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FOREWORD

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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PREFACE

THE POTENTIAL HEALTH BENEFITS of a combined program of nutrition
and exercise have increasingly been recognized during the past decade.
World-class athletes have long known the importance of controlling caloric
intake to maintain desired body weight and that a poor diet will diminish
performance. However, as the general public becomes more conscious of
health and fitness, routine aerobic exercise is becoming a focal point of daily
health maintenance for large numbers of people. This trend raises new
questions about the impact of exercise on nutritional requirements. This
book addresses the principal questions concerning the interaction of
nutrition and aerobic exercise training. Each chapter reviews the basic topics
and examines new findings and important questions remaining to be solved.

The book is written for an audience that has a basic understanding of
physiology and intermediary metabolism. However, it assumes little or no
background in nutrition or exercise physiology. It is intended to provide an
easily read insight into the current knowledge about nutrition and exercise,
and it should appeal to both the specialist and nonspecialist.

This book originated from a symposium entitled “The Influence of
Aerobic Exercise on Energy Metabolism and Nutrient Requirements” and
was sponsored by the Division of Agricultural and Food Chemistry of the
American Chemical Society, the Quaker Oats Company, and the Dart-Kraft
Company. I would like to especially thank John Whitaker, David Hurt, and
Robert Bursey as the representatives of the respective sponsors.

DONALD K. LAYMAN
University of Illinois

Urbana, IL 61801

September 19, 1985
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Nutrition and Exercise: An Overview

Donald K. Layman

Department of Foods and Nutrition, Division of Nutritional Sciences, University of
Iilinois, Urbana, IL 61801

Across the United States, interest has increased in physical
fitness, exercise, and nutrition. Almost one-half of adult
Americans state that they exercise regularly (1). Activities
include walking, running, swimming, biking, racketball, tennis,
aerobic dancing, and many others. The renewed interest in exercise
appears to be due, in large part, to the association of exercise
with health. Most health organizations, including the American
Heart Association, the American Diabetes Association, the American
Dietetic Association, and the American Medical Association, advocate
exercise for maintenance of health and to reduce the risk of the
onset of the adult diseases of abesity, hypertension, heart disease,
and diabetes (2-4).

Likewise, health-related changes have occurred in the American
diet. The Dietary Goals for the United States developed in 1977 by
the Senate Select Committes on Nutrition (5) recommended that adults
reduce their calorie intake, reduce total fat, saturated fat, and
cholesterol, avoid excessive salt intake, and increase consumption
of complex carbohydrates and fiber. These recommendations have
resulted in trends toward lower consumption of animal products plus
use of low fat products and increased consumption of fruits and
vegetables. Consumers are selecting less sugar and saturated fat
(6). During the past 3 years, use of poultry and fish has increased
about 16%, while use of beef and eggs has decreased 16% (7). This
increased consciousness of the general public to nutrition has also
led to a proliferation of miracle diets, quick weight loss schemes,
and vitamin supplements. Surveys indicate that the majority of
Americans take vitamin supplements (6) and many have tried a fad
weight loss diet (8).

The response of the American public to utilize diet and
exercise for maintenance of health has increased the need for more
definitive scientific information about the interactions of exercise
with dietary needs. This book reviews some of the physiological and
metabolic changes that occur during exercise training and examines
the impact of routine exercise on nutritional reguirements.

0097-6156/86/0294-0001$06.00/0
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2 NUTRITION AND AEROBIC EXERCISE

Physiological and Metabolic Responses to Exercise

The influence of physical activity on nutritional requirements and
health is not the same for all activities. For the purposes of this
book, exercise will be classified as either anaerobic or aerobic
activities. These terms provide descriptive information about both
the level of exertion and the duration of the activity and are
useful in relating activities to nutritional needs. Anaerobic
exercise includes activities such as weightlifting and sprinting,
and involves maximum exertion for periods of time less than 1 or 2
minutes. Aerobic activities are performed for periods usually in
excess of 15 minutes at less than maximum speed or strength.
Aerobic exercise requires greater endurance and includes activities
such as distance running, swimming, biking, and walking.

Some of the responses by the body to anaerobic exercise are
visually obvious. Greater strength, speed, and muscle development
are reasons that athletes emphasize anaerobic training. However,
research has shown that these results are not easily predicted, and
even the effects on the amount of muscle mass are not entirely clear
(3). The effects of these short-duration exercises on
cardiopulmonary function and on nutritional requirements are minimal.

Rerobic exercise involves endurance training. As the body
performs activities for extended periods, physiological and cellular
adaptations occur (10-12). These adaptations focus on the ability
of the body to supply oxygen to the muscle cells, the capacity of
the cells to utilize oxygen, and a shift in the fuel source to
greater use of fatty acids. The magnitude of these changes defines
aerobic capacity and endurance.

Perobic training produces numerous physiological changes,
including changes in heart rate and oxygen uptake. There is a
decrease in the resting heart rate and the heart rate at any
specific work load. However, cardiac output is maintained because
stroke volume is increased. Changes also occur within the muscle
cells that allow for increased oxygen uptake from the circulating
blood. Thus, aercbic exercise training increases stroke volume, the
efficiency of oxygen uptake by muscles (A-V 02), VO2 max and reduces
the heart rate during submaximal exercise (10,13-14).

At the cellular level, aerobic exercise training increases the
oxidative capacity of the tissues (l1), and produces numerous
changes in the function of the muscle cells. Changes in specific
skeletal muscle cells and the effects of exercise intensity,
duration, and frequency are discussed in Chapter 2. Mitochondria
increase in size and number which allows for increased oxygen use in
fuel conversion to energy for muscular contraction. Training also
produces a shift in the primary source of fuel for exercise from
carbohydrates to fatty acids. Since fatty acids are the principal
form of fuel storage in the baody, this shift is eritical in allowing
for prolonged activity. Use of carbohydrates and lipids during
aerobic exercise is examined in Chapter 3.

Influence of Aerobic Exercise on Nitritional Needs

Interest in the relationship of nutrition and exercise arises from
many sources. Athletes and coaches often seek an extra edge from
specific foods or supplements. Wrestlers, dancers, and gymnasts
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1. LAYMAN Overview 3

frequently attempt to control food intake to modify body weight;
and, as stated above, large numbers of people are now looking to the
combination of improved nutrition and exercise for maintenance of
health. Thus, the topics of "Mutrition and Exercise" produce a wide
variety of questions from a diverse audience with different needs
and goals. Questions most frequently asked include:

Is exercise important for weight control?

Is increased protein essential for muscle building or
strength?

Does exercise reduce the risk of heart disease?

Should athletes take vitamin supplements?

Are salt tablets or electrolyte drinks essential for
exercise during hot weather?

Is exercise important for a diabetic?

Does aerobic exercise create an increased need for iron?

Does exercise prevent osteoporosis?

This book addresses these issues and examines the current research
in these areas.

To evaluate nutrition requirements, the reader needs a basic
understanding of nutrients and the parameters that affect their
needs. Nutrients are chemical substances needed to maintain life
which are supplied to the body in food or drinks. The nutrients
include vitamins, minerals, carbohydrates, fats, proteins, and
water. These classifications of nutrients encompass approximately
45 different chemicals that are involved in every function or
structure of the body. While some of these functions that are
directly influenced by exercise will be discussed in the subsequent
chapters, a complete listing of these functions is beyond the scope
of this book. For a more thorough review of nutrient functions, the
reader is referred to any one of a number of excellent nutrition
references (5-6,15-16).

To assess the impact of exercise on the needs for specific
nutrients, nutrient functions must be evaluated. At a generalized
level, the functions of nutrients are (a) growth or maintenance of
the structures of the body (one can consider either macro-structures
like muscles and bones, or micro-structures like cell membranes and
enzymes), (b) fuels for the energy to run the body processes, (c)
fluids and regulation of body fluids, and (d) protection from toxic
substances including toxic chemicals, carcinogens, and antigens.
The effects of exercise on nutritional requirements can be assessed
against the likelihood of substantial changes in one or more of
these functions.

As the effects of exercise on the body are examined, clearly
the primary effects are on body fluids and fuels. Movement of the
body requires additional fuels and the process of conversion of
these fuels into energy produces heat which must be dissipated, in
large part, by evaporation of sweat from the skin.

water is the most critical of the effects of exercise on
nutritional requirements. As discussed in Chapter 8, exercise
produces increased body heat and increased water losses. If this
results in dehydration, it will decrease performance and can produce
nausea, irregularities in heart beat, heat stroke, and death.
Associated with water losses, there are losses of salts or

In Nutrition and Aerobic Exercise; Layman, D.;
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4 NUTRITION AND AEROBIC EXERCISE

electrolytes. However, water loss is clearly the most limiting
factor for work capacity as defimed in a position paper by the
American College of Sports Medicine (17).

After supplying an adequate amount of water, the next most
important dietary issue is adequate energy. Physical activity is
the major variable of energy expenditure and the only component
under voluntary control. The other components are basal metabolism
(the energy expended to maintain the vital body processes while at
rest) and Specific Dynamic Action (the energy utilized during the
digestion, absorption, and assimilation of nutrients after a meal).
These two components expend about 1000-2000 kilocalories of energy
per day, depending on the size of the body and composition of
meals. However, food intakes range from 2000 to 6000 kcals per day,
depending on the level of activity. Sedentary adults need about
2000-2500 kcal/day, while athletes consume approximately 3000-4000
kcal/day (18). The primary factors determining the energy
expenditure of exercise are the weight of the body and the distance
traveled. While it is true that there is less energy expended at
walking speeds versus running due to greater efficiencies in
movement, over a fairly wide range of running speeds energy
%xpenditure is essentially independent of speed for a given distance

19-20).

Fuels for the body are limited to carbohydrates, fats, and
proteins. In the American diet, these fuels are consumed in a ratio
of approximately 46:42:12 with the recommended ratio being closer to
53:35:12 (5). Thus in a nongrowing adult, these ratios provide
estimates of the fuel use for daily activities. The primary fuels
for exercise are carbohydrates and fats. Chapter 3 examines
utilization of specific fuels during aerobic exercise. As the
amount of daily exercise increases, there is an increased energy
expenditure and hence increased need for energy nutrients usually
reflected in increased food consumption, decreased body fat, or both
(see Chapter 9).

Protein has long been a dominant feature at the training table
for athletes who believe that high intakes of protein are essential
for muscle development and strength. However, research indicates
that little or no additional protein is required for maximum muscle
growth. Interestingly, recent studies suggest that aerobic exercise
may have larger effects on protein metabolism than anaerobic
training (21). The effects of both anaerobic and aerobic exercise
on the nutritional needs for protein are reviewed in Chapter 4.

As discussed above, aerobic exercise produces numerous
physiologic and metabolic changes in the body. Many of these
changes are believed to be beneficial for prevention of heart
disease. The effects on cardiopulmonary function were mentioned
earlier and are clearly beneficial, as are the changes in body
composition described in Chapter 9. Further, aerobic exercise
appears to have positive effects on blood cholesterol and other
lipids. These effects of exercise on the metabolism of lipids and
the important transport particles called lipoproteins are discussed
in Chapter 5.

Athletes have long sought to maximize performance by use of
special nutrients. "Ergogenic Aids™ have been promoted to increase
endurance, strength, or performance. Ergogenic aids including
vitamins, minerals, and other substances are suggested to "supply"
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1. LAYMAN Overview

or "produce" more energy. Besides pure vitamin and mineral
supplements, other aids include honey, wheat germ oil, gelatin,
glucose, and vitamin E. With the exception of possible
psychological benefits, any other suggested benefits are without
sound scientific documentation (22). As with most misleading
advertising, the premise begins with a basic fact and then plays to
the desires of the consumer. For example, cenventional wisdom holds
that the requirements of many of the B-vitamins are dependent on the
amount of energy or number of calories used by the body. For
thiamin, riboflavin, niacin, pantothenic acid, and biotin, the needs
could increase proportional to energy expenditure. Thus the athlete
burning twice the energy of the non-athlete was assumed to have
approximately twice the B-vitamin needs. While the "logic" that
exercise increases B-vitamin needs is reasonable, only riboflavin
has been specifically studied. Chapter 6 summarizes these findings
and indicates that while riboflavin needs are increased, the
increase is small and the associated increased food consumption
should be adequate to meet these needs without supplementation.

The effects of exercise on the dietary needs for minerals have
not been extensively studied. Of particular interest is the impact
of exercise on the minerals iron and calcium which are examined in
Chapter 7. Iron is an essential component of hemoglobin which is
responsible for transport of oxygen within red blood cells in the
blood. Thus, iron deficiency (anemia) will decrease oxygen carrying
capacity of the blood and hence lower aercbic capacity. This
problem appears to be most important for women who frequently have
marginal iron intakes (5).

Calcium needs and metabolism have become an important nutrition
issue due to the increased prevalence of osteoporosis. Osteoporosis
is a disease of fragility of major bones such as the pelvis, femur,
and spine caused by an age-related loss of bone minerals. As
discussed in Chapter 7, calcium intake and physical activity may
favorably affect the calcium content of bones and delay the onset of
osteoporosis.

These issues and associated topics are discussed in more detail
in the following chapters. Each of the individual authors has
provided background information and research data in an effort to
review and evaluate the important issues. Finally, each author has
provided a summary statement defining the nutrient needs during an
aerobic exercise program.
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Biochemical Adaptations in Skeletal Muscle Induced
by Exercise Training

Ronald L. Terjung and David A. Hood

Department of Physiology, Upstate Medical Center, State University of New York,
Syracuse, NY 13210

Exercise performance seems to be greatly affected by the chronic
level of physical activity experienced by the animal or individual.
For example, differences in the capacity for prolonged exercise seem
obvious between wild and domesticated animals. This 1is probably
due, in part, to inherent biochemical differences between the
muscles of active and less active species (1). Muscles of wild
animals appear darker than those of thelr domesticated counterparts
(2. Further, variations 1in activity patterns due to seasonal
change (3) or hibernation (4), are assoclated with differences in
the enzymes related to oxidative metabolism., Thus, in a general
sense physical activity seems to be associated with biochemical
changes that enhance the muscle's capacity for aerobic metabolism,

Muscle Adaptations

The specific biochemical changes induced by increased physical
activity are well characterized from laboratory studies and have
been the subject of a number of excellent reviews (5-9). The
fundamental change found in skeletal muscle after exercise training
is an enhanced capacity for energy provision via aerobic metabolism.
There 1s an increase in mitochondrial protein content and cristae
component enzymes assoclated with the electron transport. In a
thorough study, Holloszy (10) found that an exercise program of
prolonged treadmill running increased the mitochondrial content of
laboratory rats by approximately 100%. Similar training responses
are found in a wide variety of other animals including man (9,11).
Subsequent morphological studies have shown that the mitochondria of
trained muscles appear to be more abundant (12) and larger (13).
Thus, the cross—section of the trained muscle appears more densely
packed with mitochondria. Mitochondria isolated from muscles of
trained animals exhibit the same dependence on ADP to stimulate and
increase respiration, and are as efficlent in the coupling of ATP
production to oxygen consumption as muscle obtained from sedentary
animals (10). Thus, the increased mitochondrial content represents
a true increase in the potential for aerobic ATP generation within
the muscle. In addition to the greater electron transport capacity,
there 1s also a coordinated increase 1in the enzymes of support

0097-6156/86/0294-0008306.00/0
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2. TERJUNG AND HOOD Biochemical Adaptations in Skeletal Muscle

systems necessary to supply the reducing equivalents for the elec~
tron transport and ATP synthesis. Thus, the capacities for carbo-
hydrate oxidation (14), fatty acid oxidation (15,16), ketone body
oxidation (17), tricarboxylic acid cycle enzymes (18), and mito-
chondrial shuttle pathways (19) are increased by endurance training.
In addition, the content of myoglobin, which is thought to facili-
tate oxygen transfer within the cell (20,21), increases in the
trained muscle (2,22)., Thus, there is a coordinated increase in the
capacity of the trained muscle for ATP provision via oxidative
metabolism. These changes contribute to the darker appearing
muscles of the trained animals. The primary metabolic significance
of the enhanced aerobic capacity is probably related to the control
of energy wmetabolism and a shift in substrate source from carbo-
hydrate to fat in the muscles during submaximal exercise (6,8,23).

Specificity of Adaptations

The biochemical adaptations to exercise training are very specific
to the working muscles. For example, an increase is found in the
hindlimb muscle of treadmill run rats, but not in liver (24) or the
less active abdominal muscles of the same animals (gg). Further,
when a unique training program that exercises only one limb on a
cycle ergometer is employed, the adaptation is induced in the
exercised leg, but not the untrained contralateral leg (13,25).
Thus, the training adaptation is not a generalized response within
the individual. This indicates that the stimulus responsible for
bringing about the biochemical change is specific to the working
muscle and related to the demands placed upon the muscle by the
exercise effort.

Factors that determine the magnitude of the training effect are
fairly complex, due in part to the ordered pattern of motor unit
recruitment found during normal locomotion and/or a specific work
task. The type and intensity of the exercise effort largely deter-
mine which motor units will be utilized to perform the work (26).
Each motor unit within a muscle is composed of a single nerve axon
and the muscle fibers that it innervates. While all fibers within a
given motor unit have the same properties, it is now recognized that
at least three different skeletal muscle fiber types (and thus motor
units) exist in mammals. They differ considerably in their contrac-
tile characteristics, 1in their inherent bilochemical capabilities,
and probably in their response to training. Thus, it is important
to consider the impact of the different types of skeletal muscle
motor units.

Muscle Fiber Types

Mammalian skeletal muscle can be separated into two distinct fiber
populations, based on relative contraction characteristics, and are
referred to as slow-twitch (Type I) or fast—twitch (Type II) fibers.
The slow-twitch fiber type exhibits a relatively low shortening
velocity (27), a low rate of tension development (27), a low myosin
ATPase activity (28) and a low rate of calcium sequestration by the
sarcoplasmic reticulum (29). The converse is true for the fast-
twitch fibers. Since contraction velocity highly correlates with
myosin ATPase activity (30), it is possible to easily identify,
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10 NUTRITION AND AEROBIC EXERCISE

within a muscle cross—section, fast and slow-twitch fibers by the
intensity of staining of the myosin ATPase using histochemical
procedures (31). The slow-twitch fibers are characteristically red
in appearance, indicative of a relatively high mitochondrial content
(14), exhibit a high blood flow (32,33), and have a low glycogeno-
lytic capacity (e.g., phosphorylase activity) (7,34). The fast-—
twitch fibers uniformly possess a relatively high glycogenolytic
capacity (7,34), but can be subdivided by their contrasting capaci-
ties for oxidative metabolism. In fact, the greatest difference in
mitochondrial content for most non—primate mammalian muscle is found
between the fast-twitch red and the fast-twitch white fiber types
(14,35). In humans, the mitochondrial content of slow-twitch red
fibers is typically greater than that of the fast—twitch red fibers
(7,35). Similarly, measurements of blood flows to sections of
muscle, which are primarily composed of a single fiber type, exhibit
large differences consistent with the expected demands of oxygen
supply based on mitochondrial content (32,33). Thus, mammalian
skeletal muscle is typically comprised of three biochemically and
functionally distinct fiber types: slow—twitch red, fast—twitch red
and fast-twitch white. These fiber types are also commonly referred
to as Type I, Type Ila, and Type 1lb, respectively (7).

Contraction performance of these different fiber types is
predictable from a knowledge of their biochemical and blood flow
differences. For example, the slow-twitch red fiber type can con-
tract for long periods of time without a loss in tension development
(36). Although the relatively high functional aerobic capacity must
be important for sustained performance (37), it is also known that
the slow-twitch fiber type requires less energy to maintain tension
(38). Therefore, this fiber type seems well-suited for prolonged
sustained activity such as that required for postural support. The
fast-twitch red muscle fiber is fairly fatigue resistant and capable
of repeated powerful contractions before tension development
declines significantly (36). Although this fiber type has a high
capacity for lactate production (39,40), its performance during
prolonged contraction periods is made possible by its relatively
high functional aerobic capacity (40). In contrast, the fast—twitch
white muscle fiber exhibits a rapid loss of tension development and
is capable of powerful contractions for only a brief period of time
(36). A high rate of glycogenolysis, resulting in a high lactate
content and cellular acidosis, would be found during intense con-—
traction conditions in this fiber type (41).

The slow-twitch muscle fibers are relatively small in diameter
and belong to motor units that are typically the first to be re-—
cruited during any motor task. Thus, during simple muscle activity
required for postural support of standing, the slow-twitch motor
units are very active and, in some cases, function near their max-—
imal force output (42). The fast—twitch red fibers belong to larger
motor units (26) and are recruited for muscle actions that are more
forceful (42). Their recruitment increases, for example, when
running at increasing speeds on a treadmill (42). Finally, the
fast-twitch white fibers belong to large powerful motor units and
are recruited during very intense exercise (43,44) or during ex-
tremely forceful movements such as jumping (42). The relatively
infrequent and specialized utilization of the fast-twitch white
motor units is especially purposeful, since these intense exercise
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efforts and explosive body movements are usually short lived. Thus,
the rapid fatigue and relatively poor endurance performance of this
fiber type (36) do not generally influence muscle function during
moderate exercise of submaximal intensity (43,44). Athough there
can be a significant overlap in the progressive recruitment of motor
unit populations as the intensity of exercise becomes greater, the
general pattern of ordered recruitment from slow-twitch red to
fast—~twitch red and then to fast-twitch white motor units occurs
during most physical activity (45). The skeletal musculature of
those non-primate mammals that have been examined is comprised
primarily of (i.e., 80-95%Z) fast—twitch fibers (46,47). The fast-
twitch fibers are, in turn, comprised of approximately equal por-—
tions of fast—twitch red and fast-twitch white fibers. In contrast
the skeletal muscle of man is comprised of approximately 50% fast-
twitch and 50% slow-twitch muscle (7,48). Although the low-oxida-
tive fast—twitch white muscle fibers are found in humans (7,49),
they typically represent a smaller fraction of the limb musculature
as compared to most lower mammals.

In summary, all mammals possess a large fraction of high—-oxi-
dative muscle. The ordered pattern of motor unit recruitment in-
volves these high oxidative muscle fibers before the low-oxidative
fibers, as exercise intensity progresses from mild, to moderate, to
severe. This progression favors an enhanced exercise performance at
submaximal exercise intensities, since the slow and fast-twitch red
fibers are capable of repeated contractions for long periods of
time.

Important Training Parameters

Several important training variables are known to influence the
magnitude of the biochemical response. These include the duration
of the training program, the intensity of the exercise effort, the
duration of each exercise bout (minutes/day), and the frequency of
exercise (i.e., days/week).

Training Duration. It is intuitively obvious that the duration of
training must be sufficiently long for the maximal response to be
developed. This is due, in part, to the nature of most training
programs that typically progress from relatively mild or moderate
exercise efforts to the more intense exercise bouts that will be
maintained thereafter. Thus, the cellular stimulus for adaptation
is probably continually changing until the peak exercise effort,
that will be routinely sustained for the steady state training
program, is achieved., After this time the full training response
might be expected. However, there is an additional time delay
before realizing the full adaptive change. This additional time is
due to the cellular events associated with the adaptive response
within the cell. In the case of a biochemical change of an increase
in mitochoudrial protein, the fully developed response, representing
the steady state change within the muscle fiber, is dependent upon
the cellular dynamics of protein turnover. Specifically, the rate
at which a new steady state concentration of mitochoudria occurs
within the muscle is dependent upon the degradation rate constant of
the mitochondrial components (50). Since protein degradation is a
first-order process, the time course of mitochondrial content change
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is non-linear and is conveniently considered in terms of half-life.
In this context, the half-life can be considered as the time re-
quired for the mitochondrial content to proceed through one~half the
change, from the existing value, toward the new steady state value
determined by the training stimulus. Although it 1is probable that
the turnover of mitochondria does not occur at the same rate in all
muscle fiber types (51), an average half-1ife of approximately 1
week is a reasonable value for mixed muscle of animals (52,53) and
man (54). Thus, even if the cellular stimulus, sufficlent to
increase cytochrome ¢ to double that normally found, were to occur
instantaneously and remain constant thereafter, only one-half of the
response would be measured when training proceeded for the next
week. Training the subsequent week would then produce another
one-half of the effect, to bring the response to 75% completion.
Each subsequent half-1ife duration would bring about one-half of the
remaining effect. It would then take approximately 5 half-1live
(approximately 5 weeks) to realize nearly 95% of the new steady
state response. Thus, assessing the training response before at
least 5-6 weeks, after achieving a full training program, will
always tend to underestimate the true magnitude of the biochemical
change within the working muscles. This illustrates the need for
the training duration to be sufficiently prolonged for the adaptive
change to fully develop.

The first-order nature of this process raises an important
aspect with regard to detraining. If training Is stopped, for even
a brief period of time, a significant regression of the increase in
mitochondrial content can occur (51-54). Again, the change in
mitochondrial content will be non-linear over time. For example, in
the first week (i.e., first half-life) of detraining, the elevated
mitochondrial content will decline approximately 50% of the way
toward the lower non~trained value (Figure 1), Further, the second
and subsequent weeks of detraining will permit additional declines
in mitochondrial content, each representing one-half of the remain-—
ing fall toward the normal pretraining value. Thus, because of the
first-order nature of protein turnover, the greatest absolute change
in the detraining process occurs initially. This indicates that the
exercise program should be routinely performed, if the peak adaptive
response 1s to be maintained. Hickson (55) has shown that training
induced biochemical changes in muscle can be optimized by running
almost daily (i.e., 6 days/week). This is consistent with the need
to maintain the training stimulus operant withian the muscle con-
tinuously over time. As discussed by Booth (56), if a one week
period of detraining has occurred, a disproportional duration of
training would be necessary for the mitochondrial content to recover
fully, even if the full training schedule 1s quickly reestablished
(Figure 1). Recall that during the adaptive process each week of
training permits only one-half of the change possible. Thus, ap-—
proximately 4 weeks would be required to permit full recovery of the
mitochondrial content. Although this extended period of time would
be needed to recover from the initial decline in mitochondrial
content, the recovery of other training responses, such as altered
blood triglyceride content (57), may follow a very different time
course, Therefore, as discussed below, the existence of relatively
small differences in mitochondrial content may have little impact on
the recovery of exercise performance following a brief period of
inactivity.
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Exercise Intensity. The importance of exercise intensity was first
apparent when comparing the response induced by swimming versus
treadmill running training programs. Swim training does not produce
as great an increase in nmitochondrial content in animals as found
with running (10,58). 1In fact, early studies evaluating an exercise
response with swim training failed to find a significant biochemical
change in the hindlimb muscles (59). It is likely that the weight-
bearing activity associated with treadmill running exaggerates the
celluar stimulus required to induce a large biochemical response.
In general, the greater the exercise intensity the greater will be
the induced response within the working muscles (44,60,61). This
generalization, however, must be tempered by the known ordered
pattern of muscle fiber type recruitment mentioned above (44). This
becomes evident from the data presented in Figure 2, showing the
increase in cytochrome c content (an index of mitochondrial content)
in the three fiber types as a function of intensity of treadmill
running. This figure was generated after first determining the
influence of increasing daily duration of exercise, for training
programs at each running intensity (10, 20, 30, 40, 50, and 60
meters/minute) (44). The peak response obtained for each running
intensity, which usually corresponded to an asymptotic value, was
then plotted against exercise Intensity. This provides a charac-
terization of the intensity influence that is essentially indepen-
dent of the duration of daily exercise (44).

