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PREFACE vii

Preface

This publication, The Role of Protein and Amino Acids in Sustaining and
Enhancing Performance, is the latest in a series of reports based on workshops
sponsored by the Committee on Military Nutrition Research (CMNR) of the
Food and Nutrition Board (FNB), Institute of Medicine, National Academy of
Sciences. Other workshops or symposia have included such topics as nutrition
and immune function; emerging technologies in nutrition research; food
components to enhance performance; nutritional needs in hot, cold, and high-
altitude environments; body composition and physical performance; and fluid
replacement and heat stress. These workshops form part of the response that the
CMNR provides to the Commander, U.S. Army Medical Research and Materiel
Command, regarding issues brought to the committee through the Military
Nutrition and Biochemical Division of the U.S. Army Research Institute of
Environmental Medicine (USARIEM) at Natick, Massachusetts and the
Military Operational Medicine Program at Fort Detrick, Maryland.
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PREFACE viii

HISTORY OF THE COMMITTEE

The CMNR was established in October 1982 following a request by the
Assistant Surgeon General of the Army that the Board on Military Supplies of
the National Academy of Sciences set up a committee to advise the U.S.
Department of Defense on the need for and conduct of nutrition research and
related issues. The committee was transferred to the FNB in 1983. The
committee's current tasks are

* to identify nutritional factors that may critically influence the physical and
mental performance of military personnel under all environmental extremes;

* to identify deficiencies in the existing database;

* to recommend research that would remedy these deficiencies, as well as
approaches for studying the relationship of diet to physical and mental
performance; and

* to review and advise on standards for military feeding systems.

Within this context, the CMNR was asked to focus on nutrient
requirements for performance during operational missions rather than on
requirements for military personnel in garrison (the latter were judged not to
differ significantly from those of the civilian population).

Although the membership of the committee has changed periodically, the
disciplines represented consistently have included human nutrition, nutritional
biochemistry, performance physiology, food science, and psychology. For
issues that require broader expertise than exists within the committee, the
CMNR has convened workshops or utilized consultants. The workshops
provide additional state-of-the-art scientific information and informed opinion
for the consideration of the committee.

FOCUS OF THE REPORT

The request for this review originated with scientists at USARIEM who
were concerned about the unique nutritional demands placed on soldiers during
combat. They were particularly concerned about the role that dietary protein
may play in controlling muscle mass and strength, response to injury and
infection, and cognitive performance.

Past reports of the CMNR usually have focused on issues of current
concern to the military. Traditional methods of research, data gathering, and
analysis have provided the factual base for study of a problem and
recommended solutions. Several previous CMNR reports have focused on
issues of protein nutriture and performance. In 1992, the CMNR noted in an
evaluation of Army Ranger training that trainees experienced significant loss of
muscle mass during periods of intense physical exertion (IOM, 1992). A follow-
up report
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PREFACE ix

(IOM, 1993b) found that increases in energy intake only partially prevented
such losses. The report Food Components to Enhance Performance (I10M,
1994) briefly considered the influences of protein and amino acids on physical
and cognitive performance and response to stress. The most recent CMNR
report, Military Strategies for Sustainment of Nutrition and Immune Function in
the Field (IOM, 1999), considered the effects of diet, including protein and
individual amino acids such as glutamine, on immune response. This report
looks further into the many questions regarding the optimal level of protein
intake in a high-stress field environment. How to measure protein balance and
estimate protein requirements accurately; how these requirements are affected
by physical activity, gender, hormonal factors, and stress; and whether muscle
function and cognition are influenced by protein intake and by individual amino
acids are all active areas of research.

The CMNR decided that the best way to review the state of knowledge in
this area was through a workshop. The purpose of this workshop was to bring
together leading scientists in the field of protein metabolism to seek their
assessment of the current state of knowledge and to determine, based on these
assessments, on a careful reading of the literature, and on the expertise of the
committee members themselves, whether the recommended intakes of protein
or individual amino acids for soldiers should be modified.

In May 1996, CMNR and USARIEM personnel met to frame a series of
questions, outline the workshop, and identify qualified speakers. A follow-up
planning meeting was held in January 1997 and included several members of
the Subcommittee on Body Composition, Nutrition, and Health of Military
Women. Invited workshop speakers were asked to prepare a paper for
presentation and publication that described the key issues of protein
metabolism. USARIEM scientists also participated in the workshop, which
resulted in a well-rounded group. At the one-day workshop, held in
Washington, D.C. in March 1997, each speaker gave a formal presentation,
which was followed by questions and a brief discussion period. The
proceedings were tape recorded and professionally transcribed. At the end of
each group of presentations, a general discussion of the overall topic was held.
Immediately after the workshop, the CMNR met in executive session to review
the issues, to draft summaries of the presentations, and to provide responses to
the sponsor's task questions. Committee members subsequently met with staff
in June 1997 and worked separately and together using the authored papers,
additional reference materials provided by the staff through limited literature
searches, and personal expertise and experience to draft the overview,
summary, conclusions, and recommendations.
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PREFACE X

ORGANIZATION OF THE REPORT

A project overview and a summary of the CMNR's responses to the task
questions, conclusions, and recommendations, constitute Part I of this volume.
Part IT includes papers contributed by speakers at the workshop. Part I has been
reviewed by an outside group with expertise in the topic areas and experience in
military issues. For the most part, the authored papers in Part II appear in the
order in which they were presented at the workshop (see workshop agenda in
Appendix A). These chapters have undergone limited editorial changes, have
not been reviewed by the outside group, and represent the views of the
individual authors. Selected questions directed toward the speakers and the
speakers' responses are included when they provide a flavor of the workshop
discussion. The invited speakers also were requested to submit a brief list of
selected background papers prior to the workshop. These recommended
readings, relevant citations collected by CMNR staff prior to the workshop, and
selected citations from each chapter are included in the selected bibliography
(see Appendix D).

ACKNOWLEDGMENTS
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Institute of Medicine President Kenneth 1. Shine; Food and Nutrition Board
Director Allison Yates and former Acting Director Carol Suitor; Study Director
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Sydne J. Newberry, staff officer. Also, I wish to acknowledge the excellent
editorial efforts and able assistance of Mariza Silva, CMNR project assistant;
Susan M. Knasiak-Raley, former research assistant to the CMNR; and Melissa
Van Doren, former CMNR project assistant, in word processing and preparing
the camera-ready copy for this report. Finally, I wish to acknowledge the
assistance of managing editor Michael A. Edington and Reports and
Information Office associate Claudia M. Carl; National Academy of Sciences
Librarian Susan Fourt and assistant Patricia Kaiser; and editors Judy Grumstrup-
Scott and Florence Poillon.

I wish to acknowledge as well the excellent contributions by the speakers
and their commitment to participating in the workshop and preparing papers on
their assigned areas with relatively short notice.

Finally, I express my appreciation to the members of the CMNR who have
participated in the proceedings of the workshop and the discussions and
preparation of summaries and recommendations in this report. Their continued
dedication to providing sound, timely recommendations on issues brought to
our attention is commendable. I also wish to acknowledge the many years of
fine work by Richard Jansen who rotated off the committee prior to the final
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preparation of this report, but nevertheless continued to provide his expertise. I
especially want to acknowledge the dedicated leadership of the CMNR
provided by Robert O. Nesheim who stepped down as chair in July, 1998.
Thank you all for your commitment to the success of this program.

