretion via the kidneys. This process, often called the
glucose–alanine cycle, allows the skeletal muscles to eliminate ammonia via a
gluconeogenic precursor that the liver can return to the circulation as glucose to
support continued muscular contractions.11 To keep up with glucose demand in times
of physiological stress such as exercise, alanine can become vital in helping to
maintain blood glucose via gluconeogenesis in the liver. Ultimately, this helps
maintain glucose delivery to muscle and to decrease skeletal muscle catabolism.8

Alanine production in skeletal muscle is linear with exercise intensity.8 Alanine and
glutamine combined account for approximately 68% of the AAs released from

TABLE 15.2
Functions of AAs Other Than for PS and Energy Production

AA Function

Alanine Glucogenic precursor; N-carrier from peripheral tissues to liver for N-excretion
Aspartate Urea biosynthesis; glucogenic precursor; pyrimidine precursor
Cysteine Precursor of taurine (used in bile acid conjugation and for other functions); reducing 

agent; also part of glutathione (important in the defense of oxygen radicals)
Glutamate Intermediate in AA interconversions; precursor of proline, ornithine, ARG, 

polyamines, neurotransmitters γ-aminobutyric acid (GABA); NH3 source
Glutamine Amino group donor to many non-AA reactions; N-carrier (crosses membranes easier 

than glutamate), NH3 source
Glycine Precursor in purine biosynthesis and for glutathione and creatine; neurotransmitter
Histidine Precursor of histamine; donates to 1-C pool
Lysine For cross-linking proteins (as in collagen); precursor of carnitine biosynthesis (used 

in fatty acid transport) 
Methionine Methyl group donor for many synthetic processes; cysteine precursor
Phenylalanine Precursor of tyrosine; via tyrosine, precursor of catecholamines, DOPA, melanin, 

thyroxine
Serine Constituent of phospholipids; precursor of sphingolipids; precursor of ethanolamine 

and choline
Tryptophan Precursor of serotonin; precursor of nicotinamide (B-vitamin)
Tyrosine See phenylalanine
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skeletal muscle during exercise and rest.12 Pitkanen et al. showed that alanine levels
in muscle tissue decreased 30% at rest after resistance training13 and increased
approximately 27% in plasma.14 A loss of alanine and other AAs from muscle during
intense exercise, or due to a prolonged energy deficit, represents a temporary state
of net muscle protein catabolism.15

As to its involvement in sports, alanine has generally not been studied or used
alone as an ergogenic substance. However, its role in energy metabolism and cell
swelling (cellular hydration) has led to its incorporation in different dietary supple-
ment mixtures for athletes attempting to maximize PS, minimize skeletal muscle
protein catabolism, or improve performance (see Section 15.7.3).

15.6.2 ARGININE

ARG is a conditionally essential dibasic AA, synthesized in the kidney from gut-
derived citrulline.16,17

The typical American diet contains ~3 to 6 g/day of ARG, mainly from plant
sources. Healthy adults can synthesize it in sufficient quantities. However, during
periods of rapid growth or injury, the demand for ARG may not be met by such
synthesis, and it is thereby placed in the conditionally essential AA category.

ARG is involved in the transport, storage, and excretion of nitrogen; in polyamine
synthesis (important for cell division); and as a substrate for nitric oxide (NO) and
creatine biosynthesis.16 Arginine (ARG) is also used clinically as a test for growth
hormone deficiency (GHD).18 All of these factors have made ARG a popular can-
didate for study as an ergogenic aid. With regard to sports applications, the following
areas are of interest:

• Research about ARG and GH
• ARG supplementation and NO production
• ARG, exercise, and performance
• Other sport concepts and applications

15.6.2.1 Research on ARG and Growth Hormone (GH)

Eto et al. tested the effects of ARG-glutamate salt (AGs) ingestion on exercise-
induced hormonal changes in highly trained cyclists, aged 18 to 22 years. There was
no effect on resting plasma GH, insulin, or cortisol levels. However, ingestion of
AGs dramatically diminished the elevation of cortisol and hGH during and after
exercise. The results, related to the AGs and exercise-induced hormonal changes,
led the authors to state the possibility that AGs supplementation may alter energy
metabolism during exercise.19 Additional studies related to hormones and ARG
supplementation are reviewed with AA blends and GH release in Section 15.7.3.2.

15.6.2.2 ARG Supplementation and Nitric Oxide (NO) 
Production

In a double-blind study, Schaefer et al., using intravenous L-ARG hydrochloride
salt, found that the ARG load significantly decreased peak plasma ammonia and
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lactate during exercise, suggesting that the increase in NO production was the
mechanism.20

McConell et al. found ARG infusion to significantly increase skeletal muscle
glucose clearance, believing that ARG’s ability to increase NO production may have
been responsible.21

For more details on both studies, and rationale for NO in exercise, see AA blends
(Section 15.7) and NO sections (Section 15.7.2.4 and Section 15.7.3.4).

15.6.2.3 ARG, Exercise, and Performance

ARG is also an important constituent of the urea cycle, which converts ammonia to
urea, a harmless waste product. In early studies, ARG infusions were found to reduce
ammonia levels in animals and humans. Intravenous doses of ARG at 1 to 4 g
lowered induced high-ammonia levels.22,23 In theory, ARG may be able to lower
elevated ammonia levels as a result of high-intensity exercise, delaying fatigue. This
condition has been investigated:

• Stevens et al. using ARG combined with glycine (glycine, ARG, α-
ketoisocaproic acid (GAKIC)) significantly improved performance during
anaerobic isokinetic exercise in 13 male subjects (average age, 21 years)
(see Section 15.6.5).24 Additionally, Buford and Koch found that the same
formula improved performance of repeated cycling sprints (see Section
15.6.5 for additional details on both studies).25

• Colombani et al. incorporated a double-blind crossover design to study
the general metabolic impact of ARG aspartate supplementation in 14
endurance-trained athletes, using 15 g of ARG aspartate or placebo for
14 days before a marathon run. The authors found no obvious metabolic
benefit, including no differences in the respiratory exchange ratio, cortisol,
insulin, ammonia, or lactate levels related to the supplementation of ARG
aspartate.26

• Abel et al., using 5.7 g of ARG and 8.7 g of aspartate, investigated the
effects of supplementation on selected performance, metabolic, and endo-
crine parameters in 30 male endurance-trained athletes during a 4-week
trial. They found no differences in endurance performance (VO2 peak,
time to exhaustion), endocrine (concentrations of hGH, glucagon, cortisol,
testosterone), and metabolic (lactate levels, ferritin, urea) parameters after
ARG aspartate supplementation, compared to the placebo group.27 At this
dose, ARG aspartate appears to be ineffective as an ergogenic aid. (For
more information on aspartates, see Section 15.6.4).

• A 1988 study examined the effects of ARG and ornithine (ORN) supple-
mentation on the body composition of 18 untrained males in a resistance
training program. After 5 weeks, the 10 supplemented subjects lost a
significantly greater amount of fat (–0.85% vs. –0.20%) and body mass
(–1.3 kg vs. –0.81 kg) than the placebo group.28 This outcome has never
been reproduced in a more comprehensive trial.
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15.6.2.4 Other Sport Concepts/Applications

ARG is a precursor for creatine synthesis. In a 1976 study, ARG with glycine in
equimolar amounts increased the rate of creatine biosynthesis.29 Based on the avail-
ability and success of creatine supplementation, there appears to be no sport appli-
cation for the use of supplemental ARG as a substrate for creatine synthesis.

15.6.3 LYSINE

L-Lysine is an indispensable dibasic AA (L-2,6-diaminohexanoic acid) required for
human growth and for maintaining nitrogen balance in adults. Lysine cannot be
synthesized by the body, and therefore must be supplied through diet.30 Lysine and
threonine are the only essential AAs whose amino groups do not contribute to the
total body amino pool because they do not participate in transamination reactions.31

Metabolites of lysine catabolism enter the TCA cycle only at the acetyl-CoA
site, and therefore cannot serve as substrates for glucose synthesis. Consequently,
lysine functions strictly as a ketogenic AA.31

Lysine, like most other AAs, is a building block of body proteins. Among the
indispensable AAs, lysine is present in the greatest amounts, at 93.0 and 38 mmol/dl
in tissues and serum, respectively (see Table 15.3). Carnitine, a compound respon-
sible for transport of long-chain fatty acids into the mitochondria for oxidation, is
synthesized in the liver and kidneys from lysine and methionine.32 Lysine is also
required for collagen synthesis and may be central to bone health.33,34 Lysine’s effects

TABLE 15.3
AA Concentrations in Serum 
and Muscle (mmol/dl)

AA Serum Muscle

Dispensable
Alanine 32.6 110
Glutamate 12.0 826
Glutamine 65.2 1038
Glycine 33.6 62

Indispensable
Lysine 38.0 93.0
Threonine 20.3 33.0
Phenylalanine 6.9 5.9
Leucine 16.6 11.2
Valine 18.8 14.7
Isoleucine 10.8 6.8
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on bone growth also may be related to its ability to enhance calcium absorption and
renal conservation, as well as to its participation in the cross-linking process of bone
collagen formation.35–37 Additionally, lysine competes with the AA ARG for tissue
uptake, which provides some of the basis for its clinical applications in the treatment
and prevention of recurrent herpes simplex infections.38

The most common rationale in support of lysine supplementation in sport or
fitness applications is in the raising of GH levels. According to the athletic culture
theory, that effect should in turn enhance exercise-induced outcomes. The use of
AAs for stimulating GH release dates back to the 1960s, when infusion of ARG
was introduced as a potential diagnostic test for GH secretion.39 Intravenous infusion
of 183 mg of ARG per kilogram of body weight increased plasma GH 20-fold in
females.40 Infusion of other AAs in combination or singularly, including lysine, was
also demonstrated to promote 8- to 22-fold increases in circulating GH levels.41

Lysine may exert its putative GH-releasing effects on the anterior pituitary by
the production of one of its metabolites, pipecolic acid, which acts as an agonist for
the gamma-aminobutyric acid (GABA) receptors and enhances the GABA influence
on GH release.42–45

It may also have been assumed (perhaps falsely) that lysine’s ability to enhance
bone growth may be due to its effect on GH release. Both of these factors may have
led to lysine’s inclusion in AA preparations promoted as increasing GH.35,36

For the most part, lysine has not been studied or tested alone as an ergogenic
substance.

As is true for all essential amino acids (EAAs), the body’s need for lysine
increases during periods of intensive exercise training, and therefore it is generally
included in AA blends designed to maximize exercise-induced protein synthesis (see
Section 15.7.3.5).

Lysine’s action in the body may also be modified in the presence of ARG,
because ARG’s proposed mechanism of action in the body is to inhibit secretion of
somatostatin, which is a GH inhibitor.41 We therefore theorize lysine’s action in
combination with ARG to be an amplification of ARG’s effects by attenuating NO
production (which ARG supplementation enhances). NO production would other-
wise inhibit the growth hormone-releasing hormone’s (GHRH) effects on the pitu-
itary release of GH.37,46

Finally, if lysine and ARG together truly raise GH levels in combination more
than separately, it may simply be the additive effect of stimulating the anterior
pituitary (AP) by two different mechanisms: (1) ARG inhibition of somatostatin47

and (2) lysine stimulation of the GABA receptors.42–45

For more details on both studies and rationale for lysine and GH in exercise, see
AA blends (Section 15.7) and GH sections (Section 15.7.2.2 and Section 15.7.3.2).

15.6.4 ASPARTIC ACID

The AA aspartic acid participates in several biochemical pathways, such as the
tricarboxylic acid (TCA) and urea cycles.48 It is involved in disposing excess met-
abolic nitrogen into the urea cycle, thus reducing elevated ammonia levels. Aspartic
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acid and oxalacetate are interchangeable by a transaminase reaction, which makes
aspartic acid a glucogenic AA.

AA salts are hypothesized to be mineral transporters to subcellular sites. They
thereby replenish electrolytes and aid in metabolism, including compartmentaliza-
tion of energy production (e.g., sparing glycogen and increasing fatty acid utiliza-
tion).49 The transport of potassium and magnesium by aspartate salts has been used
to treat asthma and heart conditions with varying degrees of success.50–61 Potassium
is the main cation of muscle and most other cells in the intracellular fluid. Potassium
salts are widely used in medicine.50–61 Magnesium is a component of intra- and extra-
cellular fluids and is required for the activity of many enzymes, particularly those
involved in oxidative phosphorylation (energy production).62

Animal studies report conflicting results using aspartate salts. Trudeau et al. used
1 g/kg body weight of a potassium-aspartate salt formula in rats during swimming
and found that it did not support the hypothesis of sparing muscle or liver glycogen.
A similar content of glycogen remained in the muscles and liver of control rats after
a 60-min swim, or after swimming to exhaustion.63 Marquezi et al. used 350 mM
aspartate (ASP) and 400 mM asparagine (ASN) in rats and found that ASP + ASN
supplementation might increase the contribution of oxidative metabolism in energy
production and delay fatigue during exercise performed above the anaerobic thresh-
old.64 The supplemented rats exercised approximately 27 min longer and had lower
lactate levels than the rats receiving the distilled water placebo.

The conflicting results may be related to differences in formulas, meaning the
aspartate/asparagine combination may have positively influenced oxidative metab-
olism, whereas potassium aspartate had no effect at the given dose.

Potassium and magnesium are important minerals for the body involved in
sports/fitness activities because they are essential for enzyme activity involved in
energy production in subcellular locations, such as the electron transport chain. In
addition, they are important in the stabilization of cellular membranes by normalizing
intracellular levels of the two minerals.49

Aspartate salts act as a mineral delivery system to specific cell sites, and the
aspartate component is involved in the detoxification of ammonia,49,65–67   which can
cause fatigue.

Aspartate also contributes to the TCA cycle via conversion to oxaloacetic
acid.65,66 During exercise, fatigue may be caused by: (1) depleting potassium and
magnesium, (2) increasing ammonia, and (3) decreasing TCA cycle intermediates.
If one of these three conditions is the limiting factor in performance, a potassium
magnesium aspartate (PMA) supplement may delay fatigue until another factor
causes it (such as lactate accumulation in muscle or central fatigue due to increased
serotonin levels in the brain).

Aspartate is thought to reduce ammonia or increase the TCA cycle flux, and
then deliver the potassium and magnesium to the subcellular locations to normalize
intracellular concentrations.49,65,66 These conditions could increase fatty acid oxida-
tion, spare glycogen, and reduce ammonia-induced fatigue — and thus increase the
time to exhaustion. However, there are no proven action mechanisms.

Human exercise studies have used 2 to 13 g of potassium and magnesium D or
L aspartate. They employed exercise endurance (aerobic and anaerobic) testing
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protocols. Results have been mixed. Five studies found between a 14 and 50%
increase in performance (increased time to exhaustion).62,67–70 A more recent study
found a decrease in blood lactate and blood ammonia levels compared to the placebo
group.67 In five other studies, aspartate salts produced no benefit.71–75 

A deeper look into the study designs reveals the following: In four of six studies
with trained subjects, there was no significant improvement in performance. In three
of four studies with untrained subjects, there was a significant performance enhance-
ment. In addition, higher dosages of 6 to 13 g were used in the studies finding
benefits; 2 g per dose was ingested in four of the five studies reporting no effect,
suggesting a dose–response. There also may have been differences between the D
and L aspartate salts of potassium and magnesium on resynthesis of ATP, indicating
the forms were critical.76 D, L aspartate was used consistently in the positive stud-
ies.62,65–70 Only one study showed no benefit when used in this form.72

This closer look at study designs and protocols suggests reasons why individuals
may experience different effects when using supplementation. The dosage, form, and
condition of athletes may have played a significant role in the results of the studies.