It is apparent that the fast-twitch red fiber section of the
vastus lateralis and the slow—twitch red soleus muscles adapt with a
nearly linear increase in mitochondrial content over the easy—to-
moderate range of exercise conditions (10, 20, and 30 m/min). This
response emphasizes the importance of exercise intensity in inducing
the biochemical change. Indeed, there is a relatively large adap-—
tive change with only small changes in exercise intensity as re-—
flected in treadmill speed. However, it is obvious that the
increase in mitochondrial content, that occurs with increasing
treadmill speed, is not linear. In the case of the fast—twitch red
muscle section, a maximal response was found with training after
speeds of approximately 30 m/min (Figure 2). This corresponds to an
estimated exercise intensity for the rat of approximately 80 - 85%
of its maximal oxygen consumption (62). The brief proportional
response phase up to 30 m/min, together with the plateau, could
account for the apparent lack of an intensity effect observed in
some studies (61). Although this plateau suggests that exercise
intensity is no longer important, a more physiological interpreta-
tion seems appropriate. It may be that this fiber type was
recruited in an increasing manner over the lower speeds, but that a
saturation of this motor unit pool occurred at approximately 30 — 40
m/min, If this were the case, then treadmill running at speeds of
50 and 60 m/min could not be accomplished without the involvement of
additional motor units. These additional motor units may be the
fast-twitch white fibers. There was no change in cytochrome c
content in the fast—twitch white section throughout the mild to
moderate exercise intensity. However, an adaptive change became
apparent in the fast-twitch white section with increasing exercise
intensity above 30 - 40 m/min (Figure 2). This corresponds to the
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Figure 1. The predicted consequences of one week of detraining
and the time of retraining required to recover the full increase
in cytochrome c¢ content (an index of mitochondrial content) in
the working muscle. Note that in one week of inactivity (approx.
1 half-life), nearly 50% of the training effect is lost. Simi-
larly, each week of retraining recovers approx. 50% of the way
toward the full training effect. Since the process exhibits
first-order kinetics, it takes longer to recover fully. "“Repro-
duced with permission from Ref. 56. Copyright 1977, 'New York
Academy of Sciences'.”
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Figure 2. The influence of exercise intensity (treadmill run-
ning) on muscle cytochrome ¢ content in the rat. Red vastus =
fast—twitch red fiber section; Soleus = slow-twitch red fiber
section; White vastus = fast-twitch white fiber section. "Re—

produced with permission from Ref. 44. Copyright 1982, 'American
Physiological Society'.”
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treadmill speeds where the response in the fast—twitch red section
reached a plateau. Thus, the general response to training inten-
sity, illustrated in Figure 2, is consistent with the expected
ordered pattern of motor unit recruitment. These data also illus-—
trate that care must be exercised when interpreting the training
response obtained from mixed muscle sections, where each component
fiber type may be adapting in a quantitatively different manner.
Nonetheless, it 1s clear that the intensity of exercise exerts a
profound influence on the magnitude of the biochemical change.
Further, this response need not be similar for all fiber types. For
example, at the most intense training program of 60 m/min, the
cytochrome c¢ content in the fast-twitch white fiber section was
3.0-fold normal, but only 1.5-fold normal in the fast-twitch red
muscle section. This quantitative difference may be expected, if
the stimulus inducing the increase in oxidative capacity is at all
influenced by the preexisting mitochondrial content within the
muscle fiber. Note that the cytochrome c content in the fast—twitch
red section is approximately 4—~times that of the fast—twitch white
section (see y-axis of Figure 2). Thus, it 1s probable that a
greater training stimulus is needed to bring about an adaptation in
the well-endowed high-oxidative fibers as compared with the low-
oxidative fibers. This is consistent with the general impression
concerning training adaptations. Individuals who possess a rela-
tively high aerobic work capacity must train "harder” in order to
achieve a significant adaptive change (63).

Exercise Bout Duration. The general expectation that training
programs which require longer daily exercise bouts produce greater
adaptations has been found for the biochemical changes 1in muscle
(44,60,64). Although lengthening exercise bout duration appears to
induce a fairly linear increase in mitochondrial content (44,60164),
there is probably a finite range for this relationship. When exer-
cise duration was very prolonged (i.e., 4 hr/day), the adaptive
change was not different from that found when daily exercise in-
volved running 2 hr/day (60). Thus, there is an exercise bout
duration which, when exceeded, does not produce any added increase
in mitochondrial content. Further, it is probable that the rela-
tionship between the biochemical adaptation in muscle and exercise
bout duration can be described as a first order process where the
influence of time is not constant (44). This is illustrated in
Figure 3 for the increase in cytochrome c content in the fast-twitch
white muscle section of trained rats. This relationship indicates
that, during steady state training, the initial minutes of the
exercise bout are the most important in creating the cellular stim—
ulus that induces the biochemical change. The further increase in
this cellular stimulus diminishes as the duration of each exercise
bout 1increases, until an exercise bout duration is reached where
added time has little if any impact. Although little is known about
the exact signal within the cell that produces the increase in
mitochondrial content, it may be in some way influenced by the
existing oxidative capacity of the muscle fiber. For example, the
decreasing importance of exercise bout duration could be explained
if the magnitude of the cellular stimulus were modified by the
adaptive response itself, Thus, the third 15 minute period of
exercise would be expected to induce a smaller effect than the first
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15 minute period of exercise, since there already exists a signifi-
cant adaptive response caused by the initial exercise time period.
Another example may be the exaggerated increase in mitochondrial
content in the low oxidative fast-twitch white section, as compared
to the high oxidative fast-twitch red section, during intense
exercise training. However, unlike a simple change in exercise bout
duration, it 1is not known whether the utilization of each muscle
type was the same during the intense exercise bouts.

Interaction Between Exercise Duration and Intensity. Although
exercise bout duration and intensity are distinct training para-
meters, they also interact to further alter the adaptive response.
This becomes apparent when noting the time necessary to achieve the
maximal adaptive change for each of the running intensities. This
is best illustrated by the response in the fast-twitch white muscle
(Figure 3). The greater the intensity of exercise, the more rapidy
the change in cytochrome ¢ content approaches its peak asymptotic
response. Thus, it is possible to achieve the same adaptive change
within muscle running for a shorter time/day, if the intensity of
exercise is increased accordingly. The factor(s) that change(s)
within the muscle cell enabling the initial minutes of exercise to
produce a greater training stimulus 1is not known. However, the
exaggerated metabolic response that occurs within muscle as exercise
intensity is increased may be implicated. Thus, exercise intensity
affects both the magnitude of the adaptive response, as well as the
exercise bout time necessary to achieve the peak response.

Functional Significance of Training Adaptations in Muscle

The increase in mitochondrial content within trained muscle could
have several significant functional influences during exercise.
First, the greater biochemical capacity for ATP provision via
aerobic metabolism could greatly increase the maximal oxygen con-
sumption of muscle. This would be true if a) muscle could utilize a
greater ATP turnover than evident at maximal aerobic work capacity
prior to training, and b) the greater mitochondrial content was
supplied with sufficient oxygen to support the greater ATP turnover.
Since muscle exhibits a depletion of phosphocreatine (PCr) and, at
times, a reduction in ATP content during severe contraction condi-
tions (37,39,65,66), it is probable that a higher energy utilization
could have occurred if more energy were available to meet the
demand. Thus, the potential that an increased mitochondrial content
might increase the maximal oxygen consumption of muscle probably
rests on the availability of oxygen. An increased supply of oxygen
to mitochondria of contracting muscle would occur if a) there was an
increased extraction of oxygen from the arterial blood flowing
through the muscle, and/or b) there was a greater blood flow through
the muscle (arterial blood oxygen content remains remarkably con-
stant during all intensities of exercise (91). Oxygen extraction
across working muscle during maximal exercise 1s generally very
large (approximately 80% or more), even in untrained individuals
(67). A small increase in oxygen extraction (approximately 10-15%)
across working muscle after training has been observed (63,68), but
not consistently (25,69). Thus, an increase in oxygen supply due to
a greater extraction could not possibly support all of the large
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increase in mitochondrial content (e.g., 100%) typically found with
endurance training. This indicates that blood flow must be in-
creased 1f the greater capacity for oxidative metabolism within the
trained muscle i1s to be utilized maximally. Measurements evaluating
the potential for changes in peak blood flow during maximal exercise
have provided equivocal results (70). Thus, there is little
assurance that training greatly alters maximal blood flow. Recent
evidence, obtained in trained rats using radiolabeled microspheres,
has demonstrated a significant increase in peak muscle blood flow in
muscle of trained rats (71). However, the increase of approximately
40 - 50% was found only in the low oxidative fast-twitch white
muscle fiber section. Although this appears to be a significant
change, its overall contribution to an increase in total body oxygen
consumption of the animal would be rather small, This low mitochon-
drial fiber section receives only approximately 20 - 25% of the
blood flow delivered to the high oxidative fast-twitch red section
(32,33). Therefore, the red muscle fiber types probably account for
at least 80% of the maximal oxygen consumption of the rat (33).
This religates any change in peak blood flow to the fast-twitch
white section due to training as exerting a relatively minor
influence on total body maximal oxygen consumption. Similarly, in
humans, training induces a change in maximal oxygen consumption that
is relatively small (e.g., typically 15 - 25%), compared to the
increase in mitochondrial content induced in the working muscle
(e.g., 54). Thus, it is generally recognized that the full poten-
tial of the enhanced oxidative capacity is not fully realized.

Davies, et al (72) recently reported interesting data which
illustrate the relationship between oxygen transport capacity and
maximal oxygen consumption during exercise. They found, as ex-
pected, that reducing the oxygen transport capacity by decreasing
hemoglobin concentration with an iron deficient diet, greatly
decreased the maximal oxygen consumption during exercise in rats.
During the subsequent iron refeeding period, the time course of the
return of maximal oxygen consumption nicely corresponded to the time
course of the recovery of oxygen transport capacity (i.e., hemoglo-
bin content). Further, when the oxygen transport capacity of iron
deficient rats was returned to normal by infusion of packed red
blood cells, the maximal oxygen consumption during exercise essen-
tially recovered to normal (73). These results illustrate the
general finding that maximal aerobic work capacity is closely
related to maximal cardiovascular transport of oxygen.(74). There-
fore, the functional significance of the adaptive increase in mito—
chondrial content may be related to cellular responses within the
working muscle during submaximal exercise. Oxygen transport is
discussed in more detail in the Trace Element chapter by McDonald
and Saltman.

Cellular Responses in Trained Muscle. Recent evidence, obtained
from appropriate measurements of metabolites within the cell during
contractions, suggests that skeletal muscle of trained individuals
is better able to adjust, as compared to skeletal muscle of un-
trained individuals, to the energy demands of a submaximal contrac-
tion effort. This is apparent since metabolic conditions altered by
contractions within trained muscle change less than in untrained
muscle from that found at rest. For example, the PCr content of
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muscle decreases in proportion to exercise intensity throughout the
submaximal range of exercise (66,75). During moderately intense
contraction conditions, the decrease in PCr content to trained
muscle of rats is less than that of untrained muscle (40). Simi-
larly, the decrease in PCr content during submaximal cycle exercise
(150 watts) in humans was less after physical training (76). Thus,
a greater work output (i.e., energy turnover) can be achieved after
training for the same decrease in PCr concentration.

The decrease in PCr, through the cell's corresponding increase
in inorganic phosphate concentration (77), is thought to contribute
to the cellular signal that stimulates the mitochondria to increase
respiration (78,79). This could be part of the response that
accounts for the tight coupling between mitochondrial ATP production
(and, therefore, oxygen consumption) and the greater energy demands
as exercise intensity increases. If the decrease in PCr contributes
to the cellular signal to accelerate mitochondrial respiration
(78,79), then a higher rate of oxygen consumption seems to occur at
a relatively smaller intracellular signal driving mitochondrial
respiration. This is reasonable since there are more mitochondria
within the trained muscle fiber to respond and rephosphorylate ADP
to ATP (5,23). Thus, trained muscle seems to be able to function at
a given oxygen consumption (work rate) with a smaller metabolic
signal driving mitochondrial respiration; alternatively, trained
muscle can function at a higher oxygen consumption (i.e., work rate)
at the same apparent cellular stimulus as found in untrained muscle
working at a lower oxygen consumption. Thus, it is probable that
the training induced change in mitochondrial content alters meta-
bolic control parameters.

Another influence of the training adaptation may be during the
transition from resting metabolism to the accelerated rate of res-—
piration required by contractions. For example, a higher mitochon-
drial density within trained muscle might effect a more rapid tran-
sition toward a steady state aerobic energy provision at the onset
of contractions. If the energy demands were being better met by
mitochondrial respiration, then the rate of anaerobic energy pro-—
duction could be less. That this occurs is suggested by the cel-
lular content of lactic acid that develops at the onset of con-
tractions (40). Lactate content increased to 13.2+1.31 umole/g in
fast—twitch red muscle of sedentary animals compared to only
7.1+0.84 in trained muscle during the first minute of contractions
(40). These results are typical (25,76,80) and could represent the
favored metabolic situation in trained muscle that contributes to a
more rapid achievement of steady state oxygen consumption (81,82,83)
and a reduced circulating lactate content (76,80) observed after
exercise training.

Altered Substrate Utilization by Trained Muscle. It is likely that
the greater mitochondrial content also serves to alter the energy
substrate wutilized during prolonged submaximal exercise. This
probably contributes to the much enhanced endurance performance
typical of the endurance trained individual. It has -long been
recognized that trained individuals obtain a greater fraction of
their energy needs from the oxidation of fatty acids than untrained
individuals exercising at the same work intensity (cf. 6). The
greater extent of 1lipid oxidation, evident by a lower respiratory
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quotient of trained individuals, has been confirmed by direct
measurements of enhanced 1“002 production from infused labeled
palmitate (84). Although an enhanced concentration of circulating
fatty acids can increase fat oxidation and extend exercise time
(85,86), the increased 1ipid oxidation in trained individuals is
apparent even when circulating fatty acid levels are not different
from that of the non~trained (87). Thus, there is probably some
fundamental alteration within the working muscle to permit the
greater rate of beta oxidation. Recall that an increase in the
capacity for fatty acid oxidation is included in the adaptive
response of a greater mitochondrial content (15). A greater enzyme
content within the muscle could result in a greater rate of fatty
acid oxidation, even when the same fatty acid concentration {s
available for beta oxidation (15). One direct consequence of
obtaining a greater fraction of the energy from fatty acid derived
acetylCoA 1is to lessen the demand for other carbon sources for
oxidation. This would be expected to reduce the rate of glycolysis
and potentially the rate of glycogen utilization in the working
muscle. Recent evidence indicates that enhancing fatty acid
oxidation does, indeed, spare muscle glycogen (85,86,88). These
metabolic changes are discussed in more detail in the following
chapter by Goodman. Since the depletion of muscle glycogen stores
during prolonged submaximal exercise corresponds with exhaustion,
there is now reason to couple the training adaptation of an
increased mitochondrial content within the working muscle to the
marked increase in endurance performance. Specifically, the greater
mitochondrial content permits an enhanced energy supply from lipid
oxidation; this, in turn, retards the rate of utilization of muscle
glycogen, thereby permitting muscle glycogen to be used over an
extended exercise time. Although many other physiological,
metabolic and endocrine changes must be important in the training
process, biochemical adaptations within the working muscles appear
to exert a significant influence on energy metabolism and muscle
performance.

Summary

Routinely performed physical activity, such as cycling or running,
increases one's endurance capacity for prolonged submaximal work.
Associated with this response are biochemical changes within the
working muscles. This includes an increase in the content of mito-
chondria, the cellular organelle where energy (ATP) is produced by
the oxidation of fuels (glucose and fat) in the presence of oxygen.
The magnitude of this increase in mitochondrial content is influ-
enced, in a complex manner, by the intensity and duration of exer-
cise, since not all skeletal muscle fibers may be recruited and
there are marked differences between muscle fiber types. Most
mammalian muscle 1s composed of three different fiber types: 1)
slow-twitch red (Type I) which is relatively slow contracting and
has a high mitochondrial content and endurance capacity, 2) fast—
twitch red (Type IIa) which is relatively fast contracting and has a
high mitochondrial content and endurance capacity, and 3) fast-—
twitch white (Type IIb) which is relatively fast contracting and has
a low mitochondrial content and endurance capacity. These fiber
types are recruited progressively beginning with Type I, then Type
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ITIa and finally Type IIb as the intensity of exercise increases.
Thus, regular physical activity of moderate intensity will increase
the mitochondrial content of primarily Type I and Type IIa fibers,
while proportionally larger increases are induced in Type IIb fibers
during more intense physical training when these fibers are re-—
cruited. One major benefit of enhancing the mitochondrial content
in the working muscles i1s related to the much greater capacity of
the muscle to oxidize fat for energy. A greater supply of energy
from fat serves to preserve the iIntramuscular glucose store
(glycogen) which is in limited supply. Depletion of muscle glycogen
has been implicated as a factor causing fatigue during prolonged
moderately intense exercise (e.g., running for more than 1 hr).
Thus, the enhanced mitochondrial content and its related increase in
fat oxidation probably contribute to the greatly improved endurance
performance following exercise training.
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Influence of Aerobic Exercise on Fuel Utilization
by Skeletal Muscle

Michael N. Goodman

Department of Medicine and Physiology, Boston University School of Medicine,
Boston, MA 02118

During the past decade, we have witnessed a renaissance of
interest in muscular exercise and the potential benefits it may
have on the health of the individual. Evidence is available that
exercise can prevent or at least delay cardiovascular disease,
lower risk factors for atherosclerosis, help in weight reduction
and may help prevent complications of certain diseases such as
diabetes (1,2). The impact physical exertion has had on our
society is quite evident by the numbers of aerobic-related
advertisements in non~scientific publications as well as the
numbers of individuals running, walking or cycling. Years ago
these activities were usually confined to the athlete, and at
that time athletes may have been more concerned with what was the
best foodstuff for maximum performance or endurance rather than
on how physical exertion may prevent complications or delay
debilitating diseases. Nevertheless, the impact of nutrition on
physical performance capacity has been a subject of considerable
interest for numerous years. Even today, individuals who
exercise for health benefits may manipulate their diet so as to
gain better performance capacity. The present review will focus
on a particular aspect of this subject, specifically how the use
of various metabolic fuels are regulated during muscular
exercise. For the most part studies in man will be cited, but
some sections will include reference to animal studies for a
particular emphasis.

The question of wnat fuels are used by the working muscles
during physical performance and the relative importance of each
is not new and has been debated for a long time. Early studies
as far back as 1896 suggested that carbohydrates were the only
fuel that could be oxidized by the working muscles (3,4). It was
only later that studies established that both carbohydrates
(i.e., plasma glucose and muscle glycogen ) and lipids (i.e.,
plasma free fatty acids and muscle triglycerides) could be
utilized by the working muscles. The use of protein as a fuel
also received atteation in early studies, but more recent studies
suggest that its usage by muscle is small in relation to
carbohydrates and lipids (4).
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Some insights intu now carbonydrate and iLipid uctilization
may be regulated during exercise may be gained by comparing
exercise to the metabolism of starvation. As can be seen 1n
Figure 1, exercise and starvation have several features in
common. During starvation, blood glucose falls eariy in tine fast
and then remains remarkably stable. Concomittantly, circulating
lipid fuels (i.e., free fatty acids and ketone bodies) rise. Tne
fall in insulin during the fast probably orchestrates the
increase in lipolysis by stimulating the breakdown of
triglycerides stored in adipose tissue. Although variable
glucagon may rise early i1n the fast and then fall as the fast
is lengthened. A somewhat similar metabolic profile occurs during
exercise, especially if it is of the type that is of light to
moderate intensity with a duration of one hour or longer.

Teleologically, the goal of these metabolic changes is to
maintain a constant fuel supply to the brain while providing the
peripheral tissues such as muscie witn an alternate fuel 1n the
form of lipid (either free fatty acids or ketone bodies) to
replace glucose (5,6). As shown in Figure 2, as fasting
progresses, lipid becomes the most important source of fuel for
muscle, while the use of carbohydrate diminishes. This is
reflected in a fall of the respiratory quotient across muscle.
During exercise, carbohydrate is of prime importance as a fuel
during the early minutes. As exercise progresses, lipid becomes
a more impourtant fuel. However, carbohydrate oxidation is not
negligible and seems important in preventing exhaustion. In
elite ultra distance runners wno can remaln active for 24 hours,
lipid becomes the sole fuel as glycogen stores in the muscle
become exinausted (7). The respiratory quotient at this time is
about 0.7. These elite runners also experience a marked
reduction in power output indicating that somehow muscle glycogen
may be important in maintaining maximum efficiency during
exercise.

Thus, it is evident that the mobilization and provision of
lipid to muscle during exercise, like during starvation,
restricts the usage of carbohydrate. If this did not occur
during exercise, glycogen stores within muscle (as well as in the
liver) would be depleted more rapidly than normal and may
significantly limit the duration of exercise. Hypoglycemia could
also result and limit performance.

Fuel reserves of the body

The importance of regulating carbohydrate stores within muscle
(and liver) during aerobic work can be readily appreciated when
one considers that the distance of a marathon (26.2 miles) is
completed by top runners in about 130 minutes with a total energy
expenditure of about 2,600 kiiocalories, roughly 20
kilocalories/minute (8,9). One of the problems in completing the
distance 1n such time is the provision of sufficient fuel to
satisfy the rate of energy expenditure. As shown in Table I, the
largest fuel reserve in the body 1s triglyceride located
primarily in adipose tissue with a smaller amount in skeletal
muscle. Compared to the triglyceride stores, a much smaller
amount of fuel is available as glycogen stored within liver and
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Figure 1 - Effect of starvation and exercise of moderate

intensity on the concentrations of blood glucose, lipids (free
fatty acids and ketone bodies), insulin and glucagon. Data frum
Cahill (5) and Felig and Wahren (l1).
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muscle. Altuougn protein nas been omitted, the caloric value of
protein in the body may account for 15% of the body fuel
reserves; nowever, its usefullness as a fuel is limited because
its consumption would necessitate the dissolution of skeletal
muscle.

It can be seen in Table I, that if a normal 70kg man were to
undergo total starvation and remain in the basal state he could,
in theory, survive for about 6U days with nis fuel requirements
being met by triglyceride breakdown. On the other hand, at this
basal rate of metabolism, carbohydrate stures would be diminished
within a day. If this individual were to run a marathon (20
kcal/min), triglyceride stores could provide energy for about 5
days, whereas, carbohydrate stores for only 90 minutes. The
latter is probably an ouverestimation, if one considers that not
all muscles would be used during the rum and that the
conversion of carbohydrate oxidation to ATP generation is not at
100% efficiency. With this consideration carbohydrate stores may
provide energy for perhaps 60 minutes, far short ot the time
needed for completion of a marathon.

Factors Regulating Fuel Utilization during Aerobic Performance

From the above discussion, it is evident that the provision of
fuel for the muscle is s major limiting factor during exercise
and selection of fuels for oxidation by the muscle is of
considerable importance in delaying tnec onset of fatigue,
especially in the type of exertion that may go beyond 10 or 20
minutes. A aumber of factors can regulate fuel utilization
during exercise including 1) muscle fiber type, 2) duration and
intensity oif exercise, 3) physical truining and 4) diet.

Muscle Fiber Types. Skeletal muscle is usually classified
according to its fiber type. This classification is based wupon
staining properties of some muscle enzymes as well as measurement
of biochemical markers (10). In man, muscle fibers are
classified as being of either type I or type Il (A or B) (Table
11). Type 1 fibers are slow-twitch highly oxidative fibers with
a high capillary density. These characteristics usually confer a
high capability for lipid oxidation. Type IL fipers on the other
hand are fast—twitch fibers. Type IIA fibers are somewhat
similar to those of type I in that they also nave a moderately
high oxidative capacity; in addition, they have a moderately high
glycolytic capacity. lype LIB fibers also have a nigh glycolytic
but low oxidative capacity.

One can usually predict from these various characteristics
whether or not a particular muscle would be more involved in
endurance versus sprint activity as well as the fuel or fuel
mixture used. For example, as discussed in the preceding
cnapter by Terjung type I and 1IA fibers are more involved with
endurance performance relying on a fuel mixture of both lipids
and carbonydrate. Un the other nand, type l1b fibers are more
involved with short sprint-type of activity with a fuel
dependence almost exclusively on carbohydrate. The fiber
composition of muscle from a few animals and man is shown in
Table 111. Animals raised for quick "stop and go" activity
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Table 11 Characteristics of Different Fiber Types

Characteristics Muscle fiber type
I I1A 1.B

1. Myofibrillar ATPase slow-twitcn tasc=twitch fast-twitch
2. Mitochondrial eyzymes high intermediate low

3. Glycolytic enzymes low intermeaiate high

4. Lipids high intermediate low

5. Glycogen same same same

6. Capillary density high intermediate low

Data from Saltin et al. (10).

Table I11I. Fiber Composition of Muscle from
Horses, Dogs and Man

Percentage fiber composition

Type 1 Type 11
dorse
Quarterhorse 7 93
Dog
Greynound 3 97
Man
Untrained 53 47
Sprinters 24 76
Elite runners 79 21

Data from Newsholme and Leech (7).

In Nutrition and Aerobic Exercise; Layman, D.;
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(quarterhorse) or very shorc distance speed running (greyhound)
have a high proportion of type II muscle fibers. 1n man,
individuals cousidered non-athletes or untrained have an equal
number of type I and II fibers, whereas, sprinters have a
preponderance of type 1i fibers and elite distance runners more
type I fibers. It is intriguing that some individuals have a
high proportion (70-80%) of either type 1 or Il fibers. It
remains to be determined whether or not this is due to a genetic
predisposition.

Duration and intensity of Exercise. A key factor regulating
carbohydrate as well as 1lipid utilization during aerobic
performance 1s botn the intensity ot the exercise as well as its
duration. As shown in Figure 3, the increase in glucose uptake
by the working leg muscles is an early event, and the uptake is
proportional to the work load (11-13). After several hours of
exercise, leg glucose uptake begins to fall possibly as a result
of a fall in blood glucose indicating that liver glycogen stores
are nearing exhaustion. It is noteworthy that the increase in
muscle glucose uptake occurs as insulin levels in plasma fall
(Figure 1) indicating this response is not mediated by increased
secretion of insulin (12). Whether insulin is permissive for this
response remalns to be determined (14). Early in the exercise,
leg glucose uptake is matched by splanchnic (i.e. liver) glucose
output but as liver giycogen becomes depleted splanchnic glucose
output falls (11,12). Glycogen breakdown within working muscles
also occurs during the early stages of exercise and its breakdown
is proportional to the workload (15) (Figure 4). At high
workloads {80% of VO, max), glycogen depletion occurs rapidly and
limits duration of the exercise. Its depletion is more gradual
with light to moderate exercise and may not be a limiting factor
until late in the exercise. Like glycogen, muscle triglyceride
breakdown can also occur during exercise (15) however, this has
not been as well studied as muscle glycogen breakdown to indicate
whetner or not its degradation is also influenced by intensity
and duration of exercise. On the other hand, it has been shown
that uptake of free fatty acids from plasma by working muscle
increases steadily during exercise (11,12).

From measurements of the uptake of glucose and free fatty
acids and glycogen breakdown by the working muscles, one can
estimate the contribution made by each fuel to the total
oxidative metabolism. As shown in Table IV, during the first
several hours of iight to moderate exercise the majority of the
fuel for the muscle is derived from plasma glucose and muscle
glycogen. Between 3-4 hours, plasma free fatty acids become the
more important fuel, as plasma glucose levels fall and muscle
glycogen becomes depleted. Although muscle and plasma
triglycerides are also utilized during exercise, their
contribution to total oxidative metabolism during prolonged
exercise is not precisely known since their pattern of usage
throughout ¢xercise has not been well determined. One may
speculate, however, that like fatty acids their contribution to
the fuel metabolism of muscle may rise as exercise 1s prolonged.