This report has been reviewed by individuals chosen for their diverse
perspectives and technical expertise, in accordance with procedures approved
by the Report Review Committee of the National Research Council. The
purpose of this independent review is to provide candid and critical comments
that will assist the authors and the Institute of Medicine in making the published
report as sound as possible and to ensure that the report meets institutional
standards for objectivity, evidence, and responsiveness to the study charge. The
review comments and draft manuscript remain confidential to protect the
integrity of the deliberative process. The CMNR wishes to thank the following
individuals for their participation in the review of this report: Elsworth K.
Buskirk, Pennsylvania State University; Gerald Combs, Sr. (retired); Melvin
Grumbach, University of California, San Francisco; John M. Kinney,
Rockefeller University; and T. Peter Stein, University of Medicine and
Dentistry of New Jersey. While the individuals listed above have provided
many constructive comments and suggestions, it must be emphasized that
responsibility for the final content of this report rests entirely with the authoring
committee and the IOM.

JOHN E. VANDERVEEN, CHAIR

COMMITTEE ON MILITARY NUTRITION RESEARCH
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EXECUTIVE SUMMARY 1

Protein and Amino Acids, 1999
Pp. 1-15. Washington, D.C.
National Academy Press

Executive Summary

As the U.S. military faces the millennium and the changing nature of
modern warfare, it must anticipate physical and mental challenges never
encountered before. Longer periods of intense physical exertion and possible
food deprivation; advanced weaponry requiring maximum attention, precision,
and decision-making ability; and greater threats of infection, injury, and
exposure to environmental stressors are quickly becoming the reality that
soldiers face. Military scientists charged with maintaining and optimizing the
health and performance of their personnel are looking to the role that nutrition
may play in this process, and have expressed particular interest in the body of
current research suggesting the importance of protein and amino acids.

Proteins catalyze virtually all chemical reactions in the body, regulate gene
expression, comprise the major structural elements of all cells, regulate the
immune system, and form the major constituents of muscle. Individual amino
acids, the components of proteins, also serve as neurotransmitters, hormones,
and modulators of various physiological processes. Every aspect of physiology
involves proteins. The relationships between dietary protein and bodily protein
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EXECUTIVE SUMMARY 2

metabolism are a major focus of research. Many questions remain regarding the
validity of methods for assessment of protein balance; thus, the question of how
best to assess dietary protein requirements remains unanswered. In addition, the
influences of genetic factors, hormones, physical activity, injury and infectious
processes, and environmental stresses on protein metabolism and protein
requirements continue to be explored. Another major focus of research is the
role of protein and amine acid balance in modulating physiological function and
behavior, as measured for example by physical and mental performance. The
possibility that protein or individual amine acids in quantities that exceed those
required to maintain protein balance may have the potential to contribute to
performance optimization is of great interest.

COMMITTEE'S TASK

In 1992, the Committee on Military Nutrition Research (CMNR) was
asked by the Military Nutrition Division of the U.S. Army Research Institute of
Environmental Medicine to conduct an investigation into the fate of a group of
soldiers in special forces training. The committee found that these soldiers lost
significant amounts of muscle mass during the training period and
recommended changes in their intakes of energy and protein. In 1994, the
CMNR was asked to conduct a workshop and prepare a report on the
performance-enhancing potential of individual food components. The
committee recommended further research on the ability of the amine acid
tyrosine to enhance several measures of cognitive performance in stressful
situations. The CMNR conducted a similar workshop in 1996 to examine the
influence of dietary factors, including protein and amine acids, on immune
function. Finally, in 1997, the CMNR was asked by the U.S. Army Medical
Research and Materiel Command to update its earlier findings and to conduct a
workshop on the potential role of protein and amine acids in maintaining and
enhancing the physical and cognitive performance of soldiers. Specifically, the
committee was asked to respond to three questions:

1. Do protein requirements increase with military operational stressors,
including high workload with or without energy deficit? Are there
gender differences in protein requirements in endurance exercise?

2. What is the optimal protein content (and protein-energy ratio) for
standard operational rations, and specifically, is the Military
Recommended Dietary Allowance (MRDA) for operational rations
(100 g/d for men and 80 g/d for women) appropriate? Is the protein
MRDA for women appropriate during pregnancy and lactation?

3. Is there evidence that supplementation with specific amine acids
(AAs) or modification of dietary protein quality would optimize
military performance, either cognitive or physical, during high
workload, psychological
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EXECUTIVE SUMMARY 3

stress, or energy deficit? What are the risks of amino acid
supplements and high-protein diets?

METHODS

In considering the questions posed by the Army, the CMNR collaborated
with the Subcommittee on Body Composition, Nutrition, and Health of Military
Women. The two committees convened a workshop in March 1997, in
Washington, D.C., to bring together experts in protein metabolism, exercise
physiology, and cognitive psychology, as well as military nutritionists familiar
with historical and recently completed nutritional assessment surveys. Each of
the workshop speakers was asked to prepare a review paper. After the
workshop, the committees summarized the presentations, and drawing upon
their summaries of the workshop, the commissioned papers, background
materials provided by the speakers, focused literature searches by the staff, and
their own expertise in the field of protein metabolism, they prepared an
overview of the pertinent issues, responses to the sponsor's questions,
conclusions, and recommendations. These form chapters 1 and 2 of this report.
The authored papers, which can be found in Chapters 3 through 16, were not
subject to review.

FINDINGS

Effect of Stressors on Protein Requirements of Military
Personnel

Baseline Protein and Amino Acid Requirements

Current estimates of protein and amino acid requirements are based on
studies employing the technique of nitrogen balance assessment. A 1985 report
of the Food and Agriculture Organization, in collaboration with the World
Health Organization and the United Nations University (FAO/WHO/UNU,
1985) proposed a protein requirement of 0.625 g per kilogram of body weight
per day (g/kg BW/d) for egg or beef protein, so-called high-quality proteins.
The current recommended dietary allowance (RDA) for protein in the U.S. diet
is 0.8 g/lkg BW/d for adults (Table ES-1; NRC, 1989).

Consensus exists for the current adult protein requirement but not the adult
requirement for total essential (indispensable) amino acids (IAAs). Based on
nitrogen balance data, the recommendation for IAAs as a percentage of total
protein intake is 43 percent for children and only 11 percent for adults (FAO/
WHO/UNU, 1985). Since the 1985 report, Young and colleagues have
presented data showing that the FAO/WHO/UNU pattern cannot maintain
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amine acid homeostasis. From these data they conclude that the adult IAA
requirement is 31 percent of the total protein requirement, approximately 3
times the FAO/WHO/UNU estimate (Marchini et al., 1993; see also Young,
Chapter 10). The importance of this debate lies in the definition of dietary
protein quality, which is an assessment of the efficiency of protein utilization,
determined in part by how closely the IAA content of a given protein resembles
an TAA scoring pattern for the age group in question. The scoring pattern is
based on the estimated IAA requirements for that age group. If the 1985 FAO/
WHO/UNU estimate of adult IAA requirements is correct, protein quality is no
longer an issue for adults, either here in the United States or worldwide.

TABLE ES-1 Recommended Dietary Allowances for Protein

Age (years) or Condition Weight (kg) RDA g/d RDA g/kg BW/d
Males

19—24 72 58 0.8
25-50. 79 63 0.8
51+ 77 63 0.8
Females

19-24 58 46 0.8
25-50 63 50 0.8
51+ 65 50 0.8
Pregnant 60

Lactating (first 6 months) 65

Lactating (second 6 months) 62

SOURCE: Adapted from NRC (1989).

Young's hypothesis regarding adult IAA requirements is based on
estimations of obligatory indispensable amine acid oxidation computed from
obligatory nitrogen (N) losses and studies of amine acid oxidation using stable
isotopically labeled amine acid infusion. This hypothesis has been challenged
most persistently by Millward (1994; see also Chapter 9). Millward's assertion
that Young's data are flawed is based on several arguments, the most serious of
which are that the amount of tracer infused in Young's experiments was great
enough to alter amine acid balance significantly and that the true precursor
amine acid enrichment was not measured accurately. In addition, Millward
argues that the real metabolic demand for IAA is based only on net protein
synthesis, not turnover. There is also disagreement on the nutritional status of
subjects in previous studies that assessed protein and AA requirements and the
need to employ subjects who have adapted to the experimental protein intake.