Lancha et al.77 tested the effect of aspartate, ARG, and carnitine supplementation
on metabolism of skeletal muscle during exercise. The group receiving the supple-
ment was able to exercise 40% longer than the control group, and blood analysis
determined a greater glycogen preservation and free fatty acid utilization.77 These
dramatic results would need to be confirmed by a better designed study that included
a placebo group in order to be credited. See also Section 15.6.2.

Typical dosages, extrapolated from studies that suggest benefit and indicate
safety, include 7 to 12 g per day of potassium and magnesium aspartate split over
a 24-h period and administered acutely (5-day to 4-week periods). Chronic use for
longer periods is not recommended. When ingested during intense training or before
competition, performance may improve, especially with the novice to intermediate
athlete.

15.6.5 GLYCINE

Glycine is a nonessential AA, but during periods of rapid growth glycine require-
ments increase. Creatine can be formed from glycine and ARG contributing to the
creatine pool in skeletal muscle. Ingestion of glycine in combination with ARG has
been shown to increase creatine synthesis.78,79 Glycine’s unique structure allows it
to bind to various substances that are then excreted in bile or urine. Important pools
for glycine in the body are the extracellular protein, collagen, and skeletal muscle.
In fact, practically one third of the AAs found in collagen fibers are glycine. Phar-
macological doses of intravenous glycine, in a dose-dependent manner, have been
shown to significantly raise GH levels in humans.80 Additionally, glycine is a sig-
nificant contributor to cell volumization (see data on cell volume and glycine’s role
in Section 15.7.2.3), which is a major control point for protein metabolism. These
properties of glycine have created some rationale for its investigation as a potential
ergogenic agent.

Glycine alone has not been studied as a supplement for improving athletic
outcomes.
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In combination with ARG and α-ketoisocaproic acid, it has been shown to be
a potential application in sport according to two studies:

• When 11.2 g (2.0 g of glycine, 6 g of ARG monohydrochloride, 3.2 g of
α-ketoisocaproic acid dicalcium) were consumed in three equal aliquots
over 45 min, muscle torque and work sustained during intense acute
anaerobic exercise increased, as well as overall muscle performance by
delaying muscle fatigue.25

• In the second study, lasting 23 days, Stevens et al. quantified the effects
of the same formula of GAKIC used during high-intensity anaerobic
isokinetic exercise.24 The GAKIC subjects increased the mean resistance
to fatigue (using a fatigue resistance index) up to 28% over controls
consuming isocaloric amounts of sucrose. The overall increase in total
muscle work sustained for at least 15 min, attributable to the supplement,
was 10.5 ± 0.8% greater than in controls.

15.6.6 CYSTEINE

Cysteine is a principal source of sulfur in the diet, which is necessary for the
production of coenzyme A and taurine. Cysteine is also utilized in PS, especially in
the formation of hair and skin. It supports wound healing and stimulates white blood
cell activity. The N-acetyl derivative of cysteine is N-acetyl cysteine (NAC), which
is more stable and is the preferred form of cysteine for oral ingestion and infusion.81

NAC has been shown to protect the liver from the effects of alcohol, acetaminophen,
and cancer drugs.82 NAC provides significant free radical protection and may be
beneficial in reducing oxidative damage from exercise.83

At this time there are no published reports of the sole use of cysteine for the
purpose of increasing sports or fitness performance. However, intravenous NAC has
been shown to attenuate fatigue in male cyclists84,85 and is commonly incorporated
as an antioxidant into many commercially available products.

15.6.7 TYROSINE

Tyrosine, a nonessential AA, is created from the hydroxylation of phenylalanine.
Catecholamine neurotransmitters such as dopamine, epinephrine, and norepine-
phrine are produced from it, and it is also a precursor of the hormones thyroxine
and triiodothyronine. Fumarate, a TCA cycle intermediate, and acetoacetate are
formed in the catabolism of tyrosine, making it both glucogenic and ketogenic.86

Performance-related stress during intense military operations has been shown to be
attenuated or reversed by exogenous tyrosine, apparently by increasing norepine-
phrine levels in the brain.87–89

Several studies indicate that tyrosine has little beneficial effect in sports applications:

• Struder et al. concluded that 20 g of tyrosine did not improve time to
fatigue during physical performance.90

• Sutton et al. tested 150 mg/kg body weight of L-tyrosine on muscle
strength and endurance and found no benefit compared with the placebo.91
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• Chinevere et al. used 25 mg/kg body weight of L-tyrosine with nine
competitive cyclists to test the AA effect on endurance and found no
independent benefit from the tyrosine supplements.92

There is great interest in tyrosine supplementation for preventing environmental
stresses (cold and heat) from impairing cognitive behavior.93,94 It remains to be seen
if tyrosine’s ability to attenuate cognition-related stress (as noted during military
operations) would translate to a benefit to athletes. Long-term use of large doses of
tyrosine (>5 g) may have adverse health effects, based on its ability to alter sympa-
thetic nervous system activity.95

15.6.8 GLUTAMIC ACID OR GLUTAMATE

Glutamic acid or glutamate is one of the most abundant AAs found in natural proteins
(approximately 20%)96 and a major excitatory transmitter within the brain. It medi-
ates fast synaptic transmission and is active in approximately one third of all central
nervous system (CNS) synapses.97,98 It is also a precursor to gamma-aminobutyric
acid (GABA), which is an inhibitory neurotransmitter important in brain metabolism.
Glutamic acid readily participates in transamination reactions to produce other AAs
and is converted to the TCA cycle intermediate α-ketoglutarate. The transport rate
of glutamate from blood to brain in mature animals is much lower than that for
neutral or basic AAs.99

The sodium salt form of glutamic acid is monosodium glutamate (MSG). The
neurotoxic levels of MSG have been studied extensively in animal and human
models. The available data indicate that, under normal conditions, mammals have
the metabolic capacity to handle large oral doses of MSG. Glutamate salts have also
been tested in exercise.

During the first 15 min of exercise, TCA intermediates increase 300%, while
intramuscular glutamate decreases approximately 60%.100 This decrease makes
glutamate essential to several transamination reactions that affect the production of
ammonia, alanine, glutamine, and TCA cycle intermediates during exercise.101 Inten-
sive exercise increases ammonia levels, a factor in fatigue, and can lead to a decrease
in performance,102 giving rise to the potential for glutamate salts to function as
ergogenic aids.

Salt forms of glutamate (ARG-glutamate or MSG) have been used in exercise
trials.

• Eto et al. noted a decrease in serum ammonia when cyclists were given
20 g of a glutamate-ARG salt prior to a 1-h bike ride at 80% VO2 max.103

• Mourtzakis et al. administered 150 mg/kg body weight of MSG or placebo
to seven male subjects. Results indicated increased alanine levels and
decreased ammonia for the MSG group compared to the placebo group.101

Both studies appear to suggest that supplemental salt forms of glutamate may
play a positive role in nitrogen and energy metabolism.
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15.6.9 HISTIDINE

The end product of histidine catabolism is glutamate, making histidine one of the
glucogenic AAs. Bacterial decarboxylation of histidine in the intestine gives rise to
histamine. Similarly, histamine appears in many tissues through the decarboxylation
of histidine, which in excess causes constriction or dilation of various blood vessels.
The general symptoms are those of asthma and various allergic reactions. Histidine
is generally considered to be an essential AA, although this has been a subject of
debate. Kriengsinyos et al. investigated histidine’s essentiality in healthy adult
humans consuming a histidine-free diet for 48 days. They discovered a gradual
decrease in protein turnover and a substantial decrease in plasma protein concentra-
tions, including albumin, hemoglobin, and transferrin. So, although histidine defi-
ciency may not affect nitrogen equilibrium, it can impact other important health
parameters.104 Histidine, like cysteine, also may have antioxidant properties.105

In regard to sports/fitness applications, histidine alone has not been studied as
a supplement for improving athletic outcomes. Carnosine is related metabolically
to histidine and histamine. It is a naturally occurring histidine-containing dipeptide
present in muscle tissue. Being immunoprotective, carnosine has been shown to
detoxify free radical species, protect cell membranes, and act as a buffer against
lactic acid and hydrogen ions.106 This is especially important in athletic events where
lactic acid buildup (metabolic acidosis) can affect performance by causing fatigue.107

Intracellular buffering agents such as phosphates and histidine-containing peptides
may help delay fatigue by buffering hydrogen ions, reducing oxidative damage, and
maintaining cell membrane integrity.108–110

Histidine appears to be one of the more toxic AAs. Unusually large doses (24
to 64 g/day) have been shown to have adverse effects.111

15.6.10 PROLINE

The nonessential AA proline is especially prevalent in connective tissue. Proline’s
structure contains a pyrrole ring such as that which forms the porphyrin component
of hemoglobin and the cytochromes. Under extreme conditions, such as are found
in severely traumatized patients or premature neonates, it has been suggested that
proline may be a conditionally essential AA.112–115

During prolonged endurance events, serum proline is oxidized in skeletal muscle
like the BC AAs. One study found that the increase in serum free fatty acids in post-
exercise subjects, compared to those at rest, was correlated to the decrease in the
concentrations of alanine and proline.116 Therefore, although proline is considered
to be dispensable, it may have an increased requirement under certain conditions.

In regard to sports/fitness applications, since proline levels decrease significantly
during prolonged intense exercise, it may be prudent for energy-restricted athletes
to maintain proline intake in line with their elevated needs for the essential
AAs. Proline is often not included in specific AA blends designed to maximize
exercise-induced protein synthesis (see data on AA blends in Section 15.7.3.5). It
has not been tested alone as an ergogenic substance.
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15.6.11 PHENYLALANINE

Phenylalanine (P) is an essential AA that participates in protein synthesis. It is
converted to tyrosine via hydroxylation (see Section 15.6.7). Phenylalanine is both
glucogenic and ketogenic.4 Phenylketonuria (PKU) is a rare disease (generally diag-
nosed at birth) caused by an inborn error in the ability to metabolize P (lacking the
enzyme phenylalanine hydroxylase). In affected people, if the diet is not controlled
by severe restriction of P intake, PKU can lead to serious irreversible neurological
disorders, such as mental retardation.

Sports drinks that contain a mixture of carbohydrate and free-form AAs, includ-
ing P, can result in a greater insulin response than carbohydrate by itself.117,118

Phenylalanine has not been studied or tested alone as an ergogenic substance.
As is true for all essential AAs, the body’s requirement for P increases during

periods of intensive exercise training, and it is therefore generally included in AA
blends designed to maximize exercise-induced PS (see data on AA blends in Section
15.7.3.5).

15.6.12 TRYPTOPHAN

Tryptophan (TRP) is a glucogenic and ketogenic essential AA that serves as a precursor
for the synthesis of serotonin (5-hydroxytryptamine [5HT]) and melatonin. TRP’s
precursor potential has created interest in its use as a natural alternative to traditional
antidepressants, used to treat unipolar depression and dysthymia.119 Besides 5HT’s
involvement in mood, the chemical also helps to induce drowsiness and may play a
role in CNS-related fatigue. Little is known about central fatigue in physical activity,
but it has been suggested that changes in plasma AA concentrations (e.g., TRP and
BCAA) during exercise may play a role by influencing the synthesis of neurotrans-
mitters such as 5HT, which may in turn affect the perception of fatigue. It has also
been proposed that the increase in nonesterified fatty acid (NEFA) mobilization that
accompanies exercise, and the resulting rise in serum NEFA concentrations, indirectly
promotes the entry of TRP into the brain, increasing the brain TRP pool. This process
stimulates the synthesis and release of the neurotransmitter 5HT. Because increased
5HT release is associated with sleep and drowsiness, the notion is that such increases
in 5HT promote central fatigue, and thereby impair athletic performance.120–123 This is
often referred to as the central fatigue hypothesis.124

BCAA competes with TRP for transport across the blood–brain barrier. There-
fore, high doses of BCAA before and during exercise may slow TRP entry into the
brain, decreasing the production of 5HT and therefore increasing time to exhaustion.
This has been tested with equivocal results.125–129

In regard to sports/fitness applications, TRP has been studied as a possible
performance-enhancing supplement.

• Segura and Ventura studied the effect of TRP supplementation on per-
ceived pain and performance during strenuous physical activity (workload
of 80% of VO2 max to exhaustion). The authors showed that large doses
(1.2 g) of TRP given to 12 runners improved endurance capacity by 49%,
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and surmised that the improvement may have been a result of a decrease
in pain perception.130

• In a more comprehensively designed study, Stensrud et al. followed up
the above trial with a randomized, double-blind placebo protocol using
the same 1.2-g dosage. Forty-nine well-trained male runners, aged 18 to
44, ran to exhaustion (100% of VO2 max). The authors found no improve-
ment in time to fatigue.131 The discrepancy between the results of the two
studies may be attributed to the weaker design of the first trial, including
the small number of subjects and the difference in run intensity.

As is the case for all essential AAs, TRP is generally included in AA blends
designed to maximize exercise-induced PS (see AA blends information in Section
15.7.3.5).

Note: TRP was linked to eosinophilia-myalgia syndrome (EMS) during the late
1980s and early 1990s, leading the FDA to ban the sale of TRP products. It has
since been generally accepted that the problem was not TRP itself, but a contami-
nated batch produced by a specific manufacturer.132,133

15.6.13 SERINE

A nonessential AA, serine participates in protein synthesis and is an important energy
substrate during high-protein diets.134 Serine contributes to the biosynthesis of
purines and pyrimidines and, along with two fatty acids, is an important component
of phosphatidylserine (PS). PS is a fat-like substance that may be important in
determining neuronal membrane surface potential (the electrical potential at the
membrane).135 Animal studies have found that the use of PS can attenuate the
neuronal effects of aging. Consequently, researchers have been testing the ability of
PS supplementation to stave off age-related cognitive decline in humans.135,136 PS
has recently been studied for its anticatabolic effects. Administration of PS has been
shown to blunt the cortisol response to exercise,137,138 giving rise to its potential as
an ergogenic aid. Theoretically, the anabolic response to exercise may be enhanced
through the PS process of decreasing exercise-induced cortisol.

In regard to sports/fitness applications, serine has not been tested alone as an
ergogenic substance, but PS has been studied for its effects on exercise-induced
cortisol with a surprising outcome. Kingsley et al., in two recent studies using 750
mg/day of PS, found an improvement in exercise capacity in the supplemented group
vs. the placebo group. Ironically, neither study found a reduction in the cortisol
response from exercise at this dose.139,140

15.6.14 METHIONINE

Methionine (M) is a major source of sulfur in human diets and is an essential AA
for normal growth and development. It is considered glucogenic, due to its conver-
sion to pyruvic acid via succinyl CoA. It is a major methyl donor and is important
in the metabolism of phospholipids. It is also prominent in methylation reactions
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and as a precursor for cysteine, which is the rate-limiting AA for glutathione syn-
thesis. High levels of M are associated with hyperhomocysteinemia and endothelial
dysfunction, which are risk factors for cardiovascular disease.141 Deficiency of M
produces hepatic steatosis similar to that seen with ethanol,142 and supplementation
with this lipotrope can prevent ethanol-induced fatty liver.142

Besides M’s role in methyl group metabolism, and in serving as a substrate for
PS, its other functions include participation in the synthesis of polyamines, cate-
cholamines, nucleic acids, carnitine, and creatine.143–145 Because of its many func-
tions, M has a high intracellular turnover.146,147 It may be the AA that is most rate
limiting for the building of body proteins, including maintaining nitrogen balance
and the effective reutilization of the other AAs.148,149 Therefore, the requirement for
M increases significantly during times of high protein turnover, such as is seen in
burn and trauma patients.150,151

Intravenous doses of M have also been shown to increase GH,41,152 but oral doses
below pharmacological amounts have not been effective in raising GH levels in
athletes.153

M has not been studied or tested alone as an ergogenic substance.
As is true for all essential AAs, the requirement for M increases during periods

of intensive exercise training, and it is therefore generally included in AA blends
designed to maximize exercise-induced protein synthesis (see AA blends information
in Section 15.7.3.5).