In Nutrition and Aerobic Exercise; Layman, D.;
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Figure 3 - Leg glucose uptake during bicycle exercise. Lata from
Wahren (12) and Wahren et al. (13).
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Figure 4 -~ Glycogen depletion from the quadraceps femoris during
exercise. Data from Essen (15).
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Physical Training. Programs of light to moderate endurance
exercise (i.e. training) have been found to increase the
respiratory capacity of skeletal muscle (16,17). This response
is associated with both an increase in the number of mitochondria
as well as amounts of oxidative enzymes. As shown in Tabie V,
the adaptive response to training involves increases in oxidative
enzyme activities in all muscle fiber types. This indicates that
the major factor that determines the respiratory capacity of a
muscle fiber appears to be its contractile activity; the wmore
frequently a muscle fiber contracts the greater its mitochondrial
content and oxidative capacity. In contrast to changes in
mitochondrial oxidative enzymes, many of the enzymes of
glycolysis either do not change or may even decrease following
training (17,18). This adaptation is specific to endurance
exercise since strengtn exercise (i.e. weight lifting} which can
result in muscle hypertrophy, does not induce an increase in
muscle mitochondria (8).

Due to the adaptive increase in the respiratory capacity of
muscle physically trained individuals derive a greater proportion
of their energy from oxidation of fat and less from carbohydrate
during submaximal exercise (17,19). Ample evidence suggests that
depletion of body carbohydrate stores can piay an important role
in the development of physical exhaustion during prolonged
exercise (16,17,20). Une mechanism by which training may
increase endurance appears to involve a glycogen-sparing effect.
Direct measurements of muscle glycogen in man and animals
following submaximal exercise have shown that its content
decreases more slowly following training (17,20). It is also of
interest that physical training can lead to less hepatic glycogen
depletion following submaximal exercise (20). The beneficial
effect of this adaptation is to protect the trained individual or
animal against hepatic glycogen depletion and the development of
hypoglycemia during prolonged exercise.

Diet. There is a widely held notion that a high muscle glycogen
content prior to a distance run can enhance performance and
delay exhaustion. Indeed this has led to the popular belief that
"glycogen loading" diets several days prior to a distance run may
prolong endurance and performance {(see ref 7). Too elevate
muscle glycogen, its level is first depleted by running at a
moderate to high intensity for a prolonged time. For the next 2Z-
4 days prior to a distance run, a diet high in carbohydrate
(pasta and breads) is consumed. During this time daily training
bouts can continue. This regimen successfully leads to muscle
glyocgen contents higher than normal a phenomenon termed
"supercompensation”. As can be seen in Table VI (Group 1), human
subjects undergoing a "glycogen loading" regimen prior to a
distance run of moderate intensity had a high glycogen content
and could run significantly longer than subjects consuming a
mixed or a low carbohydrate diet. On the other hand, several
studies have suggested that diets low in carbohydrates that
reduce muscle glycogen may not be at all deleterious or reduce
duration of exercise. In one study by Phinney et al. (21), obese
individuals were placed on a weight reducing diet consisting of a
high quality protein ("protein sparing modified fast'"). As shown
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Table V. Effects of Training on Mitochondrial Enzyme
Activity of Rat Skeletal Muscle
Fiber types
Enzyme Group 11IB 1IA I
Citrate synthase Sedentary 10.3 36 23
Trained 15.5 70 41
Carnitine palmityl- Sedentary 0.11 0.72 0.63
transferase Trained 0.20 1.20 1.20
3-hydroxybutyrate Sedentary not detectable 0.14 0.34
dehydrogenase Trained 0.03 U.8u 0.88
Cytochrome oxidase Sedentary 167 830 621
Trained 339 2041 1347

Enzyme activites in umole/g.min. except cytochrome oxidase which is

in ul O9/g x min.

Data from Baldwin et al. (16).

Table VI. Effect of Diet on Muscle Glycogen Content

and Duration of Exercise

Subjects Diet Muscle glycogen Duration of
content before exercise
exercise
(umol/g) (minutes)
Humans Normal mixed diet 97 116
Low carbohydrate diet for 3 days 36 57
High carbohydrate diet for 3 days 1U3 166
(glycogen loading)
Humans Normal mixed diet 85 168
Low carbohydrate diet for 6 weeks 58 249
Rats Normal chow diet 54 36
Low carbohydrate diet for 5 weeks 40 47

Data in group 1 from Bergstrom et al. (38), Group 2 from Phinney et
al. (21), and Group 3 from Miller et al. (22).

In Nutrition and Aerobic Exercise; Layman, D.;
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in Table VI (Group 2), after 6 weecks on this diet muscle
glycogen was reduced but the ability of these individuals to
remaln active at a low intensity exercise increased by 504, 1In
another study (22), rats fed a low carbohydrate (high fat) diet
for 5 weeks were able to tolerate an intense treadmill run longer
than rats on a normal diet (Table VI, Group 3). Thus, diets
that may actually lower muscle glycogen content are not always
associated with reduced performance., It is conceivable that in
groups 2 and 3 the primary fuel for the working muscles were
provided by free fatty acids and triglycerides resulting in
sparing of glycogen. 1f such was the case, it may help explain
why exercise duration was prolonged. It would also re-emphasize
that protection of glycogen stores are improtant in delaying the
onset of exhaustion during exercise.

More acute dietary manipulations have also been shown to
modify exercise performance. When free fatty acid levels were
artificially raised in rats by giving corn oil plus heparin, they
were able to run about 50% longer than control rats before
becoming exhausted (9,23,24). This was associated with a
glycogen~sparing effect during the run in that both blood glucose
and muscle giycogen declined more siowly. In this sssociation
the glycogen-sparing effect was postulated to be due to an
enhanced oxidation of fatty acids. On the other hand, glucose
ingestion during prolonged light-intensity exercise resulted in
augmented uptake and oxidation of glucose by working muscles in
association with diminished lipolysis (25,26). 1t is also
thought that exogenous glucose may reduce endogenous glycogen
breakdown (26).

Biochemical Regulaztion of Fuci Utilization during Exercise

The previous sections have indicated that both carbohydrates and
lipids can be utilized by muscle during aerobic performance. Due
to the small reserve of carbohydrate in the body ( Table 1), its
use as a fuel is limited. To obtain maximal performance during
endurance running (i.e., marathon), both carbohydrate and lipid
fuels must be used simultaneously (7). As much fatty acid as
possible must be oxidized to allow the limited carbohydrate
reserves to last for the duration of exercise. Hypoglycemia
must be prevented and glucose must be supplied to the brain at
all times. 1his carbohydrate sparing at the expense of fatty
acid oxidation has been proposed to be facilitated by a specific
iatracellular coatrol mechanism. It is well documented that
glucose uptake, glycolysis, glycogen breakdown and pyruvate
oxidation are¢ inhibited in the heart by oxidation of fatty acids
(27). Randle and coworkers (27) proposed that this inhibition
of carbohydrate utilization by fatty acids was a general
phenomenon. This inhibition is mediated by the rise in muscle
acetyl-CoA, citrate and glucose~6-phosphate during fatty acid
oxidation (Figure 5). An increase in the acetyl-CoA ratio will
inhibit pyruvate dehydrogenase and reduce carbohydrate oxidatiou;
citrate produced within the mitochondria will be transported into
the cytoplasm and will inhibit phosphofructokinase thereby
restricting glycolysis; and the resultant rise in glucose-6-
phosphate can inhibit hexokinase restricting glucose uptake by
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Figure 5 - Interaction of carbohydrate snd lipid metabolism
during exercise. G6P, glucose-6-phosphate;F6P, fructose-6--
phosphate; FDP, fructose-1,6-diphosphate: Pyr, Pyruvate; FFA,
free fatty acid TG, triglyceride; HK, hexokinase; PL,

phosphorylase; PFK, phosphofructokinase and PDH, pyruvate
dehydrogenase.
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muscle. There is also evidence that a rise in glucose-6-
phosphate may inhibit glycogen breakdown (7). Although this
mechanism 1s operative in cardiac muscle, studies using skeletai
muscle (incubated in vitro or perfused in situ) have not always
demonstrated an inhibitory effect of fatty acids (or other lipid
fuels) on glucose metabolism (28-30). When demonstrated, it has
been confined to those muscles that have a high capacity to
oxidize lipid fuels such as type 1 and IIA fibers (29,30).

As noted previously, like skeletal muscle, glycogen
depletion in liver during endurance exercise is much less in
trained animals and in animals who have had free fatty acids
artificially elevated. No evidence exists that the mechanism
proposed by Randle to account for the inhibition of carbohydrate
metabolism in muscle by oxidation of fatty acids is operative in
the liver. Thus other factors must be responsible for the slower
rate of liver glycogen depletion in these situations. Such
factors may include a smaller increase in catecholamine levels, a
smaller reduction in insulin levels, and a smaller reduction in
blood flow to the liver during exercise (19,20).

Carbohydrate Metabolism Following Exercise

Foilowing exercise, glucose uptake by the previously working
muscles does not fall to pre-exercise levels but remains elevated
(31). Teleologically, this would ensure that muscle glycogen
stores depleted during exercise are rapidly replenished upon
cessation of exercise. Recent studies in the rat have shown tnat
following exercise, glucose transport and glycogen synthesis in
skeletal muscle are enhanced due at least, 1n part, to an
increase in insulin sensitivity (32-36). It was also shown that
the increase in insulin sensitivity occurs predominantly in
muscle fibers that are deglycogenated during exercise, in other
words, in the active muscles (33). The precise mechanism for the
increase in insulin sensitivity following exercise is not known
nor is 1t associated with an increase in insulin binding to its
receptor on the muscle cell (34-36).

Summary

During the early minutes of exercise, carbohydrate (plasma
glucose and muscle glycogen) is the predominant fuel for the
working muscles. When the exercise is prolonged and intensive,
carbohydrate remains a predominant fuel with lipids (plasma free
fatty acids and muscle triglycerides) being of lesser importance.
When the exercise is of moderate intensity, lipids eventually
become the primary fuel as carbohydrate stores are reduced.

After training, which increases the oxidative capacity of
the muscles, lipid fuels become the major energy source of the
working muscles during prolonged exertion sparing carbohydrate
utilization.

Both low and high carbonydratc diets can increase exercise
duration; however, low carbohydrate diets may diminish the power
output or VO, max during exertion. Althouth diets high in
carbohydrate or fat (low carbohydrate) may enhance exercise
performance, it is recommended that a mixed diet be consumed by

In Nutrition and Aerobic Exercise; Layman, D.;
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those

undertaking exercise for healtn benefits or weight

reduction.

During recovery from exercise, glucose uptake by the

previously working muscles remains elevated. This is due, in
p<rt, to an increase in the sensitivity of muscle to insulin,
facilitating glycogen repletion.
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Protein and Amino Acid Metabolismm During Exercise

Donald K. Layman and Melissa K. Hendrix

Department of Foods and Nutrition, Division of Nutritional Sciences, University of
Illinois, Urbana, IL 61801

Athletes associate performance with diet. Meat became a staple of
ancient Greek and Roman athletes as they attempted to achieve the
strength and endurance of carnivorous members of the animal
kingdom. As knowledge of nutrition and muscle physiology
increased, athletes became convinced that to increase muscle mass
and strength required increased dietary protein. However,
nutrition textbooks (1,2) and the Recommended Dietary Allowances
(RDA's) established by the National Academy of Sciences (3) state
that there is little or no need for extra protein for exercise.

Review of the nutrition and exercise literature indicates
that physical activity produces changes in protein metabolism.

A few of these changes are increased urinary nitrogen, increased
nitrogen in sweat, and increased protein mass of muscles. These
physiological changes, which suggest an increased need for dietary
protein, together with the renewed popular interest in exercise
have led to a reevaluation of protein utilization during exercise.
Aspects of this topic have been addressed in other recent reviews
(4,5,6).

To examine the influence of exercise on protein metabolism,
it is important to consider the differences between types of
exercise. The previous chapters by Terjung and Goodman have
examined the effects of exercise intensity and duration on
different muscles and the primary fuels required for specific
activities. For the purpose of this chapter, exercise will be
classified as anaerobic or aerobic. These terms indicate
metabolic differences and imply differences in intensity and
duration. Anaercbic activities are of brief duration and at, or
approaching, maximum exertion. Anaerobic training emphasizes
strength and frequently results in muscle hypertrophy. Aerobic
exercise features prolonged activities at less than maximum
exertion. Training emphasizes endurance work and results in
increased oxidative capacity of the muscles with little or no
change in muscle mass. Thus, the type of exercise can influence
muscle mass and the amount of muscle proteins and presumably the
needs for dietary protein.

To conceptualize amino acid metabolism, it is useful to
consider a model which describes the flux of amino acids through

0097-6156/86/0294-0045%506.00/0
© 1986 American Chemical Society

In Nutrition and Aerobic Exercise; Layman, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1986.



46 NUTRITION AND AEROBIC EXERCISE

free amino acid pools. The most commonly used model is one that
features a single amino acid pool which accounts for the flux of
amino acids to protein synthesis or oxidation from a single
homogeneous pool (7,8).
FREE
INTAKE -===- — AMINO ACID «—=---- — PROTEIN

PQOL

e

OXIDATION

As the model suggests, the dietary need for amino acids is
determined by the rates of depletion of the free amino acid pool
by oxidation or synthesis of protein. During steady state
conditions, the contribution to the free pool from dietary intake
and protein breakdown should be exactly balanced by the flux out
of the pool to synthesis and oxidation. Any condition that
increases deposition of protein in the body or the rate of amino
acid oxidation should produce an increased need for protein. For
example, muscle hypertrophy is dependent on a positive balance of
the protein turnover process. If synthesis of protein exceeds the
catabolism of protein, then muscle mass will increase and the free
amino acid pool would be depleted. Thus, a net increase in
protein requires an increase in intake or a decrease in oxidation.
Likewise, the same arguments hold for an increase in oxidation of
amino acids.

Amino Acid Metabolism Associated with Anaerobic Exercise

Specific exercise such as weightlifting can increase muscle mass
(9,10). while the potential to develop muscle mass is
established, the metabolic changes that lead to these changes
remain unclear. Relativaly few studies have examined amino acid
metabolism during exercise-induced hypertrophy. The primary
reason for the lack of information is the absence of a convenient
animal model for weightlifting studies. Human studies utilizing
nonradiocactive, stable isotopes have not yet been done.

while few studies exist that are designed to evaluate amino
acid metabolism during and after anaerobic exercise, some insight
into changes in protein synthesis can be gained from studies that
produce muscle hypertrophy using novel surgical procedures or
mechanical stimulations. One series of studies from the
laboratory of A.L. Goldberg examined hypertrophy of specific
muscles after surgical removal of a synergistic muscle (11,12).
These investigators utilized the triad of muscles extending from
the knee to the ankle on the back of the hind limb of rats. These
three muscles, the soleus, plantaris, and gastrocnemius, serve to
extend the ankle joint. Specifically, Goldberg and his colleagues
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severed the achilles tendon of the gastrocnemius and observed the
changes in protein synthesis in the soleus and plantaris muscles
as these muscles hypertrophied under the functional overload in an
attempt to maintain the ability of the animal to extend the foot.
This treatment produced a 40% increase in the weight of the soleus
and a 25% increase in the weight of the plantaris by 5 days after
they were surgically overloaded. These investigators demonstrated
that there was a corresponding increase in protein content and
related increases in RNA content, ribosome activity, and
incorporation of amino acids into protein. They concluded that
muscle hypertrophy was produced by a dramatic increase in protein
synthesis.

A second experimental model that may approximate
weightlifting exercise is "stretch-induced hypertrophy” (13,14).
As the term implies, stretch-induced hypertrophy consists of
producing muscle hypertrophy by forcing a muscle into full
extension through the use of weights or a plaster cast. The
metabolic changes are similar to the surgical model. Stretch will
produce a rapid increase in muscle weight and protein content and
in the rate of protein synthesis (Table 1). These investigators
estimated the rate of protein degradation and concluded that
protein degradation was also elevated but hypertrophy occurred
because the increase in synthesis exceeded the increase in
degradation (14).

Table 1. Changes in Protein Turnover in Anterior Latissimus Dorsi
Muscles of Chickens During Stretch-Induced Hypertrophy

Time Synthesis Degradation
(days) (%/day)

0 16.5 16.5

1 33.0 21.6

3 32.5 23.0

7 31.3 27.5

Synthesis measured using the constant infusion of l“C-proline
and degradation calculated as the difference between the rate of

synthesis and the rate of protein accretion. From Laurent et al.
(14).

These experimental models indicate that muscle hypertrophy
occurs through increases in protein synthesis and suggest that
weightlifting should require increased dietary protein. The
confusion is derived from the interpretation of the quantity of
protein needed to meet this increased need. The RDA's state that
"there is little evidence that muscular activity increases the
need for protein, except by the small amount required for the
development of muscles durlng cEPdlt oni % The amount has been
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fip?rted to be a maximum of 7 grams of additional protein per day
35).

~ The impact of 7 grams of protein per day on the American diet
is virtually negligible. The daily protein needs range from
approximately 40 to 90 grams per day (0.8 grams per kilogram body
weight), while the average American consumes nearly twice the need
or about 110 grams per day. Thus, the increased need for muscle
hypertrophy should be adeguately met by normal intakes without
supplementation.

Though the amount of muscle protein gained per day during
weight training does not justify an increased protein intake, many
athletes believe that high levels of protein are essential to
stimulate maximum muscle development. However, as shown in
Fig. 1, intakes of protein above the requirement produce no
stimulation of protein synthesis. By feeding different levels of
protein to rodents, we found that maximum muscle mass and the
maximum rate of protein synthesis were achieved at relatively low
levels of dietary protein and intakes two or three times this
level produced no additional stimulation (16).

Goldberg and his colleagues provided further evidence that
dietary protein is not a limiting factor for muscle hypertrophy
(12). Using their surgical model for compensatory hypertrophy,
they found that the increase in protein synthesis and muscle mass
could occur during periods of total starvation. Thus, hypertrophy
of specific muscles was produced by the selective training,
workload, or stretch put on that muscle and was not dependent on
diet. Obviously, the total muscle mass of the body cannot be
increased during total starvation, but Goldberg's work suggests
that the body is capable of redistributing protein to achieve a
functional need of specific muscles.

In summary, anaerobic exercise can induce muscle hypertrophy
which requires some additional protein beyond maintenance needs.
However, the rate of protein accretion suggests that the increased
need is not more than 7 grams of protein per day. Relatively few
studies have determined changes in protein turnover during and
after anaerobic exercise. It has not been established if any
changes occur in the efficiency of protein gain during anaerobic
exercise or if the timing of protein intake relative to the
exercise is important.

Amino Acid Metabolism Associated with Aerobic Training

The role of protein and amino acids as a source of energy during
exercise is unclear. Astrand (17) suggested that "fuels for
working muscles are limited to carbohydrate and fat." Statements
such as this one suggest that protein is not used as a fuel.
However, if we examine the composition of the American diet for
nongrowing adults this statement appears to be an
oversimplification. Protein accounts for approximately 12% of the
daily caloric intake with 46% derived from carbohydrates and 42%
from lipids (2). The potential for use of amino acids for energy
was further supported by Cahill (18). In his publication
"Starvation in Man," he reported amino acids to be an important
energy source during starvation. Specifically, protein breakdown
in skeletal muscle served as an important source of substrate for
the process of gluconeogenesis.
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Figure 1. The rate of protein synthesis in soleus muscles from
rats fed different levels of dietary protein. Synthesis was
measured as the incorporation of a radioactive amino acid
(tyrosine) into muscle proteins. Data from Ref. 16.
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Reviews by Ruderman (19) and Adibi (20,21) indicate that the
branched-chain amino acids, particularly leucine, have an
important role along with alanine in gluconeogenesis. Leucine and
the other two branched-chain amino acids are catabolized in
skeletal muscle. The nitrogen that is removed from the branched-
chain amino acids in skeletal muscle is combined with pyruvate and
retumed to the liver as alanine. In the liver the nitrogen is
removed for urea production and the carbon chain is utilized as
substrate for synthesis of glucose. Adibi et al. (22) reported
that during the catabolic conditions of starvation, oxidation of
leucine and fatty acids increases in skeletal muscles. While
glucose oxidation is reduced, the capacity for oxidation of the
fatty acid palmitate more than doubled, and leucine oxidation
increased by a factor of six.

Ahlborg et al. (23) extended these findings using six
untrained adult males exercised at 30% VOpngx On a bicycle
ergometer. They examined changes in bloog ievels of amino acids
before and after 40 minutes of aerobic exercise (Table 2). They
measured arterial/venous differences across the leg muscles versus
the splanchnic bed and found significant differences in blood
levels of alanine and the branched-chain amino acids. Alanine is
removed from the blood by the liver for gluconeogenesis and the
uptake was increased by exercise. On the other hand, leucine and
isoleucine are released by the liver and taken up by skeletal
muscles. Both the release by liver and the uptake by muscles are
increased during exercise. These data demonstrate a change in
amino acid flux during exercise which is an increase in the
release of branched-chain amino acids from viseral tissues to
skeletal muscles and the return of alanine as a precursor for
glucose synthesis.

Table 2. Arterial-Venous Difference in Amino Acid Uptake During

NUTRITION AND AEROBIC EXERCISE

Exercise
Splanchnic Exchange Leg Exchange
Amino Acid (umol/min) (umol/min)
Rest 40 min. Rest 40 min.
Alanine 58 90 =30 -45
Leucine - 2.2 -~ 8.8 - 0.8 13.2
Isoleucine - 1.0 - 2.9 - 0.4 8.2

Six untrained males were exercised for 4 hours at 30% VOppax ON
a bicycle ergometer. Positive numbers indicate uptake and
negative numbers indicate release. From Ahlborg et al. (24).
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Subsequently, Dohm et al. (24) demonstrated an increased
production of carbon dioxide from leucine during exercise. They
found a 50% increase in COp production in muscle tissue from
trained rats. The study by Dohm et al. (24) utilized a
motor-driven treadmill with an eight degree incline and ran the
animals at 35 meters per minute for 60 minutes per day, 6 days per
week. These experimental conditions produce an exercise intensity
of 75-80% of VOppay- This program was used for 6 to 8 weeks.

The effects of exercise on branched-chain amino acids may be
unique. The branched-chain amino acids are essential in the diet
and are uniquely catabolized in skeletal muscles. These amino
acids may provide an energy source for muscles or may serve an
intermediate role in maintaining blood glucose through production
of alanine via transamination with pyruvate in muscles (19).

The uniqueness of leucine can be further demonstrated by
examining muscle protein synthesis. We have shown that leucine
has the ability to stimulate protein synthesis in muscles during
catabolic conditions such as starvation (25). Using a large dose
of leucine, protein synthesis can be stimulated 50% in muscles
from starved rats. The significance of this effect remains
controversial; however, the in vitro activity is clear and
emphasizes the unique metabolic potential of leucine.

These studies have demonstrated that exercise affects amino
acid metabolism with specific effects on leucine. Dohm et al.
(26) extended these findings by studying the influence of exercise
on protein synthesis in perfused rat muscles. They demonstrated
that exercise decreased the rate of protein synthesis and that the
level of exertion was important to the magnitude of the effect.
Mild exercise produced by swimming rats for one hour decreased
protein synthesis by 17%. While more intense treadmill running
reduced synthesis by 30% and an exhaustive run of three hours
inhibited synthesis by 70%. These data suggest that exercise may
produce a catabolic condition in muscles which would make amino
acids available for oxidation and that this effect is dependent on
the intensity and duration of the exercise.

Using exhaustive running, Dohm et al. (27) examined the
magnitude of the catabolic effect. They ran rats at 28 meters per
minute for 4 hours and measured the excretion of urinary urea and
3-methylhistidine (Table 3). Urea excretion increased by 31%
during the first 12 hours after the exhaustive bout of exercise,
but returned to normal during the next 12 hours. It is interesting
to note the delayed effect. During exercise there is decreased
renal clearance and the blood urea increases. Post-exercise urea
increases in the urime. Urinmary 3-methylhistidine, which is an
indicator of the rate of muscle protein breakdown, also increased
after the exercise. However, the increase in the 3-methylhistidine
did not occur until 12 to 36 hours after the exercise. Based on
these findings, these investigators estimated that 15 to 20% of
the energy for endurance exercise may come from protein. If this
is true aerobic exercise could double the dietary need for protein.

The suggestion that exercise produces a catabolic condition
was further supported by Rennie et al. (28) studying aerobic
exercise in humans. They exercised six male subjects on a
treadnill for 3 3/4 hours at 50% VOppax @nd measured the rates
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Table 3. Effect of Exhaustive Running on Protein Metabolism in

NUTRITION AND AEROBIC EXERCISE

Rats
Urea Excretion 3-Methylhistidine Excretion
Time After {mmol/kg) (mmol/kg)
Exercise Control Exerclsed Control Exercised
First 12 hrs. 10.0 13.1% 9.4 10.4
Second 12 hrs. 15.8 17.7 7.8 11.4%
Second 24 hrs. 24.6 28.4 17.8 21.4%

From Dohm et al. (27).

of protein synthesis and degradation (Table 4). During the
exercise, the rate of synthesis decreased by 14% while the rate of
degradation increased by 54%. This study is also important
because it is one of the few studies to make measurements both
during and after the exercise bout. Post-exercise the rate of
synthesis increased above the initial levels suggesting the
recovery pattern after the exercise. These post-exercise results
are important in assessing the impact of exercise on the
nutritional requirement.

Table 4. Protein Turnover at Rest, During, and After Exercise

Synthesis Degradation

(mg of nitrogen/kg x hr)

Rest 33.0 + 2.0 26.5 + 2.1
Exercised 28.4 + 1.6 40.9 + 2.6
Post-exercise 40.3 + 1.9 35.4 + 1.2

Six male subjects were exercised on a treadmill for 3.75 hours
at 50% VOppgax- From Rennie et al. (28).

The mechanism that produces increased amino acid oxidation
during exercise is unknown. White and Brooks (29) demonstrated
a relationship of amino acid oxidation to use of blood glucose.
Concomitant with increases in the intensity of exercise and
leucine oxidation, the oxidation of glucose and alanime increased.
These data in combination with the earlier reports of increased
flux of leucinme to skeletal muscles and alanine from muscles to
the liver suggest that the oxidation of amino acids may be linked
to the need for glucose and to generation of substrates for
gluconeogenesis.
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The relationship of amino acid oxidation to carbohydrate
status was examined by Lemon and Mullin (30). Employing six
physically active men, these investigators manipulated the dietary
intake of carbohydrate to determine the effects of aerobic
exercise on protein catabolism. Their diets consisted of a single
carbohydrate-free meal followed by an overnight fast or three days
of high carbohydrate feeding. Based on previously published
reports, these diets were assumed to produce, respectively,
depletion or elevation of muscle glycogen stores. They estimated
protein catabolism from serum urea concentration and the nitrogen
content of sweat before and after 1 hour of moderate intensity
bicycle exercise. The exercise bout produced no change in serum
urea in the group fed the high carbohydrate diet, but did produce
some loss of urea by sweat (Table 5). However, under the same
exercise conditions following the carbohydrate-free meal, these
men experienced significant elevations in both blood urea and
sweat nitrogen. These data further suggest that the catabolism of
amino acids during exercise is associated with changes in glucose
availability.

Table 5. Loss of Nitrogen Via Sweat after Aerobic Exercise

Sweat Urea (mg nitrogen/hr)

Rest 10
CHO-L.oaded 600
CHO-Depleted 1450

Six males were exercised on a bicycle ergometer at 61%
VOonax for 1 hour. From temon & Mullin (30).

Protein Reguirements for Endurance Exercise

The impact of aerobic exercise on protein requirements remains
uncertain. Exercise clearly can disrupt protein metabolism, both
protein turnover and amino acid oxidation. However, it remains to
be determined if these effects are acute effects of exhaustive
exercise or if moderate exercise in trained individuals still
produces increased oxidation of amino acids.