The practical implications of the debate between Millward and Young
center around the requirements for the IAA lysine. The lysine content of cereal
grain proteins, which are considered low-quality proteins, is too low to support
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EXECUTIVE SUMMARY 5

the growth of infants. However, if Millward is correct in his assessment of [AA
requirements, all dietary proteins, whether animal or plant in origin, contain
enough lysine to provide adequate amino acids to adults if these proteins are
consumed in quantities that meet overall protein requirements. Both Millward
and Young agree that further experiments are necessary to clarify adult IAA
requirements.

Physical Activity

Despite a commonly held belief that athletes, particularly body builders,
have greater requirements for dietary protein than sedentary individuals, the
evidence in support of this contention is controversial. A major function of
amino acids in muscle during exercise is to supply intermediates to the
tricarboxylic acid (TCA) cycle so that the energy needs of the contractile
apparatus of the muscle are met. The extent of this amino acid oxidation
depends on exercise intensity, nutritional status (energy stores), training status,
and gender. However, it is not clear that the magnitude of this amino acid
oxidation is sufficient either to increase whole-body protein requirements when
energy intake matches output or to warrant increasing the MRDA for protein.

Efforts to investigate the possibility that protein requirements are increased
by physical activity have been complicated by several factors. First, increases in
protein intake result in increases in the catabolic processes that oxidize amino
acids. This adaptation has significant implications for individuals who
habitually consume high-protein diets: these individuals may face the risk of
significant loss of protein stores if circumstances such as field operations
suddenly force them to curtail protein intake. Another factor confounding the
effort to examine the influence of physical exertion on protein requirements is
the finding that energy deficit results in an increased protein requirement.
Finally, a number of studies have suggested that regular moderate physical
activity may have a protective effect on protein retention. Some studies have
suggested that the protein requirements of athletes may be as high as 2-2.5 g/kg
BW/d. The most carefully controlled studies have shown that endurance
exercise increases protein requirements in men. However, in male weight
lifters, the maintenance of body mass requires no increase over the requirements
of sedentary individuals. The small number of studies of physical activity and
protein requirements that have included women show that the needs of women
appear to be similar to those of men. Thus, the evidence to date suggests that
sustained endurance exercise, such as that done by some military personnel,
may increase protein requirements over the amounts required by sedentary
individuals; however, typical intakes (1.5 g/kg BW/d) are usually well within
the range of requirements as long as energy intake is adequate to meet energy
expenditure.
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Infection, Injury, and Illness

Systemic infections and serious injuries trigger alterations in body protein
metabolism that lead to increases in protein requirements. The contractile
proteins of skeletal muscles undergo rapid breakdown to supply amino acids for
energy and for specific immune responses in the liver and immune tissues.
Protein requirements are increased to approximately 1.5 g/kg BW/d in almost
all trauma patients except bum patients, whose requirements are elevated to
2-2.5 g/kg BW/d (although treatment advances are slowly lowering these
requirements). However, the provision of high levels of protein to severely
burned patients fails to induce repletion of muscle protein stores. The
administration of anabolic hormones, such as growth hormone, insulin-like
growth factor, and testosterone, in conjunction with nutritional support is the
subject of considerable research at the present time, and a number of positive
studies have been reported indicating accelerated wound healing. However, two
recent trials of recombinant human growth hormone administration to
postsurgical and posttrauma patients in several intensive care units were
discontinued due to higher mortality rates among the treated patients.

Other Stressors

The influences of temperature extremes and high altitude on protein
requirements have been discussed in earlier CMNR reports. Although sweat
losses of nitrogen can be considerable, the need for protein does not appear to
increase in hot climates. Similarly, protein needs are not increased in cold
temperatures. The need to increase fluid intake when consuming a high-protein
diet has led to recommendations that excesses in dietary protein intake be
avoided in environments where access to drinking water may be a problem.
Decreases in lean body mass observed during acclimatization to high altitude
appear to be due to the overall decrease in energy intake, rather than to an
increased requirement for protein. The effects of combined stressors, such as
intense physical activity superimposed on change in climate or altitude, on
protein requirements have not been investigated systematically.

THE MRDA FOR PROTEIN

The current RDA for protein for men and women (the nonmilitary
population) is 0.8 g/kg BW/d (see Table ES-1). In comparison, the MRDA for
protein is 100 g/d for men and 80 g/d for women. These recommendations are
for physically active individuals in temperate climates with energy intakes of
3600 kcal/d for men and 2000-2800 kcal/d for women. Thus, for active-duty
men and women of current mean weight 78 kg and 63 kg, respectively, the
MRDA is
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approximately 1.3 g/kg BW/d. The formulation of operational rations is based
on the MRDAs.

Studies conducted in the 1940s and throughout the past decade have shown
that military personnel maintain relatively high protein intakes both in the field
and in garrison. Protein intake in the field averages 1.3 g/kg BW/d for men and
1.2 g/kg BW/d for women, exceeding the estimated protein requirement for
sedentary individuals and the increased requirement observed by several
investigators for athletes. Further, dietary surveys indicate that soldiers in the
field preferentially eat the higher-protein components of rations, resulting in
mean protein intakes of 86-132 g/d for men and 68-96 g/d for women.

Because protein metabolism is influenced by energy intake and
expenditure, these factors must be considered in judging the adequacy of
soldiers' protein intake. Studies conducted on Ranger trainees revealed that
although these soldiers experienced an average daily energy deficit of 1200 kcal
(over 8 weeks), protein intake averaged more than 100 g/d. Nevertheless, the
loss of lean tissue mass was significant and was inversely proportional to initial
body fat stores, suggesting that negative energy balance contributed to this loss.

Thus, in the absence of additional data on energy balance, the MRDA for
protein and the protein intake of the average soldier appear to be more than
adequate. Data are insufficient to establish an ideal protein-energy ratio.

Pregnancy and Lactation

Currently, there are no MRDAs for pregnancy or lactation. As shown in
Table ES-1, the RDA for protein is increased by 10 g/d for pregnant women and
15 g/d for lactating women. The recommended protein intakes for women in the
weight range, of 46-63 kg would be 44-57 g/d during pregnancy and 60-72 g/d
during lactation. Some studies have suggested that the RDA for protein during
lactation is inadequate and have shown that actual protein requirements may be
as high as 1.5 g/lkg BW/d (69-94 g/d) (Motil et al., 1996). The MRDA of 80 g/d
would therefore be sufficient to meet the apparent protein requirements of
pregnant or lactating women.

Benefits and Risks of Protein and Amino Acid Supplements
and Alternative Sources of Dietary Protein

Evidence from recent Army surveys suggests that in addition to the high
dietary protein intake of the average soldier, many soldiers use protein and
amino acid supplements in the belief that these products will improve
performance (Warber et al., 1996). In addition, evidence suggests that
increasing numbers of soldiers, particularly women, are consuming diets largely
or completely lacking in animal products, with the result that dietary protein is
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increasingly of plant origin. The potential health benefits and risks of protein
and amine acid supplements, high-protein diets, and vegetarian diets were
considered.

Protein and Amino Acid Supplements and Cognitive Performance

It has been known for some time that the synthesis in brain of several
neurotransmitters  (serotonin and the catecholamines, dopamine and
norepinephrine) is influenced by the levels of their precursor amine acids
(tryptophan and tyrosine, respectively) in the diet. In laboratory animals, the
rates of synthesis of these transmitters respond to changes in tryptophan and
tyrosine concentrations that occur following single meals, as well as to chronic
changes in dietary protein content. Of greatest potential relevance to the
military, brain tyrosine and tryptophan concentrations in animals can decrease
when protein intake falls below the required level, leading to reductions in
synthesis of serotonin and the catecholamines. Under field conditions, which
are typically associated with increased physical activity and stress (conditions
that stimulate the turnover of serotonin and the catecholamines), such changes
may be relevant. Reduced food intake could impede serotonin and
catecholamine synthesis at a time when increased amounts of these
neurotransmitters may be required to support important cognitive functions.