Harden et al. tested an L-methionine combination (with B6, B12, folate, and
magnesium) supplement for its effects on symptoms of upper respiratory tract
infections and on performance in 21 ultramarathon runners before, during, and after
exercise. They found no significant differences between the experimental and pla-
cebo groups. However, they did conclude that benefits may be found using a greater
number of participants.154

Because homocysteinemia is linked with cardiovascular disease, long-term use
of M supplements may be of concern.95

15.6.15 THREONINE

Threonine is an essential AA often low in vegetarian diets. Aminotransferases exist
for all AAs except threonine and lysine. Its main routes of catabolism lead to both
ketogenic and glucogenic metabolites.10 The human requirement for threonine set
by FAO/WHO/UNU at 7 mg/kg/day155 has been challenged by more recent data
suggesting a level more than twice this amount to maintain AA homeostasis156,157 in
healthy adults. The Institute of Medicine recently established a threonine RDA for
adults at 27 mg/kg/day.158

Threonine has not been studied or tested alone as an ergogenic substance.
As is the case with all essential AAs, the requirement for threonine increases

during periods of intensive exercise training, and it is therefore generally included
in AA blends designed to maximize exercise-induced protein synthesis (see AA
blends information in Section 15.7.3.5).
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15.7 BLENDS OF AAs IN SPORTS (NOT INCLUDING 
BCAA AND GLUTAMINE)

15.7.1 INTRODUCTION

Due to their association with muscle PS, AAs attract the interest of athletes, and
thus have a colorful history in the athletic community. Researchers and athletes have
been well aware that specific combinations of AAs, especially high intakes or
infusions of one or more of the AA, can lead to changes in behavior, hormone
production, and rates of PS (specifically muscle).159 This knowledge has led them
in search of AA solutions to the “performance holy grail.”

Various supplementation schemes have demonstrated safety and success in
enhancing certain types of performance or increasing muscle size when compared
to a nonsupplemented state.160,161 Examples of such schemes are carbohydrate and
creatine loading for specific athletes (endurance and strength, respectively). In
healthy exercisers, under various conditions, AA supplementation, singular or in
combinations, has been shown to positively alter the anabolic environment. Specific
acute effects have included reducing muscle damage, increasing or indirectly
decreasing specific related hormone levels (e.g., increased insulin and GH and
decreased cortisol), increasing the rate of PS, and shortening time of recovery from
intense exercise bouts. This has led many to the proverbial leap of faith that regular
utilization of such acutely successful practices can enhance long-term training out-
comes beyond that obtainable by following normal food intake patterns. Despite the
preponderance of evidence in favor of various acute effects of AA supplementation,
the answer to the question of ongoing benefits has been elusive.

This section attempts to correlate a wide variety of study results having to do
with AA supplementation and sport, and thereby tease out some relevance to healthy
athletes attempting to improve performance or increase muscle size. It also tries to
develop some, albeit limited, practical recommendations based on current evidence.
Additional data are continually becoming available, however, and this snapshot view
is likely to need revision fairly soon.

Though it is currently difficult to support claims for long-term benefits from
chronic AA supplementation in healthy, well-fed (nondieting) athletes, certain train-
ing conditions may warrant dietary supplementation with specific AAs or AA mix-
tures. The following sections present some of the purported scientific evidence in
support of AA supplementation by athletes, discuss related studies in different
populations (e.g., healthy, aging, exercising/sport, dieting, etc.), and attempt to
present some potential practical applications for individual competitive exercisers.

15.7.2 SCIENTIFIC BASIS

15.7.2.1 Overview

The reason people take AA supplements is to increase muscle size or performance.
The metabolic basis for increased muscle strength and size is stimulation of muscle
PS to a rate that exceeds breakdown losses. Individual AA or mixtures of AA have
been studied and applied in practice for their abilities to:
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• Increase anabolic hormone levels, specifically GH41,162

• Contribute to cell swelling (volume)163

• Enhance NO production164

• Increase the rate of muscle PS159

The above actions can be modulated by intakes of AA, giving rise to some of
the rationale for their use by athletes. The sections below address the scientific
rationale and current evidence for each of these four categories as follows:

1. The use of various AAs to increase the natural release of GH from the
pituitary gland in hopes of enhancing exercise-induced muscle develop-
ment: A summary of current evidence indicates that the use of AA sup-
plementation to stimulate GH release is unlikely to enhance exercise-
induced results.

2. The use of AA blends to enhance cell swelling with the goal of producing
a greater anabolic environment in muscle cells: Although cellular evidence
exists for cell swelling to enhance PS, it is not known if this translates to
a significant effect in muscle cells of athletes. Studies are reviewed on
the AAs directly involved in cell volume regulation to illustrate the ration-
ale for certain AA blends used in dietary supplements targeting athletes.

3. The use of NO boosters for the purpose of stimulating vasodilatation, with
hopes of increasing blood flow to working muscles: Very little research
related to healthy athletes exists for this category. A brief summary of
current rationale and related data is presented.

4. The use of AA combinations by athletes for the purposes of (a) increasing
the rate of muscle PS to hasten recovery following intense workouts and
(b) increasing long-term muscle protein accretion (muscle hypertrophy):
Volumes of literature exist on the effects of AAs on PS following exercise,
especially during the post-exercise timeframe when the working muscles’
sensitivity to incoming nutrients is at its greatest. The main focus is on
the use of AA blends in PS.

15.7.2.2 AAs and GH Release

Many published reports have described how infusions or oral ingestion of various
combinations of AAs can stimulate GH release. Some of these AAs, including ARG,
lysine, ornithine, histidine, phenylalanine, glycine, and methionine, can induce large
increases in circulating GH levels.41,165 ARG and lysine have been the top contend-
ers,41,166–170 creating the basis for marketing AA blends to promote greater muscle
or strength gains by increasing GH levels.

Injections of recombinant GH (rhGH) to raise GH levels in GH-deficient adults
have well-known positive effects on lipid metabolism and changes in body compo-
sition.171–174 Administration of supraphysiological doses to obese women and healthy
elderly men has shown a similar outcome, albeit somewhat less dramatic.175,176

However, as explained below, the results for athletes have been unimpressive.
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15.7.2.2.1 rhGH Injections and Exercise
Recombinant GH injections in healthy strength training subjects produced no
increase in strength compared to strength training alone.177–181 It also did not improve
endurance exercise capacity in healthy active young men and women.182 A review
of GH effects by Yarasheski suggests that any increase in fat free mass (FFM) from
GH administration in healthy exercisers is primarily due to an increase in tissues
other than skeletal muscle, and possibly fluids.181 GH can influence metabolism by
causing a shift in substrate oxidation. That shift has in turn been shown to increase
basal metabolic rate (BMR) and total energy expenditure (TEE) in GH-deficient and
healthy adults (possibly by stimulating uncoupling proteins causing futile cycling).
That effect offers the rationale for elevating GH to decrease body fat.183–185

15.7.2.2.2 Summary
In summary, administering rhGH alone to healthy exercising subjects has offered
no ergogenic benefit or increase in skeletal muscle hypertrophy over and above that
attributable to training alone, but it may affect energy substrate utilization and TEE
in ways that could positively influence body composition.181,186 Table 15.4, adapted
from Zachwieja and Yaresheski’s review of studies using rhGH in older exercisers
and nonexercisers, summarizes GH effects on body composition.187 

This summary shows that even if AA supplementation could stimulate increases
in GH levels in healthy exercisers, similar to daily injections of rhGH, the only
outcome to expect is a shift in substrate utilization, and a mild increase in 24-h
energy expenditure. Therefore, although the scientific rationale continues to be
exploited by manufacturers of dietary supplements, no data at this time support the
use of AAs to increase GH to improve exercise-induced performance or muscle
hypertrophy outcomes. Also see Section 15.7.3 for study results and discussion.

15.7.2.3 AAs and Cell Volume

AA-induced cell swelling not only inhibits proteolysis, but also can simultaneously
stimulate protein synthesis in liver cells.188 Cell volume affects protein synthesis by
an independent mechanism.163 It has been shown that creatine and CHO loading can
make significant contributions to muscle cell volume.160,161 Also, mixtures of AA
and other nutrients that have been shown to promote cell swelling are often added
into dietary supplement formulas purported to increase muscle size or performance.

15.7.2.3.1 Role of Increased Cell Volume
Cells must avoid excessive swelling or shrinkage in order to survive. Most cell mem-
branes are highly permeable to water and are too fragile to resist significant hydrostatic
pressure gradients. Therefore, a change in cell volume is controlled by osmotically
active substances that must be approximately equal in intra- and extracellular fluid,
and which thereby establish osmotic equilibrium across the cell membrane.189 This
osmotic equilibrium is frequently altered by the transport of osmotically active sub-
stances, such as glucose, AAs, or electrolytes across the cell membrane.

Alterations in equilibrium may also result from cellular metabolism. Examples
include degradation of glucose or AAs and formation or degradation of
macromolecules such as protein or glycogen.190 Because the dynamics of cellular
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metabolism and extracellular osmolytes constantly disrupt osmotic equilibrium —
thus threatening cell survival — cells have established cell volume regulatory mech-
anisms.190 These regulatory mechanisms can be turned on and off during transport
and metabolism by hormones and other mediators.

Cell swelling leads to the activation of K+ and anion channels. Upon swelling,
the K+ channel is probably activated by an increase of intracellular calcium activity.191

During swelling, electrolytes are released via these channels to achieve a regulatory
volume decrease.

15.7.2.3.1.1 Role of Cell Shrinkage
Cell shrinkage leads to activation of a Na+, K+, and 2 Cl– cotransporter, thus accu-
mulating electrolytes, leading to a regulatory volume increase.191 Alterations in cell
volume modify the transport and metabolism of AAs, polyols (such as sorbitol and
inositol), and methylamines (such as betaine and glycerophosphoryl-choline). Cell
shrinkage stimulates the accumulation and formation of these substances
(osmolytes), and cell swelling prompts their release. In addition, shrinkage activates
the breakdown of protein to AAs and glycogen to its metabolites.192 The resulting
change in osmolarity contributes to cell volume regulation.192

15.7.2.3.1.2 Signals from Cell Volume
The intracellular signaling cascade is initiated in response to cell swelling, resem-
bling responses triggered by growth factors.193 This can explain why cell swelling
acts like an anabolic signal with respect to protein and carbohydrate metabolism.
Stress, trauma, hormones, or nutritional substrate availability can affect cellular
hydration — which in turn affects protein anabolism and catabolism.194 Thus, when
muscle cell water content is high, PS is stimulated; when the water content is low,
PS is inhibited and degradation increases.

15.7.2.3.1.3 Events in Cell Volume Decrease
Cell volume decrease occurs after exercise and other stresses, including normal life
functions. During cell shrinkage — caused by oxidative and exercise stress,195–197 glu-
cagon activation,198–202 and high urea concentration203 — the following events take place:

• Decrease in glycogen synthesis204–207

• Decrease in glutamine uptake by inactivating transporters208,209

• Decrease in taurine efflux210–217

• Increase in the rate of release of glutamine and alanine from muscle218

• Increase in protein breakdown198,200,202,219

15.7.2.3.1.4 Events in Cell Volume Increase
Cell volume increase occurs as a regulatory or homeostatic response to volume
decrease, but it must have the appropriate substrates to support an increase in cell
volume and the associated anabolic response.

During cell swelling — caused by hormones, sugars, insulin, and a high con-
centration of certain AAs — the following events take place:

• Increase in glycogen synthesis204–207

• Increase in glutamine transporters, and therefore uptake208,209
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• Decrease in rate of release of glutamine and alanine from muscle218

• Increase in taurine efflux by activating taurine transport pathways220

• At maximum swelling, inositol, betaine, and taurine efflux begin as the
cell begins a regulatory decrease in cell volume217,220,221

• High cell volume activates the Cl channel, which begins the release of
certain osmolytes (taurine, betaine, and inositol)

• Increase in lipogenesis by decreasing carnitine palmitoyl transferase222–224

• Decrease in protein breakdown and increase in synthesis198,200,202,219

• Stimulation of urea synthesis and ammonia formation from AAs208

• Decrease in glycogenolysis, glycolysis,225–227   and glucose-6-phosphatase
activity206

• Increase in alanine uptake208,228–230

• Increase in glycine oxidation198

15.7.2.3.2 Rationale for Cell Swelling AA Supplementation

15.7.2.3.2.1 Cell Volume Regulation
Cell volume regulators are not designed to keep volume constant. Thus, the small
volume changes (hydration) act as a separate signal for cellular metabolism and
gene expression. Hormones and AAs can trigger cell volume changes that send
different cellular metabolism signals. Thus, hydration plays a physiological role in
cell function.194 In other words, hormones, oxidative stress, and nutrients can affect
metabolism and gene expression by modifying cell volume. Cell volume may act
as a second messenger of hormone action.

The increased concentration of AAs and potassium during cell shrinkage even-
tually leads to swelling, which triggers volume regulatory decrease (potassium
efflux).208,229,231 However, as long as the AA load is present, the cell swelling con-
tinues, because the potassium, taurine, and other osmolyte efflux keep the swelling
from becoming excessive. Therefore, in the presence of certain organic osmolytes
(such as specific AAs), the cell remains slightly swollen, thus transmitting the signals
associated with high cellular hydration (such as PS). The degree of AA-induced cell
swelling seems to be related largely to the steady state of the intra- or extracellular
AA concentration gradient.202,232

15.7.2.3.2.2 Cell Volume Effects Potentially Related to the Athlete
As mentioned, cellular hydration is a major control point for protein metabolism.202

Swelling stimulates synthesis,188,190,233,234 and shrinkage enhances degrada-
tion.198,200,202,219 Therefore, cell volume can mimic hormonal effects on protein metab-
olism, and if the nutrients involved in cell swelling can be applied at proper times
and amounts, the goal would be to improve exercise-enhanced PS through this
independent mechanism.

15.7.2.3.2.3 Nutrients in Cell Swelling
The primary chemical compounds involved in cell swelling and cell volume main-
tenance include L-glutamine,208,209,235–238 creatine,160 taurine,217,220,221 glycine,198,231,239

alanine,208,228,229 betaine and inositol,217,221 and glucose.190,194
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15.7.2.3.2.4 Summary and Athletic Theory
In observing all the functions that take place during cell swelling, the most apparent
finding is that cell swelling increases PS during recovery from trauma induced by
exercise or other mechanisms. The mechanisms by which hydration exerts control
over protein metabolism are unclear, but primary candidates are the cytoskeleton
(cell stretching), regulatory proteins, and stretch-activated cation and anion chan-
nels.240–243    Various protein kinases and phophatases can also participate in the
regulation of cell function by cell volume.243,244–248 What is clear is that cell volume
acts on PS independently from other influences such as exercise, creating demand
for supplementation to produce a state of swelling. Athletes theorize that a steady
supply of the nutrients that promote cell swelling (which often includes nitric oxide
boosters) helps to produce and maintain this state as often or as long as possible.
Therefore, they theoretically obtain the benefits associated with the growth signals
occurring during the swelling process.

15.7.2.3.3 Conclusion
The goal of this section on cell volume is to shed light on why certain AAs appear
in various supplements marketed to athletes. Much of the research demonstrating
the cell-volumizing effects of these compounds (other than creatine and carbohy-
drates) has been conducted in preparations of liver cells and red blood cells. The
studies conducted with muscle cells demonstrate similar general effects of increased
cell volume, but compounds that promote cell swelling in liver cells may or may
not promote swelling in muscle cells. Consequently, additional research is needed
in order to help identify the substances and amounts (if any) that can enhance the
maintenance of cell volume — specifically in muscle tissue — and potentially
contribute to favorable exercise-induced outcomes.