The work by Wolfe et al. (31,32) serves to emphasize some of
these problems. They utilized a mild bicycle exercise and
examined the effects on leucine oxidation and urea production.
Four untrained men were exercised for 105 minutes on a bicycle
ergometer at an intensity designed to maintain a heart rate of 110
beats/minute (approximately 30% VO,n,.). Comparing a
pre-exercise rest period to immediately post-exercise, they found
a 2- to 3-fold increase in the production of CO, from leucine,
but they found no increase in urea production. They also
determined that while mild exercise increased oxidation of leucine,
there was no effect on the catabolism of another essential amino
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acid, lysine (32). These studies demonstrate that the effect of
exercise on leucine oxidation can occur at very low exercise
intensity, but they also suggest that exercise may have a unique
effect on leucine metabolism, at least under mild exercise
conditions.

A recent paper further questions the potential impact of
exercise on protein requirement (33). These investigators state
that while pertrubations in protein and amino acid metabolism may
exist during the initial adaptation to exercise, no one has
demonstrated a long-term catabolic effect of exercise on lean body
mass. Further, they suggest that the results from many of the
exercise studies are confounded by a failure to define or control
energy intake. In their experiments using low intensity exercise,
they found a negative nitrogen balance in young men receiving a
marginal protein intake (0.57 g/kg). Using the same protein
intake and exercise levels, nitrogen balance became positive when
the energy intake was increased by 15%. This effect was moderated
by additional exercise. These researchers concluded that the
major effect of exercise on nitrogen balance is a transient change
during the initial adaptation to a new exercise program but that
with adequate energy intake the efficiency of protein utilization
actually improves during exercise.

Preliminary work in our laboratory suggests that the effect
of exercise on leucine oxidation is not just a transient effect of
beginning an exercise program, and that the magnitude of the
effect is dependent on the duration of the exercise (Fig. 2).

Male rats were trained to run on a treadmill at 28 meters/minute
(approximately 80% VOon,,) for 50 or 120 minutes/day. After 6
weeks of training the rate of leucine oxidation was determined.
The curves in Figure 2 indicate that exercise increases leucine
oxidation and that the stimulation may be directly related to
duration of exercise.
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Figure 2. The effects of the duration of exercise on the
production of radioactive CO, from l4c-labeled leucine
(see text).
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Sunmary

Early research on protein requirements established that protein
was not a major fuel for exercise, and that fat and carbohydrates
were quantitatively more important. The Recommended Dietary
Allowance (RDA) for protein is 0.8 grams per kilogram of body
weight (0.36 grams/pound). These guidelinmes suggest that protein
needs range from approximately 40 to 90 grams per day depending on
body weight. Currently, the average daily intake of protein in
the United States is 100-110 grams per day, which suggests that
supplemental protein is unlikely to be necessary for routine
exercise. However, recent experiments with exhaustive exercise
have raised additional questinns about the needs for protein
during aerobic exercise.

Exercise is known to have acute catabolic effects on muscle
protein turnover. During exercise protein snythesis is depressed
which leads to protein catabolism. However, the impact of a
relatively short exercise bout on 24-hour protein needs is unclear.
Anaerobic exercise can produce hypertrophy of specific muscles
depending on the type of training utilized. The hypertrophy is
due to a positive balance in protein turnover which appears to be
produced by an increase in the rate of protein synthesis after
exercise. The increased need for protein during anaerobic
exercise is unlikely to be more than 7 grams per day.

Aerobic exercise usually increases the percentage of muscle
mass due to a decrease in body fat, but produces no absolute
change in the amount of muscle. Aercbic exercise has been shown
to alter protein metabolism including increases in amino acid
oxidation with specific effects on the branched-chain amino acid
leucine, increased urinary urea, and increased sweat nitrogen.
The magnitude of each of these effects appears to depend on the
intensity and duration of the activity with larger effects
occurring at more exhaustive levels. The absolute effects of
aerobic exercise on the requirements for protein or a specific
essential amino acid remain to be determined. However, because
aerobic exercise produces changes in amino acid metabolism, it is
important for individuals with the highest protein needs, such as
growing children and adolescents, women during pregnancy and
lactation, and individuals on low caloric diets, to maintain
adequate protein intakes when participating in aerobic exercise.
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The Effect of Exercise on Lipid and Lipoprotein
Metabolism

P. M. Kris-Etherton
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Associations Between Physical Activity and Coronary Heart Disease
Since the late 1960s, the incidence of coronary heart disease
(CHD) has decreased in the United States (1). The Surgeon General
has attributed this decline to major changes in lifestyle made by
Americans (2). Specifically, fewer people smoke, more people
monitor their blood pressure and daily stress, many have adopted
leaner diets that are lower in cholesterol and saturated fat, and
more Americans are participating in daily exercise. According to
the results of a Gallup Poll, twice as many Americans reported
exercising daily in 1977 as in 1960 (3). Currently, it is
estimated that 27-30 million Americans jog a minimum of 1-3 miles
weekly, and approximately one-half of American adults report
participating in some form of exercise daily.

The association between occupational and leisure time
physical activity and the incidence of CHD has been recognized
since the early 1950s. The incidence of fatal ischemic heart
disease (IHD) was two times greater in the professional and
business classes than in unskilled workers in Great Britian (4).
Bus drivers (who have a low level of occupational physical
activity) had a higher incidence of mortality from IHD than
conductors (who had a higher level of occupational physical
activity) (5). Ten years later it was reported that postal clerks
had higher death rates from IHD than mail carriers (6,7). Other
studies published throughout the 1960s, however, failed to show a
relationship between occupational physical activity and IHD (8-10).

Studies published during the 1950s and 1960s that examined
the relationship between occupational physical activity and CHD
were generally not designed to assess leisure time physical
activity. The fallure to account for activity during leisure time
probably explains the disparate findings of these epidemiological
studies. However, in three recent studies, where occupational and
leisure time physical activity were both assessed, exercise was
associated with a lower incidence of CHD (11-13).

In the Framingham study, a prospective investigation was done
examining the relationship between level of physical activity and
mortality due to cardiovascular disease (CVD) and IHD.

0097-6156/86/0294-0059%06.25/0
© 1986 American Chemical Society
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Approximately 2,000 men and 2,000 women completed a questionnaire
designed to assess their level of physical activity. They were
studied for fourteen years and were observed for the
manifestations of CVD. Death due to CVD, IHD, and all other
causes decreased in men as their physical activity increased.
After age and assoclated cardiovascular risk factors were taken
into account, however, the relationship of physical activity to
overall mortality persisted but was diminished. Kannel and
Sorlie (11) reported a similar relationship between physical
activity and mortality due to CVD and IHD in men when other risk
factors were considered. In women, however, while there was a
statistically significant relationship between physical activity
and mortality due to CVD, this association disappeared when an
adjustment was made for age and other risk factors. The authors
concluded that exercise is indeed a protective factor against
death from coronary disease, but its impact 1s not as strong as
other risk factors.

Cross-Sectional and Longitudinal Studies on Healthy Subjects,
Persons with Hyperlipidemia and Survivors of a Myocardial Infarct

Recognition of a beneficial effect of exercise on the incidence of
CHD has led to numerous cross-sectional and longitudinal studies
designed to examine the influence of physical activity on major
coronary risk factors, with particular emphasis on plasma lipids
and lipoproteins. A number of comprehensive reviews have
summarized these studies (14-18). In general, in cross-sectional
studies, high density lipoprotein (HDL) cholesterol is

elevated (14) and total plasma and very low density lipoprotein
(VLDL) triglycerides are lower in endurance trained subjects than
in sedentary control subjects (l4). In a study of 23 top-level
male athletes, Lehtonen and Viikari (19) found a statistically
significant relationship between the number of kilometers that the
athletes ran or skied weekly and their plasma HDL cholesterol
concentration (P<0.05; r=0.554). Low density lipoprotein (LDL)
cholesterol is frequently lower, and plasma total cholesterol is
inconsistently lower in trained subjects (19).

Despite the relatively large number of cross-sectional
studies that have been reported, few have utilized women as
subjects. HDL cholesterol concentration 1is relatively high in
young sedentary women, and only vigorous rather than moderate
exercise will lead to a further elevation (Table I) (20). 1In
middle~aged women, an exercise program of moderate intensity has
been associated with an elevated HDL cholesterol (21). 1In
middle-aged men, exercise of moderate intensity 1s associated with
greater changes in HDL cholesterol than a similar exercise program
in age-matched women (21,22). Reasons for the difference in
response between males and females are unidentified and deserve
further investigation. Moreover, experiments designed to
understand why young and middle-aged women respond differently to
an exercise program of moderate intensity are needed.

From 1955 through 1981, 66 longitudinal studies were
published, and from 1982 to the present, the literature in this
area 1s voluminous (for a comprehensive review see reference 17).
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Interestingly, a wide variety of experimental designs has been
employed, varying subjects (age and gender), initial and final
levels of physical fitness, and training programs

(intensity, time per session, number of weekly sessions, and
length of the program).

Tran and co-workers (17) integrated and analyzed data
collected between 1955 and 1983 and quantitatively defined the
relationships between exercise, and 1lipids and lipoproteins. The
data base used for their study represented 2,925 subjects (2,086
experimental subjects and 839 controls) from 66 studies. They
found that total plasma and LDL cholesterol, total triglycerides,
and the ratio of total cholesterol/HDL cholesterol were
significantly decreased, and HDL cholesterol was insignificantly
increased by exercise (Table II). They also found strong
correlations between initial total cholesterol, total
triglycerides, HDL cholesterol, and the total cholesterol/HDL
cholesterol ratio, and their respective changes as a result of
exercise. Higher initial levels of total cholesterol,
triglycerides, and total cholesterol/HDL cholesterol were
associated with the greatest decreases with exercise. Lower
initial levels of HDL cholesterol resulted in higher levels
following the exercise program. Thus, those with more 'fit'
plasma 1ipid profiles responded less to an exercise program than
those with 'sedentary' lipid profiles.

Longitudinal studies with young women have demonstrated that
an exercise program of moderate intensity has no effect on plasma
lipids (23,24). 1In one study (25), a ten-week bicycle ergometer
exercise program at 70% maximum heart rate for 30 minutes three
times weekly did not lead to changes in HDL cholesterol and
triglycerides in young (19-29 years) women. In middle-aged (35-55
years) women, however, an eight week exercise program of moderate
intensity favorably altered plasma lipids and lipoproteins; plasma
cholesterol decreased and HDL cholesterol increased (26).

Thus, while an exercise program of moderate intensity does
not significantly affect plasma 1lipids in young women, it appears
to favorably affect blood lipids in middle-aged women. In
physically fit and very active women (ages 23-37 years), additional
exercise (increasing the miles run weekly from 13.5 to 44.9) still
affects blood lipids ( HDL cholesterol increases) (27). Further
investigations are needed to define the intensity of the exercise
program that changes the plasma lipid profile of women of varying
ages.

Exercise has been shown to reduce (28), and in some studies
normalize (29,30) plasma triglyceride concentrations in persons
with hypertriglyceridemia. 1In persons with hypercholesterolemia,
plasma triglycerides and HDL cholesterol correlated with physical
activity; the most physically active men had the lowest plasma
triglyceride and highest HDL cholesterol concentrations (31).
Survivors of a myocardial infarct also have favorable changes in
their blood 1lipid profile in response to exercise of moderate
intensity (32-36).

It will be important to determine whether the positive effects
of exercise slow the progression or perhaps lead to a reversal of
existing atherosclerosis.
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Table I. Exercise Intensity and HDL Cholesterol in Females®

Exercise
Sport Age Intensity HDL-cholesterol
b years mg/dl d
Swimming 19-22 cedentary 67.2 % 14.0d
moderate 70.0 + 10.9
high 82.0 + 14.6°
Long Distance 24-58 sedentary 62.0 £ 13.4d
Running/.]oggingC moderate 70.0 * 21.8?
high 78.0 * 16.6
a—
dXethD

>7*"Means in the same column within a group (sport) not sharing
a common superscript are significantly different (P<0.05).
Smith et al. (20)
oore et al. (21)

Table II. Overall Changes in Plasma Lipids and
Lipoproteins Following an Exercise Program

Total Cholesterol *< 10 mg/dl P < 0.01
Total Triglycerides < 15.8 mg/dl P < 0,01
HDL Cholesterol > 1.2 mg/dl Ns®
LDL Cholesterol < 5.1 mg/dl P < 0.05
Total Cholesterol

HDL Cholesterol < 0.48 P < 0.01

NOTE: There were no changes in the controls.
Reproduced with permission from Ref. 17. Copyright 1983 American
College of Sports Medicine.
NS = Not significant
*< decreased
increased
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Factors Affecting Plasma Lipids and Lipoproteins with Exercise

Numerous factors affect plasma lipids and lipoproteins, and
some Investigators have attempted to control for these variables in
designing studies to assess the effect of exercise on plasma
lipids. Tran et al. (17) identified six variables that affected
the results of longitudinal studies designed to assess the
relationship between exercise and plasma lipids. These variables
were age, sex, Iintensity of the exercise program, VO, max achieved,
body weight and changes in body weight, and changes %n percent body
fat (Table III). There is evidence that failure to control for
these variables may be responsible for the inconsistent findings of
studies designed to examine the relationship between exercise and
lipoproteins (37).

Williams et al. (37) found that the decrease in body weight
due to exercise was associated with an increase in plasma HDL
cholesterol concentration in middle-aged men. They suggested that
processes associated with weight change may produce many, but not
all, of the changes in HDL cholesterol that had been previously
associated with exercise.

In a cross—sectional study involving marathon runners, Willett
et al. (38) used multiple regression to determine the effects that
age, weight, height, average number of miles run per week and best
marathon time had on the relationship between alcohol consumption
and HDL cholesterol. Alcohol consumption was associated with an
increase in HDL cholesterol beyond the increase related to physical
activity.

A number of dietary factors have been shown to influence HDL
cholesterol concentrations (39-42), and some investigators have
attempted to control for diet in their analysis of exercise and
plasma 1ipid relationships (22,43). Hartung et al. (22) found no
major dietary differences between distance runners and a sedentary
control group and concluded that differences in HDL cholesterol
concentrations between groups were likely due to exercise. Blair
and colleagues (43) reported a higher intake of total fat,
carbohydrates, and kilocalories in distance runners than in the
sedentary control group, but the percent distribution of
macronutrients was similar between groups. The authors also
concluded that differences in HDL cholesterol concentrations
between groups were unlikely due to dietary differences. 1In a
cross-sectional study involving distance runners and a sedentary
control group, Thompson et al. (44) reported that runners consumed
significantly more kilocalories and carbohydrates than sedentary
controls and concluded that differences in the lipoprotein profile
of athletes may be related, in part, to diet; however, this study
did not include a statistical analysis of the effect of diet on
exercise and plasma 1ipid relationships.

In a study involving young male and female college students,
in which diet and body weight remained constant during a six-week
exercise conditioning program, there was no change in HDL
cholesterol (45). Lipson et al. (45) suggested that
exercise-~induced changes in HDL cholesterol concentration found in
other studies may be mediated, in part, by uncontrolled variables
such as changes in diet, body weight, and life-style.
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Impact of Factors Affecting Plasma Lipids and

Lipoproteins with Exercise

Plasma Lipid/

Lipoprotein Factor Change in Lipid/Lipoprotein
Total Cholesterol Age Larger decreases in older
HDL Cholesterol subjects
Total Triglycerides
HDL Cholesterol Age and Larger changes in older males
LDL Cholesterol sex
All Lipids and Intensity More beneficial changes at an
Lipoproteins exercise program of lower
intensity (must be at least 60%
of maximum heart rate) of longer
duration
Total Cholesterol VO2 Max Larger decreases with larger
increases in VO, max
HDL Cholesterol VO2 Larger increases with larger
increases in VO, max
Total Triglycerides Body Those with higheér initial body
Total Cholesterol weight weights and the greatest
LDL Cholesterol decrease in body weight had the
greatest decreases
Total Cholesterol ZBody Greater decreases with greater
HDL Cholesterol fat decreases in % body fat
LDL Cholesterol
HDL Cholesterol % Body Greater increases with greater
fat decreases in 7 body fat

Reproduced with permission from Ref. 17.

College of Sports Medicine.

Copyright 1983 American
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In a well-controlled study designed to assess the influence of
the type and amount of dietary lipid on plasma 1lipid concentrations
in endurance athletes, Lukaski et al, (46) reported that the plasma
response to dietary lipid was not attenuated in men who were
physically very active. In contrast, Quig and assoclates (47)
reported that plasma total cholesterol concentration was lower in
subjects who exercised and who ate a diet containing 0.4 or 1.4 gm
of cholesterol daily. Thus, the influence of diet on the
relationship between exercise and plasma lipids remains equivocal.

Subjects' gender also affects results of studies designed to
examine exercise and plasma lipid relationships, Tran and
associates (17) reported a significant relationship between initial
and final plasma total cholesterol and triglycerides in males but
not in females, and a significant relationship between initial and
final HDL cholesterol and the ratio of total cholesterol/HDL
cholesterol in both males and females. Accordingly, exercise had
relatively less significance in influencing the ratio of HDL
cholesterol/total cholesterol in females than males (48);: for
females a number of other factors were relatively more significant.

Gender-related differences in exercise-induced changes in
plasma lipids may be related to a number of factors (25,48), one of
which appears to be sex hormone concentrations (49). Following a
ten-week bicycle exercise training study, testosterone, total
testosterone (including dihydrotestosterone), and estrone were
significantly and positively correlated with HDL cholesterol in 12
men (18-32 years) (49). In addition, the change in both total
testosterone and testosterone was also positively correlated with
the change in HDL cholesterol with exercise (49). Testosterone
concentration fell while estrogen concentration rose with exercise
(49). Others have shown that exogenous estrogen increases HDL
cholesterol in women, (50) and Frey and co-workers (49) suggested
that the exercise-induced changes in testosterone and estrogen may
mediate changes in plasma lipids and lipoproteins with exercise.

Differences in the activity of lipoprotein lipase (LPL)
between men and women may explain, in part, the different plasma
lipid response to exercise (48). The activity of adipose tissue
LPL is higher in women than in men, and higher in sedentary women
than in male long distance runners (51). Since the intra-vascular
production of HDL is augmented by the catabolism of triglyceride
rich lipoproteins by LPL (52), this hypothesis deserves further
attention.

Mechanisms of Exercise-Induced Changes in Plasma Lipids:
Lipoprotein Lipase, Hepatic Triglyceride Lipase and Lecithin
Cholesterol Acyl Transferase

There has been considerable interest in elucidating the mechanisms
by which exercise leads to reciprocal changes in plasma HDL
cholesterol and triglycerides. To date, most studies have been
designed to identify changes that occur with exercise-~changes in
the activities of enzymes such as LPL, hepatic triglyceride lipase
(HL), and lecithin cholesterol acyl transferase (LCAT). 1In
addition, investigators have studied the effects of exercise on
triglyceride production and hepatic lipoprotein production in the
rat.
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LPL is located on the endothelial surface of capillaries in
muscle and adipose tissue (53). This enzyme degrades
triglyceride-~rich lipoproteins to free fatty acids and
2-monoglyceride (53). Following isomerization to l-monoglyceride
and lipolysis to free fatty acids and glyceride, the free fatty
acids are then taken up by skeletal muscle and adipose tissue and
oxidized for energy or used for triglyceride deposition. During
prolonged exercise, free fatty acids are a major fuel source for
muscle (54).

Hepatic lipase (HL), which is present on the endothelial cells
of liver sinusoids (55), preferentially hydrolyzes
phosphatidylcholine in HDL,, and the product 1is removed with
esterified and unesterifieg cholesterol by the liver (56).
Although the precise function of HL is unknown, it has been
implicated recently in the metabolism/catabolism of HDL, by the
liver with the subsequent generation of a more dense HDE
subfraction, HDL, (57).

LCAT promotés the transfer of fatty acids from the 2-position
of lecithin to unesterified cholesterol in nascent HDL (58,59).
Hence, discoidal nascent HDL are converted to mature spherical
particles via the enzymatic action of LCAT. In addition, LCAT
affects the net movement of cholesterol from peripheral tissues to
the liver and/or to other lipoproteins for catabolism (60,61) and
facilitates the removal of cholesterol from the plasma (62).

In a comprehensive investigation designed to study the
relationship between the activity of LPL and HDL, Nikkila and
associates (51) reported that male champion-class long-distance
runners had elevated skeletal muscle and adipose tissue LPL
activities versus sedentary subjects. Only skeletal muscle LPL
activity was elevated in female runners. Whole body LPL activity
was estimated to be 2.3 and 1.5 times higher in male and female
runners, respectively, and all athletes had higher HDL cholesterol
concentrations than the sedentary control groups; however, plasma
and lipoprotein cholesterol and triglycerides were not different.
Adipose tissue LPL activity was positively correlated (r=0,94) with
HDL cholesterol when the values for all groups (males, females,
athletes, sedentary controls), including an additional group of
male sprinters, were used in the analysis.

The activity of LPL in adipose tissue of 20 middle-aged
males (31-49 years) was 56% higher following their participation in
a fifteen-week exercise program that consisted of at least three
30-60 minute exercise bouts per week (63). The experimental
subjects also had a 7% increase in HDL cholesterol, an
insignificant decrease in total plasma cholesterol, a significant
decrease in LDL cholesterol, and a 33% elevation in postheparin
plasma LPL activity (which includes both LPL and HL). Although
plasma triglycerides did not decrease with exercise, there was a
strong negative association between HDL cholesterol and plasma
triglyceride concentration before and after the exercise program.

In response to exercise there are significant increases in
postheparin and adipose tissue LPL activity concomitant with
changes in plasma lipids. These synchronous changes in LPL
activity and plasma lipids and lipoproteins are suggestive of a
possible relationship between both.
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Components of triglyceride~rich lipoproteins undergoing
lipolysis appear to be incorporated into discordal nascent HDL
particles by a number of different mechanisms (52). The subsequent
metabolism of these particles via the interaction of LCAT with free
cholesterol derived from cell membranes or other lipoproteins leads
to the formation of mature HDL particles (Figure 1). With an
increase in the activity of LPL with exercise, it is hypothesized
that the catabolism of triglyceride~rich lipoproteins is enhanced,
leading to an increased formation of HDL (Figure 1). Associated
with this increase in triglyceride hydrolysis is a concommitant
decrease in plasma triglyceride, Thus, the effect of exercise on
LPL provides a mechanism which results in an increase in HDL and
conversely a decrease in plasma triglycerides. This proposed
mechanism is yet highly speculative but worthy of further
attention.

Plasma HDL, cholesterol was positively correlated with
physical fitness and inversely correlated with HL activity in young
men (64), and HL activity was lower in 20 middle—aged men who
completed an exercise program of moderate intensity for fifteen
weeks (65). In addition, postheparin plasma HL activity was
significantly and negatively correlated with HDL cholesterol before
and after the exercise program (r=-0.50) (86). These findings have
been confirmed by other studies (66,67).

The hypothesized mechanism by which a decrease in HL activity
leads to an increase in HDL cholesterol, or the HDL, subfraction,
is 11llustrated in figure 2. As HL activity decreasés, less HDL, is
metabolized/catabolized by the liver, leading to an increase in”the
concentration of this particle in the plasma. This mechanism is as
yet speculative.

Exercise leads to an increase in the activity of LCAT (68).

At the end of a fifteen-week aerobic exercise program, 19 male
participants had a 147 increase in physical performance capacity
and a twofold increase in LCAT activity (68). LCAT activity was
elevated after seven weeks of exercise, and it continued to
increase significantly throughout the remainder of the exercise
program. At present, however, the magnitude of the effect of
exercise on LCAT activity is not clear.

A proposed mechanism by which an exercise-induced increase in
LCAT leads to an increase in HDL cholesterol is illustrated in
figure 3. An increase in both Apo Al and LCAT activity in response
to exercise could lead to increased esterification of cholesterol
in HDL and thereby allows for an increase in the transport of free
cholesterol from tissues and other lipoproteins to nascent HDL, and
enhanced formation of HDL,. While still speculative, this proposed
mechanism deserves attentlon.

At present, the mechanism (5) of the exercise-induced changes
in plasma lipids and lipoproteins is/are undefined. While
significant attention in this section has been directed toward
understanding the roles of various enzymes in lipoprotein
production, catabolism and metabolism with exercise, no definite
information is available to support the hypotheses raised. An
alternative, yet highly viable possibility includes simply the
availability of substrate which may well exist in considerable
excess or substrate activity of relevant lipoprotein particles
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Figure 1. Proposed yet speculative mechanism by which
high-density lipoprotein (HDL) increases in response to
exercise via increased lipoprotein lipase (LPL) activity.
During lipolysis, components of Tg-rich lipoproteins are
transferred to and incorporated into HDL, leading to the
formation of HDL,. Very low density lipdprotein (VLDL),
chylomicron (chyio).
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Figure 2. Proposed yet speculative mechanism by which
high-density lipoprotein (HDL) increases in response to
exerclse via decreased hepatic lipase activity. Lecithin
cholesterol acyl transferase (LCAT).
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Figure 3. Proposed yet speculative mechanism by which
high-density lipoprotein (HDL) increases in response to
exercise via increased lecithin cholesterol acyl transferase
(LCAT) activity and/or increased apolipoprotein Al
concentration.
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which in turn may profoundly regulate the enzymatic reactioms
discussed, Clearly, a great deal of work is needed in this area to
clarify the role(s) of LPL, HL and LCAT in changing plasma lipids
and lipoproteins in response to exercise.

Hepatic Triglyceride Production and Extrahepatic Triglyceride
Removal

Although it is generally recognized that exercise decreases plasma
triglyceride concentrations, the mechanism(s) by which this occurs
are not clear. Simonelli and Faton (69) found that a three-week
program of voluntary wheel running resulted in a 51% decrease in
triglyceride secretion in exercised versus sedentary rats. They
also found that an exogenous lipid load was cleared more quickly by
obese exercised versus obese sedentary rats.

A decreased triglyceride secretion with exercise has also been
reported by Dall'Aglio and associates (70); however, the magnitude
of the decrease could not be accounted for by a decrease just in
hepatic production. The results of this study indicate that both
extrahepatic and hepatic mechanisms are involved in the
exercise-induced reduction of plasma triglycerides.

We have found that exercised obese Zucker, lean Zucker, and
Fischer 344 rats had lower plasma triglycerides than sedentary rats
(71,72) (Tables IV and V). 1In Zucker rats this was due to a lower
chylomicron triglyceride concentration. Hepatic VLDL triglyceride
production, measured via a recycled in situ liver perfusion
technique, did not differ between exercised and sedentary rats of
each phenotype (data not shown). This suggests extrahepatic
mechanisms are predominant in the hypotriglyceridemic action of
exercise.

In summary, evidence indicates that both hepatic and
extrahepatic mechanisms are involved in the exercise-induced
decrease of plasma triglycerides. Differences in the methods used
to assess triglyceride production rates may explain, in part,
disparate findings. Further investigations are needed to define
the role of the liver and extrahepatic sites in the production and
catabolism of triglycerides with exercise.

Hepatic Lipid and Lipoprotein Production

Few investigators have examined hepatic lipid and lipoprotein
production in response to exercise. Because nascent HDL are
synthesized in the liver, intestine, and the plasma via the
catabolism of triglyceride rich lipoproteins (52), exercise-induced
modifications in any or all of these systems could lead to changes
in the plasma lipoprotein profile.

Seelbach and Kris-Etherton (72) recently examined the effect
of a vigorous ten-week exercise program on hepatic lipoprotein
cholesterol and triglyceride production in obese and lean Zucker
rats. (The obese Zucker rat has a marked hyperlipidemia with
elevations of all plasma lipoprotein fractions, and the lean Zucker
rat has a plasma lipoprotein profile similar to that of other lean
rats. The use of both lean and obese strains provides information
on the effect of exercise on hepatic lipoprotein production and
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Table IV.