However, relatively little is known about how reduced serotonin synthesis
might impede brain function. Serotonin neurons are most active when animals
are awake and physically active and are important in channeling sensory
information to the brain. Thus, it is possible that some aspects of sensorimotor
function might be diminished under conditions of extended energy and protein
deprivation. No studies have been conducted to evaluate the possible benefit of
protein or tryptophan supplementation under such conditions. Catecholamine
neurons increase their activity in response to a variety of stressful conditions
and appear to regulate behavioral parameters such as attention and state of
arousal. A 1994 CMNR report presented preliminary evidence that tyrosine
supplements might improve some types of cognitive performance under
stressful conditions and recommended further research to explore the potential
value of tyrosine supplements for enhancing soldier performance (IOM, 1994).
Only one subsequent study has shown that tyrosine administration appears to
restore marksmanship performance degraded by fatigue and cold, but the effects
of tyrosine are even less evident under normal circumstances. Thus, although
earlier studies appeared to show promise, there have been no more recent
studies to reevaluate the earlier findings.

There is little evidence at present, therefore, to justify the administration of
either tryptophan or tyrosine for the purpose of modifying behavior. Further
research is necessary on the behavioral effects of such supplements as well as
the effects of meal-related changes in brain serotonin and catecholamines.
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Protein, Amino Acids, Muscle Mass, and Physical Performance

Current methods for routine assessment of muscle mass remain inadequate,
particularly when applied to the measurement of changes in muscle mass. In
addition, the relationship between muscle mass and measures of function such
as strength and endurance remains unclear. Strength appears to be related to the
synthesis of both myosin heavy chain and the mitochondrial enzyme
cytochrome C oxidase. Apparent gender differences in endurance disappear
with appropriate adjustment for differences in muscle mass.

The impact of dietary protein intake and physical activity on muscle
protein synthesis is modulated by the hormones insulin, growth hormone,
insulin-like growth factor I (IGF-I), thyroid hormone, cortisol, and particularly
testosterone. Testosterone, growth hormone, and IGF-I all stimulate muscle
protein synthesis, whereas insulin appears to inhibit protein breakdown.
Cortisol, which is secreted in response to stress, stimulates the breakdown of
muscle protein, although its mechanisms of action are not precisely known.

Although there is considerable research interest in the potential for
supplemental protein or amino acids to increase muscle protein synthesis or
physical performance, little evidence supports such a role in the absence of
anabolic steroids. The "central fatigue" theory, which hypothesized that the
administration of branched-chain amino acids would decrease or delay the
central nervous system and muscle fatigue that resulted from increased brain
tryptophan, is not supported by evidence. In contrast, a postexercise feeding
regimen combining carbohydrate and protein appears to increase the endurance
of individuals performing strenuous exercise over several days.

Protein, Amino Acids, and Immune Function

In addition to the increased requirement for protein in individuals suffering
systemic infection or major injury, growing evidence appears to suggest a
potentially beneficial role for the amino acid glutamine in modulating immune
function. Studies of hospitalized, critically ill patients show that glutamine
supplementation of total parenteral nutrition solutions results in increased
survival and decreased length of hospital stay (Wilmore et al., 1997a).
However, no effect of glutamine supplementation on the parameters of immune
function was observed in Special Forces trainees, whose increased rate of
infection and depressed immune function may be linked to the high level of
physical exertion during training (Shippee et al., 1995). In addition, the
influence of glutamine supplementation on infection rate in athletes (the so-
called overtraining effects) has not been studied extensively.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

EXECUTIVE SUMMARY 10

Issues of Protein Quality and Timing of Consumption

Considerable debate currently surrounds the requirement of adults for high-
quality protein. Consumption of plant proteins such as soy protein or a
combination of cereal and legume proteins in place of all or part of the animal
protein in the diet, which results in a diet lower in total fat, saturated fat, and
cholesterol and higher in soluble fiber and other potentially beneficial
substances, has been shown to lower serum cholesterol and triglyceride levels.
Among the plant proteins, soy protein has a balance of amino acids that most
closely resembles that of animal proteins, and substitution of this protein in
rations would not markedly decrease their nutritional value. However, the taste
might be affected; thus, product development and testing are required to ensure
the acceptance of soy products in rations. As mentioned above, research
suggests that protein and carbohydrate meals consumed shortly after exercise
may improve glycogen storage and maintenance of lean mass, resulting in
increased endurance on subsequent days.

Dietary Protein and Renal Function

Chronic high levels of dietary protein have been associated with decline in
renal function in aging individuals; however the evidence is not sufficient to
conclude that dietary protein itself is the causative factor. In contrast, high-
protein diets can stimulate nephrolithiasis (kidney stone formation) in otherwise
healthy individuals. Because a restriction of fluid intake can increase the
likelihood of stone formation, deployed military personnel are at especially high
risk if water supplies are inadequate.

Dietary Protein and Calcium Status

The potential calciuretic effect of high-protein diets has been recognized
for some time in men and women. For each 50 g increment in dietary protein,
an estimated 60 mg additional urinary calcium is lost. This loss may be
modulated by other dietary factors such as phosphorus. At present, there is
limited evidence to suggest that high dietary protein intake may be a risk factor
for osteoporosis. Calcium balance appears to remain close to equilibrium with
protein intakes up to 74 g/d and calcium intakes of 500-1400 mg/d. In addition,
there is evidence to suggest that regular weight-bearing physical activity
contributes to bone strength. Thus, protein intake would not appear to be a
major risk factor for calcium loss in the average military woman.

Copyright © National Academy of Sciences. All rights reserved.
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Amino Acid Toxicity

The risk of deleterious interactions between pharmacological doses of
single amino acid supplements and over-the-counter or prescription medications
may be considerable. In addition, supplement purity is a major consideration, as
demonstrated by the harm that resulted from widespread use of tryptophan
supplements that were later believed to have contained a low-level contaminant.
Lack of safety data on the consumption of high levels of individual amino acids
by normal, healthy individuals suggests that their use be limited until further
research is performed.

Protein and Amino Acid Supplements and Pregnancy

Evidence from a major nutritional supplementation study suggests that the
use of high-protein supplements (to achieve a protein intake that represents 34
percent of the total daily energy intake, in contrast to the more usual 11-14
percent) may be harmful to fetal development. Studies in laboratory animals
suggest that supplementation of the diet with single amino acids also may be
dangerous to the developing fetus.

CONCLUSIONS AND RECOMMENDATIONS

Effects of Stressors on Protein Requirements

At the present time, considerable controversy exists regarding the validity
of estimations of protein and amino acid requirements. In addition, the evidence
is insufficient to conclude that high levels of physical activity increase protein
requirements for individuals whose energy intake matches their output.
Continuous excessive intake of protein may cause increased protein catabolism,
resulting in greater risk of negative protein balance when protein intake is
reduced.

As emphasized in earlier IOM reports (IOM, 1992, 1995), the
importance of adequate energy intake (sufficient to match output and to
avoid weight loss) and protein intake should he emphasized to soldiers as
the primary means of maintaining lean tissue mass. Research is needed to
resolve the controversy regarding the adult requirement for indispensable
amino acids and to quantitate more precisely the effect of energy deficit on
protein and indispensable amino acid requirements.