15.7.2.4 AAs and NO Boosters

15.7.2.4.1 NO Action in the Body
L-ARG is the substrate for the production of endogenous nitric oxide (NO).164 NO
stimulates vasodilatation, which can result in increased blood flow. In a double-blind
study, Schaefer et al.20 measured cardiorespiratory parameters and the metabolic
(lactate and ammonia) responses to maximal exercise after either an intravenous L-
ARG hydrochloride salt or placebo load in eight subjects. There were no differences
in cardiorespiratory parameters between the L-ARG and placebo groups. However,
peak plasma ammonia and lactate were significantly decreased after the L-ARG
loading. The authors found a significant inverse relationship between changes in
lactate and citrulline concentrations with the L-ARG load. Since NO is produced in
the body through the action of NO synthase (NOS) on the AA ARG, producing the
by-product citrulline, this study appears to support the theory that L-ARG supple-
mentation may enhance the body’s NO production during exercise. The increase in
NO production may have been the mechanism that caused the reduction in lactate
and ammonia levels following exercise in the supplemented group.
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15.7.2.4.2 ARG and NO in Exercise
In support of the above, L-ARG supplementation has been shown to increase the
natural production of NO, and following intravenous infusions, L-ARG improved
the exercise capacity in patients with vascular and arterial ailments.249,250 In addition,
NO production may affect glucose kinetics during exercise, as NOS inhibition has
been demonstrated to lessen exercise-induced increases in muscle glucose
uptake.251,252 Recently, McConell et al.21 infused 30 g of L-ARG in nine trained
cyclists and found that although it had no effect on performance, the infused group
showed a significant increase in skeletal muscle glucose clearance. The authors
concluded that the greater NO production may have been responsible for the increase
because plasma insulin levels were unaffected by the supplement.

Finally, if ARG alone has any effect on muscle PS, it is probably because of its
effect on NO production. The action of consuming sufficient ARG to increase muscle
blood flow via ARG’s ability to increase NO production may not by itself contribute
to enhancing exercise-induced PS. Theoretically, however, consumption of ARG
with essential AAs immediately before training (so that the AAs are absorbed when
muscle blood flow is elevated during exercise)253 may cause the ARG-induced
enhanced NO level to accelerate the uptake of EAA, and lead to an incremental
contribution to protein balance/synthesis. 

The functions described above establish the rationale for L-ARG being employed
to increase NO production with the goal of improving oxygen and nutrient flow to
the working muscles to increase performance and promote muscle repair, cell swell-
ing, and removal of lactic acid. They have thereby brought about the release and
marketing of at least a dozen products containing L-ARG, all touted as facilitating
increase in muscle size. At this time two pilot studies have tested purported NO
boosters in healthy exercisers with minor outcomes.254,255 Also see Section 15.7.3
for study results and discussion.

15.7.2.5 AAs and Muscle Protein Balance (PB)

Resistance training stimulates an increase in the synthesis rate of muscle
proteins256–259 and an accompanying increase in the rate of breakdown.256,258,260 Fol-
lowing exercise, PB is negative256,258,260 until AAs are provided.232,261,262 The feeding-
induced stimulation of PS has been shown to be independent of insulin,232,261–265 and
probably due to the increased delivery of AAs to muscle.266,267 In addition, the effects
of feeding and exercise stimulation of PS are independent and additive. In other
words, feeding and exercise induce PS by different mechanisms, and can thereby
be delivered in close combination. PS can be maximized at that point in time, giving
rise to the common practice of AA supplementation before and after exercise (see
Figure 15.8a and b). 

15.7.2.5.1 AA Inflow and Outflow
As mentioned earlier, exercise stimulates PS,256 but it also causes protein breakdown
during exercise and shortly afterward. AAs released from muscle during exercise
therefore represent a net loss, at least temporarily. Without subsequent protein
ingestion, the N balance of muscle will be negative. Bohe et al.268 investigated the
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relationship between AA inflow and leg PS using a balanced infusion of AAs. The
increased inflow stimulated the inward transport of the AAs, and the authors found
that a close relationship exists between the total intracellular rate of appearance of
EAAs and muscle PS.

This tight relationship suggests that the rate of PS may be dictated by the
intracellular availability of AAs (not intramuscular) and the sensing of the concen-
tration of extracellular AAs, giving rise to a rationale for supplementation.

A point to consider is that when AA or protein is consumed, its appearance in
the intracellular space of muscle cells depends on transport kinetics and initial
clearance from the splanchnic bed, rendering a pattern of AAs in the intramuscular
pool different from that in the original composition of the ingested proteins. The
type of ingested protein (or combination of AAs) therefore determines the extent to
which individual AAs will be increased in the intramuscular pool, suggesting a
possible reason for isolating certain AAs for supplementation purposes.

The effects on infusion of AAs under rest and post-exercise conditions are shown
in Figure 15.9. Inward transport proceeds at a greater rate following exercise than rest,
which supports the concept of a higher inward transport of AAs leading to greater PS.
That concept in turn suggests that the timing of AA ingestion in relation to an exercise
bout will have at least an acute effect on muscle PS (see Figure 15.10). 

Consequently, it appears that exercise and delivery of AA to muscle cells have
additive effects on PS, since each contributes without the other, and when combined
(intake soon after exercise), they cause PS to reach its highest point, as shown in
Figure 15.11.256,269,270 

AA intake can stimulate PS to some degree following each feeding session.271–273

Bohe et al.274 agree that the timing of ingestion can maximize PS at a given point
in time, but they also demonstrated that at some level PS becomes unresponsive to
a continuous increase in AA delivery. Tipton et al.262 discovered no greater AA-

FIGURE 15.8 (a) Influence of AA consumption at rest, performance of RE, and AA con-
sumption after RE on muscle protein synthesis and breakdown; (b) net protein balance
(synthesis minus breakdown) under the same conditions. Values are means ± standard devi-
ations. AA = amino acid; RE = resistance exercise. Reprinted with permission of Elsevier,
from Phillips SM, Protein requirements and supplementation in strength sports, Nutrition,
Jul-Aug:20(7-8):689-95, 2004.
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FIGURE 15.9 Effect of the infusion of a balanced mixture of AAs on the inward transport 
of leucine (Fma). The infusion was done either at rest or in the first 3 h of recovery from a 
resistance workout (Ex). Leu = leucine. 

FIGURE 15.10 Effect of the infusion of a balance mixture of AAs on net muscle protein 
synthesis at rest and after resistance exercise (Ex).

induced increase in muscle protein synthesis (MPS) in subjects given 40 g of EAA 
vs. 21 g of EAA, while Miller et al.272 found that 6 g of EAA taken after exercise 
doubled the rate of PS compared to 3 g of EAA. Based on these observations, it 
appears that the maximal effect of EAA ingestion on PS exists between 6 and 21 g 
of ingested EAA. Of course, the amounts of AAs necessary to maximize the PS 
response to exercise likely vary based on body size and the total body workload, 
i.e., quantity and intensity of the exercise bout preceding ingestion.
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FIGURE 15.11 The influence of AAs on muscle protein net balance.  Ordinate scale: net 
muscle balance, in nmol phenylalanine (PHE) min–1 100 mL leg–1. Values are means ± SEM. 

15.7.2.5.2 Timing and Composition of AA Ingestion
It is well understood that when a supply of AA is provided to muscle after exercise, 
PS is greater than when the same quantity of AA is given at rest.256,262,274 Thus, 
exercise opens the door to an enhanced utilization of AA by working muscles (Figure 
15.11). The boundaries of this synergistic relationship are constantly being explored.

Based on work by Volpi et al.,275 only the EAAs may be necessary to maximize 
PS following exercise. Ingesting 6 g of EAA after exercise had twice the effect on 
stimulating net protein balance as did 6 g of AAs made up of 3 g of NEAAs and 3 
g of EAAs.271 In addition, when 35 g of CHO was added to the 6 g of EAAs, the 
anabolic effect was less than that produced by the EAAs alone (Figure 15.12), which 
may be related to the increased insulin resulting in AA removal by the splanchnic 
bed.

However, when the same formula was given before exercise, it resulted in a 
greater stimulation of PS than any of the other aforementioned protocols.253 A 
possible explanation for that outcome may be that because exercise increases blood 
flow to muscles, by having excess AA available at the onset of exercise, AA uptake 
could be greater than without immediate pre-exercise feeding. In addition, adding 35 
g of CHO to the EAA intake (Figure 15.12) may have acted to spare protein by 
serving as an additional energy substrate and by increasing pre- and during exercise 
insulin levels, thereby blunting the effect of cortisol.276,277 Taken together, these 
factors may have reduced the exercise-induced protein breakdown, allowing a 
greater net protein synthesis (NPS) to occur.

As noted above, Tipton et al.253,261 found in acute studies that pre- and post-
exercise ingestion of EAAs (6 g) and CHO (35 g) in healthy young subjects enhances 
PS over that found in connection with regular food feeding, which suggests that 
such a regular practice would enhance long-term results from resistance exercise 
training.

Esmark et al.278 tested the timing of an oral protein supplement containing 10 g of 
protein and 7 g of CHO in supporting hypertrophy in elderly males with dramatic
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FIGURE 15.12 Response to 6g of EAA + 35g carbohydrate (CHO) following exercise.  Area 
under the curve for net uptake (mg/leg) of phenylalanine over 1 h after ingestion of 6 g of 
different AAs by healthy human subjects.  MAA, 6g mixed AAs (3g of essential AAs + 3g 
of nonessential AAs; MAA + CHO, 6g mixed AAs + 35g carbohydrate; EAA, 6g essential 
AAs; EAA + CHO, 6g essential AAs + 35g carbohydrate.  Values are means ± SEM.  Reprinted 
with permission of the American Society for Nutrition; from Wolfe RR, Skeletal muscle 
protein metabolism and resistance exercise, 

results. During a 12-week, 3 days/week resistance training (RT) program, two groups 
took the supplement, but one delayed the ingestion for 2 h posttraining, as opposed 
to immediately posttraining (IPT) (both groups received no other food for the 2-h 
span). The delayed-intake group showed inferior strength gains and no hypertrophy, 
while the IPT group had a 25% increase in mean muscle fiber area.

Results are surprising and must be primarily related to age because even in the 
absence of food intake RT has been shown to stimulate MPS for up to 48 h in 
younger adults.257,258

Overall, the results suggest that older males are more resistant to the anabolic 
effects of AA feeding, including having a dramatically shorter metabolic window 
(i.e., the period of heightened nutrient sensitivity to the post-exercise effects of RT).

15.7.2.5.3 Summary
The rationale for AA supplementation is quite clear in the fact that their intake 
stimulates MPS independent of all other means. In addition, proper timing of inges-
tion and AA composition can dramatically amplify the anabolic response to regular 
exercise during each immediate post-workout period. The unresolved issue is 
whether these separate AA-induced increases in PS contribute to an incremental 
amount of nitrogen retention, translating into improved training outcomes, as 
opposed to ingesting intact proteins from traditional style meals. In other words, 
would the same result occur anyway over time?
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All this begs the question whether — other than in aged, prolonged dieting,
diseased, or other specific segments of the sport- and exercise-avoiding population
— even if energy requirements and overall protein needs are met (which are generally
accomplished by athletes not attempting to lower weight), there is an AA
amount/blend regularly consumed immediately post-exercise that may enhance train-
ing outcomes for anyone, over and above that attributable to regular feeding patterns
of three or four traditional food meals daily.

15.7.3 EFFICACY OF SUPPLEMENTING AA MIXTURES IN SPORT AND 
EXERCISE

15.7.3.1 Introduction

Exercise intensity, duration, frequency, training experience, and total energy intake
can all presumably affect protein requirements,279–281 with total energy intake having
the greatest impact,282,283 followed by training experience.284–286 As with most dietary
modulations, it appears that supplementing with AAs or protein beyond the Dietary
Reference Intakes (DRIs) would yield its greatest effects on the inexperienced
exerciser/weight lifter,287 or for the experienced athlete, during periods of extreme
unaccustomed work.288 Both conditions would lead to relatively significant remod-
eling, but as muscle mass and workloads stabilize, supplementation of any kind may
not be of much value,279 as long as energy and basic protein requirements are met.
In support of the concept of decreased protein requirements in habitual exercisers,
Phillips et al.258,289 suggest that there may be an improved intracellular reutilization
of AAs during intense exercise, and that exercise itself improves protein retention
(i.e., nitrogen economy). Energy intake probably has the greatest influence on the
adjustment of protein needs, as has been clearly demonstrated many times.290–296

Athletes lose mass during prolonged negative energy balance,292,293 but by increasing
protein (~27% of energy intake) most of the loss in lean body mass (LBM) may be
avoided.295

Finally, all discussions regarding protein requirements for most athletes/exercis-
ers may be moot, based on the typical routine protein intakes of this population,
which far exceed most recommendations. Phillips297 compiled the data from nine
studies related to habitual protein intakes of resistance-trained athletes (Figure
15.13). The results indicate that the vast majority of athletes and exercisers are
meeting protein requirements, except for those athletes who must endure extended
periods of negative energy balance (e.g., bodybuilders preparing for competition or
athletes working to achieve a specific weight class). Therefore, it is still questionable
whether AA supplementation of any kind will enhance exercise-induced muscle
hypertrophy if protein requirements are already regularly exceeded through dietary
intake. Most positive evidence exists for athletes engaged in the early stages of heavy
training, and for the elderly, as demonstrated by the dramatic results of Esmark et
al.278 Also, it appears that AA supplementation is beneficial during periods of inad-
equate protein intake or prolonged states of energy restriction. Consequently, there
may be supportable rationale for AA supplementation for specific types of athletes
and types of training programs. However, many athletes remain concerned that if
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15.7.3.2 AAs and GH Release

Eto et al. investigated highly trained cyclists ages 18 to 22 ingesting 20 g of
glutamate-ARG (AG) salt per day and found that although AG had no effect on
resting plasma levels of hGH, the AG subjects had marked reduction in cortisol and
hGH compared to the placebo group during and after exercise. Those results suggest
that AG may modify energy metabolism during endurance exercise.

A study published by Hellman et al.298 investigated an AA blend called Growlean
15® that contained 200 mg of L-glutamine, 200 mg of ornithine, 200 mg of L-ARG,
500 mg of glycine, 200 mg of lysine, 200 mg of tyrosine, and 600 mg of miscella-
neous glandulars. The supplement was taken immediately before bed on an empty
stomach and was touted to increase the body’s natural production of GH. They found
no differences between the placebo and experimental groups in plasma GH levels
either before or after exercise challenge and no change in body composition. The
amounts of AAs provided by the product were much lower than levels known to
stimulate GH, which readily explains the lack of GH increase. As most other studies
have discovered, the results of this study indicated that supplementing AAs will not
raise GH beyond the level produced by exercise.

Fricker et al.299 had found the same result in male and female strength athletes.
Ingesting an AA mixture of 1.8 g of ARG, 1.2 g of ornithine, 0.48 g of methionine,

FIGURE 15.13 Reported habitual protein intakes in resistance-trained athletes in Studies 
1257, 2362, 3284, 4281, 5363, 6364, 7364, 8279, 9280. Dietary reference protein intake (0.8 g/kg/d) is 
shown by line A, an estimated “safe” protein requirement (1.33 g/kg/d) is indicated by line 
B, and the mean reported protein intake (2.15 g/kg/d) is indicated by line C. Values are means
± standard deviations. From Phillips SM. Protein requirements and supplementation in 
strength sports.

they do not maximize their response (i.e., cover all their bases) to each MPS 
opportunity, they may compromise their exercise-induced results and not realize 
their maximum potential.
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and 0.12 mg of phenylalanine following an overnight fast, and before exercise
(presumably to take advantage of a primed pituitary), did not raise GH levels beyond
the exercise-induced increase.