Lipid and Lipoprotein Metabolism

Zucker Rats

Plasma and Lipoprotein Triglyceride Concentrations in

Obese Lean
Sedentary  Runners Sedentary Runners
b mg/d1 d e
Plasma Triglycerides 335 * 36b 177 % 32c 116 = 10c 71 # lOd
Chylomicron 216 * 46b c 73 # 8b 54 * 13b c 15 % 6c
VLDL 46 + 10°° 51 +19° 32+ 6° 19+ 3
EY@}E?S represent x * SEM.

eans in the same row
significantly different (P<(.05).

Data from Ref. 72.

not sharing

a common superscript are

Table V. Plasma Triglyceride Concentration in Fisher 344 Rats®
Plasma
Treatment Triglyceride (mg/dl)
Normocholesterolemic Diet b
+ 380 * 165
Sedentary
Bypercholesterolemic Diet
+ 156 + 103°
Exercise
Hypercholesterolemic Diet b
+ 365 = 155
Sedentary
3yalues represent mean #*S.D.
*"Means with different superscripts are different (P<0.05).

Data from Ref. 71.
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plasma lipoproteins in both a normal and a hyperlipidemic state.)
Weanling rats, twenty-eight days old, were exercised on a
motor-driven treadmill at a speed of 0.8 mph at an 87 grade for 90
minutes per day, six days a week for ten weeks. Hepatic HDL
cholesterol production was significantly higher in lean Zucker
runners compared with all other groups (Table VI). Hepatic HDL
cholesterol production tended to be lower in obese runners, but
there was considerable individual variation among animals, and
differences between obese sedentary and exercised rats failed to
reach statistical significance (Table VI). Exercise had no effect
on hepatic VIDL and LDL cholesterol prcduction secretion in either
obese or lean rats. These results are the first to demonstrate an
effect of vigorous exercise on hepatic HDL cholesterol production.
It is interesting to note that exercise affected hepatic HDL
cholesterol production differently in obese and lean Zucker rats.

In this study, both groups of exercised animals had lower
plasma total cholesterol and chylomicron cholesterol than
appropriate sedentary control animals (Table VI). Unexpectedly,
plasma HDL cholesterol was also lower in both groups of exercised
animals (Table VI). Together with the results obtained on hepatic
HDL cholesterol production, these data demonstrate that plasma HDL
cholesterol concentration reflects hepatic HDL cholesterol
production in obese, but not in lean rats.

Mela and Kris-Etherton (71) recently characterized the plasma
lipoprotein profile and assessed hepatic lipoprotein cholesterol
production in exercised Fischer 344 rats fed either a
hypercholesterolemic or normocholesterolemic diet. Weanling rats
were assigned to one of three experimental treatments: 1) rats
were fed a semisynthetic hypercholesterolemic diet containing 10%
lard and 0.4% cholesterol and exercised for ten weeks, six days per
week, for one hour daily at 1.2-1.4 km/hr at a 9% grade; 2) rats
were fed the same diet and remained sedentary; 3) rats were fed a
normocholesterolemic diet (no lard or cholesterol added) and
remained sedentary. The three groups are referred to as HE
(hyperlipemic diet + exercise), HS (hyperlipemic diet + sedentary),
and NS (normolipemic diet + sedentary). Hepatic HDL cholesterol
production was higher in NS than HS rats with values for HE rats in
between and not significantly different from the other two groups
(Table VII). In these experiments there was a trend for hepatic
HDL cholesterol production to increase in response to exercise. In
addition, exercise had an ameliorative effect on diet-induced
changes in hepatic HDL cholesterol production.

Total plasma cholesterol was higher in both HE and HS rats
than in NS rats. However, HE rats had a lower plasma total
cholesterol concentration than HS rats (Table VII). Plasma HDL
cholesterol was higher in NS than in HS rats with values for HE
rats in between and not significantly different from the other two
groups. Thus, in contrast to results reported for lean Zucker
rats, the plasma HDL cholesterol concentration reflected hepatic
HDL cholesterol production in Fischer 344 rats fed a
hypercholesterolemic diet. Plasma VLDL cholesterol was higher in
rats fed the hypercholesterolemic diet but was unaffected by
exercise (Table VII), and LDL cholesterol was similar among groups
(data not shown). In this experiment, exercise ameliorated some of
the diet-induced changes in plasma lipids.
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Table VI. Plasma Total, Chylomicron, and HDL Cholesterol and
Hepatic HDL Cholesterol Production in Lean agd Obese Zucker
Rats in Response to Exercise

Obese Lean
Sedentary  Runmners Sedentary Runners
b ng/dl d e
Plasma Total Cholesterol 80.413.1b 66.114.0C 57.011.0C 49.311.2d
Chylomicron 9.9t0.8b 3.510.5C 4.6t0.4c 1.910.3d
HDL 54.9+2.4  40.2%2.1° 37.3:x0.6  32.6x0.8
ug/gm liver/hr
Hepatic HDL Cholesterol b b b c
Production 9.5%1.0 8.3+x1.0° 11.2%1,1 17.0+1.1

:Vglges are x * SEM
*"*™Means in the same row not sharing a common superscript are
significantly different (P<0.05).

Data from ref. 72.

Table VII. Plasma Total, VLDL, and HDL Cholesterol and Hepatic
HDL Cholesterol Production in Fischer 344 Rats in Response
to Exercise

Hypercholes- Hypercholes- Normocholes~
terolemic Diet terolemic Diet terolemic Diet
+ Sedentary + Exercise + Sedentary
b mg/dl = d
Plasma Total Cholesterol 98.8 * 16.% 71.4 % 13.8b 58.8 zbg.a
VLDL Cholesterol 8.3 * 3.9b 9.0 £ 2, c <1 c
HDL Cholesterol 23.1 £ 3.0 24.4 £ 3.3 25.6 £ 2.8
ug/gm liver/hr
Hepatic HDL Cholesterol b b
Production 4.76 + 2.42%  6.14 £ 1.95%°° 9,44 + 4,12

a —
nglgﬁs are x * SD.
’“*"Means in the same row not sharing a common superscript are
significantly different (P<0.05).
Data from Ref. 71.
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In summary, it appears that hepatic HDL cholesterol production
is altered with exercise., Factors such as adiposity and diet, and
others that are as yet unidentified, may mask the detection of
changes in HDL cholesterol production with exercise.

The Effect of Exercise on Cholesterol Metabolism

A number of iInvestigators have demonstrated a marked reduction in
hepatic cholesterol concentration in exercised rats (73-75). In
Fischer 344 rats, liver cholesterol was 30% lower in exercised rats
than in sedentary rats when both were fed a mildly
hypercholesterolemic diet (71). However, exercised rats still had
an elevated liver cholesterol concentration compared to sedentary
rats fed a normocholesterolemic diet suggesting that exercise does
not normalize diet induced elevations in hepatic cholesterol
concentration (71).

An increased cholesterol excretion, degradation, and decreased
synthesis may explain the lower hepatic cholesterol concentration
reported in exercised versus sedentary rats. In support of the
former, Gollnick and Simmons (73) reported that exercised rats
excreted significantly more fecal sterol than sedentary rats.
Others have reported similar findings (76-78) as well as an
increased degradation of cholesterol in exercised mice and an
increased duodenal bile flow and biliary cholesterol excretion in
subjects following only 30 minutes of cycling.

Diet or exercise had no effect on carcass cholesterol
concentration in Fischer 344 rats fed a hypercholesterolemic diet
(71). However, total carcass cholesterol tended to be lower in
exercised rats than in sedentary rats. Carcass cholesterol
concentration was similar between exercised and sedentary rats, but
the body weights of sedentary rats were higher. Both sedentary and
exercised rats fed the hypercholesterolemic diet had equivalent
food, and hence cholesterol intakes. These data suggest that
exercise increases cholesterol excretion and/or degradation, or
decreases cholesterol synthesis in the rat.

Effect of Exercise on the Development and Progression of
Atherosclerosis

Direct proof of a protective effect of exercise on the development
of atherosclerosis in humans is lacking. To date, only a few
animal studies have provided strong evidence in favor of a
beneficial effect of exercise on diet-induced atherogenesis
(79,80).

Kramsch and co-workers (79) examined the effect of exercise on
plasma lipids and lipoproteins and the development of
atherosclerosis in nonhuman primates. Nine Macaca fascicularis
monkeys remained sedentary and were fed a control diet. A second
group remained sedentary and was fed a control diet for twelve
months followed by the control diet plus 0.1% cholesterol and 10%
butter (atherogenic diet) for twenty-four months. A third group
was fed the control diet for eighteen months followed by the
atherogenic diet for twenty-four months. When animals in the third
group were approximately 1 year of age, they were gradually
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conditioned to treadmill exercise over a twelve month period and
then kept physically active for an additional six months.,
Thereafter, the exercise program was maintained and the monkeys
were fed the atherogenic diet for twenty-four months. At the end
of the study, both sedentary and exercised monkeys fed the
atherogenic diet had elevations in VLDL and LDL cholesterol, and
plasma cholesterol concentrations were significantly higher than
those of sedentary animals fed the control diet (620 vs 100 mg/dl).
Plasma HDL cholesterol concentration, however, was higher in
exercised than sedentary monkeys. Of major significance was the
finding that exercised monkeys had significantly less
atherosclerotic disease than sedentary monkeys.

Hasler et al. (80) have recently shown that a vigorous
exercise markedly retards the development of atherosclerosis in
Fischer 344 rats fed an atherogenic diet. While there were no
grossly visible atherosclerotic plaques present in exercised or
sedentary rats, microscopic sections of the abdominal aorta were
markedly different between exercised and sedentary animals., Aortas
of sedentary rats fed a diet with 10% lard, 0.4% cholesterol had a
high degree of plaque development, fat accumulation,
mineralization, erosion, and necrosis. Exercised rats fed the same
diet had less atherosclerotic involvement. Specifically, there was
only moderate rather than severe intimal proliferation, subintimal
plaque formation, and fiber degeneration in exercised versus
sedentary rats. Eighty percent of the exercised animals had a
mildly irregular aortic intimal surface, and none had marked
erosion, whereas 807% of the sedentary animals had a moderate to
marked aortic intimal surface erosion. Link et al. (81l) also found
significant differences in the extent of atherosclerosis between
exercised and sedentary swine fed an atherogenic diet. Exercise
has also been shown to decrease the severity of experimentally
induced atherosclerosis in ducks (82), geese (82,83), and rabbits
(84-87).

The studies that have shown a beneficial effect of exercise in
retarding the development of atherosclerosis in swine and nonhuman
primates suggest a beneficial effect in humans. This, of course,
awaits confirmation. Of equal importance, as well, is the need for
well-controlled investigations to assess the effect of exercise on
the reversal of existing atherosclerosis.

Summary

Although coronary heart disease (CHD) is still the leading cause of
death in the United States, there has been a considerable decrease
since the late 1960s. The Surgeon General has attributed this
decline to lifestyle changes that Americans have made.
Specifically, fewer people smoke, more people monitor their blood
pressure and daily stress, many have adopted leaner diets that are
lower in cholesterol, and more Americans are exercising. In fact,
in 1977, one-half of all American adults reported participating in
daily physical activity.

The association between the lack of physical activity and the
incidence of CHD has been recognized since the 1950s. Studies have
shown that persons who participate in some form of physical
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activity have less coronary disease and fewer fatal heart attacks
than sedentary personms,

Exercise may exert a beneficial effect on one's risk of CHD by
altering blood lipids. High density lipoprotein cholesterol, both
a vehicle for cholesterol transport in the blood and a particle
that confers protection against CHD, is increased with exercise.

An exercise program of moderate intensity (jogging for 20 minutes,
3 times a week) leads to beneficial changes in blood lipids in
middle-aged women (but not in young women) and in men and survivors
of a heart attack. Vigorous exercise is necessary to beneficially
affect blood 1ipids in young women.

Exercise is effective in ameliorating the development of
atherosclerosis in exercised animals fed a high fat, high
cholesterol diet. While it has not been unequivocally demonstrated
that exercise retards the development of atherosclerosis in humans,
participation in a program of regular exercise may decrease one's
risk of developing ClD.
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Riboflavin Requirements and Exercise

Daphne A. Roe and Amy Z. Belko
Division of Nutritional Sciences, Savage Hall, Cornell University, Ithaca, NY 14853

Current questions frequently posed to nutritionists are whether
people who are exercising have special vitamin needs and whether, if
they have special needs, these can be met by a normal diet or whether
they require nutrient supplements. A response to such questions can
now be made with respect to a particular B vitamin, riboflavin.

Riboflavin deficiency and the dietary means to prevent such
deficiency have been known since the late 1930's when early accounts
of the clinical signs of riboflavin deficiency were published (1).

Clinical signs of riboflavin deficiency include fissures at the
corners of the lips (angular stomatitis), dermatitis of skin creases,
folds and areas of trauma (seborrhoeic dermatitis of the mnasolabial
folds, the periorbital creases and the inguinal areas, the vulva, and
the scrotum), as well as peeling and/or fissuring of the lips (chei-
losis) and sore tongue (glossitis). Other signs which are sometimes
present include vascularization of the cornea, keratitis, blepharitis
and anemia.

Subsequently, the functions of the vitamin were better estab-
lished and requirements for the vitamin were set. Riboflavin is an
integral part of two coenzymes, flavin-5'-phosphate (FMN) and flavin
adenine dinucleotide (FAD), which function in oxidation/reduction
reactions. Indeed, riboflavin is an enzyme cofactor which is neces-
sary in metabolic processes in which oxidation of glucose or fatty
acid is used for production of adenosine triphosphate (ATP) as well
as in reactions in which oxidation of amino acids is accomplished.
The minimum requirement for riboflavin has been established as that
amount which actually prevents the signs of deficiency. A range of
intakes varying from 0.55 to 0.75 mg/day of riboflavin has been
established as the minimum amount which is required to prevent
appearance of deficiency signs.

Today, biochemical deficiency of riboflavin is accepted in the
absence of clinical signs of deficiency. Biochemical signs of defi-
ciency include change in the amount of the vitamin which is excreted
in the urine, or change in the level of activity of a red blood cell
(erythrocyte) enzyme, which is known as the erythrocyte glutathione
reductase. Requirements for the vitamin are defined as that amount
which will prevent both clinical and biochemical signs of deficiency.

0097-6156/86/0294-0080$06.00/0
© 1986 American Chemical Society

In Nutrition and Aerobic Exercise; Layman, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1986.



6. ROE AND BELKO Riboflavin Requirements and Exercise 81

How Have Optimum Intakes for Riboflavin Been Determined?

Whereas riboflavin functions as a coenzyme of flavoproteins, which
are concerned with biological oxidations or energy utilization, it
has been proposed that with increased energy expenditure, the body's
need for riboflavin may be increased. 1In the past, the assessment of
riboflavin nutriture was primarily dependent on measurement of the
urinary excretion of the vitamin. If riboflavin intake 1is low,
excretion of the vitamin is diminished. As riboflavin intake is
increased to meet need, riboflavin excretion in the urine increases.
Indeed, urinary excretion of riboflavin both by adults and children
on diets containing up to approximately 0.5 mg riboflavin/1000 Kecal
is low and the excretion rises sharply as the dietary intake is
increased to 0.75 mg/l000 Kcal or above (2). Since 1972 red cell
enzyme assay of riboflavin status has been widely used. Indeed, in
epidemiological and clinical studies of riboflavin status, the ery-
throcyte (red cell) glutathione reductase assay (EGR) is the test
which is usually undertaken. In 1972 Tillotson and Baker (3) showed
that this enzyme assay was sensitive to riboflavin depletion. It has
further been shown that change in this red cell enzyme activity 1is
one of the first changes to be found with reduction in intake of the
vitamin below need (4,5). Arguments have been published in favor of
relating standards for riboflavin requirements to food-energy intake
(6,7). However, since in the past no satisfactory evidence was
obtained from studies of the urinary excretion of riboflavin that
riboflavin requirements were increased when energy utilization was
increased, allowances for this vitamin in the United States have been
set for people engaging in '"normal" activity (i.e., neither sedentary
nor engaged in heavy physical work) (8), and no modification of
intake has been recommended, based on change in food-energy require-
ments.

The current Recommended Dietary Allowance (RDA) for riboflavin
for young adult males and for nonpregnant, nonlactating young adult
women is set in the U.S. at the level of 0.6 mg/1000 Kcal(9).Inter-
nationally, recommendations for daily intakes of riboflavin vary.
Thus, in the Philippines which have the lowest recommended dietary
intake for riboflavin, the level is set at 0.5 mg/l000 Kcal, while in
the USSR it is set at 0.79 mg/l000 Kcal. In several countries inclu-
ding Bulgaria, Chili, The People's Republic of China, Czechoslovakia,
Hungary, India, The Netherlands, Poland, Taiwan and the USSR, the
recommended dietary intakes for riboflavin vary with occupational or
energy expenditure categories (10).

Is There Experimental Evidence That Riboflavin Requirements Are
Influenced by the Level of Physical Activity?

Tucker et al. showed that both sudden severe physical exercise and
longer sustained work on a treadmill during training decreases uri-
nary riboflavin excretion during the experimental periods (11). The
acute reduction in riboflavin excretion observed by these investiga-
tors was attributed to a reduction in renal plasma flow. In order to
explain the long-term reduced excretion of the vitamin, they proposed
that riboflavin was retained for incorporation into 'new muscle
tissue'". The significance of this study is that if the hypotheses
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put forward were proven, it would mean that riboflavin requirements
are 1increased with exercise, but in relation to change in lean body
mass rather than due to change in energy expenditure.

In a 1979 study we showed that female volunteers who were fed
diets for 10 weeks with either ascending or descending riboflavin
content required intakes equal to or greater than 0.7 mg/ribofla-
vin/1000 Kcal in order to normalize their EGR values. In a second
study carried out by us which was designed to examine the effects of
oral contraceptives on riboflavin requirements, 18 female subjects
were fed ascending levels of dietary riboflavin until EGR values were
normalized. No significant group differences were found between pill
users and non-pill users in the amounts of riboflavin required to
normalize the EGR. However, it was found that those subjects with
the highest food-energy requirements also had high requirements for
riboflavin. The subjects with the highest riboflavin requirements
were also those who performed the greatest amount of physical activi-
ty (12-14).

We then carried out a further study in which the effects of
exercise on riboflavin requirements of young women of normal body
weight were assessed (15). During a 12 week study, subjects followed
a six-week, sedentary period by a six-week exercise period in which
they jogged around a track for 20 or 50 minutes per day. The study
participants were aged 19-27 years. They were fed a basic diet
containing 0.6 mg riboflavin/1000 Kcal of food intake. Their ribo-
flavin intake in a diet of defined calorie content was increased by
0.2 mg/l000 Kcal increments by provision of riboflavin in a glucose
polymer mixture. Linear regression analysis was used to estimate the
riboflavin intake required for an EGR activity coefficient of 1.25
during both the no exercise and exercise period. Individual ribofla-
vin requirements ranged from 0.62 to 1.21 mg/1000 Kcal before exer-

cise. The riboflavin requirement for an EGR activity coefficient of
<1.25 was 1increased from 0.96 mg/1000 Kcal during the nonexercise
period to 1.1 mg/l000 Kcal during exercise. (Mean requirements

B»/1000 Kcal + S.D. Pre-exercise period = 0.92 + 0.17; Mean require-
ments B,/1000 Kcal + S.D. Exercise period = 1.12 + 0.21.) Findings
of this study led us to conclude that young, healthy women require
more riboflavin to achieve biochemical normality than the 1980 RDA
and that exercise increases their riboflavin requirements.

In a further study, we examined the effects of aerobic exercise
and weight loss on the riboflavin requirements of moderately obese
young women. The experiment was designed as a two period cross-over
study with an initial baseline period and two 5-week metabolic
periods. The basic diet of the subjects contained 1200 Kcal with a
riboflavin concentration of 0.8 mg/1000 Kcal. Exercise in this study
consisted of a program of aerobic dance. Riboflavin depletion as
measured by increased EGR activity coefficients and decreased urinary
excretion of riboflavin occurred during both non-exercise and exer-
cise periods. The EGR activity coefficients increased from a base-
line mean of 1.28 + 0.11 to 1.40 + 0.12 during non-exercise, and to
1.49 + 0.16 during exercise. The urinary excretion of riboflavin
fell during non-exercise and then further during the exercise period.
The riboflavin depletion of these subjects was not correlated to the
rate of weight loss which occurred during the study, nor to the
composition of weight loss, nor to changes in their aerobic capacity

(16).
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As indicated above, in our studies of young women of normal
weight, we estimated that while relatively sedentary they require in
the order of 0.96 mg riboflavin/1000 Kcal of food-energy intake per
day. During exercise periods they need in the order of 1.16 mg
riboflavin/1000 Kcal/day.

In a further study of weight reducing women, we again found that
riboflavin requirements for women who are exercising are on the
average about 1.16 mg/1000 Kcal or greater (17).

Does Riboflavin Supplementation Improve Aerobic Capacity or Exercise
Performance?

In our studies of young women whose intakes of riboflavin were at
physiological levels, we did not find that the riboflavin intake
above the RDA improved maximum aerobic capacity (17).

In a study carried out in Canada the effects of riboflavin
supplementation on the nutritional status and athletic performance of

elite swimmers was investigated (18). Fourteen swimmers including 8
men and 6 women participated in the study. They were divided into
two groups on the basis of sex and performance level, such that each
group comprised 4 men and 3 women. One group was given a 60 mg/day
riboflavin supplement for 16-20 days. Both groups ingested a diet
which met or exceeded Canadian recommended dietary allowances. Two
tests were used to evaluate performance of the subjects. They sub-

mitted to a swimming test consisting of six 50 minute meter free-
style lengths, each separated by a ten second interval; the total
time of the six lengths was used as an index of athletic performance.
The second test was a stepwise incremental exercise to exhaustion
performed on a treadmill. All subjects had normal riboflavin status
before the experiment. The supplementation did not change EGR acti-
vity in the subjects. Riboflavin supplements had no influence on
swimming performance and no relationship was found between EGR acti-
vity and VOgp.,. (18).

Examination of the literature has revealed that only one inves-
tigator has obtained evidence that riboflavin supplementation alters
muscular activity (19). Haralambie studied a group of athletes
before and after administration of 10 mg riboflavin. He found that
there was a moderate change in neuromuscular irritability of specific
muscle groups in the legs during electrical stimulation of the mus-
cles, which was attributed to the treatment.

Can the Riboflavin Requirements of Athletes be Met by Food Sources
of Riboflavin?

We are of the opinion that at least in young women such as those we
have studied, riboflavin requirements of females who are undertaking
aerobic exercise can be met by normal food sources of riboflavin.
Rich food sources of riboflavin in the U.S. diet include milk,
cheese, vyogurt, fortified breakfast cereals, and to a lesser extent,
enriched bread. The riboflavin content of commonly consumed foods is
shown in Table I. We assume, however, that it might be difficult for
exercisers to meet their riboflavin requirements if for one reason or
another they were unable to consume milk or other dairy products.
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For these people, it might be necessary to add a dietary supplement
of riboflavin. In our own studies we have no specific experience of
the riboflavin needs of men who are undertaking aerobic exercise, nor
have we examined the riboflavin needs of those who undertake
endurance tests.

Table I: Riboflavin Content of Popular Foods

Food/Beverage Riboflavin mg
Whole milk (8 oz.) 0.41
Skim milk (8 oz.) 0.44
Cheeseburger (McDonalds) (1) 0.23
Beef and cheese sandwich (Arby's) 0.43
Chili (Wendy's) 0.25
Beef burrito (Taco Bell) 0.39
Whole wheat bread (1 slice) 0.06
Cornflakes (3/4 cup) 0.26
Cottage cheese (1/2 cup) 0.26
Chocolate pudding (1/2 cup) 0.18

In conclusion, we have found that the presently set Recommended
Dietary Allowances for riboflavin for women are inadequate even when
they are not exercising, and that their riboflavin requirements are
increased by exercise. Weight reduction per se does not have an
effect on riboflavin requirements. However, women who are exercising
and on a weight reduction diet may get an inadequate amount of the
vitamin because of their restricted food intake. We have no evi-
dence, at least in the U.S., that athletes are at risk for clinical
riboflavin deficiency. We do not think that it is necessary for
those engaged in exercise to take megadoses of this B vitamin or of
other B vitamins.

Summary

Riboflavin requirements can be defined as that amount of the vitamin,
also called vitamin By, which will prevent both clinical and bio-~
chemical signs of deficiency. The current Recommended Dietary
Allowance for riboflavin is set at 0.6 mg for every 1000 Kilocalories
of food-energy consumed per day. This is the amount of the vitamin
which, in the opinion of the Food and Nutrition Board of the National
Research Council (National Academy of Sciences) will meet the needs
of most healthy people. Recent studies, however, have shown that
healthy young women require more riboflavin than this when they are
sedentary and that their requirements for the vitamin increase when
they exercise. The increased needs of healthy women for riboflavin
can be met if women increase their intake of rich food sources of the
vitamin including milk, cheese, and yogurt. No special athletic
advantage is to be gained by taking megadoses of riboflavin.
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Trace Elements and Calcium Status in Athletic Activity

Roger McDonald! and Paul Saltman?

IThe Department of Physical Education, University of Southern California,
Los Angeles, CA 90089
2The Department of Biology, University of California at San Diego, La Jolla, CA 92093

Throughout the centuries the athlete has embraced special foods and
diets as a means of providing the '"winning edge'. The years of trial
and error to establish the effect of nutrition on performance have
resulted in a plethora of myths which engulf the area of nutrition
and sport. This may partially explain the differences that exist in
in our perceptions and definitions of the study of nutrition. To the
scientist, nutrition is the elucidation of the nutrients required to
permit optimal growth, development and performance of the individual.
Little attention is paid to the psychology, anthropology and sociol-
ogy of food. Conversely, the general population, and the athletes in
particular, believe that food and diets are equivalent to nutrition.
The psychology, or more appropriately the metaphysics, of food plays
a significant role in nutrition. The athlete may determine his/her
diet based largely on social, ethnic, and economic issues rather than
on the nutrient value. This review will be concerned primarily with
the biochemistry and physiology of nutrition. However, the reader
should not disregard the myths of the training table as a principal
determinant in the nutrition of the athlete.

The ability to perform even the simplest of muscle movement re-
quires complex coordination of the physical and chemical activities
of the tissue. In recent years, nutritionists and exercise physiol-
ogists have described how the primary emergy sources in food carbo-
hydrates, fats, and proteins are transformed into the universal "cur-
rency" of biological energy, ATP. Oxidative metabolism processes the
substrates through a cascade of enzymatic events to insure maximal
efficiency in energy conversion. At every level of this conversion,
one or more metal ions serve as a cofactor to facilitate these bio-
chemical reactions. The requirement of metals in the production of
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energy is evident. However, with the exception of iron, there exists
a paucity of definitive studies describing the affects of other trace
metals on physical performance. We will focus our initial attention
on iron, then explore the role of calcium and its participation in
exercise. Finally we will relate the other trace element require-
ments to physical activity.

Iron

Biological Role of Iron. The vast majority of iron within the body
directly participates in the transportation and metabolic utiliza-
tion of oxygen. Some iron is involved in the redox reactions of met-
abolism. The rest is stored. Table I presents a partial list of
iron-containing proteins. The normal human adult contains approxi-
mately 2.5 g of iron (1). Of this, 70% exists within the red blood
cells as hemoglobin. The storage protein ferritin, which acts as a
mobilizable reserve of iron, accounts for another 25% of total body
iron. The remaining 5% exists within the tissues as myoglobin, en-
zymes, or transferrin.

Myoglobin contains a significant fraction of the iron in muscle
tissue. Once thought to function only as an oxygen storage protein,
recent evidence suggests that myoglobin acts primarily to facilitate
oxygen diffusion between the capillary and tissue membrane (2).
Other iron-containing enzymes play an integral role in oxidative
respiration such as mitochondrial cytochromes, catalase, peroxidase
and other heme iron proteins. The non-heme iron-sulfur proteins,
NADH~-dehydrogenase, succinate dehydrogenase and xanthine oxidase ac-
count for the largest portion of iron within the mitochondria. The
glycolytic and mitochondrial enzyme, alpha-glycerolphosphate dehy-
drogenase, also contains an iron atom in an unknown form.