Copyright © National Academy of Sciences. All rights reserved.
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Systemic infections and serious injuries clearly increase protein
requirements. However data suggest that in patients recovering from burns, the
elevation of dietary protein intake alone does not permit the recovery of muscle
mass to begin immediately, because of the development of the acute phase
response, which is accompanied by changes in hormonal status. Research on the
effects of treatment with anabolic hormones is ongoing.

Military researchers and physicians should pay careful attention to
civilian research on the effects of treatment with anabolic hormones on
recovery from burns and other injuries. Where appropriate, military-
specific models should be developed.

Military Recommended Dietary Allowances for Protein

Without more data on the functional implications of varying protein
intakes, it is not possible to define with accuracy the optimal protein content of
standard operational rations. However, based on currently available data, the
use of the MRDA for operational rations is appropriate and provides a generous
level of protein intake. The MRDA covers the protein requirements of pregnant
and lactating women.

Current MRDAs for protein should be maintained. Provided that
energy intake is adequate, no increase in MRDAs is necessary for
pregnant or lactating women.

Benefits and Risks of Supplemental Protein, Amine Acids,
and Alternative Sources of Dietary Protein

Research fails to support the use of protein supplements to facilitate
muscle building under conditions of adequate energy and protein intake.

Given adequate nutritional intake, soldiers should not use protein
supplements for muscle building. Military researchers and physicians
should pay careful attention to civilian research on the use of anabolic
hormones to increase muscle or lean tissue mass.

At the present time, considerable debate surrounds the adult requirement
for indispensable amine acids and thus high-quality proteins.

Protein supplied in operational rations should be of high quality and
digestibility. Energy intakes should be adequate, and sources
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of energy should be consumed within 2 h of an intense bout of endurance
exercise, to replace depleted muscle glycogen.

There is a lack of safety data on the consumption of high levels of
individual amino acids by normal, healthy individuals. Furthermore, research
supporting the use of tyrosine supplements to enhance cognitive performance
under field conditions is inconclusive.

Single amino acid supplements should not be used to modify cognitive
performance, due to potential toxicity and insufficient evidence of efficacy.

Supplemental glutamine and arginine have yet to show conclusively
beneficial effects on immune function. The MRDA, if consumed, provides
adequate protein and energy to sustain immune function under normal field
conditions.

The military should test the ability of supplemental glutamine and
arginine to enhance the immune response and decrease rates of infection
under field conditions and in seriously injured hospitalized patients.

Current intakes of protein among military populations are high and show
no apparent harmful effects, provided fluid intake is adequate. There is no
evidence of increased health risks from a high intake of dietary protein;
however, an amino acid imbalance may be created with use of single amino
acid or protein supplements. Although no data are available from groups similar
in age and fitness characteristics to military personnel, a review of the
information available shows that high protein intake is not associated with
direct effects on renal dysfunction. However, high-protein diets may indirectly
stimulate renal stone formation and result in an increased renal workload, due to
the need to concentrate urine. High protein intake has been shown to increase
urinary calcium loss, but there is no definitive evidence that the level of protein
intake observed in Army women in field conditions represents a risk factor for
0Steoporosis.

Given the high protein content of operational rations, adequate fluid

intake should be emphasized, as recommended by the '"Fluid Doctrine"
(I0M, 1994).
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BOXES-1 Major Recommendations

As recommended in earlier IOM reports (IOM, 1992, 1995), the
importance of adequate nutrient intake (with sufficient energy to match
output and to avoid weight loss) should be emphasized to soldiers as
the primary means of maintaining lean tissue mass.

Given adequate nutritional intake, soldiers should not use protein
supplements for muscle building.

Single amino acid supplements Should not be used to modify cognitive
performance, due to potential toxicity and insufficient evidence of
efficacy.

Current MRDAs for protein should be maintained. Provided that energy
intake is adequate, no increase in MRDAs is necessary for pregnant or
lactating women.

Protein supplied in operational rations should be of high quality and
digestibility.

Energy intakes should be adequate, and source of energy should be
consumed within 2 h of an intense bout of endurance exercise, to
replace depleted muscle glycogen.

Military researchers and physicians should pay careful attention to
civilian research on the effects of treatment with anabolic hormones on
recovery from bums and other injuries. Where appropriate, military-
specific models should be developed.

The military should test the ability of Supplemental glutamine and
arginine to enhance the immune response and decrease rates of in-
faction under field conditions and in seriously injured hospitalized
patients.

Given the high protein content of operational rations, adequate fluid
intake should be emphasized, as recommended by the Fluid Doctrine
(IOM, 1994).
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I

Committee Summary and
Recommendations

Part 1 of this report provides the Committee on Military Nutrition
Research's (CMNR) overview and summary of key issues in protein
metabolism, its response to specific questions posed by the Army, and the
committee's conclusions and recommendations. The CMNR was requested by
the U.S. Army Medical Research and Materiel Command and the Military
Nutrition and Biochemistry Division of the U.S. Army Research Institute of
Environmental Medicine to review the state of knowledge on protein
requirements and determine if the Military Recommended Dietary Allowance
(MRDA) need to be revised.

In Chapter 1, the committee presents an overview of the project using
relevant background materials and the proceedings of the workshop held in
March 1997 to provide a summary of key issues in determining protein
requirements, various militarily relevant stressors that may influence protein
requirements, and the benefits and risks of supplemental protein or individual
amino acids.

The committee's response to the three questions posed by the Army, listed
below, and its conclusions and recommendations are presented in Chapter 2.

1. Do protein requirements increase with military operational stressors,
including high workload with or without energy deficit? Are there gender
differences in protein requirements in endurance exercise?

Copyright © National Academy of Sciences. All rights reserved.
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What is the optimal protein content (and protein-energy ratio) for standard
operational rations, and specifically, is the protein MRDA for operational
rations (100 g/d for men and 80 g/d for women) appropriate? Is the
protein MRDA for women appropriate during pregnancy and lactation?

Is there evidence that supplementation with specific amino acids (AAs) or
modification of dietary protein quality would optimize military
performance, either cognitive or physical, during high workload,
psychological stress, or energy deficit? What are the risks of amino acid
supplements and high-protein diets?

Copyright © National Academy of Sciences. All rights reserved.
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Protein and Amino Acids, 1999
Pp. 19-75. Washington, D.C.
National Academy Press

1

Committee Overview

INTRODUCTION

Proteins form the major constituents of muscle, catalyze virtually all
chemical reactions in the body, regulate gene expression, and comprise the
major structural elements of all cells. Individual amino acids, the components of
proteins, also serve as neurotransmitters, hormones, and modulators of various
physiological processes. Every aspect of physiology involves proteins.
According to Bier (see Chapter 5), credit for the name "protein” is given to the
Dutch chemist Gerardus Johannes Mulder, who wrote an article in French that
was published in a Dutch journal on July 30, 1838. In this article, he asserted
that this material was the essential general principle of all animal body
constituents and defined it by the Greek word proteus (which he translated to
the Latin, primarius, meaning primary). Mulder appears to have taken this word
directly from a letter sent to him by the Swedish chemist Jacques Bursailleus on
July 10, 1838, in which the name protein had been suggested. Aside from the
amazing fact of a Dutch chemist borrowing n Latin word from a Swedish
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chemist, which he defined in Greek in an article written in French for a Dutch
journal, the entire sequence of events appears to have occurred in a period of 20
days, demonstrating the efficiency of both mail service and scientific
publication in those days.

The relationship between dietary protein and bodily protein metabolism is
a major focus of research today. Many questions remain regarding the validity
of methods for assessing protein balance; thus, the question of how best to
assess dietary protein requirements remains unanswered. In addition, the
influence of genetics, hormones, physical activity, infectious processes, and
environmental stresses on protein metabolism and protein requirements
continues to be explored. Another major focus of research that is of great
interest is the role of dietary protein and amine acids in modulating
physiological function, as measured for example by physical and mental
performance. The possibility that protein or individual amine acids in quantities
that exceed those required to maintain protein balance may have the potential to
contribute to performance optimization is of great interest.