Four well-controlled trials associated with exercise and fitness that investigated
oral ingestion of AA blends are summarized in Table 15.5.166–170 For comparison,
the table also includes results of the studies by Isidori et al.300 and Corpas et al.,166

since they are so frequently cited in literature regarding AA supplementation and
GH release. Isidori et al.’s research also appears in connection with the first noted
sport-related use of specific AA combinations to boost GH. That research demon-
strated a tenfold increase in plasma levels of GH at 90 min after oral ingestion of
1200 mg each of lysine and ARG in nonexercising subjects.300 The prospect of
athletes being able to enhance GH production with oral ingestion of relatively small
doses of AAs was probably the spark that ignited the marketing and widespread use
of these supplements as supposed secretagogues for GH release.

15.7.3.2.1 Discussion Including Other Factors Affecting GH 
Release

15.7.3.2.1.1 Age
Natural GH production declines with age,301–308 and paradoxically, GH secretagogues
appear to be more effective on normal subjects in younger age brackets.166,168,300

Tanaka et al.,309 using an AA infusion to stimulate GH release, demonstrated an
inverse relationship between age and responsiveness to AA GH stimulus. Corpas et
al.166 reported that healthy male subjects over 60 years of age absorbed ARG as well
as young men, but 3 g each of ARG and lysine, given twice daily, had no effect on
GH or insulin-like growth factor-I (IGF-I) secretion.166 This result was in stark
contrast to Isidori’s findings300 that administration of 1200 mg of the same two AAs
to 15- to 20-year-old males elicited up to a tenfold increase in GH. Suminski’s
subjects were 20 to 25 years of age, and in the absence of exercise, oral ingestion
of 1200 mg each of ARG and lysine caused a 2.4-fold increase. Collectively, these
three studies appear to support the theory of age-related decline in GH response to
oral administration of an ARG/lysine mixture (Arg/Lys).168

15.7.3.2.1.2 Exercise
Exercise amount and intensity are strongly related to GH release.310–317 Research
incorporating high-intensity cycling and resistance training demonstrates up to a
tenfold increase in GH concentration when blood is sampled immediately following
exercise.312,318

The young bodybuilders used in Lambert’s study exercised 5 to 10 h/week,
maintained their normal diet (1.2 to 2.2 g of protein/day), and ingested the Arg/Lys
supplement after an 8-h overnight fast (to take advantage of the anterior pituitary
being naturally primed to secrete GH). Blood GH was measured in increments up
to 180 min after ingestion. The mean increase of serum GH in the ARG and lysine
group doubled that of the placebo group (Table 15.6). However, no firm conclusions
should be drawn from these results because of the small group size (n = 7) and the
dramatic variations among subjects.167
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Exercise appears to have a significantly greater effect on GH release than inges-
tion of Arg/Lys. Consequently, exercise may overwhelm and obviate any simulta-
neous effects of supplementation.

Suminski et al.,168 using 1500 mg of Arg/Lys, measured GH levels in subjects
before exercise and in a separate group without exercise. In the exercise group, they
measured GH levels before training and in 30- to 90-min intervals after exercise.
GH levels were measured in the nonexercise subjects at the same times. In the two
exercise groups (placebo and Arg/Lys), the GH levels were elevated equally (not
altered by supplementation) and exercise performances were not improved. In the
nonexercise groups (placebo and Arg/Lys), the GH level in the supplemented group
was 2.4 times higher than in the placebo group. These results suggest that AA
supplementation can raise GH in the absence of exercise, but there is no additive
effect to the GH stimulation resulting from exercise, at least when protein intake is
already adequate. The smaller increase in GH in the nonexercise group compared
to Isidori’s results may be partly attributed to the age differences, since Suminski’s
participants were 20 to 25 years old, whereas Isidori’s 1982 study participants were
15 to 20 years old.168,300 In addition, the dosages used by the exercisers may have
been too small because of the obligatory tissue uptake of AAs in response to exercise.
That tissue uptake diverts a significant portion of the Arg/Lys to muscle and the
splanchnic bed, and likely renders the remaining supplemental AAs ineffective in
stimulating the anterior pituitary.256,319

Lambert and Fogelholm also studied experienced weight lifters and found no
significant increases in GH release using 1.2 g each of Arg/Lys once daily, and 1 g
each of ARG, ornithine, and lysine twice daily. In contrast to the findings of Suminski
et al.,168 they were unable to demonstrate an acute basal increase in GH in their
similar subjects — a result that might be attributed to differences in protein intake.

15.7.3.2.1.3 Dietary Protein
As discussed in the introduction to this section, exercisers typically have adequate
protein intake, and the timing of ingestion can play a role in enhancing the anabolic
environment following exercise.262,279,320,321 The protein requirements for exercisers
may be twice those of sedentary counterparts.322 This fact offers a possible expla-
nation for results of the Lambert et al.167 and Fogelhom et al.169 studies, which
contradict results reported by Suminski relative to basal GH stimulation through
Arg/Lys supplementation. Lambert and Fogelholm’s subjects ingested between 1.5
and 2.0 times the amount of protein during the trials as did Suminski’s participants,
and diets high in protein, compared to “normal” balanced diets, are associated with
higher basal GH.323 These results suggest that high-protein intake throughout the
day may exhaust the GH-releasing potential that Arg/Lys supplementation might
otherwise tap.

The only other study showing a significant increase in GH levels from Arg/Lys
oral supplementation was Isidori’s. That study did not report protein intake, but the
subjects were nonexercisers, and we may assume they consumed the typical Italian
diet of the times, in which protein intake was probably not relatively high.300

Finally, in the absence of exercise (based on the effects of the cellular compart-
mentalization of circulating AAs from any source [see Section 15.7.2.5.1]), high
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circulating levels of AAs may mimic the effects of exercise that lead to an increase
in GH production. Increasing the blood levels of AAs, a condition that takes place
during and immediately after exercise,256,258 may initially give a false signal of
catabolism, which then triggers anabolism analogous to cell volumizing with dif-
ferent AAs.194

15.7.3.2.1.4 Time of Ingestion
Supplementation does not appear to amplify GH release during exercise, so ingesting
Arg/Lys before training should not be of benefit to the GH response.168–170 Pulsatile
and continuous intravenous administration of GH have demonstrated similar effects
on raising GH, with the latter having a greater effect on raising IGF-1 in GH-deficient
subjects.324,325 These results suggest that it may not be necessary to take advantage
of the anterior pituitary (AP) when it is already primed for secretion. In all studies
reviewed, with the exception of Fogelholm et al.’s,169 the supplemental AAs were
taken in fasting states (or at least postabsorptive), presumably to take advantage of
a primed AP.326,327

Fogelholm et al.169 fed 11 competitive male weight lifters an Arg/Lys/Orn mix-
ture 1.5 h after an 11:30 A.M. meal and 3 h after a 6:00 P.M. meal, over a period of
4 days. They periodically measured serum GH levels and found no difference
between the supplemented and placebo groups. Arg/Lys/Orn supplementation
appears to have no additive effect to other stimuli affecting GH release.

TABLE 15.6
Integrated Concentrations of Serum Growth 
Hormone (ng/min/ml–1) for 180 minutes after 
Ingestion of the Treatment or Infusion of rhGH

Subject Placebo A B C rhGH

1 13.5 249.0 54.0 33.0 —
2 64.5 220.5 52.5 667.5 3605.9
3 441.5 357.0 709.5 1725.0 —
4 52.5 937.5 673.5 1597.5 644.3
5 21.0 42.0 30.0 415.5 800.9
6 85.5 144.0 723.0 49.5 654.3
7 51.0 36.0 39.0 36.0 325.5

Mean 104.2 283.7 325.9 646.3 1206.2a

± SE 57.0 117.2 133.1 277.2 511.3

Note: A = ARG/lysine; B = ornithine/tyrosine; C = Bovril®.

ap < 0.05; GH-RH vs. placebo; A, B, and C.
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15.7.3.2.1.5 Dosage
All dosages used in the trials mentioned previously were relatively small (Table
15.5) compared to infusions of AAs that show efficacy. These dosages were based
on suggestions made by the product manufacturers.

15.7.3.2.2 Conclusions from Research
If AA supplementation or high-protein intakes stimulate GH secretion, the mecha-
nisms involved may be the same as those for exercise.194,256,258 When supplementation
is combined with other stimuli like exercise, an additive capacity for GH release by
the AP does not occur, especially in older individuals. In other words, for someone
25 or more years old who is already participating in moderate to intense exercise
and consuming between 1.8 and 2.2 g/kg of protein throughout the day, with a
portion consumed with carbohydrate shortly after exercise, additional GH response
may not be possible by any means other than continuous injections of GH. Con-
versely, for someone under the age of 20 not exercising and consuming a low-protein
diet, Arg/Lys supplementation may exert a potential for increasing GH levels.

All in all, AA supplementation to increase GH seems to be an exercise in futility
under most normal conditions. Even GH injections have shown little to no effect on
skeletal muscle hypertrophy or performance additive to the effects of training.178–181

15.7.3.3 AAs and Cell Volume

As of this writing, no human studies have been found on the use of AAs alone to
increase cell volume and potentially related outcomes. For more on cell volume and
sports, see Volek and Rawson’s review on creatine supplementation in athletes160

and Berneis et al.’s review on cell volume and whole-body protein and glucose
kinetics.163

15.7.3.4 AAs and NO Boosters

There are no studies published to date using blends of orally ingested AAs for
boosting NO with the goal of enhancing exercise-induced results. A form of ARG
(ARG alpha-ketoglutarate, or AAKG) appears to be the only AA used in commer-
cially available products claiming to boost NO production. A two-part unpublished
study was conducted by Campbell et al.254 to discover if 12 g/day of AAKG for 8
weeks had any significant effects on muscle mass and performance in 30- to 35-
year-old weight-trained males.255 Body composition results showed no differences
between placebo and supplemented groups in fat free mass or body fat. No differ-
ences were found in total work or power between groups, but the supplemented
group had a significantly greater 1RM bench press, sprint peak power, rate to fatigue,
and hemoglobin level (hemoglobin was slightly increased in the AAKG group).
These results were achieved without negatively impacting measured health markers
such as blood pressure. As noted in Section 15.7.2.4, intravenous infusion of ARG
improved exercise capacity, as would be expected in patients with vascular ail-
ments,249,250 but showed no performance improvement in trained cyclists.
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15.7.3.5 AAs and PS

Many studies to date have demonstrated an acute increase in MPS following AA
supplementation in association with exercise.159,297,328 Consequently, the studies
reviewed below are those that may address some of the open issues discussed in the
introduction to this section (Section 15.7.3). The main question is whether the regular
practice of ingesting appropriately formulated mixtures of AAs at proper times in
relation to an exercise bout in healthy, normally fed (balanced diet and eating
patterns) athletes will improve long-term results beyond those obtainable via dietary
practices alone. A secondary question is whether specific types of athletes under
specific training circumstances are more likely to benefit from a regular AA supple-
ment program.

15.7.3.5.1 Diet
It is clear that total protein and EAA requirements increase during periods of
prolonged negative energy balance. Consequently, AA supplementation may be
logical and useful for athletes who regularly experience negative energy balance to
meet various demands of their respective sports. However, assuming that using an
AA supplement can positively affect PS, the question remains as to whether the
results obtained from consuming the supplement can be incremental to those pro-
duced by ingesting adequate daily intact protein from typical foods consumed from
a typical eating pattern (i.e., three of four traditional meals spaced throughout the
day).

Paddon-Jones et al.329 tested this by having seven subjects drink a beverage
containing 15 g of EAAs combined with 30 g of carbohydrate (CHO) between meals
consumed at 5-h intervals over a 16-h period, during constant infusion of labeled
phenylalanine, to measure net phenylalanine balance and fractional synthetic rate of
PS. The control and experimental groups consumed identical balanced meals that
met energy needs. The study demonstrated that the EAA supplement produced a
greater increase in fractional synthetic rate (FSR) of muscle proteins than did con-
sumption of normal meals alone. Also, the EAA supplement did not interfere with
normal metabolic responses to the meals. Based on previous work, the authors
believe that acute improvement in FSR observed in this short study might translate
into cumulative long-term results.273,330

15.7.3.5.2 AA Composition
Borsheim et al.271 demonstrated that NEAAs are not needed to stimulate PS, in a
study using an EAA composition that was to mimic the muscle AA profile (Table
15.7), with the objective of increasing the availability of the EAAs in proportion to
their requirement for MPS. They also found a dose-dependent effect of EAA inges-
tion on MPS and a dose limit. No additional increase in MPS was realized by
increasing the EAA dose beyond 21 g (under these study conditions). They observed
equal MPS in response to intake of 40 g of AAs composed of 18 g of EAA and
22 g of NEAAs, compared to 40 g of all EAAs.262 In addition, the Borsheim271 study
neatly demonstrated that AA ingestion following exercise stimulates PS independent
of all other mechanisms (calories, insulin, exercise, etc.), and the authors calculated
that approximately 26 g of muscle tissue (including muscle water content) was
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synthesized in response to the AA supplementation. Other studies have confirmed
that under normal diet conditions, the EAAs are primarily responsible for the AA-
induced stimulation of MPS.275,273,329

These results, and those of other recent related studies, show that the total amount
of EAA supplementation that might be required to maximize MPS, at least for the
average-sized human, seems to lie between 6 and 18 g, and should be consumed
two or three times daily and close to the exercise period.273,275,329,331

15.7.3.5.3 Timing
AA ingestion and exercise increase net muscle protein balance253,261,262 more acutely
than exercise alone. However, it has also been suggested that there may be a diurnal
physiological adjustment of the body protein pool such that this AA-induced eleva-
tion of net protein may be temporary. It may be counterbalanced at other times
throughout the day, so that there is no longer-term net increase.

In a well-controlled study that maintained normal/adequate eating patterns,
Tipton et al.273 dosed seven subjects with 15 g of EAAs immediately before and 1 h
after resistance exercise. Results of the study demonstrated that an increase in net
muscle protein balance, as previously shown to take place within 3 h of AA ingestion
and exercise,232,262 was representative of changes in net muscle protein balance for
a full 24-h period. Therefore, it was responsible for an incremental contribution to
muscle protein.273 In other words, the acute response to exercise and EAA ingestion
was not temporary, but did in fact persist to maintain a positive muscle protein
balance over the 24-h period, when compared to the resting nonsupplemented state.

TABLE 15.7
AA Composition of Drink

AA % of Total AAs Grams in EAA Drink

Histidine 10.9 0.6540
Isoleucine 10.1 0.6060
Leucine 18.6 1.1160
Lysine 15.5 0.9300
Methionine 3.1 0.1860
Phenylalanine 15.5 0.9300
Threonine 14.7 0.8820
Valine 11.5 0.6900
Total 99.9 5.994

Note: AA = amino acid; EAA = essential amino acids. Com-
position is based on a 70-kg person. Drink was given at 1 
and 2 h after completion of exercise.
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15.7.3.5.4 Elderly
Nutritional supplementation with meal replacement formulas (balanced protein, fat,
and CHO) used to increase the protein intake of elderly subjects has failed to increase
NPS.332–334 However, Volpi et al.,335,336 using a balanced mixture of AAs administered
by infusion or oral routes, observed a significant increase in PS in healthy elderly
subjects.

The authors have subsequently surmised that MPS is resistant to the anabolic
qualities of insulin driven by mixed meals in the elderly.337–339 They clearly demon-
strated that AA supplementation alone can overcome at least some of the age-related
reduced stimulation (e.g., movement) or diminished sensitivity to normal anabolic
factors,338,339 suggesting a potential justification for long-term use of AA supplemen-
tation as a nutritional strategy for sarcopenia.

In contrast to the earlier studies using a mixed-meal supplement,332–334 Esmarck
et al.278 used a mixed supplement to produce a dramatic long-term (12-week) out-
come (25% increase in mean muscle fiber area with no gain in muscle mass; see
Section 15.7.2.5.2). The positive results may have been due to the immediate post-
exercise timing of ingestion and the formula’s higher protein-to-low CHO content
ratio (10 g of protein and 7 g of CHO). These data would seem to support the notion
that there is a solid application for AA supplementation in elderly athletes.