Nutritional Considerations. Dietary iron deficiency ranks second to
obesity among the major nutritional problems in the United States.
Nutritional surveys have indicated that as many as 57% of the total
American population and 90% of the women do not obtain the recom-
mended dietary allowance (10 mg/day for men and 18 mg/day for women)
(3, 4). Nutritional iron deficiency among infants and the young is
common and most prevalent in lower socloeconomic groups (5). Studies
describing nutritional iron deficiency among athletes have been slow
in forthcoming. However, a recent study completed in our laboratory
suggests that highly trained endurance athletes do not ingest the
RDA for iron (6). Some authors have suggested that athletes suffer
'sports anemia', an anemia associated with exercise (7). It has been
difficult to ascertain either the extent or etiology of this condi-
tion.

The diagnosis of iron deficiency has its difficulties and ambi-
guities. Severe iron deficiency can be detected easily by the marked
reduction in hemoglobin concentration, mean corpuscular hemoglobin
and decreased serum iron concentration. However, in mild iron de-
ficiency hemoglobin concentration, transferrin saturation, and serum
ferritin levels are frequently normal in patients with depleted bone
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marrow iron stores (8,9). The uncertainty of detecting iron defi-
ciency was recently pointed out by Rivera et al. (10). These inves-
tigators supplemented apparently normal Mexican school children

(Hb = 13.5 - 14.0 g/dl) with iron fortified milk. Supplementation
increased hemoglobin concentration by 10% in the entire population
within 10 weeks., This was a surprising finding since others have
suggested that hemoglobin concentration in normal groups does not
respond to iron supplementation. Hemoglobin concentration, alone,
can be a poor indicator of iron status.

Iron and Work Performance. There 1is a direct correlation of iron de-
ficiency with impaired physical work performance. As early as 1942,
Karpovick and Millman (ll) reported declining performance of athletes
due to a reduction of hemoglobin concentration following blood dona-
tion. Other early descriptive investigations confirmed these data
(12, 13). However, it was not until the late 1950's that Beutler et
al. (l4) were able to objectively establish a correlation between
hemoglobin concentration and total body oxygen consumption, consid-
ered to be the best measure of work performance capacity. Hemoglobin
concentration increased at the same rate as oxygen consumption during
a submaximal work performance task following three weeks of iron sup-
plementation of anemic subjects. Additional support for these data
has been accumulated by Gardner et al. (15) and Edgerton et al. (16)
in an anemic population of female Sri Lankan tea farm workers. Gard-
ner et al. (15) described the work performance changes in a brief
intense type of exercise. Mild anemia resulted in decreased work
performance, as measured by maximal oxygen consumption (15). The
close relation between maximal work times and hemoglobin concentra-
tion found in these women 1s seen in Figure 1. Edgerton et al. (16)
measured extended submaximal work capacity. Following three weeks of
iron supplementation, activity levels and tea picking production were
increased by as much as 60% over the control group or placebo treat-
ment. This increase was correlated directly with an elevation in
hemoglobin concentrationms.

The Sri Lankan investigations could be questioned because the
population may have suffered from other nutritional deficiencies as
well. The question must then be asked "Would low hemoglobin concen-
trations affect performance in otherwise healthy, well nourished in-
dividuals?" Ekblom et al. (17) studied the work performance capacity
of healthy physical education students both before and after removal
of 800 ml or 1200 ml of blood. Oxygen consumption decreased by 137%
and 187 in the two groups, respectively. Woodson and coworkers (18)
suggested that a decrease in work performance due to blood removal
could not be explained by a decrease in blood volume. Replacement
of whole blood with equal volumes of isotonic saline did not restore
work performance in rats. Thus, hemoglobin concentration appears to
be a singular rate-limiting factor in work performance.

If decreased hemoglobin concentration results in impaired work
performance, what effect would an increase in hemoglobin have on ex-
ercise? This question has been answered by reinfusing packed eryth-
rocytes into endurance athletes, a procedure known as blood doping.
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Buick et al. (19) used a double-blind experiment in which either
packed erythrocytes or saline solutions were infused into highly
trained endurance runners. Their results indicated that an increase
in hematocrit produces significantly greater work capacity when com-
pared to sham control or pre-infusion values. While these findings
have been supported by others (20), Murray et al. (21) cautioned
against increasing the hematocrit level above 50% (pcv). At elevated
hematocrits, work performance fell as a result of Increased viscosity
of the blood.

Iron deficiency can lead to a decrease in tissue iron proteins
and enzymes. The loss of metabolic activity of the respiratory iron
enzymes may result in a decrease in physical work performance (24,
25). Using iron-deficient rats, these investigators adjusted hemo-
globin concentration to normal levels with blood transfusions without
affecting the tissue iron stores. After the anemia was corrected by
the transfusion, decreased work performance was still observed. They
attributed impaired work performance to low levels of alpha-glycerol-
phosphate dehydrogenase- and iron-containing glycolytic enzyme. This
finding was surprising since the contribution of this enzyme to the
total energy production in the mammal is relatively small (26). Other
investigators have falled to confirm the results of Finch (27, 29).

Iron-containing muscle proteins, such as myoglobin, cytochrome
¢, and succinate dehydrogenase, play a critical role in mammalian ox~
idative respiration and could well be rate-limiting during work per-
formance (29-31). Davies et al. (29) studied the maximal work per-
formance and endurance capacity of iron-deficient rats during seven
days of iron repletion. Hemoglobin concentration increased in paral-
lel with maximal work performance (Figure 2). However, endurance
capacity did not increase until the mitochondrial enzymes pyruvate
kinase, cytochrome ¢ and NADH dehydrogenase showed significant in-
creases over control animals. The alpha glycerolphosphate shuttle
system was reported not to contribute significantly to eilther type
of work performance.

The ability of iron deficiency to disrupt physical work perform-
ance by affecting both oxygen transport and oxidative energy metab-
olism makes iron-deficlent animals an ideal model for studying cellu-
lar energy capacity. This approach was taken by McDonald et al. (30)
in a study to characterize changes in the myoglobin concentration of
control- and iron-deficlent exercising rats. Iron-deficient animals,
when subjected to an exercise regime, can gradually increase their
submaximal work performance to levels attained by iron-normal animals
(Figure 3). This increase could be directly correlated with increased
myoglobin concentration, without any change in hemoglobin values.
However, when the anemic animal is worked beyond submaximal effort,
the oxygen content of the blood may fall below requirements needed
to sustain exercise (Figure 4). These results confirmed the hypothe-
sis of Davies et al. (29) that oxygen carrying capacity (hemoglobin)
limits intense exercise and cellular oxidative energy metabolism reg-
ulates extended mild exercise.

Calcium

Biological Role of Calcium. Calcium represents a large weight frac-
tion of the elemental composition of the human body. Of the 1.3 kgof
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Figure 1. Maximal treadmill work time and hemoglobin concentra-
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calcium distributed throughout the body, approximately 99% exists
within the bones (32, 33). The other 1% (15g) is distributed in
teeth (7g), soft tissue (7g), plasma (300 mg), and extravascular
fluid (700 mg). Because of the large calcium content of bone, the
description of the biological role of calcium necessitates a discus-
sion of bone metabolism. However, it is not the purpose of this
paper to provide an exhaustive review of bone physiology. The fol-
lowing sections will discuss the importance of calcium in bone and
as a metabolic participant in exercise. Reviews detailing bone phys-
iology have been written by Glimcher (33), Urist (34), Heaney (35)
and Vaughan (gé).

Calcium performs a variety of cellular functions in muscle and
nerve that ultimately result in muscular contraction. Excellent de-
scriptions of calcium's function in muscle and nerve are to be found
in the reviews by Hoyle (37), Cohen (38), and Robertson (39). At the
neuromuscular junction, the excitable cells are very sensitive to
changes in extracellular concentrations of calcium. Curtis (40) and
Luttgau (41) described a fall in the resting action potential and
electrical resistance when the extracellular calcium concentration
fell below 104 M., The action potential and electrical resistance
returned to normal following addition of calcium to this in vitro
preparation. The magnitude of the initial muscle membrane action
potential, that which regulates the propagation of further muscle
contraction, is also mediated by the extracellular calcium concen-
tration. While the inward flow of sodium ions from the extracellu-—
lar space remains the dominant factor in the mechanism of muscle mem-
brane depolarization, calcium ion flux appears to mediate the cell's
permeability to sodium ions. This effect is particularly true in
cardiac tissue (42).

Heibrunn and Wiercinsk (43) were the first to describe the im-
portance of calcium to muscular contraction. Their findings were
later applied to Huxley's element theory of muscular contraction
(44, 45) by Hoyle (46) and Cohen (38). As the contraction propa-
gates throughout the muscle fiber, the depolarization descends the
transverse tubules (T-tubules) within the sarcoplasmic reticulum
where calcium is released in proximity to the contractile proteins.
The intracellular concentration of calcium rises rapidly from a rest-
ing state of 1078 M to 105 M. The calcium then binds to a specific
site on the troponin protein affixed to the actin filament. While
the precise mechanism of action on the actin filament is unclear, it
appears that calcium stimulates a structural rotation of the tropon-
in-tropomyosin complex. The rotation of the actin filament exposes
the tropomyosin to the myosin cross-bridge which allows binding of
actin and myosin required for contraction. When the depolarization
stimulus is withdrawn, calcium is sequestered and relaxation of the
muscle ensues. It also should be noted that the supply of glucose
to the working muscle from glycogen appears to bemediated by calcium-
stimulated activation of phosphorylase (47). The conversion of in-
active phosphorylase b to active phosphorylase a occurs at a calcium
concentration equal to that needed for mechanical contraction.

Calcium ions also regulate nerve cell permeability to sodium and
potassium, and in turn affect nerve transmission (48). Further, cal-
cium enhances the release of acetylcholine at the neuromuscular junc-
tions (49). Figure 5 presents a schematic summary of the events
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Figure 4. Maximal run times and maximal treadmill speed of anemic
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endurance training, Reproduced with permission from Ref. 30.
Copyright 1984 Springer- Verlag New York, Inc.
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occuring in the muscle and nerve in which calcium affects muscle con-
traction.

Calcium Requirements. Calcium and its richest dietary source, milk,
has frequently been regarded as a nutrient only for the young.
However, the need for calcium throughout the life cycle is funda-
mental. Calcium intake must be sufficient to maintain positive cal-
cium balance at all times. However, conflicting results from numer-
ous investigations have raised questions concerning the adequacy of
the current U.S. RDA of 800 mg of calcium per day. The normal adult
body requires an average of 500-600 mg of calcium per day in order to
maintain positive calcium balance. Young adults have been reported
to remain in positive balance at intakes of calcium as low as 420 mg/
day (50). On the other hand, postmenopausal women were found to be
in negative calcium balance with intakes of 800 mg/day. The decrease
in intestinal absorption of calcium that occurs naturally with aging
may also affect calcium balance. Calcium requirements among the
elderly are difficult to ascertain due to the influence of decreased
physical activity, possible vitamin D deficiency, and loss of hormone
production. Further, the intake of dietary protein, phosphorus, car-
bohydrate, and fats can directly or indirectly influence calcium bal-
ance (51-54).

Studies by Nordin et al. (32), Albanese et al. (55) and Smith
et al. (56) have suggested increasing dietary calcium for the elderly
and postmenopausal women in order to prevent bone mineral loss and
the concomitant increased risk of osteoporosis. The importance of
calcium supplementation in preventing bone loss has not gone without
question. Garn et al. (57) studied 13,000 subjects from seven dif-
ferent countries and was unable to find any relationship between cal-
cium intake and the incidence of osteoporosis in either sex. These
investogators concluded that bone loss is a general phenomenon of
aging in humans and that factors other than calcium intake play a
more significant role in the development of osteoporosis. Lack of
physical activity (38, 59), postmenopausal estrogen loss (535) and
altered bone metabolism (60) can all play a key role in the develop-
ment of osteoporosis.

Calcium and Exercise. While there exists a widespread belief that
exercise can promote better health and prevent disease, little sci-
entific data has been accumulated to support this contention. In the
case of prevention of bone mineral loss by physical activity, it is
clear that mineral loss in the elderly and increased bone density in
athletes is a distinct function of activity (56,61). These observations
have encouraged the use of exercise as a required modality in the
prevention and treatment of osteoporosis.

Albright (62) was the first to demonstrate that the lack of phys-
ical activity leads to a decrease in bone mineralization and the
development of osteoporosis. Subsequent studies supported these
findings and described the reversal of bone loss through exercise.
Smith (58) reported that physical activity among aged women (55-94
years) slowed the normal process of bone loss. Low intensity passive
physical therapy as well as simple weight-bearing movement increased
bone mineral content as much as 7.6% above a non-active control group
(Figure 6). Smith et al. (58) reported increases in bone mineral
content of aging females following three years of exercise. The
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exercise group showed an increase of 2.3% in mineral content, while
the non-active control group declined by 3.3%.

Additional support for the role of exercise has been observed in
individuals subjected to the weightlessness of space (63). Astronauts
participating in Gemini IV, V, and VII orbital missions reported
small but significant bone mineral loss in flights lasting as few as
five days. However, the crew of Gemini VII, a space flight of 14
days, suffered the least bone loss because of an on-board isometric
and isotonic exercise program. Athletes also show an increase in
bone mineral content following exercise. World class athletes had
significantly more dense femoral bones than groups of inactive and
moderately active persons (6l). Increased bone mineral content was
related to the athlete's specific sport. Weight lifters had greater
bone mineral content than throwers; throwers greater than runners;
runners greater than swimmers. The increase in bone mineral content
does not appear to be affected by age. Middle-aged (30-49 years)
marathon runners developed more dense femoral bones than did age-
matched controls (64).

Although most studies of bone density and exercise have been
performed on humans, a few investigators have described bone mineral
changes using animal models. Rats performing weight lifting (65) and
running exercise (66) developed both increased mineral mass and
breaking stress in femurs when compared with bones from sedentary
animals. Calcium content, measured directly in dry ashed bones, in-
creased in all rats following exercise. Exercise also increases the
non-mineralized organic matrix in the bones (67 68) Collagen form-
ation, as measured by bone hydroxyproline, signlficantly increased in
adult rats following eight weeks of treadmill running.

Exercise and Urinary Calcium Excretion. Lack of physical acitivity
in prolonged bed-rest causes an increase in urinary calcium (69, 70).
Balance studies have shown that this hypercalciuria is not due to in-
creased intestinal absorption of calcium (71). A reduction in die-
tary intake of calcium does not prevent calciuria (72). The cause
appears to be an imbalance between the rate of bone formation and
resorption which occurs after the loss of weight-bearing stress (73).
Issekutz et al. (70) reported that complete bed-rest for 42 days re-
sulted in a doubling of urinary calcium excretion by male subjects.
Supine exercise up to four hours/day did not prevent the increase.
However, three hours/day of quiet standing proved to be sufficient to
induce a slow decline of the elevated calcium excretion. While it is
clear that the loss of gravitational stress causes elevated urinary
calcium, exercise may also create conditions which lead to increased
calciuria. 1In a recently completed study, McDonald (74) reported in-
creased urinary calcium following prolonged exercise in both highly
trained endurance athletes and normal active controls (Figure 7).
Although absolute values for calcium excretion were higher in the
trained group following exercise, calcium excretion was 20-307 great-
er for both groups.

Increased urinary calcium following exercise may be caused by
the onset of metabolic acidosis associated with prolonged exercise.
Elevation of urinary calcium has been noted in studies where metabol-
ic acidosis was induced by feeding an acid ash diet (75), hydro-
chloric acid (76), or ammonium chloride (77). Renal tubular acido-
sis can also induce elevated urinary calcium (78). Walser (Zg) re—
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ported that increased metabolic acidosis inhibited the proximal
tubular reabsorption of calcium, thus causing an increase in excre-
tion. The effect of exercise-induced metabolic acidosis on urinary
calcium loss has not been investigated.

Copper and Zinc

Copper and zinc play important roles in a wide variety of biological
functions. However, their contribution to exercise performance has
yet to be evaluated directly. The participation of these elements in
muscle activity provides fruitful areas for further exercise physiol-
ogy research. Detalled reviews of copper metabolism have been writ-
ten by Underwood (80), 0'Dell (81), and Li (82). Extensive reviews
of zinc metabolism have been provided by Prasad (83), Li (82), Under-
wood (84), and Sandstead (85).

Biological Roles of Zinc and Copper. Zinc and copper are essential
cofactors at the active site of a number of enzymes. Zinc is a com-
ponent of more than 200 proteins and enzymes (Table II). Copper, sim—
ilar to iron, participates both in redox reactions and as a proton doner
(Table III). The normal human adult body contains approximately 50—
100 mg of copper and 2.0 g of zinc. The vast majority of tissue cop-
per is found in the liver, kidney, heart and brain. In the blood,
copper exists within the red blood cell as superoxide dismutase and
in the serum as ceruloplasmin. Copper is a component of aerobic
metabolism, bone synthesis, and erythrocyte development. Zinc is
found primarily in the liver, kidney, bone and prostate. Zinc is
essential for normal growth of tissues, wound repair, skin structure,
reproduction, taste perception, and the prevention of dwarfism.

Table II. Representative Zinc Proteins
Protein Location Function

Carbonic anhydrase Erythrocyte CO2 + H20 6+-H2003

DNA polymerase Nucleus DNA replication

RNA polymerase Nucleus RNA transcription

Alkaline phosphatase Most tissues Hydrolysis of
phosphorous esters

Superoxide dismutase Mitochondria 205 + 2nt —> Hy09+09

Carboxypeptidase A & B Pancreas Hydrolysis of peptide
bonds

Alcohol dehydrogenase Liver Oxidation of ethanol

Metallothionine Most tissues Zn and Cu storage
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Table III. Representative Copper Proteins

Protein Location Function
Ceruloplasmin Serum Fe(II) <> Fe(IlIl)+e™

Cu storage & transport
Dopamine beta- Adrenal glands Conversion of dopamine
hydroxylase to norepinephrine

Cytochrome oxidase Mitochondria Terminal oxidase
Superoxide dismutase Mitochondria 205 + 20t — Hy0,10,
Lysyl oxidase Connective tissue Formation of collagen

cross-links

Tyrosinase Skin Pigmentation

Copper and Zinc in Aerobic Metabolism. Cytochrome oxidase, the term-
inal oxidase in the electron transport chain contains an atom of
copper. On this enzyme the protons and electrons generated during
oxidative metabolism combine with elemental oxygen to form water.
During copper deficiency the tissue concentration of cytochrome oxi-
dase is reduced. While the effects of lower cytochrome oxidase ac-
tivity on exercise has not been described, it is likely that aerobic
energy metabolism will be diminished. This effect of copper defi-
ciency was first described in animals with myelin aplasis — the de-
generation myelin (86). The oxidative process of phospholipid syn-
thesis, a primary component of myelin, was depressed. Liver mito-
chondria had impaired respiratory activity (87). Cytochrome oxidase
activity was also depressed in brain, heart and liver.

Superoxide dismutase, a copper- and zinc-containing mitochon-
drial enzyme, may play a significant role in exercise performance
(88). Superoxide dismutase catalyzes the detoxification of oxygen-
free radicals to oxygen and hydrogen peroxide. During exercise, it
is proposed that the energy-yielding reactions of the mitochondria
also produce potentially damaging superoxide. The rate of produc-
tion of this compound is directly proportional to the rate of oxygen
consumption. Since endurance training increases the total amount of
mitochondria, the trained individual would have more dismutase and
thus should be able to detoxify more superoxide. It would therefore
appear that endurance training may decrease cellular damage caused by
lipid membrane peroxidation. Since superoxide dismutase activity can
be impaired by copper or zinc deficiency, the mechanism of this ac-
tion should be experimentally explored.

Bone Disorders. Copper deficiency causes gross skeletal abnormali-
ties in both humans and animal systems. Recently, our laboratory
was able to induce experimental osteopenia in rats moderately defi-
cient in copper and manganese (89). After one year on a low copper,
low manganese diet, these animals showed reduced mineralization of
caleium in femurs (Figure 8). The primary biochemical lesion in the
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Figure 8. Radiographs of humeri from rats raised on either a con-
trol-normal (Mnp Cun), or a moderate-manganese, moderate-copper
(Mnm Cum), or a manganese~free (Mnl Cun) diet for 12 months.
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bones of copper-deficient animals is a reduction in the activity of
the copper enzyme lysyl oxidase, which plays a central role in the
formation of cross-links in collagen and elastin (90). In areaction
that has not been fully elucidated, lysyl oxidase catalyzes the oxi-
dative deamination of lysyl and hydroxylysyl residues. The resulting
allysyl and hydroxyallysyl residues cross-link by spontaneously form-
ing Schiff's bases. Calcification is reduced in the altered organic
matrix.

Cardiovascular Disorders and Copper. Sudden cardiac failure has

been associated with copper deficiency (91). There are two attrac-
tive mechanisms. First, the coronary arteries and aorta may become
weakened from an inability to synthesize elastin due to a decrease in
lysyl oxidase activity. Rupture of these major blood vessels has
been shown to cause sudden death in animals suffering from copper de-
ficiency. Second, a decrease in cytochrome oxidase activity during
copper deficiency impairs aerobic metabolism of the heart and in-
creases the risk of hypertrophy. Hypertrophy, which may lead to high
output congestive heart failure, is exacerbated by hypochromic anemia
also caused by copper deficiency.

Zinc and Immunity. Zinc is required for immunocompetence. Recently
published reviews have detailed the role of zinc (92-95). Early
clinical descriptions of zinc deficiency and impaired immune function
were first reported by Brummerstedt et al.(96) who reported that
calves with a genetically acquired inability to absorb zinc suffered
from stunted growth, several skin disorders, viral and fungal infec-
tions, and atrophied thymus glands. These symptoms could be re-
versed by the administration of large amounts of dietary zinc.

The mechanism by which zinc mediates immune function is not
clear; the depression of DNA synthesis during zinc deficiency is im-
plicated (93). McDaffrey et al. (97) demonstrated that a zinc-con-
taining DNA polymerase is present in the thymus but does not appear
in the mature T cell. A reduction in thymus tissue caused by zinc
deficiency would adversely affect the immunocompetence of thymocytes.
This hypothesis has been confirmed in experiments where a sharp drop
in the thymic hormone is induced by zinc deficiency.

While many a jogger has suggested that exercise can improve his/
her resistance to infectious diseases, conclusive scientific evidence
that exercise enhances immune response has yet to be presented. Ex-
perimental zinc deficiency in animals may provide a workable model
for such investigations. It is well known that exercise induces hy-
pertrophy of adrenal glands with a concomitant increase in the serum
concentration of glucocorticoids. Zinc deficiency decreases T cell
helper activity and thymic involution followed by a rise in gluco-
corticoids (98). The observations cited above suggest that it is
possible to delineate experimentally the roles of zinc and exercise
in immune response.

Sammary

The essentiality of the trace elements and calcium for optimal phys-
ical performance is clear. The amount of dietary intake of these
elements to achieve these levels is less clear. Our best estimates
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are those given by the U.S. RDA's (Table IV). It is rather simple to
read and understand the dosage in those tables. But it is difficult
to be certain that the food intake does indeed supply the necessary
amounts. Most athletes who avail themselves of a wide variety of
foods including adequate meats and dairy products and who consume
calories sufficient to meet energy requirements, should be optimally
nourished. The need for supplemental trace elements is more in the
nature of "insurance" of athletic potency both physiologically and
psychologically. Certainly any regimen that suggests "mega-dosing"
of trace elements should be avoided. Every important trace element
and calcium is toxic at high concentrations. The body is not able
to adequately control uptake and storage of those vital nutrients at
excessive concentrations. Further, there is no reason to believe
that exercise increases the demand of the body for trace elements
much above that for the normal healthy non-competitive adult. In the
final analysis, the best friend of the athlete remains "good genes,
mental stamina, and disciplined training".

Table IV. Food and Nutrition Board, National Academy of Sciences-
Recommended Daily Dietary Allowances for Adults

Iron Calcium* Copper** Zinc

(mg) (mg) (mg) (mg)
Males 10 800 2 15
Females 18 800 2 15

*The National Academy is expected to increase this requirement to
1000-1200 mg.

**This is a suggested amount. No official RDA has been established
for copper.
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Water and Electrolytes

John E. Greenleaf and Michael H. Harrison

Laboratory for Human Environmental Physiology, Biomedical Research Division,
NASA Ames Research Center, Moffett Field, CA 94035

Under optimal conditions humans have been able to survive about

10 minutes without oxygen, up to 18 days without water, but nearly
60 days without food. Despite the fact that oxidation of nutrients
produces water, there is a longer lasting supply of foodstuffs within
the body than water. Part of the fatigue mechanism occurring during
physical exercise can be attributed to fluid loss (dehydration) from
the body and possibly to fluid-electrolyte shifts within the body.
There is no adaptation to successive periods of dehydration and the
performance of the strongest and fittest people will deteriorate
rapidly with dehydration. When compared with the daily variability
of many physico-chemical parameters, the least variability is found
in body temperature, and plasma sodium, chloride, calcium, and
osmolality (i). There is a close association between thermoregula-
tion and the sodium, calcium, and osmotic concentration of the
extracellular fluid; increases in plasma sodium concentration
(hypernatremia) and plasma osmotic concentration (hyperosmotemia)
tend to increase body temperature while hypercalcemia tends to
decrease body temperature (2-1). The precise control of the
concentration of these ions suggests that their functions are of
major importance for optimal physiological homeostasis and survival
of the organism.

In this paper we will discuss the anatomy of the fluid spaces in
the body, the fluid shifts and losses during exercise and their
effects on performance, and thirst and drinking during exercise with
comments on carbohydrate ingestion.

Anatomy of Body Fluid Compartments

Total body water is arbitrarily divided into that contained within
cells (cellular) and that located outside the cells (extracellu-
lar). The extracellular water is further divided into that contained
within the vascular system excluding the erythrocytes (plasma), and
that located outside the vascular system and outside the cells
(interstitial fluid) (Figure 1).

This chapter not subject to U.S. copyright.
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Approximate volumes and percent of body weight of the various
fluid compartments, and a dally water balance of a resting 80-kg man
(5), are given in Tables I and II. With exercise, the sweat loss and
beverage (fluid) intake would be greater. Oxidation of 1 gram of
various foodstuffs would yield the following approximate water pro-
duction (5): monosaccharides (glucose) = 0.6 g, disaccharides
(sucrose) = 0.6 g, starch = 0.6 g, fat (lard) = 1.1 g, and pro-
tein = 0.4 g, The preformed volume of water would vary with the
quantity and type of foodstuff metabolized (5). Its sources are the
polymerization of glucose, condensation of amino acids, esterifica-
tion of fats (glycerol), hydration of protein, and bound water (water
of association); the latter source is 1 g of protein associated with
3 g H20, 1 g neutral fat with 0.1 g H20, and 1 g glycogen with 2.7 g
H20.

Table I. Fluid Compartment Volumes of a Resting 80 kg Man*

Compartment Volume, liters Body weight, %
Extracellular:
Plasma i 5
Interstitial 19 24
Cellular _30 37
Total 53 66

*Modified from (5).

Table II. Daily Water Balance of a Resting 80 kg Man*

Weight, grams Percent
Input ,
Beverage 1200 48
Food water (liquid) 1000 40
Oxidation water (metabolic) 250 10
Preformed water (metabolic) 50 2
Total 2500 100
Output
Urine water 1400 56
Insensible water (vapor) 900 36
Fecal water 200 8
Sweat 0 _0
Total 2500 100
Water balance (input-output) 0

*¥Modified from (5).