THE ARMY'S INTEREST IN DIETARY PROTEIN AND
PROTEIN BALANCE

Because of the unique demands placed on soldiers in combat, the military
is particularly concerned about the role that dietary protein may play in
controlling muscle mass and strength; response to injury, infection, and
environmental stress; and cognitive performance. As described in Chapter 3 by
Karl Friedl, the longer, more isolated deployments and maneuvers that are
becoming more commonplace may limit access to rations. The nutritional
studies of Ranger trainees conducted by the U.S. Army Research Institute of
Environmental Medicine (USARIEM) (IOM, 1992, 1993b) identified losses of
up to 30 percent in lean body mass (including organs, such as the liver, plasma,
and proteins) after 3 weeks of limited food intake and high energy expenditure.
Although increased energy intake offset these losses somewhat, they were still
significant, suggesting the need for additional energy, protein, or both. In these
studies, the observed decrease in lean body mass was accompanied by changes
in serum levels of several hormones including testosterone, insulin-like growth
factor I (IGF-I), and triiodothyronine (T5) (Friedl, 1997; Nindl et al., 1997), the
significance of which is unclear. Because the administration of these hormones
is known to stimulate protein synthesis under some conditions, the Army
maintains considerable interest in exploring their potential both to ameliorate
the losses in lean body mass sustained by troops under conditions of extreme
negative energy balance and to stimulate an increase in muscle mass and
physical performance. In contrast to the limited intakes of protein and energy
measured in the Ranger studies, a more recent study, in which soldiers subsisted
on the field ration known as Meals, Ready to Eat (MREs) for 30 days, showed
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average energy intakes of 2500 kcal/d and protein intakes of 103 g/d (Thomas
et al., 1995), raising questions about the optimum protein-to-energy ratio for
performance and health.

As the typical battlefield scenario becomes more automated, soldiers must
attend to increasing numbers of signals in the face of increasing amounts and
sources of noise, with increasingly dangerous consequences for failure. Thus,
the possibility that cognitive performance may depend on diet and that
performance optimization may be achievable through dietary modifications
such as amino acid supplements is of considerable interest to the military. A
1994 report by the Committee on Military Nutrition Research (CMNR), entitled
Food Components to Enhance Performance, briefly considered the influence of
protein and amino acids (and all other dietary components) on physical and
cognitive performance and response to stress (IOM, 1994). Data were presented
on the effect of protein-to-carbohydrate ratio on mental alertness, the effect of
physical activity on protein requirements, and the influence of branched-chain
amino acids, tyrosine, and tryptophan in pharmacological amounts on cognitive
function. The report concluded that the potential ability of tyrosine supplements
to sustain alertness and cognitive performance in the face of environmental
stress merited further investigation.

Finally, the risk of injury and infection faced by soldiers in the field is
extremely high. At the same time, conditions of sleep and food deprivation,
environmental extremes, and heightened emotional stress all exert a negative
impact on the immune system. The CMNR report Military Strategies for
Sustainment of Nutrition and Immune Function in the Field (IOM, 1999),
considered the effects of diet, including protein and individual amino acids such
as glutamine, on immune response and concluded that although the role of
energy intake in immune function is probably more significant than that of
protein, individual amino acids such as glutamine and arginine appear to play
crucial roles in modulating immune function. The effects of these amino acids
are considered in greater detail in this report.

ESTIMATION OF PROTEIN REQUIREMENTS

Current estimates of protein requirements for mature humans and the
methods used to assess these requirements are being scrutinized by the research
community and are a source of considerable disagreement.

Protein Metabolism

The requirement for protein arises from growth, from the need to replace
obligatory losses, and from the need to respond to environmental stimuli. The
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breakdown products of protein—amino acids—enter the free amino acid pool of
the body (distributed among body fluids and tissues) from four sources: (1)
dietary proteins; (2) so-called dispensable (nonessential) amino acids, which
can be synthesized in the body; (3) breakdown products of body protein
(particularly skeletal muscle, the largest tissue in the body and the site of
protein storage); and (4) the products of recycling by intestinal microbes
(Figure 1-1). In mature humans, a homeostatic mechanism maintains the
balance between tissue protein synthesis and breakdown by drawing on the free
amino acid pool.

Protein

Protein Protein

Amino Acids

De Novo

Intake
S Synthesis

Urea and CO,

FIGURE 1-1 Pathways of protein turnover.
Source: Young and Marchini, 1990.

Methods for Assessment of Protein Requirements

Because the majority of nitrogen in the body is associated with protein and
amino acids, nitrogen has been used as a marker for assessing whole-body and
tissue protein flux and status. The traditional method for assessing whole-body
protein metabolism is nitrogen balance, where nitrogen (N) intake and output
(in feces, sweat, and urine, as well as other miscellaneous sources) are
measured and the difference [Ny,=(N;, = Ng,)] is expressed in grams of
nitrogen per day (g N/d). Total body protein loss or retention is then calculated
using the conversion factor of 6.25 g N/g protein (Munro and Crim, 1994).

A state of positive nitrogen balance exists when the total nitrogen output is
less than the total nitrogen ingested. Positive nitrogen balance requires adequate
protein and energy intake plus a stimulus for synthesis. A state of positive
nitrogen balance (an anabolic state) exists for the synthesis of new tissues
during the growth observed in childhood, adolescence, and pregnancy. When
dietary protein or energy intake is inadequate or an individual experiences an
acutephase
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response, nitrogen excretion exceeds nitrogen intake and a state of negative
nitrogen balance exists (net protein catabolism). When dietary protein is
adequate or more than adequate and energy intake matches energy output, a
state of nitrogen equilibrium exists (Nj, = N, for any intake above the required
level). A state of nitrogen equilibrium is required to maintain total body protein
mass. Altering protein or energy intake or physical activity may alter nitrogen
balance.

Despite the usefulness of nitrogen balance assessment in estimating the
adequacy of protein intake, there are significant limitations to its use, including
overestimation of nitrogen intake and incomplete collections of urine, feces, or
sweat, which result in an underestimation of nitrogen output. The net outcome
is an overestimate of nitrogen retention and of the body's ability to adapt to
inadequate protein intakes; these overestimates limit the ability of the nitrogen
balance technique to assess nitrogen requirement. The limitations of nitrogen
balance assessment are discussed further below and by Millward and Young in
Chapters 9 and 10, respectively.

In the mid-1940s, stable isotopes of hydrogen (?H) and nitrogen (> N),
were made available for use in biomedical research. However, the mass
spectrometry technology that would use these isotopes for rapid analysis of
biological specimens was not widely available until the late 1970s. With the
improvement of this technology and the widespread availability of stable
isotope-labeled metabolites, amino acid kinetic studies have come to augment
nitrogen balance in examining the effects of dietary protein, energy, and
physical activity on overall protein metabolism.