15.7.3.5.5 Athletes Engaged in High-Intensity or Volume 
Training

Overreaching is a short-term training phase in which the volume and intensity of
training are far above normal. During an overreaching training phase, muscle strength
and power generally decrease, due to the inability of the muscles to recover ade-
quately between exercise bouts. Since AA supplementation can improve post-exer-
cise MPS, Ratamess et al.288 investigated the potential of AA supplementation to
attenuate the usual strength reduction associated with overreaching. Subjects
ingested 0.4 g/kg body weight daily of an AA supplement, divided into three doses
consumed between meals. They found that the initial impact of overreaching did
decrease muscle strength and power, and that AA supplementation did attenuate the
reduction. However, there was no long-term ergogenic effect from continued use of
the supplement, which is consistent with previous studies that have tested the effects
of prolonged AA supplementation on strength increases340,341 in resistance training
subjects.

15.7.3.5.6 Hypertrophy and Performance
Andersen et al.331 tested the effects of having healthy untrained young men consume
25 g of whey protein before and after resistance exercise, compared to having them
consume 25 g of isoenergetic CHO, all other factors, including diet, remaining equal.
The study involved measurement of performance and mass changes after 14 weeks.
The principal findings were that resistance training combined with the protein sup-
plement yielded gains in muscle performance similar to those observed with carbo-
hydrate supplementation. However, only the protein-supplemented group demon-
strated muscle hypertrophy, as determined through muscle biopsy sampling and
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analysis. The protein group had an 18% increase in type 1 fibers and a 26% increase
in type 2, as opposed to no measurable changes in the carbohydrate group. Although
this study provided protein rather than an AA mixture, the amounts provided were
adequate to satisfy the EAA amounts (6 to 18 g) that have been shown to promote
an acute increase in MPS.

Eccentric training is known to cause increased muscle damage while contributing
to strength development,342–346 often resulting in delayed-onset muscle soreness
(DOMS). Sugita et al.347 investigated the effects of two doses per day of an AA
mixture containing L-glutamine (~14% by weight), L-ARG (~14%/w), BCAAs
(~30%/w), L-threonine, L-lysine, L-proline, L-methionine, L-histidine, L-phenyl-
alanine, and L-tryptophan, totaling 5.6 g/dose. They used a double-blind crossover
design to determine if regular AA ingestion could reduce muscle damage and speed
recovery. The AA mixture accelerated the rate of elbow extensor muscle recovery
compared to the placebo. Additionally, the mixture produced higher muscle strength
throughout the recovery period and subjects reported less DOMS.

In a long-term trial, using the same AA combination, the investigators attempted
to identify an effective dose range for reducing muscle damage during sustained
exercise for 2 to 3 h/day, 5 days/week, for 6 months.348 Athletes consumed three
doses per day of AA mix: 2.2, 4.4, and 6.6 g/dose. Each dose was consumed for a
1-month period, and each period was separated from the next changed dosage period
by a 1-month washout period. Blood was drawn at the end of each dosage trial.
With the 2.2-g dose, there were no significant effects on blood indices of muscle
damage or oxygen-carrying capacity. The 4.4-g dose produced significant increases
in serum albumin and reductions in serum iron and blood lactic acid concentrations.
The 6.6-g dose produced the greatest improvements in all areas, including noticeable
changes in physical condition (self-assessment) and measures of muscle damage
and oxygen-carrying capacity (Table 15.8).

In another long-term trial, rugby players ingested the same 6.6-g formula two
times daily for 3 months during intense training.349 The investigators compared a
variety of blood values following supplementation to presupplementation and 1 year
postsupplementation in these continuously training athletes. Blood values following
the supplementation period had significantly greater levels of red blood cells, hema-
tocrit, and hemoglobin compared to presupplementation and 1 year postsupplemen-
tation, indicating potentially enhanced oxygen-carrying capacity of the blood. In
addition, subjective reports of the athletes indicated a favorable effect on their
physical performance; however, subject blinding was not possible in this study (Table
15.9). 

As with the overreaching study by Ratamess et al.,288 these studies seem to
validate the use of AA supplementation during intense training. Many athletes, such
as the track runners and rugby players in these studies, may always be close to
overreaching or overtraining conditions for undesired or unknown periods. Based
on these results, bodybuilders preparing for competition, star players that must play
back-to-back games, practices, etc., or chronically overtrained athletes may all
benefit from some sort of daily AA or high-quality protein supplementation.
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TABLE 15.8
Effect of the 6.6 g/day Dose of the AA Mixture on Physical 
Parameters, Hematology, and Blood Biochemistry in 
Runners

Pre-Test Period Post-Test Period

Body weight, kg 60.4 ± 0.9 59.4 ± 0.9
Exercise load, % max 80 ± 4 90 ± 3
Physical condition (score range 1–5) 3.0 ± 0.1 3.7 ± 0.2*

Blood glucose, mg/dL 88 ± 1 93 ± 1*
Blood ammonia, μg/dL 79 ± 3 82 ± 6
Blood lactate, mmol/L 1.2 ± 0.1 1.2 ± 0.1

Hematocrit, % 44.9 ± 0.8 46.8 ± 0.6*
WBC, μL–1 5300 ± 400 5400 ± 300
RBC, 104/μL 508 ± 12 528 ± 9*
Platelets, 104/μL 20.3 ± 0.9 20.2 ± 0.8
Hemoglobin, g/dL 15.2 ± 0.2 15.8 ± 0.3*

Serum HDL, mg/dL 65 ± 5 63 ± 4
Serum albumin, g/dL 5.0 ± 0.1 5.2 ± 0.1*
Serum TC, mg/dL 168 ± 7 161 ± 7
BUN, mg/dL 17.2 ± 15 16.6 ± 0.8
Serum iron, μg/L 114 ± 15 99 ± 12
Serum ferritin, μg/L 40 ± 6 43 ± 7

Serum CPK, U/L 366 ± 52 198 ± 22*
Serum GOT, U/L 32 ± 2 24 ± 1*
Serum GPT,U/L 28 ± 3 27 ± 5
Serum LDH, U/L 365 ± 19 361 ± 16
Serum γ-GTP, U/L 25 ± 4 25 ± 3

Note: Subjects (n = 13) consumed the 6.6 g/day AA mixture for 30 days; blood 
samples were taken just before and after the 30-day period. Data are means 6 
SEM.

WBC = white blood cells; RBC = red blood cells; HDL = high-density lipo-
proteins; TC, total cholesterol; BUN = blood urea nitrogen; GOT = glutamate-
oxaloacetate aminotransferase; GPT = glutamate-pyruvate aminotransferase; 
LDH = lactate dehydrogenase; γ-GTP = γ-glutamyltranspeptidase.

*p, 0.05 vs. pretest values.
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15.7.4 CONCLUSION AND SUGGESTIONS

Daily exercise-induced changes in human muscle are virtually unnoticeable. Mea-
surable alterations in muscle fiber type and diameter require repeated and progressive
stimuli and relatively lengthy training periods (6 to 8 weeks).350–352 Also, it seems
clear that it is the post-exercise period when the greatest changes in MPS and tissue
structure occur.256,257,353 MPS can be stimulated in many ways, and as the research
presented here describes, the various mechanisms may interact and have additive
effects. Other variables are involved besides providing the appropriate amounts and
types of AAs to muscle cells at the best times. Examples are type and amount of
exercise, hormonal changes, cell volume changes, and vasodilatation. All of these
elements may contribute to MPS and related adaptations to training.

TABLE 15.9
Effect of Ingesting 6.6 g/d of the AA Mixtue for 90 d on Physical 
Parameters, Hematology, and Blood Chemistry in Elite Rugby Players

Sampling Timea Statisticsb

Pre (A) Post (B) 1-y Post (C) A vs. B B vs. C

Body weight, kg 93.6 ± 2.8 93.5 ± 2.7 93.2 ± 2.6
BUN, mg/dL 16.4 ± 0.8 16.1 ± 0.6 17.7 ± 0.8 *
Creatine, mg/dL 1.09 ± 0.04 1.10 ± 0.03 1.14 ± 0.02 *

WBC, mm3 5900 ± 200 5400 ± 200 6500 ± 300 *

RBC, 104/μL 505 ± 7 516 ± 13 490 ± 6 * *
Hematocrit, % 44.5 ± 0.6 46.2 ± 0.5 43.4 ± 0.5 * *
Hemoglobin, g/dL 15.3 ± 0.2 15.6 ± 0.2 14.8 ± 0.2 * *

Serum iron, μg/L 101 ± 6 121 ± 7 109 ± 9
Total protein, g/dL 7.1 ± 0.1 7.2 ± 0.1 7.1 ± 0.1
Total cholesterol, mg/L 169 ± 5 191 ± 8 178 ± 6 * *
High density lipoprotein, mg/dL 52 ± 2 52 ± 2 51 ± 1
Low density lipoprotein, mg/dL 87 ± 6 109 ± 10 101 ± 8 *
Triglyceride, mg/dL 148 ± 18 150 ± 12 129 ± 13

GOT, U/L 28 ± 4 26 ± 2 28 ± 2
GPT, U/L 23 ± 2 21 ± 2 27 ± 4
γ-GTP, U/L 26 ± 2 29 ± 4 39 ± 6 *
Alkaline phosphatase, U/L 229 ± 16 171 ± 10 225 ± 22 * *

a The 90-d study period occurred from June through August.
b An asterisk indicates a significant difference (p < 0.05).

BUN, blood urea nitrogen; WBC, white blood cell count; RBC, red blood cell count; GOT, 
glutamate-oxalacetate aminotransferase; GPT, glutamate-pyruvate aminotransferase; γ-GTP, 
γ-glutamyl transpeptidase.
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Present rationale for a nutritional strategy to avoid training plateaus centers
around findings354 that the extent of negative protein balance induced by exercise
appears to remain constant throughout a prolonged training regimen. Consequently,
repeated exercise sessions continue to provide opportunity or “open the door” for
anabolism. When the benefits of training and diet on muscle mass/performance have
stabilized, measures like properly timed ingestion of specific AAs may play a role
in plateau avoidance and progressive development for some athletes.

The question that remains to be answered for serious athletes is: Given that diet
and training are already as optimal as individually possible, can additional strategies
incorporating supplementation with AAs further enhance performance and adapta-
tions to training in sports? The following paragraphs summarize the current analysis
on the subject.

15.7.4.1 AAs as Hormonal Secretagogues

At this time there is little convincing evidence to support the use of oral ingestion
of AAs to increase hormone levels in healthy athletes in order to improve training
outcomes.

15.7.4.2 AAs as Cell Volume Contributors in PS

Supplementing creatine and glucose can increase cell volume in athletes and improve
performance under certain conditions. L-Glutamine, taurine, glycine, and alanine
have been used under clinical conditions to improve PS by increasing cell swelling,
which gives rise to the rationale for including them in sports supplements. There is
little evidence to support the concept that the cell volume-enhancing effects of these
AAs have any significant effect on MPS in athletes.

15.7.4.3 AAs as NO Boosters

Proper dosing of L-ARG may increase the production of NO, increasing blood flow
to the muscles, certainly in the presence of vascular disease. Unpublished data and
anecdotal reports appear to support a potential application for acute increases in
strength. Nothing is known regarding long-term use, but short-term use (less than
8 weeks) appears to be safe. Although current popular use by strength athletes
requires further study, a common practice is to take 4 g of L-ARG three times daily
during the final 3-week period leading up to and including competition day.

15.7.4.4 AAs in Maximizing PS

The strongest arguments in support of AA supplementation by athletes can be made
for those under special conditions, such as energy restricted, overtrained, advanced
age, etc. The evidence supporting the use of AA supplementation to maximize PS
for all athletes is not as convincing at this time. Even if one accepts the proposal
that AA supplementation has the potential to benefit training adaptation and sports
performance, further studies comparing AA supplementation with high-quality pro-
tein supplementation are warranted.
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There appears to be a delicate balance between managing insulin and maximizing
protein synthesis,272,276,277 which obviates the possibility of making any perfect rec-
ommendation that meets the needs of all individual athletes. In addition, a person’s
size (especially lean body mass) and the type, intensity, and extent of training
involved should all be factored into any recommendations. Much remains to be
learned about the best strategies for athletes involved in strength and power sports,
as opposed to those involved in endurance sports.

Acknowledging that there are significant limitations to our current understanding
of the potential benefits and risks of AA supplementation, evidence is growing to
support well-timed use of EAA mixtures (pre- and post-workout) to create more
constant exercise-induced anabolic environments to assist athletes in maximizing
recovery and adaptation to training. Application of this growing knowledge to
specific athletes is a complex problem and must be placed in the context of meeting
other basic macronutrient and micronutrient needs with reasonable meal frequency.

15.8 AA SAFETY/TOXICITY

A risk assessment model is used to determine tolerable upper intake levels (ULs)
of consumed nutrients.355 Sufficient data do not exist at this time to allow use of the
risk assessment model for determining ULs for any of the AAs. Furthermore, athletes
are highly unlikely to indulge in chronic excessive use of individual AAs, inasmuch
as the AAs have no perceived value to them at dangerous levels, plus the fact that
there is potential for stomach distress and discomfort involved in that practice.
Consequently, collecting data on AA toxicity is difficult and possibly unnecessary.
Some valuable information on this topic was recently reviewed by Garlick95 in a
brief summary of available evidence on the safety of individual AAs when taken in
excess. Also see Section 15.6 for some potential adverse events of individual AAs.

Reported adverse events from acute and chronic high-level intakes of AAs are
extremely rare.356 A notable exception is the observation of a potential link between
tryptophan and EMS during the late 1980s and early 1990s. At that time, the U.S.
Food and Drug Administration banned the sale of tryptophan products in the U.S.
It has since been generally accepted that the cause of this problem was not the
tryptophan itself, but a contaminated batch that led to the disease in users.

AA supplementation safety appears to have survived the test of time as it relates
to use by athletes. Despite the lack of adverse events reported by athletes who use
AA products, and the lack of UL values for AA, the safety of chronic high intakes
of AAs is unknown. However, the risk–benefit ratio appears to be rather low. 

15.9 PRACTICAL RECOMMENDATIONS FOR MEETING 
AA NEEDS

15.9.1 AA RECOMMENDED DIETARY ALLOWANCES

Table 15.10 presents the adult U.S. Recommended Dietary Allowance (RDA) values
for EAAs and total protein. These RDA values are the amounts considered to be
adequate to meet or exceed the needs of practically all healthy adults (nonpregnant
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and not lactating).355 Based on these values, approximately 25% of the AAs in dietary
protein should be comprised of a properly balanced mixture of EAAs. 

Extensive endurance or resistance (strength) exercise training may increase
protein and AA needs of athletes significantly above the RDA values established for
moderately active people. Typical recommendations for protein intake of athletes
participating in high-volume training are about twice the RDA.357 Most athletes
typically consume this level of protein in their diets unless they are attempting to
lose weight or they consume a diet that restricts protein sources. The effect of heavy
training on the need for specific AAs is less clear. However, it is known that some
specific AAs are utilized to a greater extent during various types of exercise and
training conditions. Also, recovery from heavy training bouts may increase the need
for some AAs more than others. 

15.9.2 LIMITING AAS IN SPECIFIC DIETARY PATTERNS

Meeting total protein and EAA needs is dependent upon:

1. Total dietary protein intake
2. Digestibility of protein food sources
3. Quality of protein food sources (adequate supply of EAAs)

Generally, if athletes are meeting their energy needs with a reasonably balanced
dietary pattern that includes animal foods, then they meet their needs for total protein
and EAAs. However, if animal foods are restricted, the diet is at risk of providing

TABLE 15.10
RDA Values for EAAs and Total Protein in Adults 19 Years 
of Age and Older

RDA RDA
(mg/kg/day) (mg/day for 70-kg adult)

Histidine 14 980
Isoleucine 19 1330
Leucine 42 2940
Lysine 38 2660
Methionine + cysteine 19 1330
Phenylalanine + tyrosine 33 2310
Threonine 20 1400
Tryptophan 5 350
Valine 24 1680
Total EAAs 214 14,980
Total protein 800 (0.8 g) 56,000 (56 g)
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too little lysine. Strict vegetarian (vegan) diets with total protein intake equal to the 
RDA are unlikely to provide adequate lysine, unless the diet contains significantly 
high amounts of beans and other legumes.355 Also, the digestibility of the protein in 
many beans and grains ranges from 0.70 to 0.85 per h, compared to 0.94 to 0.97 
per h for most animal protein sources.358 Consequently, vegetarian diets for athletes 
should provide about 10% more total protein than omnivorous diets359 in order to 
adjust for lower digestibility, and they should emphasize legumes to provide adequate 
lysine.