Depending upon the quantity of fat in the body, body water in
normal healthy people comprises 50% to 70% of the body weight. The
higher the percentage of lean body mass, the higher the percentage of
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water because lean mass (muscle) contains more water than fat tissue
(Table III). In the general population, the body water content aver-
ages about 61% (6). The half-life of body water molecules is about
12 days (7); the total water volume is regulated daily to within
+0.22% (+150 g) of the body weight (8), and plasma volume to within
$0.7% (225 g) (9).

Table III. Weight and Water Content of Body Tissue From a
70.6 kg Man*

Percent Percent

Tissue of body water

weight content

Striated muscle 31.6 79.5
Skeleton 14.8 31.8
Adipose tissue 13.6 50.1
Skin 7.8 64.7
Lungs 4,2 83.7
Liver 3.4 71.5
Brain and spinal cord 2.5 73.3
Alimentary tract 2.1 79.1
Alimentary tract contents 0.8 -
Heart 0.7 73.7
Kidneys 0.5 79.5
Spleen 0.2 78.7
Pancreas 0.2 73.1
Bile 0.2 -
Teeth 0.1 5.0
Hair 0.1 -

Remaining tissues

Liquid 3.7 93.3
Solid 13.5 70.4
Total Body 100.0 67.2

*Modified from (6).

Except for respiratory and dermal insensible water-vapor losses,
all remaining water lost by the body contains electrolytes, mainly
sodium and chloride. The normal cation and anion constituent compo-
sition of the fluid spaces is given in Table IV. In the extracellu-
lar fluid space, sodium is the major cation and chloride the major
anion. Those two ions constitute 95% of the extracellular fluid
osmolality. Changes in plasma sodium concentration reflect changes
in extracellular fluid volume. Potassium is the major cellular
cation and phosphates and proteins comprise the major anions. The
total cellular osmolality (175 + 135 = 310 mosmol/kg H20) is equal to
the total extracellular osmolality (155 + 155 = 310 mosmol/kg H20);
therefore, equal total osmotic concentrations are maintained between
two fluid compartments of widely different ionic contents (Table IV).

Exercise and Body Water

Exercise has two specific effects on body water. First, it alters
the distribution of water, colloids (protein), and crystalloids
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Table IV. Normal Composition of Fluid Spaces in Man

Cations Anions
Other* Other”
Fluld space Na* k' ca*? « Mg™2  osmolst  c1”  HCO™3 poj3 + PROT  Osmols”
mEq/1 mEq/1 mEq/1 mosmol/kg mEq/l mEq/l mEq/1 mosmol/kKg
Extracellular 142 5 8 155 103 27 25 155
Cellular 10 145 20 175 2 8 190 135
Total 152 150 28 330 105 35 215 290

(ions) within the body fluid compartments, Secondly, if sweat is
lost that 1s not replaced by fluid intake, the result is a decrease
in total body water content which, in hot environments, may be of
sufficient magnitude to reduce markedly the capacity for prolonged
exercise (10,11, Figure 2).

Fluid Shifts with Exercise. During exercise some plasma water is
lost (shifted) from the vascular compartment to the interstitial
compartment and to the cellular compartment of the active muscle
(12,13); at the same time fluid is shifted at a lower rate from the
interstitial compartment of inactive muscle to the vascular space
(14). The result is an absolute loss of plasma water (and electro-
lytes) that is direectly proportional to the intensity of the exercise
(Figure 2). These transcompartmental fluid shifts occur as a result
of alterations in the balance of osmotic and hydrostatic forces
acting along and across the capillary networks of all tissues whose
blood flow is altered by exercise; e.g., muscle, skin, kidney, gut,
and liver, For exercise (cyecling) performed in a seated position,
the fluid balance favors net capillary filtration which results in a
reduction of plasma volume or hemoconcentration (12). For exercise
performed in an upright position such as running, the hemoconcentra-
tion is often minimal (16) because the act of standing causes a sub-
stantial hemoconcentration; edema-preventing mechanisms, such as
increased interstitial fluid pressure, act to reduce the potential
for further hemoconcentration (17,18).

Exercise at an intensity above 50% of peak working capacity is
usually accompanied by increased concentrations of plasma electro-
lytes; sodium, chloride, and especially potassium, with an accompany-
ing increase in osmolality. There is, however, little change in
plasma electrolyte and osmotic concentrations at exercise levels
below 50% of the peak working capacity because the plasma filtrate is
isotonic with respect to existing plasma tonicity (19-21). At exer-
cise levels above 50% of peak capacity, there is an exponential
increase in plasma sodium and osmolality that is associated with the
linear decrease in plasma volume (Figure 3) (20). Apart from an
increase in plasma-potassium concentration induced by the moderate
muscular contraction, which may be augmented by the breakdown of
glycogen to glucose (glycogenolytic activity) in active muscle, the
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Figure 1. Cellular and extracellular (plasma and interstitial)
fluid compartments.
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Figure 2. Effect of drinking water on rectal temperature levels
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35-45% relative humidity) in one subject. From ref. 49 with
permission.
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elevations in plasma electrolyte and osmotic concentrations appear to
be a result of the transcompartmental fluid shifts. If moderate
dehydration is added to the stress of moderate exercise, especially
when performed in a hot environment, the elevation in plasma sodium
and osmotic concentrations can be sufficient to impair temperature
regulation (2,4).

Fluid shifts during exercise occur mainly as a result of
increased capillary filtration from the vascular compartment to the
interstitial space caused by the increases in hydrostatic and sys-
temic blood pressures (13,21,22), with assistance from the increased
tissue osmolality (14,23) resulting from elevated muscle metabo-
lism. The latter would tend to draw interstitial fluid into the
muscle cells (13) and, in conjunction with the shift of water from
inactive muscle, would increase tissue total pressure (Figure 1).
The reverse flux of fluid from the interstitial to the vascular space
(14) is caused by increased interstitial fluid pressure (12) and
increased plasma protein concentration (oncotic pressure),
hyperosmotemia, or both depending upon the intensity (above or below
50%-peak capacity) and duration of the exercise. Increased inter-
stitial hydrostatic pressure and increased plasma osmotic pressures
retard the fluid shift from plasma to the interstitium. Equilibrium
is reached when interstitial pressure balances capillary filtration
pressure (EEQ. After cessation of exercise, restitution of plasma
volume takes 40-60 minutes (21,22) unless significant dehydration is
present. The immediate post-exercise hyperosmotemia, the relative
hyperproteinemia, and the reduction in systemic blood pressure con-
tribute to the restoration of plasma volume. The reduction in blood
pressure, which produces a fall in local hydrostatic pressure within
the capillaries of the previously active muscle, is probably the
single most important factor.

Consequences of Sweating. Sweating occurs during moderate exercise
levels in the cold as well as at higher environmental temperatures.
At low ambient temperatures a greater portion of the metabolic heat
production (depending upon exercise intensity and clothing) is dissi-
pated by convection and radiation and a minor portion by evaporation
of sweat and respiratory water. As ambient temperature rises, the
portion of heat dissipated by convection and radiation decreases
progressively in concert with a proportional increase in the rate of
sweating and evaporative heat loss. The coordination of the rate of
heat loss between conduction, radiation, and evaporation is so pre-
cise that, for ambient dry-bulb temperatures between 5°C and 29°C,
the equilibrium level of core (rectal) temperature is related
directly to the intensity of the exercise load and is independent of
environmental temperature (25).

In cool environments the increase in metabolic heat production
and core temperature during exercise can be considered as an internal
thermal stress. The fluid shifts that occur during exercise in warm
and hot environments are modified by what can be considered as an
additional external thermal stress. Even under ideal (cool) climatic
conditions exercise is antihomeostatic, having the capability of
imposing simultaneous stresses upon nearly all the body's regulatory
systems. Prolonged exercise performed in hot conditions imposes a
particularly severe strain on the cardiovascular system which must
provide not only for the metabolic requirements of the working
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muscles, but also for the dissipation of metabolic and environmental
heat via regulation of the cutaneous circulation. Under the circum-
stance of great internal and external thermal stress, the dominant
thermoregulatory mechanism is the production and evaporation of
sweat.

For each milliliter of sweat evaporated, 2.4 kilojoules
(0.58 keal) of heat are lost from the body. During marathon runs in
the heat, sweat rates may approach 2 liters per hour (26); if the
body water lost is not replaced, dehydration occurs. Even in cool
environments, where convection and radiation are the main avenues of
heat dissipation, sweating may still result in significant dehydra-
tion because of the increase in core temperature. Therefore, appro-
priate fluid intake is an important requirement during prolonged
exercise performed in cool environments as well as in the heat.
Quantifying "prolonged" and "heat" is difficult, since the two are
interactive. The heat produced by metabolism during intense exercise
can exceed the absorption of extreme environmental heat by a factor
of seven (gz), but this level of metabolism can be sustained for only
short periods of time. Rates of metabolic heat production exceeding
600 Watts, which is three times a severe environmental heat load, can
be sustained for several hours by endurance athletes. A wet-bulb
globe-temperature (WBGT) index [(0.7 x wet-bulb temp.) + (0.2 x black
globe temp.) + (0.1 x dry-bulb temp.)] greater than 18°C (65°F) pro-
vides a condition for a potential risk of heat injury during exer-
cise. Thus, the more intense and prolonged the exercise, the lower
the safe WBGT index.

Sweat is composed of water and many solid substances, mainly the
electrolytes sodium, potassium, and chloride (28). While loss of
water and the ensuing increase in total body dehydration may become a
medical problem, contrary to popular belief, the accompanying loss of
electrolytes does not constitute a problem under most exercise and
environmental situations as long as food consumption is normal.

Sweat is much more dilute (hypotonic) than plasma (sweat = 0.4%
solute, plasma = 0.9% solute). This hypotonicity increases in sub-
jects who have undergone exercise training in the heat (acclimatiza-
tion) (29). Consequently, sweating during exercise results in
increases in plasma electrolyte and osmotic concentrations since
proportionally more water than salt (electrolyte) is being lost in
the sweat. But intravascular electrolyte content is also being
decreased by losses in sweat. Once sweating ceases, and any body
water deficit incurred is replaced by drinking pure water, the
resulting intravascular electrolyte concentration will be decreased
from the presweating level unless additional electrolytes are con-
sumed. The best time to replace electrolytes lost during exercise is
after exercise ceases because ingestion of electrolytes during exer-—
cise will add to the existing exercise-induced hyperosmolality.
Drinking cold or warm water during exercise is more effective in
attenuating the rise in core temperature than drinking an equal
volume before exercise or providing artificial sweat by sponging the
body with water during exercise (gg). In addition, hypernatremia and
hyperosmolality tend to inhibit sweating and evaporative heat loss
(as does wet skin) and accentuate the already elevated core tempera-
ture (2,4,31).

There are circumstances when some electrolyte replacement is
necessary, for example during repeated bouts of strenuous exercise
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performed daily for many consecutive days, or when physical work or
exercise is performed continuously over a 12- to 24-hour period and
adequate rest periods and meals are not available. Muscle cramping
is a common response to salt (NaCl) depletion which usually can be
prevented by increasing salt intake. Heat cramp and the syndrome of
salt and/or water depletion heat exhaustion are commonly the result
of inappropriate levels of heat acclimatization and physical fitness
(32). The enhanced ability to conserve body sodium in sweat and
urine are major adaptive responses to heat acclimatization, and
excessive electrolyte depletion is usually a problem only during the
first few days of work in the heat. Further, it should be noted that
significantly increased salt intake during the first few days of heat
stress can inhibit the secretion of aldosterone (29), a hormone that
aids salt conservation by facilitating reabsorption of sodium in the
sweat glands and kidney tubules.

Provided that the diet is adequate, there is no substantial
evidence to suggest that loss of trace elements in sweat affects
nutritional status or exercise performance adversely (28). A possi-
ble exception is iron; the low level of bone marrow iron content
observed in some endurance-trained athletes (33) may be due to
excessive losses of as much as 40 micrograms of iron per 100 milli-
liters of sweat (34). Iron metabolism is discussed in more detail in
the chapter by McDonald and Saltman.

Dehydration and Exercise. Water loss corresponding to as little as
1% of the body weight leads to accentuated increases in body tempera-
ture and heart rate during exercise (Figure 4) (35). If water loss
approaches U4 to 5% of the body weight, the capacity for prolonged
work may be reduced by 20 to 30% (36). The adverse cardiovascular
and thermoregulatory effects of dehydration are partly a result of
reduction in plasma volume (hypovclemia) and an increase in plasma
osmolality. Hypovolemia also reduces stroke volume and cardiac out-
put, and reduces the rate of heat loss by raising temperature thresh-
olds for cutaneous vasodilatation and sweating (18). Thermal dehy-
dration also elevates blood electrolytes and osmolality, and this too
reduces the sensitivity of heat-dissipation mechanisms independently
of any dehydration-induced reduction in plasma volume (3). There-
fore, any factor which reduces plasma osmolality can only be advan-
tageous to the endurance athlete or worker performing in the heat--
another strong argument for not adding electrolytes to liquids con-
sumed during exercise.

Dehydration also affects the plasma volume response to exer-
cise. For example, during cycling in the heat, the magnitude of the
exercise hemoconcentration is greater when the cyclist is dehydrated
than when dehydration is prevented by drinking water (g). During
walking, the prevention of dehydration by water consumption increases
the tendency for hemodilution rather than for hemoconcentration
(jl). Thus, preventing or minimizing dehydration improves perfor-
mance during exercise through specific beneficial effects on both the
cardiovascular and thermoregulatory systems.

Heat Acclimatization and Endurance Training. Primary adaptive
responses to repeated intermittent exposure to exercise in the heat
are (1) chronic expansion of the plasma volume, (2) increased reten-
tion of body sodium, (3) increased capacity for sweating and, hence,
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Figure 3. Plasma volume loss (shift) with increasing intensity
of exercise. From ref. 71 with permission.
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for evaporative heat loss, and (4) some residual increase in
cutaneous blood flow (38,39). These responses provide for increased
heat dissipation during exercise, which allows core temperature to be
regulated at a lower level, and for reduced stress on the cardiovas-
cular system after acclimatization. The practical importance of
expansion of the plasma volume which occurs with heat acclimatization
and endurance training remains controversial. Certainly it increases
the capacity of the cardiovascular system to maintain an adequate
blood flow to muscle and skin during exercise in the heat without
compromising either thermoregulation or regulation of blood pres-
sure. On the other hand, the magnitude of the hemoconcentration
(hypovolemia) induced during cycling is greater after heat acclima-
tization. Corresponding data for running exercise are not avail-
able. Even though there is no adaptation to successive bouts of
dehydration, heat acclimatization seems to attenuate the adverse
effects of dehydration on the cardiovascular responses to heat and
exercise (40). Nothing can be gained, and much can be lost, by
performing prolonged exercise in a dehydrated condition, even for
acclimatized individuals. It should be emphasized that the physi-
cally conditioned endurance athlete needs as much and probably more
water than untrained people because of the increased sweating of the
athlete.

Endurance exercise training, when carried out in cool environ-
ments, induces adaptive responses which are qualitatively similar to
those induced during heat acclimatization; i.e., increased sweat
rate, reduced heart rate, and increased plasma volume (41,42). When
heat acclimatization is induced by raising core temperature with
subjects at rest in a hot environment, these same adaptive responses
are enhanced to some degree (41,43). It has been observed that phys-
ically fit subjects do not exhibit these characteristic responses
when exposed to a standard acclimatization regimen involving inter-
mittent walking exercise in a hot environment (44), suggesting that
they had already adapted in the same manner as acclimatized sub-
jects. There appears to be some additive effect on the magnitude of
the adaptive responses between those induced by resting in the heat,
and exercising in cool and hot environments (45). The largest adap-
tive responses occur during the performance of moderate to heavy
exercise in the heat (18,41,42, U46-U48),

Thirst and Drinking During Exercise

Although it has been known for many years that dehydration and hypo-
hydration impair physical performance, many people who engage in
exercise and exercise training may not know how serious that impair-
ment can be or what to do about it, especially during competition
when they are confronted by rules that may prohibit or restrict
liquid consumption. A bewildering array of hydration drinks are
available commercially that bombard the individual with a variety of
claims, some of which border on the ludicrous. The truth is simple;
during exercise pure water is best. Although prevention of dehydra-
tion by replacement of all fluid losses would be the ideal procedure
for maximizing exercise performance in cool or hot environments (149),
in practice unfortunately, this full replacement is virtually impos-
sible to achieve.
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Stimuli for Drinking. Thirst stimulation and the act of drinking are
basic physiological responses. The three major circumstances known
to stimulate thirst and drinking are (1) a deficit of body water
(hypohydration and hypovolemia), (2) an increase in the osmolality of
the extracellular fluid volume (hyperosmolality and hyperosmotemia),
and (3) consumption of dry food (prandial thirst) (50). These three
factors can function independently, but they are often interactive;
e.g., a hypovolemic subject is often hyperosmotic. In addition, the
hormone angiotensin II acts as a stimulant for drinking (dipsogen) in
animals, and possibly in man (51).

In humans experiencing thermally stressful conditions, the rate
of voluntary fluid intake under optimal conditions for drinking,
i.e., where cool palatable water or fruit juice (52) are readily
accessible is, unfortunately, only about half the rate of water loss
(El). Unless there is forced drinking, these stressed people are
almost always in negative water balance. This condition is referred
to as involuntary dehydration (§§). The maximal strain on the fluid-
electrolyte system occurs when a dehydrated person exercises in a hot
environment. When the factors hydration-dehydration, exercise-rest,
and hot-cool environments are separated, it is found that dehy-
dration, exercise, and the hot environment all have greater inhibi-
tory effects on drinking than their hydration, rest, and cool envi-
ronment control conditions. Of these three stresses, heat exposure
has the least inhibitory effect, prior dehydration has an inter-
mediate effect, and moderate exercise per se has the greatest inhib-
itory effect on voluntary rehydration after stress—-induced fluid loss
(54). 1In spite of the differing nature of these various stimuli used
to reduce body water, the rate of rehydration is the same when food
and fluids are available ad libitum during a comfortable recovery
period. The more stressful the total condition, the greater is the
level of dehydration and the longer it takes to restore the lost
water (54). 1In previously dehydrated men, forced fluid replacement
over a 3-hour period of the fluid deficit failed to restore plasma
volume and plasma osmolality to predehydration levels (§§). The
threshold for involuntary dehydration in hydrated subjects occurs
with a water (sweat) loss of only 75 g/hr; with heat exposure the
threshold is about 275 g/hr (54,56). This means that water losses
below 75 g/hr and 275 g/hr are fully replaced by drinking voluntar-
ily; above these thresholds they are not replaced fully. This is why
drinking should be initiated before or immediately upon exposure to a
stressful fluid-depleting situation before feelings of thirst arise
(QQ); otherwise, significant levels of dehydration will occur that
cannot be restored easily by drinking. Results from a recent study
(51) indicate that heat acclimatization acts to reduce the level of
involuntary dehydration during exercise in the heat by a progres-
sively shortened time to the first drink, a threefold increase in the
number of drinks per exposure, and a significant increase in the mean
volume per drink. The result is that voluntary drinking can be
increased comfortably from 450 ml/hr to 1000-1200 ml/hr (51). Thus,
there appears to be an adaptive physiological response that allows
one to increase fluid intake.

Water, Electrolyte, and Carbohydrate Replacement During Exercise. To
help minimize the requirement for water replacement during exercise,
adequate hydration should be attained before exercise commences.
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Some forced drinking may be appropriate, but it must be planned care-
fully because the start of a competitive race is no time to have a
full bladder! Another method of storing water is by making use of
the 2.7 g of water of association with each gram of glycogen.
Increasing glycogen stores by consuming additional carbohydrates a
few days before exercise has the double advantage of providing addi-
tional reserves of both energy and water (36,57,58).

Enough has been said on the subject of electrolyte intake to
strongly suggest that the rule is to avoid salt (sodium and potas-
sium). But there will be occasions when strict adherence to this
rule is inappropriate. Sometimes diet alone may not provide adequate
electrolytes or trace elements, for example when athletes perform
where customary foods are unavailable and local foods are unpal-
atable. If electrolyte supplements are necessary, they should be
taken with meals in conjunction with fluids. Under no circumstance
should salt be taken immediately before or during exercise, espe-
cially in hot environments when sweating and involuntary dehydration
are greatest and the rate of rise of hyperosmotemia is maximal. If
electrolyte consumption is necessary, for example when the exercise
must be performed over many hours in the heat (as in ultramarathon
events), then a very dilute salt solution (less than 0.5 grams per
100 milliliters of H20) is much better than salt tablets, which can
cause gastric irritation. Calcium should not be used in rehydration
drinks because it inhibits the normal hypervolemic response to fluid
ingestion (52). The ideal time for electrolyte supplementation is
after exercise when a sufficient amount of water can be taken to
dilute the salt to isotonicity (0.9 grams of NaCl per 100 milliliters
of H20), i.e., the normal concentration of plasma. Normally these
electrolyte supplements will be unnecessary as a balanced diet will
provide sufficient electrolytes and trace elements to restore any
temporary deficit.

Gastric emptying time (the normal maximal rate being about
600-800 ml/hr (60)) imposes a physiological limitation upon the rate
of fluid uptake into the circulatory system. Acute gastric discom-
fort usually arises when an attempt is made to drink large volumes of
liquid too quickly during exercise. A modest volume taken at fre-
quent intervals (100-125 ml or U4 ounces per 10 min) is usually all
that is comfortably possible, but the beneficial effect can be con-
siderable. Water is absorbed from the stomach at a rate of about
2.6% of the ingested volume per minute, but at 20% of the ingested
amount per minute from the small intestine. Therefore, it is cer-
tainly the retention of fluid within the stomach that produces the
discomfort. The stomach can be envisioned essentially as a pump that
passes material into the duodenum (61). The rate of gastric emptying
increases in proportion to the volume ingested (60-62), and the addi-
tion of even small amounts of carbohydrates (monosaccharides and
disaccharides) has been reported to retard gastric emptying
(60,63-65). The addition of potassium chloride to a test meal slows
gastric emptying similarly to that induced by glucose, but the KCl is
more nauseating than glucose (éé). Optimal gastric emptying occurs
when saline, of a concentration that is nearly isosmotic with the
plasma, is introduced into the stomach (61); hypertonic solutions
empty more slowly (61,66).

With prolonged exercise it may be necessary to provide addi-
tional carbohydrate energy sources since glycogen appears to be the
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preferred substrate for energy production (67). Compared with the
consumption of a normal mixed diet, consumption of a carbohydrate-
enriched diet prior to exercise can result in significantly better
running performance (§§). Depletion of muscle glycogen by exercise
and subsequent replenishment with enhanced carbohydrate feeding has
also been reported to increase subsequent physical performance
(69). Ingestion of a glucose polymer supplement during exercise
increases endurance time at a work rate of 45% of the maximal capa-
city (19). Thus, carbohydrate feeding appears to enhance exercise
performance, but, as with water and electrolytes, moderation is
important to minimize the retardation effect on gastric emptying.

Summary

Deterioration of physical exercise performance due to dehydration
begins when body weight decreases by about 1%. Unacclimatized humans
under thermal and exercise stress will voluntarily drink at a rate of
about half of the rate of their fluid losses even at low rates of
fluid loss (275 ml/hr); the maximal rate of fluid intake is about
600-800 ml/hr, the normal maximal rate of gastric emptying. During
the exercise-heat acclimatization procedure, the voluntary fluid
intake can be increased from 450 ml/hr to 1000-1200 ml/hr with no
adverse effects. Electrolyte supplementation in drinking fluid is
not recommended during exercise bouts lasting less than 3 to 5 hours
because the increased concentration of sodium in the plasma accen-
tuates the hyperthermia. Electrolyte and carbohydrate supplementa-
tion is recommended during longer work or exercise periods, espe-
cially in hot environments, and when regular meals are not

available. Thus, there has been no significant evidence that would
change the conclusion of Pitts et al. in 1944 (49): "...in the case
of well acclimatized young men whose daily diet is adequate, the best
performance of intermittent work in the heat is to be achieved by
replacing water loss hour by hour and salt loss meal by meal."
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Body composition is a term used to characterize the relative
constituents of the body. 1In the most general sense, the concept of
body composition partitions the organism into fat and fat-free body
components. These components are of particular importance because
of their relationship to obesity which is one of the most compelling
problems in nutrition and health in western societies.

Obesity is the accumulation of excess fat and, thus, is charac-
terized by overfatness as opposed to simply overweight. To demon-
strate the magnitude of obesity as a health problem, it has been
estimated that adult Americans carry 2.3 billion pounds of excess
fat (1). while little agreement on a precise definition of obesity
can be found, useful but arbitrary standards are fat contents in
excess of 20-25% of body weight for males and 25-30% for females.
Using these figures, the prevalence of obesity has been estimated as
25-50% of the adult American population (2,3). Further, the
prevalence of childhood obesity has been estimated to range from 5
to 30% in developed countries (4,5). 1In fact, the identification of
obesity in childhood has become an important aspect of the revised
Health-Related Fitness Test (6) given nationally to school children.
The recent 1985 National Children and Youth Fitness Study (7) shows
a continuing pattern of increasing fatness based on skinfold thick-
ness measures in school children relative to data collected through-
?ut the 1960's as part of the National Health Examination Survey

8,9).

While the direct effect of being obese on increased morbidity
and mortality is difficult to assess, obesity has been designated as
a significant health problem based on its statistical association
with the increased risks of developing heart disease, hypercholes-
terolemia, hypertriglyceridemia, cancer, arthritis, hypertension,
diabetes mellitus, and gout (10). There is also an increased risk
related to the administration of anesthetics during surgery (11) and
obesity is known to contribute to pulmonary stress (12).

It is generally accepted that the primary etiology of obesity
concerns problems of energy balance as a consequence of nutritional
excess and physical inactivity with less than 1% of cases associated
with endocrine dysfunction (13). Changes in body weight or body
composition depend on the relationship of energy intake to energy
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expenditure. This relationship, which is usually referred to as
energy balance, is positive when intake exceeds expenditure.
Positive energy balance produces increases in body weight, body fat,
or both. Weight loss occurs when expenditure exceeds intake. While
the energy balance relationship is clear, application of the concept
has not proven to be straightforward or easy.

The components of energy balance are intake, which is the
consumption of food, and expenditure, which is a combination of
basal metabolism (the energy expended at rest), specific dynamic
action (the energy expended in digestion, absorption, and
assimilation of nutrients after a meal), and exercise. Of the
components of this equation only intake and exercise can be
voluntarily altered. Thus for an individual to alter body weight or
composition requires changes in intake and/or exercise. Most
attempts to alter body weight involve caloric restriction or
dieting. While it is clear that caloric restriction will cause
weight loss, the data show that the majority of individuals losing
welght will regain some or all of the lost weight (14). Further, as
will be discussed later, little or no improvements may have occurred
in body composition. On the expenditure side of energy balance,
exercise is viewed by many as a critical factor in determining body
weight. While others believe that moderate, aerobic exercise
produces an insignificant expenditure of calories.

This chapter will review the relative contributions of exercise
and food intake to changes in body weight and more specifically body
composition. The emphasis of this chapter is on exercise as a
modality for fat reduction and fat-free weight maintenance with the
focus on aerobic exercise which has greater potential to modify body
composition due to larger effects on energy balance. The first
section reviews the effects of aerobic exercise on body composition
in humans. The second section addresses technigues for measurement
of body composition and limitations of these measurements in
humans. The third section examines the use of experimental animals
for studies of exercise and body composition, and the fourth section
examines the interactions of diet and exercise.