Amino acids labeled with stable isotopes of hydrogen (?H), nitrogen (°N),
and carbon (!3C) have been administered orally and intravenously. With the use
of the primed continuous infusion technique, amino acid turnover can be
studied in subjects of all ages under many physiological conditions (Munro and
Crim, 1994). The calculation of amino acid flux (Q) is based on the following
assumptions: (1) the body's flee amino acid pool is a homogeneous mixture that
can be sampled from the plasma pool; (2) the only sources of the target amino
acids entering the body pool are dietary protein (/) and intracellular protein
breakdown (B); and (3) amino acid removal from this pool occurs by
irreversible oxidation (E) or synthesis into protein (Z). In reality, a large
quantity of recycled amino acids is derived daily from the breakdown of body
proteins. In addition to the sizable turnover of blood cells, mucosal cells of
gastric and intestinal villi are continuously moved toward villus tips where they
slough off and undergo digestion; released free amino acids are then reabsorbed
into the plasma pool (Munro and Crim, 1994). Thus, the equation Q = B + [ =
E + Z describes the steady-state relationship in which the total entry of amino
acids into the free amino acid pool (B + I) is equal to the total exit of amino
acids from the free amino acid pool (E + Z). Rates of protein synthesis and
protein breakdown can be calculated from this equation (Picou and Taylor-
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Roberts, 1969). At isotopic steady state, total amine acid turnover (Q) is
measured, and the rate of protein breakdown can be calculated knowing the rate
of amine acid intake. Likewise, the rate of protein synthesis can be calculated
when the rate of amine acid disappearance is known. If a 3C-labeled amine
acid is used, oxidation can be measured from '3CO, excretion rates.

Because of its unique role as an amine acid that is oxidized in skeletal
muscle and not converted to a tricarboxylic acid (TCA) cycle intermediate,
leucine (in the '3C form) has been the amine acid of choice for many amine acid
kinetic studies. However, due to its unique metabolism, it may not be
representative of the entire pool of amine acids. Glycine labeled with N has
also been used extensively to study protein synthesis and breakdown because it
has the advantage of ubiquitous utilization.

FAO/WHO/UNU Requirements and RDAs: Current
Estimates of Average Protein Intake

Estimations of protein and amine acid requirements are currently based on
nitrogen balance studies. The 1985 report of the Food and Agriculture
Organization (FAO), World Health Organization (WHO), and United Nations
University (UNU) proposed a protein requirement of 0.625 g per kilogram of
body weight per day (g/kg BW/d) for egg or beef protein and a "safe" level of
0.75 g/kg BW/d for mixed protein if the protein is as digestible as egg or beef
(FAO/WHO/UNU, 1985). The current recommended dietary allowance (RDA)
for protein in the U.S. diet (which is derived by adding two standard deviations
to the estimated requirement) is 0.8 g/kg BW/d for adult men and women
(Table 1-1) (NRC, 1989).

Also based on nitrogen balance data, the recommendation for total
essential or indispensable amine acids (IAAs) as a percentage of protein intake
is 43 percent for infants and 11 percent for adults (FAO/WHO/UNU, 1985).
Essential (indispensable) and nonessential (dispensable) amine acids are
traditionally distinguished on a nutritional basis because essential amine acids
cannot be synthesized by the body and must be part of the diet to permit growth
or to maintain nitrogen balance, whereas nonessential amine acids can be
synthesized by the body. Metabolically, however, the distinctions are less clear
because a number of essential amine acids can be formed by transamination (at
least in laboratory animals). By this criterion, only the amine acids lysine and
threonine appear not to be synthesized by transamination and are therefore
indispensable (as discussed further below, the concentrations of these two
amine acids in cereal proteins are so low as to limit their ability to sustain
growth). By this same argument, glutamic acid and serine are the only truly
dispensable amine acids because they can be synthesized by reductive
amination of ketoacids. A
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third class—the conditionally essential amino acids—is synthesized from other
amino acids. However, this synthesis is confined to particular organs and may
be limited by certain physiological factors such as age or disease state (Reeds
and Becket, 1996). As knowledge increases and techniques improve, the
distinction between essential and nonessential amino acids becomes less clear.
Adding to this lack of clarity are observations such as the one by Stucky and
Harper (1962), who found that if rats were fed a diet adequate in nitrogen but
lacking in nonessential amino acids, the growth rate of the animals was
significantly decreased.

TABLE 1-1 Recommended Dietary Allowances for Protein

Age (years) or Condition Weight (kg) RDA g/d RDAg/kg BW/d
Males

19-24 72 58 0.8
25-50 79 63 0.8
51+ 77 63 0.8
Females

19-24 58 46 0.8
25-50 63 50 0.8
51+ 65 50 0.8
Pregnant 60

Lactating (first 6 months) 65

Lactating (second 6 months) 62

SOURCE: Adapted from NRC (1989).

Importance of the Debate over Indispensable Amino Acid Requirements

Although consensus exists at present for the adult protein requirement this
is not the case for the adult requirement of indispensable amino acids. Since the
1985 FAO/WHO/UNU report, Young and coworkers have presented data that
contradict the findings of the report; based on these data, Young suggests that
the adult requirement for total IAAs is 31 percent of the protein requirement, or
about three times the FAO/WHO/UNU estimate (McLarney et al., 1996;
Young, 1987, 1994; Young and El-Khoury, 1995a; Young and Marchini, 1990;
Young et al., 1989; see also Chapter 10). This contention of the group at
Massachusetts Institute of Technology (MIT) for higher indispensable amino
acid needs has been countered by Millward and colleagues (Millward, 1994;
Millward and Rivers, 1988, 1989; see also Chapter 9), who find significant
methodological problems in the studies of Young and coworkers. This debate is
important, because it influences whether or not protein quality is an issue to be
considered
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in setting protein requirements. Protein quality, a measure of the efficiency with
which dietary protein is utilized, can be assessed by comparison of the amine
acid profile of a given protein to various amine acid scoring patterns such those
developed by the FAO/WHO for various age groups. If the requirement for
IAAs is low (as proposed by FAO/WHO and Millward), the pattern is easily
matched by most proteins, and protein quality ceases to be an issue in setting
protein requirements for adults. However, if the FAO estimates are incorrect
and indispensable amine acids are required in the higher amounts proposed by
Young, individual protein sources may duplicate the scoring patterns poorly,
and protein quality may then become a significant determinant of protein
requirements.

Argument for Higher Indispensable Amine Acid Requirements

Young has based his argument for higher indispensable amine acid
requirements on two related measures: the obligatory oxidative losses of these
amine acids and the calculated obligatory losses based on daily nitrogen loss. In
the latter calculation, Young assumes that the efficiency of dietary protein use is
about 70 percent and that the lost protein has the composition of mixed body
protein. Indispensable amine acid requirements calculated in these two ways
(the MIT pattern) are approximately the same. In 1991, an expert panel of FAO/
WHO also agreed that the IAA needs for adults are greater than those in the
1985 report and proposed that the amine acid pattern for preschool children
(FAO/WHO, 1991), a pattern similar to the MIT pattern, be recommended for
adults. Young argues that protein and indispensable amine acid intakes have to
be high enough to provide sufficient flux for optimum "metabolic control." This
concept proposes that a high flux rate of amine acids or other substrates
provides a kinetic basis for a sensitive control mechanism to ensure adequate
provision of metabolic intermediates. In the case of protein, these important
intermediates would be amine acids such as glutamine, tyrosine, and
tryptophan, which have important physiological roles to play independent of
their incorporation into protein.

To prove their point, Young and colleagues carried out a long-term study
to compare the effects of the FAO (FAO/WHO/UNU, 1985), MIT, and egg
patterns of indispensable amine acids on amine acid balance in healthy young
adults (Marchini et al., 1993). After a week on the egg pattern (high in IAAs),
20 young men were placed on diets resembling either the FAO, the MIT, or the
egg pattern for three weeks. Based on a negative leucine balance while the
subjects were on the FAO (compared with the MIT) pattern and changes in
serum amine acid profiles, Marchini et al. (1993) concluded that the FAO
pattern is not capable of maintaining amine acid homeostasis.

Since the 1991 FAO/WHO meeting, several groups have reevaluated the
existing data and concluded that the original FAO recommendations were likely
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to be underestimates but stopped short of endorsing the MIT pattern (Fuller and
Garlick, 1994; Waterlow, 1996). In 1994, an expert panel met to consider the
issue. After the meeting, the panel recommended that the entire question of how
amino acid requirements are determined be reexamined but that, in the interim,
the MIT pattern be accepted (Clugston et al., 1996). However, as subsequently
pointed out by Millward and Waterlow (1996), this recommendation was not
the consensus of the attendees but was inserted during postmeeting editing.