15.10 FUTURE RESEARCH NEEDS AND DIRECTIONS

The recently established RDA values for indispensable AAs provide reference points 
for evaluating the AA intake of athletes. Studies indicating that athletes have 
increased needs for total protein form a foundation for further evaluation of the 
specific AA needs of athletes involved in various types of training programs. Studies 
indicating additive effects of EAA supplementation on post-exercise MPS provide 
indications that the EAA needs of athletes may be elevated similar to total protein 
needs during certain types of training programs and stages of adaptation to the 
stresses of increased training intensity or duration. Under these training conditions, 
do athletes have EAA needs that exceed the RDA values?

Studies are needed on the effects of supplementing athletes with various indi-
vidual AAs. Many claims are made for ARG-based supplements for enhancing NO 
synthesis, but there is very limited evidence to support such a practice in healthy 
athletes. There may be a reasonable case for recommending lysine supplementation 
in athletes who consume vegetarian or near-vegetarian diets. Comparison of the 
lysine intakes of vegetarian athletes with the RDA for lysine could prove to be 
enlightening.

In addition to further study of individual AAs, exploring the effects of supple-
mentation with various AA mixtures may prove to be a fruitful study area, because 
AAs function in combination as they become part of the AA pool. Similarly, studies 
are needed that compare supplementation with EAA mixtures to supplementation 
with high-quality proteins.

Although the use of AAs for their potential cell-volumizing effect is unlikely to 
have a major impact on athletes, studies combining substances that affect cell 
swelling with EAA mixtures or high-quality proteins could provide potentially 
valuable information. In short, there is no shortage of questions to explore regarding 
the use of AAs in sports.
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16.1 INTRODUCTION

Physically active people are concerned about their daily energy intake for various
reasons. Individuals participating in endurance or resistance training, whose daily
caloric intakes can exceed 5000 kcal (~21,000 MJ),1 may be anxious not only to
obtain an adequate amount of calories to match those expended in training, but also
to consume the proportion of macronutrients to promote training and heighten
performance. In contrast, sedentary men and women who seek to attain a healthy
body weight by adopting healthful eating plans and increasing physical activity are
anxious about limiting total energy intake and adjusting the mixture of macronutri-
ents to optimize health and well-being.2 Thus, the roles of dietary carbohydrate, fat,
and protein, as well as the recommended intakes, remain topics of research interest
not only to promote optimal performance among athletes, but also to support health
and physical fitness in the general population.

The ability to perform mechanical work is a function of skeletal muscle, and
factors that affect energy production in muscle directly impact the performance of
physical activity. The immediate source of energy for muscle contraction is the
hydrolysis of adenosine triphosphate (ATP) to yield energy. The ATP content in
muscle is limited; it is estimated to be 5.5 mmol/kg, or ~3.4 g in 20 kg of skeletal
muscle of a 70-kg man.3 This amount of ATP would be exhausted in a few seconds
of high-intensity activity; thus, ATP is rapidly replenished. Most physical activities
rely on a combination of carbohydrate and fat metabolism to refill ATP stores by
using aerobic pathways, principally mitochondrial oxidative phosphorylation. Anaer-
obic ATP production, however, is necessary when oxidative phosphorylation cannot
provide ATP in adequate amounts needed to meet demands for muscle contraction.
A number of factors influence muscle fuel selection, including the amount of stored
substrates in muscle, the training status of the individual, exercise conditions (i.e.,
intensity and duration), environmental conditions, and nutrient intake during the
activity. Among these factors, the pre-exercise endogenous fuel stores, particularly
carbohydrate, are likely to limit physical performance.3 Other dietary factors may
influence performance and training. Adaptation to a high-fat diet is reported to
promote endurance performance.4 Consumption of high-protein diets also is thought
to promote muscle accretion and strength gain during resistance training.5

This chapter succinctly describes the roles that the macronutrients play in facil-
itating exercise training and performance. Emphasis is placed on the relative amounts
(percent daily energy intake and gram per kilogram body weight) of carbohydrate,
fat, and protein consumed to promote optimal training and performance. A compar-
ison of these guidelines (gram per kilogram body weight and percent energy) is
provided.

16.2 CARBOHYDRATE AND PERFORMANCE

It is well accepted by sports dietitians and athletes that carbohydrate plays a key
role in supporting physical activity because of the need to maintain blood glucose
concentrations.6 Although body stores of energy are variable, available carbohydrate
is very limited (Table 16.1). The practical importance of stored carbohydrate or
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glycogen is that, after hydrolyzed, it forms glucose, which is either used in muscle
cells or transported from the liver for use by other cells. If glucose is fully oxidized
to carbon dioxide and water (aerobic glycolysis or tricarboxylic acid cycle), more
ATP is formed (39 vs. 4 moles of ATP per mole of glycosyl units consumed) than
with anaerobic glycolysis and lactate formation. Another advantage of carbohydrate
as an energy source is that it requires less oxygen for complete oxidation than fat
(fatty acids) and protein (amino acids) because carbohydrate contains a higher ratio
of oxygen to carbon and hydrogen. Thus, under conditions of limited oxygen avail-
ability, such as high-intensity work, carbohydrate is the preferential fuel source. A
final benefit of carbohydrate is that its storage in skeletal muscle can be upregulated
by diet and training regimens.3 Dietary carbohydrate can be a limiting factor in
promoting certain types of physical activity and performance.

16.2.1 USUAL CARBOHYDRATE INTAKE, MUSCLE GLYCOGEN, AND 
PERFORMANCE

Physically active men and women commonly report carbohydrate intakes similar to
weight-matched inactive adults (45 to 55% of daily energy intake, or ~5 g/kg body
weight/day).8,9 In general, these intakes may be adequate to meet the carbohydrate
needs of recreational or fitness athletes who participate in moderate levels of activity
up to 1 h daily. In contrast, endurance athletes who train with more intense activities
that deplete muscle glycogen may have greater carbohydrate needs to ensure ade-
quate muscle glycogen concentrations.

Investigators generally agree that muscle glycogen stores limit physical work
capacity and performance during prolonged, moderate- to high-intensity aerobic
exercise (>70% peak VO2 uptake). Thus, accumulation and maintenance of adequate
skeletal muscle glycogen during training requires consumption of a carbohydrate-
rich diet on a daily basis. Generally, skeletal muscle glycogen concentrations are

TABLE 16.1
Estimated Energy Stores in Mana 

Weight, kg Energy, kcal (KJ)

Blood glucose 0.02 80 (320)
Liver glycogen 0.1 400 (1670)
Muscle glycogen 0.4 1450 (6600)
Plasma fatty acids 0.0004 4 (16)
Plasma triacylglycerols 0.004 40 (167)
Intramuscular triacylglycerols 0.3 2620 (10,952)
Adipose fatty acids 10,500 92,940 (388,500)
Protein 12,000 48,800 (204,000)

a 70-kg man with 15% body fat.
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100 to 120 mmol/kg wet weight (ww). Consumption of a 45% carbohydrate diet
did not maintain muscle glycogen concentrations during high-intensity training, as
they declined from 110 to 88 to 66 mmol/kg during 3 days of intense running
training.10 In a comprehensive review, Sherman and Wimer11 extended these findings
in other groups of endurance athletes and concluded that more than 45% dietary
carbohydrate was needed to replenish muscle glycogen stores during training and
to avoid performance decrements. More recently, additional evidence shows that
daily carbohydrate intake exceeding 50% total energy intake maintains muscle
glycogen during training and performance of athletes participating in anaerobic
sports.12 Thus, amounts of dietary carbohydrate usually consumed by the population
are inadequate to maintain muscle glycogen and performance of athletes.

16.2.2 PRE-EXERCISE CARBOHYDRATE INGESTION

The importance of a pre-event meal or snack is to compensate for a lack of adequate
carbohydrate in the previous day’s meals and ensure adequate glycogen stores in
liver and muscle. Feedings are generally small but high in carbohydrate (200 to 300
g), moderate in protein, and low in fat and fiber. Findings of controlled studies reveal
that 200 to 300 g of carbohydrate fed 3 to 4 h before testing improved various indices
of cycling performance by 15 to 49%.13

In contrast, the effect on performance of carbohydrate feeding 30 to 60 min
before exercise is unclear. Although blood glucose concentrations increased after
ingestion of carbohydrate,14 one study15 reported improved and others16,17 showed
no effects on performance compared to controls. There was consensus of no adverse
effects on performance. Sherman et al.18 reported a 15% improvement in cycling
performance when cyclists consumed ~300 g of carbohydrate 4 h before the per-
formance test. Thus, exogenous carbohydrate fed before exercise may be beneficial
to individuals who have low glycogen stores.

16.2.3 CARBOHYDRATE INGESTION DURING PHYSICAL ACTIVITY

Participation in moderate-intensity (65 to 80% peak VO2 uptake) exercise for a
prolonged duration (>90 min) leads to fatigue because of reductions in circulating
glucose and tissue glycogen stores. Feeding carbohydrate during exercise delays
fatigue by maintaining blood glucose levels, whereas the impact on muscle glycogen
sparing is controversial.19,20 Regardless of the mechanism, carbohydrate feeding
during prolonged moderate- to high-intensity exercise was beneficial. Male cyclists
who consumed 400 g of exogenous carbohydrate increased their endurance perform-
ance by 1 h compared to placebo.19 Running trials with carbohydrate feedings also
found improved performance. Men supplemented with 55 g of carbohydrate per
hour had increased blood glucose concentrations and completed the last 5 km of a
40-km run faster than they did when running without carbohydrate.21 In an endurance
trial on a treadmill (80% peak VO2 uptake), men fed 35 g of carbohydrate per hour
ran 23 min longer than they did when running without carbohydrate.22 Thus, con-
sumption of exogenous carbohydrate during prolonged, intense physical activities
benefits endurance performance.
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The timing and rate of carbohydrate ingestion are also important considerations.
If individuals wait until the onset of fatigue before consuming carbohydrate, they
may not be able to absorb it quickly enough to avoid fatigue. Coggan and Coyle23

found that the latest that an individual can consume carbohydrate and prevent fatigue
is 30 min before the onset of fatigue. Ingestion of ~50 g of carbohydrate during the
first 60 min of a bout of exhausting exercise improved endurance to exhaustion 14%
compared to a water placebo.24 Thus, consumption of carbohydrate during endurance
exercise is recommended before the onset of subjective feelings of fatigue to enhance
performance.

16.2.4 CARBOHYDRATE INTAKE DURING RECOVERY

Depletion of muscle glycogen content is a significant limitation to recovery from
training and competition performance.3 Muscle glycogen depletion can occur after
prolonged (2 to 3 h), continuous (60 to 80% peak VO2 uptake) training as well as
brief, intense (90 to 120% peak VO2 uptake), intermittent competition and training.25

Thus, repletion of muscle glycogen stores is a target for recovery from strenuous
physical activity.

Muscle glycogen replacement can occur at modest levels of carbohydrate intake.
Some investigators report that a moderate carbohydrate intake of 5 to 6 g/kg body
weight is adequate to maintain muscle glycogen concentration (~100 mmol/kg ww)
during training.26,27 Other findings indicate that a higher carbohydrate intake (10 vs.
5 g/kg/day) is needed to avoid a gradual depletion of muscle glycogen (33%) during
repetitive endurance and sprint training with endurance athletes.28 Other findings
emphasize the importance of increasing dietary carbohydrate on muscle glycogen
replenishment and key aspects of training and performance. During an 11-day period
of intensive training, competitive athletes fed higher carbohydrate (8.5 compared to
5.4 g/kg/day) maintained physical performance and positive mood state and sus-
tained higher rates of carbohydrate oxidation during exercise sessions.29 These find-
ings confirmed earlier observations of increased training intensity30 when ad libitum
carbohydrate intake increased from 6.5 to 9 g/kg/day during a 7-day period. In a
study of competitive rowers during 4 weeks of training, increased dietary carbohy-
drate (10 vs. 5 g/kg/day) was associated with enhanced muscle glycogen (~155 vs.
~120 mmol/kg ww) and greater improvement in power out (11 vs. 2%) in time
trials.31 Overall, these findings demonstrate that trained athletes benefit from an
increased carbohydrate intake during periods of intense training because of the
maintenance or enhancement of muscle glycogen stores and an ability to sustain
higher rates of carbohydrate oxidation during exercise.

16.2.4.1 Timing of Carbohydrate Intake

The optimal time for carbohydrate ingestion to replenish muscle glycogen stores is
during the first hour after exercise.32 Factors such as selective activation of glycogen
synthase by glycogen depletion,33 exercise-induced increases in insulin sensitivity,34

and permeability of muscle cell to glucose facilitate glycogen synthesis and accu-
mulation. Ivy et al.32 found higher rates of glycogen storage (7.7 mmol/kg ww) when
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carbohydrate was fed during the first 2 h of recovery compared to more typical rates
of storage (4.3 mmol/kg ww) without feeding. This finding is important in sports
where time between competitions is brief (4 to 8 h).

Whereas it is important to consume carbohydrate as soon as practical after
exercise to maximize glycogen repletion, there is little consensus about size of
portions to accomplish this goal. Neither number nor size of meals or snacks during
the 24 h after exertion significantly affected muscle glycogen storage.35,36 However,
rates of glycogen synthesis during the first 4 to 6 h of recovery were greater when
a substantial amount of carbohydrate (10 g/kg) was fed in 16 hourly snacks compared
to 4 large meals.36 Thus, total carbohydrate intake, not a pattern of intake, is a key
factor in facilitating muscle glycogen recovery. Issues related to the practicality and
comfort of the individual athlete to avoid gastric discomfort should be considered.

16.2.4.2 Glycemic Index and Muscle Glycogen Replenishment

Another practical consideration in the restoration of muscle glycogen is the type of
carbohydrate that promotes glycogen storage. Knowledge that glucose and insulin
facilitate glycogen synthesis leads to the hypothesis that carbohydrate sources with
high or moderate, compared to low, glycemic index enhance glycogen repletion
during recovery from intense exercise training. Early studies, which used foods that
were classified as containing starches and simple sugars to influence muscle glyco-
gen stores after heavy training, provided conflicting results.35,37 Burke et al.38 fed
foods with accepted glycemic index values to trained endurance athletes during a
24-h period of recovery after intense training. As hypothesized, the high-glycemic-
index foods increased muscle glycogen storage 30% more than an identical amount
of carbohydrate derived from low-glycemic-index foods. Subsequent studies have
confirmed the benefit of high-glycemic-index carbohydrates in promotion of glyco-
gen storage.39,40

16.2.5 GUIDELINES FOR CARBOHYDRATE INTAKE IN ATHLETES

Nutritional strategies to provide adequate amounts of carbohydrate to ensure optimal
muscle glycogen replenishment in physically active people have been proposed.25

It is recommended that a usual intake be 5 to 7 g/kg/day when training or activity
is low or moderate intensity. To facilitate recovery after moderate to heavy endurance
training, carbohydrate intake should be 7 to 12 g/kg/day. Under conditions of extreme
training (i.e., in excess of 4 h daily), the target for carbohydrate intake is 10 to 12
g/kg/day. Regardless of workout intensity, the initial recovery period (0 to 4 h after
exercise) should provide 1.0 to 1.2 g/kg/h at frequent intervals (15 to 30 min). The
goal of this dietary regimen strategy is to achieve carbohydrate intakes to meet the
fuel needs during physical training and to facilitate optimal levels of muscle glycogen
stores between workout sessions and in preparation for competition.
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16.3 DIETARY FAT AND PERFORMANCE

Participation in prolonged, moderate-intensity aerobic activities (i.e., running,
cycling, swimming, etc.) requires both availability and oxidation of carbohydrate
and fat regardless of training status. Body fat stores (blood lipids, adipose tissue,
and intramuscular triglyceride depots) are a relatively abundant energy source, even
among endurance athletes. Thus, factors that increase fat availability may promote
endurance performance.7 Catecholamines stimulate mobilization of fat stores and
also increase the activity of lipoprotein lipase that promotes uptake of glycerol and
fatty acids from the circulation into muscle cells after 15 to 20 min of moderate-
intensity exercise.41 Aerobic training impacts fuel metabolism by increasing fat
oxidation while decreasing endogenous carbohydrate utilization, thus sparing gly-
cogen, to meet energy needs.42,43 Thus, factors that increase fat (fatty acid and
glycerol) oxidation during exercise have been investigated.