Effect of Aerobic Exercise on the Body Composition of Humans

Exercise represents the most variable factor on the expenditure side
of the enmergy balance equation. It is possible to increase the
energy expenditure 10-20 fold at peak exercise levels. Not only is
the metabolic rate increased during exercise, but the calorigenic
effect of exercise may remain significantly elevated for several
hours after exercise both in terms of recovery energy expenditure
(15) and appetite supression (16). 0On the other hand, the use of
exercise as treatment for body weight modification and fat loss has
been criticized on at least two counts. First, there is the belief
that caloric consumption associated with moderate aerobic exercise
is insignificant when compared to the much publicized semistarvation
diets. There is also the belief that exercise stimulates the
appetite so that any caloric deficit effected by exercise is offset
by increased food intake. Research to answer these and other
questions has not been convincing and certainly not definitive.
While one can generally conclude that exercise alone evokes a modest
modification in body composition, existing human research has been
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plagued by the lack of controlled studies with respect to research
design, gquantification of energy intake and output, and methodo-
logical considerations in body composition assessment. In addition,
most human research has been limited to relatively short-term
studies due to problems associated with adherence, whereas the
energetics of exercise would suggest that physiologically
significant changes in body composition can only be accomplished
through long-term programs. For example, a typical exercise program
consisting of 30 minutes of exercise per session, 3 days per week
may only increase caloric expenditure by 600-900 Kcal per week, a
rate equivalent to a one pound fat loss every 4-5 weeks attributable
solely to exercise.

The evidence suggesting that exercise is a significant factor
in controlling and modifying human body composition has come from
both comparative and experimental research designs. When physically
active individuals, such as athletes or those involved in heavy
physical labor, are compared to the more sedentary, the leanness to
fatness ratio is invariably higher in active individuals. The
normal range of relative fatness is 15-20% body weight for males and
20-25% for females. On the other hand, the range for athletic
groups is normally 5-15% fat for males and 10-20% for females.
Descriptions of the body composition characteristics of various male
and female athletic groups have been provided in other reviews
(17,18). 1t must be noted, however, that while cross-sectional
comparisons of physically active to inactive groups suggest that
exercise influences an increase in the leanness to fatness ratio,
this interpretation must be tempered by consideration that lean
individuals more frequently select or are selected to participate in
physically demanding activities.

Interpretation of the experimental evidence concerning the
effect of exercise on human body composition must also be viewed
conservatively since only infrequently are control groups employed,
ad libitum dietary practices are assumed to remain constant but are
rarely monitored over the duration of the experiment and often a
mismatch exists between exercise energy expenditure and body
composition changes. The latter concern has been previously
reported by Grande (19), Moody et al. (20), Wilmore et al. (21), and
Boileau et al. (22). In these studies, the energy equivalent of fat
reduction and FFB gain far exceeded the energy expended in
exercise. This problem is likely multifaceted and may be related to
inadvertent dietary caloric reduction, inaccurate estimation of
exercise caloric expenditure, change in normal physical activity
habits, or body composition methodological considerations.

In spite of the aforementioned problems in conducting body
composition research on humans, there is convincing evidence to
suggest that exercise is a significant factor in body weight control
and fat reduction in nonobese and mildly obese individuals.

However, when compared to animal data, the relative effects in
humans appear at best to be modest. Further, there is general
consensus that in severe abesity exercise alone is an insufficient
treatment (23,24).

Several reviews have addressed the effect of aerobic exercise
on body weight and composition modification (18,25,26,27). A
summary of 32 studies involving adult males, adult females, and
children is presented in Table I. The studies ranged from 8 to 20
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Table I. Summary of the Effect of 8-20 Weeks of Aerchbic
Exercise on Changes in Body Composition

Body Wt.
Group (kq) %Fat Fat (kg) FFB (kg)
Males X -1.2 -1.7 -1.7 0.4
(24 sample SD 1.1 1.2 1.3 1.1
groups)
Females X -1.9 -3.3 -2.9 1.0
(7 sample SD 2.3 3.3 2.6 1.7
groups)
Children X -1.6 -2.6 -2.1 0.5
(10 sample SD 3.7 3.3 2.9 1.1
groups)

Ithis table was constructed from a summary of data presented by
Wilmore (18) which included 25 studies of 8-20 weeks' duration. The
data for children include seven studies and were summarized from
Boileau et al. (27).

weeks' duration and, in general, training exceeded 30 minutes per
session with an average frequency of 3 days per week. The mode of
aerobic exercise consisted mostly of walking, jogging, running, and
bicycling. While relatively large variations can be seen among the
studies, a mean body weight reduction of 1.2, 1.9, and 1.6 kg was
observed for adult males, adult females, and children, respectively.
As expected in aercbic exercise, fat loss exceeded body weight loss
suggesting that the FFB was at least maintained. This is significant
since dietary restriction alone often leads to loss of body protein
and FFB (28). It is interesting that the 1.7 kg fat loss and 0.4 kg
FFB gain observed across the adult male studies represents an
expenditure of 15000 Kcal which is roughly equivalent to a moderate
aerobic exercise program of 10-15 weeks' duration.

While these studies lead to the conclusion that exercise evokes
a modest body weight and fat loss while maintaining the FFB, the
combination of moderate dietary caloric reduction and moderate
exercise energy expenditure may provide the optimal response. Zuti
and Golding (29) studied three body composition modification
programs including dietary caloric reduction (500 Kcal/day),
exercise (500 Kcal/day), and a combination of diet (250 Kcal/day)
and exercise (250 Kcal/day) in adult women judged to be 9-18 kg
overweight. The body weight decrease was similar among the groups
ranging from 4.5 to 5.5 kg during the program. Most of the weight
loss was accounted for by fat loss which was 4.2, 5.7, and 6.0 kg
for the diet, exercise, and combination groups, respectively. Fat
loss in the exercise and combination groups was similar but
significantly more than the diet group. Also, the exercise and
combination groups maintained their FFB gaining 0.5 and 0.9 kg,
respectively, whereas the diet group lost 1.1 kg of FFB. Clearly,
the maintenance of FFB appears to be an advantage provided by
exercise and needs to be considered an important aspect among the
various obesity treatment modalities.
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Measurements of Body Composition

Measurements of body composition consist of direct and indirect
methods. Direct methods include measures of body protein, water,
fat, and ash (minerals). An alternative direct approach is
measurement of individual tissue weights. Wwhile these methods are
unambiguous and preferred, they are generally limited to studies
with animals. In non-sacrificial beings, direct determinations of
tissue weights are impossible, and determinations of body
composition are restricted to use of indirect, noninvasive methods.

Human body composition assessment relies on indirect
measurement techniques. Validation of these techniques is limited
to direct analysis of 4 or 5 adult cadavers, depending on the
measurement method (30,31). The measuremenz techniques most often
employed include densitometry, hydrometry, OK by gamma-ray
spectrometry, and anthropometry. The methodology of these
techniques has been reviewed for their use in children and adults in
several reports (17,26,32,33). Moreover, technological advances
have provided several additional techniques such as neutron
activation analysis (34) and other promising but as yet unvalidated
approaches, including total body impedance (35), electrical
conductivity (36), and nuclear magnetic resonance imagery (37).

A primary methodological consideration in the use of the
indirect techniques is the compositional model of the body. Several
models have been proposed including: a four-compartment system (28)
consisting of bone mineral, cells, and extracellular water as the
energy utilizing component plus fat as the energy storage component;
a three-component model (38) including fat, muscle, and a remainder
mass (muscle free lean); and two-component models consisting of
either fat-free body (32) or lean body mass (LBM) (39) and fat. The
conceptual difference between the fat-free body weight and lean body
mass models is that LBM includes essential fat. The two-component
model is used almost exclusively and data are derived from the
measurement methods mentioned above. Since densitometry is
considered the standard against which other techniques are compared
and validated, discussion here is limited to application of the two-
component model using the densitometric method for estimation of
body composition.

Body density (Dg) is the ratio of body weight (BW,;.) to body
volume. Body volume can be measured by water displacement or helium
dilution, but the method of choice is underwater weighing (BWTZQ)
with corrections for the density of water (DHHZO) and residual lung
volume (Rv) (40). Density is then estimated as follows:

BW._.
0. = air

g =

BW ir = Mo | - RV
B0

when the two-component system is applied to the densitometric
estimation of fat and fat-free body, certain critical assumptions
must be made: (1) the densities of fat and FFB are known and
additive; (2) the densities of the FFB components (e.g., water,
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mineral, and protein) are relatively constant within and among
individuals; (3) the proportion of each FFB component is relatively
constant within and among individuals with respect to the total FFB;
and (4) the individual being assessed differs only from a standard
"reference man"™ in the amount of depot fat possessed. Using these
assumptions, Morales et al. (41) described the following
mathematical model for the relationship of Dp to the fat and the
components of fat-free body:

]l =

Dg

+ W
f Dw

Ul—b

+M _+p
Dm Dp
where f, w, m, and p are the fractions of fat, water, mineral, and
protein, respectively, and D¢, D, Dy, and Dp the densities
of each component.
The relationship between body fat content (F¢) and body

density has been described by Siri (42) assuming the densities of
fat and FFB to be 0.900 gm/cc and 1.100 gm/cc, respectively:

Ff. = 4.95 - 4.50

Dg

The assumption of FFB constancy both within an individual and among
individuals is, at best, only tenable within selected phases of the
life cycle and valid within sex and racial groups (43,44). Evidence
during growth and maturation suggests that the FFB is chemically
"immature" with the water content higher (45,46,47) and the mineral
content lower (48,49) than adult levels. Since water constitutes a
high percentage of the FFB but a relatively low density (0.9934
gn/cc at 379C) and mineral a low percentage of the FFB but a high
density (3.0 gm/cc) with respect to overall FFB density, the
accepted value of 1.10 gm/cc generated for the adult model is likely
not applicable to the growing individual. This suggests that the
FFB density is lower and may range from 1.070 to 1.100 gm/cc during
growth and development (49,50).

There is also evidence that the FFB density may bhe altered in
the later stages of the aging continuum. Table II presents
estimates of change in the FFB density throughout the life cycle.
While these data are incomplete, the trend suggests that a primary
assumption in the use of densitometric analysis for assessment of
body composition may not be tenable. It is well known that there is
bone mineral loss with aging (52) which is particularly evident in
the postmenopausal female. This loss is at least one factor
affecting alterations in the relative proportions of the FFB
constituents. The extent to which water and protein change with
aging both in relative and absolute amounts is also an important
consideration. The magnitude of these changes and, thus, the change
in FFB density needs to be more definitively described in future
research so that accurate estimates of body fat and fat-free body
can be made.

Not only is the densitometric estimation of body composition
affected by life cycle changes in the composition of the FFB so,
too, are other methods which are based on similar assumptions. For
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Table II. Estimated Changes in Density of the Fat-Free Body
Throughout the Life Cycle for Males?

Density FFB

Age N ¥FFB gm/cc
5 - 85.4 1.078
10 39 83.5 1.082
12 21 83.6 1.091
15 52 85.1 1.096
20-29 45 83.1 1.106
40-49 34 69.7 1.092
50-59 30 68.7 1.089
60-69 25 68.4 1.085
70-79 21 70.4 1.085

8Estimates of the fat-free body density were made from density and
body water data [Siri (42)]. The data were derived from Fomon et
al, (49) for the 5-year-old male, Boileau et al. (50) for the 10-
to 29-year-old males, and Norris et al. (51) for the 40- to
79-year-old males.

example, changes in the hydration of the FFB and potassium content
of the FFB require fundamental adjustments in the "assumed"
constants for estimation of body composition by hydrometry and 40y
spectrometry.

Perhaps the most popular clinical method utilized to estimate
body fat employs the skinfold caliper to measure subcutaneous fat.
The method is based on the fact that a relatively large progortion
of total body fat lies just below the skin. Skinfold thickness is
inversely related to body density. Based on the relationship
between subcutaneous fat and body density, skinfold thickness
measures are used to estimate body density via regression
equations. While this relationship can provide accurate estimates
of body composition, the reliability depends on the accuracy of the
skinfold measurements, the quality of the regression equations, and
the validity of the density values. Because of these factors the
relationship of skinfold thickness to body density appears to change
throughout the life cycle (53); therefore, the regression equation
employed must be valid for the sample group being assessed.

Effect of Aerobic Exercise on the Body Composition
of Experimental Animals

While it is critical to study the effects of aerobic exercise on
humans, the limitations of body composition methodology plus the
even more difficult problems of controlling and defining dietary
intake and total physical activity make use of animal models
essential. Use of experimental animals allows for control of diet
and exercise plus precise characterization of experimental groups
(i.e., age, sex, weight, and genetic background). Further,
experimental conditions including caloric intake, length of study,
and exercise intensity and duration can be modified over a larger
range. These factors make experiments with animals important for
the evaluation and understanding of data from studies with humans.
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Under controlled conditions of dietary intake and daily
exercise, it is clear that aerobic exercise reduces body weight in
experimental animals (54,55,56). To illustrate this point, we have
presented data from our laboratory using a moderate aerobic exercise
program [approximately 75% VOopax (57)1 in Table TII. Male rats

Table III. Body and Tissue Weights After 12 Weeks
of Exercise Training
Tissues Units Sedentary Trained
Body weight (g) 578 + 10.3 493 + 7.9 *
Organs
Heart (9) 1.23 + 0.26 1.20 + 0.04
Liver (g) 11.6 + 0.4 11.3 +0.1
Adrenals (mg) 24 + 1 27 +1 *
Skeletal Muscles
Soleus (mg) 163 + 6 164 + 5
Plantaris (mg) 492 + 24 449 + 8
Gastracnemius (9) 2.35 + 0.05 2.24 + 0.04
Psoas (g) 1.45 + 0.04 1.42 + 0.04
Adipose Tissues
Perirenal (9) 3.63 + 0.16 1.86 + 0.16*
Epididymal () 2.88 + 0.10 1.91 + 0.09%
Inguinal (9) 5.19 + 0.24 3.18 + 0.13*%

Values are Means + SEM, n = 21, * p < 0.05.
(Quig and Layman, unpublished.)

8 weeks old and weighing 200 g were trainmed 5 days/week for 12 weeks
on a motor-driven treadmill with an 8° incline at a speed of 28
meters/minute for 60 minutes each day. These animals were young and
still growing. The final body weights are presented in Table III.
This relatively mild exercise program produced a 15% difference in
weights between the trained and sedentary groups.

The difference in body weights between the trained and sedentary
animals was almost exclusively due to a lower amount of body fat in
the trained group. The weights of individual tissues are presented
in Table ITI. The trained animals have virtually no difference in
muscle or organ weights but have approximately 40% less body fat.
Individual adipose tissues range from 34 to 49% less than in the
sedentary animals. Other studies have examined the changes in the
composition of the total body with respect to water, protein, fat
and ash and the results are similar to those found with tissue
analysis. These studies found decreases in both the relative and
absolute amounts of body fat, plus an increase in the percentage of
FFB in growing (55,58,59) or adult (40) animals. Thus the differ-
ence in weights between sedentary and trained animals was almost
entirely due to lower body fat in the endurance trained animals.
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As stated above, moderate aerobic exercise has little effect on
weights of other tissues (Table III). There are some reports of
increased heart weights due to aerobic exercise (54,61); however,
most studies found only changes in functional parameters such as
heart rate and stroke volume (54,62). Skeletal muscles directly
associated with performing aerobic exercise generally do not
increase in size (63). Instead, changes in skeletal muscles occur
at the cellular level through increases in mitochondrial number and
size and increases in oxidative capacity (64). The increase in the
weight of the adrenal gland is a consistent finding during aerabic
training and reflects that exercise is a stress to the body which
generates an endocrine response (54).

The study presented in Table III demonstrates that aerabic
exercise alters energy balance and reduces body fat. The mechanism
for this response was addressed by Mayer (65,66). He reported that
exercise influenced enmergy balance by increasing caloric expenditure
and by reducing appetite. Other studies have also reported that
aerobic exercise produced appetite suppression, particularly in male
rats (59,60). These investigators suggested that the effect was
related to the intensity and duration of the exercise program. The
food intake data for the study described in Table III are presented
in Table IV and appear to support this conclusion. After only

Table IV. Average Daily Food Intake

Weeks of Training

Group 4 7
(Kcal/day)

Sedentary 70.3 + 3.7 72.0 + 2.5

Trained 59.5 + 2.5% 73.3 + 4.6

Values are Means + SEM, n = 7, * p < 0.05.
(Quig and Layman, unpublished.)

4 weeks of training, animals consumed 15% less energy each day.
However, after 7 weeks of training, the food intake of the trained
animals had returned to normal. This finding is similar to the
report of Applegate et al. (67) using a lower intensity exercise
with obese rats. Thus negative energy balance can be produced
during exercise due to increased energy expenditure, or decreased
caloric intake, or both.

In contrast to male rats, female rats subjected to endurance
training maintain body weight comparable to sedentary age controls
by increasing food intake (65). However, while females maintain
total body weight, exercise still produces the same effects on body
composition. Thus in evaluating animal studies, it is important to
remember that, during moderate to heavy exercise training, male rats
experience appetite suppression and lose body weight and body fat.
While under similar conditions, female rats will maintain body
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weight by increasing food intake. Female rats still experience the
decrease in both the absolute and relative amounts of body fat but
may have a small increase in LBM.

Body Composition Changes Due to Diet and Exercise

Lay publications are inundated with fad diets designed to reduce
body weight "quickly and easily™ using a variety of caloric
restrictions (68). Most individuals attempt to produce a negative
energy balance and reduce body weight by decreasing food intake.
The advantage of using food restriction is that it accelerates the
rate of weight loss. However, the enthusiasm for these diets
dissipates after two or three weeks and the weight is regained. In
addition, it is unclear if the weight loss generated by these diets
produces any improvement in body composition.

There are numerous studies involving humans or animals that
have examined the effects of caloric restriction on the composition
of weight loss (69,70,71,72). These studies indicate that food
restriction causes decreases in body weight and body fat, and that
the magnitude of these losses is proportional to the length and the
severity of the food deprivation. There are also substantial losses
of skeletal muscle and organ tissues (71,72). Assuming the goal is
to optimize health, then the objective is to decrease body fat
content, and maintain FFB weight which will maximize the benefits of
weight loss. Therefore, it is important to examine the specific
effects of dieting on body composition.

During the early phase of dieting, water accounts for a large
percentage of the weight lost (69). Hence, the rate of weight loss
is much higher during the first few days of diet modification,
because the caloric density of the weight loss is low. After the
initial adaptation to a lower caloric intake, the weight loss is
derived predominantly from stores of body fat plus losses of FFB to
provide sufficient amino acids for essential protein synthesis and
gluconeogenesis (73). These losses occur at a relatively constant
ratio with FFB estimated to contribute 35-50% of the weight loss
(14). This ratio differs depending on the percentage of body fat
and age of the animal, but the ratio remains approximately constant
for an animal throughout a period of food restriction (72). Thus
weight loss by diet alone will decrease body weight, but produces
little improvement in body composition.

Weight loss produced by dietary restriction in combination with
aerobic exercise appears to provide a more optimal weight loss based
on improvements in body composition. The amount of body fat lost is
proportional to the caloric deficit (i.e., the decrease in intake
plus the increase in expenditure), but the composition of the weight
loss is also dependent on the amount of FFB lost. The loss of FFB
is reduced by exercise which selectively maintains muscle mass.
Thus, weight loss associated with exercise becomes more specifically
loss of body fat (60).

These data suggest that the optimal regimen for reducing body
fat is a combination of diet restriction and aerobic exercise. The
components of an exercise program are defined by the parameters
intensity, duration, and frequency. Intensity refers to the vigor
of the activity and can be defined by heart rate. Duration
describes the length of the workout, and frequency indicates the
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number of sessions each week. The primary objective of an exercise
program designed to improve body composition is to maximize the
amount of energy expended and to do so under conditions that will
optimize mobilization and utilization of fat as the energy source.
To most effectively accomplish these objectives, it is imperative
that the exercise intensity be moderate. A moderate exercise
program consists of maintaining an exercise heart rate of 130-150
beats per minute (b/min) in the 20- to 50-year age range (110-130
b/min in the 50- to 80-year range) for 30 to 45 minutes per session
with a frequency of 3 to 4 days per week (74). This program will
utilize approximately 1000 Kcal per week and lead to fat loss. The
type of exercise should require use of a major portion of the muscle
mass. Walking, jogging, bicycling, and swimming are normally
activities of choice. In the severely obese, bicycling and swimming
are particularly useful activities since they are non-weight bearing
and thus produce less orthopedic stress.

Summary

Obesity is a major health problem in the United States. It is
estimated that the body composition of one in every three Americans
contains an excessive amount of body fat which may predispose these
individuals to increased risk of high blood pressure, heart disease,
diabetes, gout, and other adult diseases. Modification of body
composition, and specifically reduction of body fat, requires a
decrease in food intake and/or an increase in exercise. These
changes in the balance of energy intake and expenditure will reduce
body weight. The actual composition of the weight loss is dependent
on the level of dietary restriction and the amount of physical
activity. Weight loss due to "dieting" alone has a relatively small
effect on body composition because body fat and muscle are lost in
approximately equal amounts. Dieting plus aerobic exercise
decreases body weight by increasing the use of energy stored in body
fat, but also serves to maintain the muscle mass through increased
usage.

A prescription for modification of body composition must
consider the intensity, duration, and frequency of exercise as well
as the nutritional intake. The general guidelines for such a
prescription include reduction of dietary intake by 500-1000
Calories each day with a minimum of three sessions of aerobic
exercise each week. This program should produce a slow weight loss
of approximately one pound per week and should maintain the daily
food intake above 1200 Calories, which is considered the minimum for
a nutritionally adequate diet.

The exercise program should entail three or four sessions of
aerobic exercise per week with each session lasting 30-40 minutes.
The desired intensity of these activities can be best gauged by
heart rate, which should be in a range of 130-150 beats per minute.
This program is designed to reduce body fat and maintain muscle
mass. Use of the exercise alone will serve to maintain body
composition and prevent the age-related increases in body fat
frequently observed in adults.
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Glossary

Anthropometry: study of comparative measurements of the body,
including height or length, circumferences, and skinfolds.

Apoliproteins: the surface proteins of lipoproteins; apoli-
proteins AI and AII are the major apoliproteins of HDL;
apo CII is a lipoprotein present on chylomicrons and VLDL
which activates the enzyme lipoprotein lipase.

Black~Globe temperature: the temperature inside a hollow copper
sphere 15.2 cm (6 in.) in diameter painted matt-black on
the outside and containing a thermometer inserted so that
its sensing unit is at the center of the sphere. This
temperature is a measure of the intensity of radiant heat
from the surroundings or the sun.

Calories: a unit of heat; the quantity of energy required to
raise the temperature of 1 Kg of water 1 C. Calorie with
a capital "C" is equivalent to kilocalorie (Kcal) and is
used in nutrition to describe energy intake and expenditure.

Chylomicron: triglyceride rich lipoprotein that transports
lipids of dietary origin to peripheral tissues.

Coronary Heart Disease (CHD): atherosclerosis; a particular
type of hardening of the arteries involving infiltration
of fatty materials into the arterial wall.

Dehydration: the process of depletion of body water from de-
privation or loss.

Dipsogen: a substance that stimulates thirst.

Dry-bulb temperature: the temperature indicated by a dry-bulb
thermometer, shielded from the sun, with a diameter large
enough to allow free passage of air around the bulb; the
actual temperature of the air.

Double-blind experiment: experimental design where the subjects
do not know whether they are receving the experimental

treatment or a placebo.

Fat free body: the remainder of the body excluding all lipids
or fats.

Glycogenolysis: the breakdown of glycogen to glucose.

Gluconeogenesis: synthesis of glucose from non-carbohydrate
precursors such as amino acids.

High density lipoprotein (HDL): an antiatherogenic lipoprotein

that facilitates the removal of cholesterol from tissues
for subsequent catabolism.
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Hypernatremia: increase in the plasma sodium concentration
above the normal level.

Hyperosmotemia: increase in the plasma osmolar (salt) concentra-
tion above normal level.

Hyperproteinemia: increase in the plasma (total) protein concen—
tration above normal level.

Hypervolemia: increase in the plasma volume above the normal
level.

Hypohydration: an equilibrium level of total body water below
the normal volume.

Hypovolemia: reduction in the plasma volume below the normal
level.

In vitro: in the test tube; usually refers to chemical reactions
occurring in a test tube.

In vivo: in the living being; usually refers to chemical
processes occuring within the body.

Ischemic Heart disease: inadequate circulation of blood to
the heart muscle.

Lean body mass (LBM): the mass of the body excluding the adipose
tissues; LBM is the same as FFB plus approximately 37%
essential fat contained in cell membranes.

Low density Lipoprotein (LPL): a lipoprotein that transports
cholesterol to tissues; associated with increased risk
of coronary heart disease.

Myocardial infarction (MI): heart attack; death of the heart
muscle due to a blood clot in a coronary artery.

Splanchnic: viseral; organs of the digestive, circulatory,
respiratory, and endocrine systems.

Turnover: the continuous processes of synthesis and breakdown;
often used to describe the steady-state of protein.

Very low density lipoprotein (VLDL): a triglyceride rich lipo-
protein that transports lipid to tissues and serves as

a precursor of LDL.

V02 max: maximum oxygen consumption.
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Wet-bulb globe temperature index: a mathematical expression
comprised of the dry-bulb, wet bulb, and black-globe tem-
peratures, which indicates the combined effects of tem-
perature, humidity, air movement, and thermal radiation
as an environmental stress.

Wet-bulb temperature: the temperature indicated by a wet-bulb
thermometer where the bulb is covered by a thin cotton
or muslin sleeve, wetted with distilled water, and air
is drawn over the bulb in a velocity of at least 107 meters/
minute (350 feet/min).
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interaction of carbohydrate and
lipid metabolism, 39f
physiological and metabolic
responses, 2
primary effects on body, 3
primary fuels, 4
producing catabolic condition, 51-52
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Lipoprotein lipase activity, effect on
plasma lipids, 65
Lipoprotein metabolism, effect of
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Lipoproteins
changes after exercise program, 62t
factors affecting
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64t
Liver glycogen
depletion, 40
fuel reserve, 31t
Low-density lipoprotein (LDL)
cholesterol, decreased by
exercise, 61

Maximal oxygen consumption
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Mitochondrial enzyme activity, train-
ing effect, 37t
Motor units
composition, 9
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fast-twitch white muscle fiber, 10
recruitment pattern, 11
Muscle fiber types
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fast twitch, 9-10
fast-twitch, 30-33
slow-twitch, 9-10
30-33
type IIA, 30-33
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increase, U46-U7
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Protein metabolism Submaximal exercise--Continued
changes through exercise, 45 measurements of glycogen, 36
effect of exhaustive running, 52t sources of energy, 36

Protein requirements
effect of anaerobic exercise, 47-48
endurance exercise, 53-54
Protein synthesis T
effect on muscle hypertrophy, 46-47
rate vs. dietary protein level, 49f

role of leucine, 51 Trained muscle
Protein turnover altered substrate utilization, 19-20
before and after exercise, 52t lactate content, 19
muscles in chickens, 47t rate of respiration, 19
Training duration
length, 12
maximal response, 11-12
S Triglyceride breakdown, during

exercise, 33
Triglyceride stores, during aerobic

Skeletal muscle work, 28-30
biochemical adaptation Triglycerides
specificity, 9 decreased by exercise, 61
biochemical adaptations, 8-21 effect on exercised women, 61

changes after exercise training, 8

contractile activity, 36

contractual energy demands, 18

mitochondrial content, 8 v
oxidative capacity, 18

respiratory capacity, 36

Slow-twitch muscle fiber < : :
characteristics, 9 Very low-density lipoprotein (VLDL)

motor units, 10 triglycerides, endurance vs.

Slow-twitch red muscle fiber, sedentary subjects, 60
contraction, 10
Starvation, metabolism, 28 W
Stretch-induced hypertrophy, protein
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Submaximal exercise Water, effect on rectal temperature
effect on PCr content, 18-19 during exercise, 111f
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