16.3.1 FAT LOADING AND ENDURANCE PERFORMANCE

Consumption of diets with very high fat and low or no carbohydrate content leads
to ketosis at rest and during activity. Adaptation to diets high in fat (>60% daily
energy intake) in trained athletes has been associated with changes in time to
exhaustion during endurance tests. In comparison to eucaloric, isonitrogenous diets
high in carbohydrate and low in fat, consumption of low-carbohydrate, high-fat diets
fed for periods of 1 to 3 days depleted muscle and liver glycogen stores and impaired
work capacity and endurance performance.3,44,45

Other reports, however, indicate that a longer period (>7 days) of ingestion of
a high-fat, low-carbohydrate diet promotes metabolic adaptations that significantly
increase during exercise; these adaptations compensate for the relative lack of car-
bohydrate to meet the energy needs of the activity. Trained individuals consuming
high-fat (>60% daily energy intake), low-carbohydrate diets for 5 to 30 days have
significantly increased rates of fat oxidation and decreased rates of muscle glycogen
utilization during submaximal exercise (50 to 70% peak VO2 uptake) compared with
isocaloric, isonitrogenous, high-carbohydrate diets. Importantly, time to exhaustion
during laboratory tests significantly increased.4,46–50 Although these findings have
raised interest among competitive athletes, Burke and Hawley51 have criticized many
technical aspects of these studies, such as the findings being obtained in laboratory
and not competitive conditions, and concluded that the suggestion that high-fat, low-
carbohydrate diets are beneficial to endurance performance should be viewed cau-
tiously. Their concerns are supported by other reports in trained52 and untrained
adults53,54 who did not improve performance after eating high-fat, low-carbohydrate
compared to high-carbohydrate, low-fat diets for periods up to 4 weeks. Thus, the
performance benefits of long-term adherence to a high-fat, low-carbohydrate diet
remain controversial.
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16.3.2 POST-EXERCISE DIET AND INTRAMUSCULAR TRIACYGLYCEROL 
(IMTG)

Accumulating evidence indicates that IMTG is an important fuel source during
prolonged moderate exercise (up to 85% peak VO2 uptake) in trained individuals.
Studies using histochemical assays55,56 as well as proton magnetic resonance
spectroscopy57 showed a significant reduction in the IMTG of the upper and lower
leg after prolonged exercise in endurance-trained athletes.

Controlled dietary studies revealed that the composition of the post-exercise diet
affects the rate of repletion of the IMTG stores. Consumption of a high-fat (68%
total energy) diet enhanced IMTG accumulation (33 to 45 mmol/kg) with no recovery
(31 to 28 mmol/kg), compared to a low-fat (5%) diet during a 24-h recovery period.44

Low-fat (20%), high-carbohydrate (65 to 70%) diets do not replete IMTG during 1
day of recovery after prolonged exercise in trained and untrained individuals.58–61

Despite evidence that dietary fat intake positively influences IMTG levels, limited
data indicate a detriment in endurance and sprint performance in cyclists.62

16.3.3 DIETARY PERIODIZATION: FAT AND CARBOHYDRATE

Another nutritional strategy that seeks to simultaneously increase endogenous mus-
cle fuel depots is dietary periodization. Endurance athletes adapt their muscles to a
high-fat diet for 5 to 6 days, then switch to a very high carbohydrate diet (10 to 12
g/kg/day) and rest for 24 h to optimize glycogen content. The fat adaptation period
results in a marked upregulation of muscle metabolic machinery to enhance fat
oxidation and promote glycogen sparing in muscle. Unfortunately, there is no evi-
dence that this dietary manipulation has any beneficial effects on physical perform-
ance.63

16.4 DIETARY PROTEIN NEEDS

Protein from food and beverages plays diverse roles in maintaining body structure
and functions. These roles include formation of bone, muscle, connective tissue,
hormones, and enzymes, maintenance of fluid and electrolyte balance, transport of
micronutrients, and some contribution as an energy source during and after physical
activity. Amino acids, which make up protein, are used as an energy source. During
periods of energy deficit, amino acids, mobilized principally from endogenous pro-
tein stores in soft tissues, become substrates for gluconeogenesis to prevent hypogly-
cemia. Amino acids, specifically the branched-chain amino acids, can be oxidized
directly by muscle and converted to Krebs cycle intermediates to increase acetyl-
CoA oxidation.64 Measurements of by-products of protein catabolism, such as urea
and ammonia, in the blood and urine and in vivo assessments of oxidation of labeled
amino acids, tyrosine and leucine, provide evidence that protein is used as an energy
source during exercise. The contribution of protein and amino acids to total energy
expenditure is relatively small (2 to 5%) during submaximal efforts but increases to
10% when carbohydrate is depleted during prolonged, intense activity.65
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16.4.1 EFFECT OF PHYSICAL ACTIVITY ON PROTEIN REQUIREMENTS

The impact of physical activity on protein needs has been determined principally
by using the nitrogen balance method. This approach requires measurements of
nitrogen intake and losses (urine and feces) to determine individual protein require-
ments in response to stressors such as physical activity. A positive balance suggests
protein accretion, whereas a negative balance suggests a net loss of body protein.

Studies of adults participating in resistance training highlight the need for
increased protein. Lemon et al.66 studied novice bodybuilders consuming two levels
of dietary protein. The nitrogen balance was negative when protein intake was 0.99
g/kg/day, but positive with an intake of 2.62 g/kg/day. Regression analysis (nitrogen
balance vs. protein intake) showed that an average protein intake of 1.43 g/kg/day
was needed to achieve a 0 balance (i.e., no gain or loss of nitrogen); the apparent
protein requirement (0 balance ± 2 SD) was calculated to be 1.6 to 1.7 g/kg/day.
Other investigators reported similar estimates of protein needs during resistance
training regardless of training status.5,67 The increased protein requirement apparently
is needed to promote accretion of muscle mass to enable strength gains.5

There are limited data of nitrogen balance in endurance athletes. Elite male
endurance athletes required a protein intake of 1 to 2 mg/kg/day to produce a positive
or 0 nitrogen balance during 12 weeks of intense training.68 Similar protein intake
estimates (1.5 to 1.8 g/kg/day) were reported for cyclists during a simulation of the
Tour de France69 and well-conditioned runners during training.70 Tarnopolsky65 com-
piled all of the nitrogen balance data for the subjects in these studies, performed
regression analysis, and showed that an average protein intake of 1.09 g/kg/day was
needed to achieve a 0 nitrogen balance; the apparent protein requirement (mean ±
2 SD) was determined to be 1.2 mg/kg/day for endurance athletes.

16.5 TRANSLATION OF DIETARY REFERENCE INTAKES 
(DRIS) FOR ENERGY TO PHYSICALLY ACTIVE 
PEOPLE

The DRIs contain categories of reference values for nutrients that are provided to
promote the health and well-being of the public.2 The Recommended Dietary Allow-
ance (RDA) is the daily dietary nutrient intake sufficient to meet the nutrient require-
ment of nearly all (98%) healthy individuals of a particular sex and life stage group.
The Adequate Intake (AI) is the recommended average daily intake level based on
observed or experimentally determined estimates of nutrient intake by a group or
groups of healthy people. The AI is used when an RDA cannot be calculated. The
Estimated Average Requirement (EAR) is the average daily nutrient intake estimated
to meet the requirement for half of the healthy individuals in a particular sex and
life stage group. The Tolerable Upper Intake Level (UL) is the highest average daily
nutrient intake that is likely to pose no risk of adverse health effects for almost all
individuals in the general population. Although EAR and RDA values are available
for carbohydrate and protein, Acceptable Macronutrient Distribution Ranges
(AMDRs) for carbohydrate, fat, and protein, providing ranges of macronutrient
intake expressed as a percentage of total energy intakes, were derived from inter-
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vention trials and epidemiological evidence that suggest a role in either prevention
or increased risk of chronic disease.2 Because macronutrients can be used, at least
to some extent, interchangeably as sources of energy to support metabolism, ranges
for macronutrients are recommended. The AMDRs for carbohydrate, fat, and protein
are estimated to be 45 to 60, 20 to 35, and 10 to 35% of energy, respectively, for
adults. The ADMR values are different for infants and children. 

The challenge for physically active individuals is to translate nutritional guide-
lines into practical use. Examples of recommended intakes of macronutrients for
adults are shown in Table 16.2 and Table 16.3. The RDAs for dietary carbohydrate
and protein are far less than the AMDRs even at the lowest energy intake levels.
Because of the key role that carbohydrate plays in facilitating training and perform-
ance, Burke and co-workers have emphasized the use of recommendations based on
body weight rather than percentage total energy intake.71 It is clear that athletes
require flexibility to meet carbohydrate needs within the context of energy needs
and training. During periods of general training, carbohydrate intakes of 5 to 7
g/kg/day are recommended and may be achieved at AMDR levels. However, when
compensation of depleted muscle glycogen is needed, greater amounts of dietary
carbohydrate are required (7 to 10 g/kg/day) without excessive increases in total
energy intake. The challenge of an athlete consuming a very high carbohydrate diet
(i.e., 65% energy) and energy in excess of his or her needs can lead to gradual
weight gain and eventual performance deficits. This problem may be overcome if
carbohydrate intake is based on weight and not total energy intake. Thus, recom-

TABLE 16.2
Examples of Macronutrient Content of Diets Containing Acceptable 
Macronutrient Distributions and Typical Intakes at Variable Energy Levels 
for Women (121 lb or 55 kg)

Energy, kcal/day 2000 2000 2000 2500 2500 2500 3000 3000 3000

Carbohydrate, % 45a 55b 65a 45a 55b 65a 45a 55b 65a

g/day 225 275 325 281 344 438 338 413 488

RDA, g/day 100 100 100 100 100 100 100 100 100
g/kg/day 4.1 5.0 5.9 5.1 6.3 7.9 6.1 7.5 8.9

Fat, % 35a 30b 20a 35a 30b 20a 35a 30b 20a

g/day 78 67 44 97 83 56 117 100 66
g/kg/day 1.4 1.2 0.8 1.7 1.5 1.0 2.1 1.8 1.2

Protein, % 35a 15b 10a 35a 15b 10a 35a 15b 10a

g/day 175 75 50 218 94 63 262 113 75
g/kg/day 3.2 1.4 0.9 3.9 1.7 1.1 4.8 2.1 1.4

RDA, g/kg/day 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

a Distributions.
b Intakes.
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mendations based on body weight, compared to percentage of total daily energy
intake, have practical advantages. 

The RDA for protein (0.8 g/kg/day) is less than the AMDR, except at the lowest
energy intakes (Table 16.2 and Table 16.3). It remains controversial if the protein
needs to support endurance or resistance training exceed the RDA value.2 If an
individual selects a protein intake slightly exceeding the lowest AMDR value (i.e.,
>10% energy intake), there is an expectation that the protein intake, when normalized
for body weight (i.e., >1.1 g/kg/day), will boost strength gain and muscle mass
maintenance.65 It is clear that protein intakes at the extreme levels of the AMDR are
excessive and potentially a health hazard.

Recommendations for dietary fat have been proposed to avoid risks of future
chronic disease. There is a paucity of data supporting an intake of fat that promotes
performance. Assuming that the lowest level of the AMDR is healthful, dietary fat
intakes of 1 to 1.5 g/kg appear to be adequate. Importantly, elite male cyclists
consuming dietary fat at 30 to 50% total energy had increases in serum cholesterol
and lipoprotein concentrations similar to those of sedentary adults.72

16.6 CONCLUSIONS

Experimental findings and practical outcomes emphasize the importance of an ath-
lete’s daily diet on performance. Because carbohydrate and fat are the principal
sources of energy during physical training and competition, there has been an

TABLE 16.3
Examples of Macronutrient Content of Diets Containing Acceptable 
Macronutrient Distributions and Typical Intakes at Variable Energy Levels 
for Men (176 lb or 80 kg)

Energy, kcal/day 3000 3000 3000 4000 4000 4000 5000 5000 5000

Carbohydrate, % 45a 55b 65a 45a 55b 65a 45a 55b 65a

g/day 338 413 488 450 550 650 562 688 813

RDA, g/day 130 130 130 130 130 130 130 130 130
g/kg/day 4.2 5.2 6.1 5.6 6.9 8.1 7.0 8.6 10.2

Fat, % 35a 30b 20a 35a 30b 20a 35a 30b 20a

g/day 117 100 67 156 133 89 194 167 111
g/kg/day 1.5 1.3 0.8 1.9 1.7 1.1 2.4 2.1 1.4

Protein, % 35a 15b 10a 35a 15b 10a 35a 15b 10a

g/day 262 113 75 350 150 100 438 188 125
g/kg/day 3.3 1.3 0.9 4.3 1.7 1.25 5.5 2.1 1.5

RDA, g/kg/day 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

a Distributions.
b Intakes.  
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emphasis on the critical evaluation of dietary manipulations of these macronutrients
on performance. There is consensus that increased carbohydrate intake before, dur-
ing, and after exercise affects performance and recovery after training. In contrast,
although high dietary fat may transiently enhance some aspects of physiological
function during controlled laboratory studies, fat loading does not benefit endurance
performance in the field. Protein, consumed at usual intakes, exerts no clear benefit
in endurance or resistance training or performance. However, neutral or positive
nitrogen balance is important in maintaining and increasing muscle mass. Consump-
tion of excessive energy, regardless of macronutrient distribution, can limit perform-
ance and impair biomarkers of health.

Guidelines for macronutrient intakes of physically active people are complicated
by the units used to express the recommended intakes. Individual macronutrient
recommendations based on the percentage of total energy intake vary directly with
the total calories consumed. Thus, alterations in daily energy intake affect the intake
of the macronutrient. It is also confusing and tedious for individuals to consistently
calculate carbohydrate needs when total energy intake is variable. A more practical
approach is to use targeted amounts of carbohydrate based on body weight. Similarly,
protein intake can be planned easily when intakes are designated on a body weight
basis. For both carbohydrate and protein, desired intakes can be estimated from
tables summarizing the macronutrient contents of foods, particularly foods desirable
to the athlete. Thus, athletes should be instructed by sports dietitians to use standard
food guides to estimate carbohydrate and protein intakes based on body weight. Fat
intake should be flexible but not excessive.

16.7 FUTURE RESEARCH

The growing public health emphasis on increasing physical activity and consumption 
of a healthful diet to combat the epidemic of obesity demands renewed efforts to 
translate dietary recommendations into action. Although the DRI2 and ADMR2 

provide guidelines for macronutrient intakes, there is a compelling need to develop, 
validate, and implement practical guidelines for these intakes. It is important to 
determine if the recommended intakes achieve better compliance based on 
percent-age energy intake than on body weight. 
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