Argument Against Higher Indispensable Amino Acid Requirements

Millward and colleagues have challenged Young's data point by point
(Millward, 1994; Millward and Rivers, 1988, 1989; see also Chapter 9). They
suggest first that Young's stable isotope amino acid oxidation data, derived from
stable isotope-labeled amino acid infusion studies, are flawed for two reasons.
First, the amount of tracer used in the infusion studies is itself high enough to
influence the oxidation of the amino acid and thus the balance determined.
Second, the enrichment of the amino acid precursors being oxidized is not
accurately measured, a critical issue in the interpretation of stable isotope
research.

Next, Millward argues that there is no valid basis for assuming that the
obligatory amino acid losses (as calculated from obligatory nitrogen loss)
resemble the pattern of body protein, because some of the amino acids released
during normal turnover are known to be preferentially recycled (lysine and
threonine). In addition, he believes that the metabolic demand for IAAs is
determined not by the need for high flux rates, but by the obligatory losses and
the relative ability of the body to adapt on a diurnal basis to varying levels of
these amino acids in the diet (he notes that digestive enzymes secreted in
response to a meal can, over the short run, assist in meeting the indispensable
amino acid needs by breaking down themselves). Finally, Millward points out
that in the longer-term study mentioned above (Marchini et al., 1993), nitrogen
balance did not differ significantly between the MIT and the FAO patterns; this
finding suggests that both patterns support overall body protein economy.

The Rebuttal

Young agrees with Millward that there are inherent difficulties in defining
requirements for indispensable amino acids. The two most serious and difficult-
to-resolve problems are (1) accounting for the mass of stable isotope infused,
which is large enough to affect nitrogen balance, and (2) determining the true
precursor enrichment rate of the amino acid being infused and under study. On
the first point, the agreement between IAA requirements calculated from
oxidation rates and from nitrogen balance leads Young to conclude that the
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mass of stable isotope infused does not "profoundly" affect the calculation of
amine acid oxidation rates. He agrees, however, that this issue deserves more
attention.

On the question of true precursor amine acid enrichments in the stable
isotope experiments, Young points out that this is a problem primarily for lysine
since measurements in experiments with branched-chain amine acids are made
from keto acids derived intracellularly from the infused amine acid. Studies
using L-[1-'3C]phenylalanine as an indicator amine acid for determining the
lysine requirement have yielded a requirement of 40 mg/kg BW/d (Duncan et
al.; 1996, Zello et al., 1993), an estimate close to Young's own tentative new
requirement for lysine (50 mg/kg BW/d). In this technique, the indicator amine
acid (labeled phenylalanine) is infused at graded levels of lysine intake, and the
"breakpoint" in '3CO, excretion is measured, under the assumption that the
uptake of phenylalanine into protein will be sharply decreased and its oxidation
sharply increased at the point where lysine intake becomes inadequate.

Young's definition of the maintenance amine acid pattern for adults is
generally similar to the amine acid pattern in body protein, except for lysine,
threonine, and methionine, whose patterns were derived more from the results
of his tracer studies. Young agrees that the body has significant ability to
conserve lysine under conditions of inadequate intake. His calculations suggest
that the lysine requirement is 30 percent lower than that found in mixed body
protein, due to lysine conservation that results from diurnal cycling.

Resolution of the Debate

The practical implications of the debate between Young and Millward
revolve primarily around lysine: the lysine content of cereal proteins is limiting
for growth. If Millward is correct, then all dietary proteins, whether plant or
animal, contain enough lysine and other amine acids to support adequate protein
nutriture of adults if consumed in amounts that meet the protein requirement
(although some military personnel in the 18-22-year age group are still growing,
a factor that might influence the requirement for some amine acids). Millward
has shown that wheat protein, a protein that is particularly low in lysine, is well
utilized in adults in the postprandial period, even when net protein synthesis
occurs. He suggests that the low level of lysine in this protein is supplemented
by the tissue free amine acid pools. However, older data from Longenecker
(Longenecker, 1961, 1963; Longenecker and Hause, 1959, 1961) show that the
ingestion of wheat protein by dogs or humans may result in decreased plasma
lysine levels accompanied by increased levels of other indispensable amine
acids. Such data support the contention that a postprandial breakdown of body
protein may supply the indispensable amine acids necessary for synthesis.
However, under such circumstances, other IAAs may be used less efficiently
for protein synthesis when lysine is limiting in the protein consumed,
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which supports Young's belief that the indispensable amino acid requirement is
higher than currently recommended. Thus, the controversy over requirements
for IAAs is still unresolved.

The implications of this debate for the current state of knowledge of
protein and amino acid requirements for the military depend in part on the
current intake of dietary protein and amino acids by military personnel and in
part on other factors influencing protein requirements in these individuals, as
discussed below.

STRESSORS THAT INFLUENCE PROTEIN REQUIREMENTS

As discussed by Friedl in Chapter 3, the stressors encountered most
frequently by military personnel are high levels of physical activity with Or
without energy restriction; illness, injury, and infection; and environmental
extremes. Although each of these stressors may somehow influence protein
metabolism and protein requirements directly, they also produce changes in
hormonal status that can influence protein metabolism as well. The impact of
each of these factors on protein metabolism and requirements has been the
subject of intense investigation in the civilian research community. A brief
summary of relevant findings is presented here.

Physical Activity and Energy Restriction

The question of whether individuals who routinely engage in intensely
physical occupational or athletic activities have increased requirements for
dietary protein appears to have arisen from the observations that during
exercise, muscle protein is utilized for fuel and that exercise can lead to an
increase in muscle mass. However, whether protein requirements are in fact
increased by physical activity is unclear and a subject of intense controversy. In
Chapter 11, Rennie reviews the role of protein and its breakdown products,
amino acids, in exercising muscle and discusses changes in protein metabolism
induced by energy deficit.

Exercise and Amino Acid Catabolism

A major function of amino acid breakdown in muscle during periods of
exercise is to supply tricarboxylic acid intermediates (anaplerosis) so that the
oxidation of acetyl coenzyme A (CoA) can proceed at rates appropriate to the
energy needs of the contractile apparatus. The exercise-induced increase in
muscle alanine production may be a marker for this process. Specifically,
glutamate can react with pyruvate, via the action of alanine-aminotransferase, to
produce alanine and a-ketoglutarate. The latter then feeds into the TCA cycle,
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and the former provides a mechanism for shuttling nonacidic gluconeogenic
precursors to the liver. In addition, valine and isoleucine can be deaminated and
enter the TCA cycle via succinyl CoA. Leucine, in contrast, may deplete TCA
intermediates (cataplerosis) by promoting the transamination of a-ketoglutarate
to glutamate. Rennie proposes that a major function of circulating glutamine, an
amine acid that decreases in the circulation under circumstances of severe stress
or trauma, may be to augment glutamate stores. Glutamine crosses the cell
membrane easily and can be converted by the enzyme glutaminase to glutamate
or by transaminase to a-ketoglutaramide, which can then be converted to a-
ketoglutarate and ammonia. According to Rennie, these proposed mechanisms
await validation, and the magnitude of the conversions has not been shown to
limit energy availability. In addition, a threshold glutamate concentration for
TCA cycle intermediate generation has not been established.

A different but possibly related question is why obese individuals placed
on starvation diets experience potentially fatal muscle wasting despite adequate
stores of energy. Owen and coworkers (1998) recently conducted a series of
experiments to address this question and to test the hypothesis that in spite of
adequate energy stores, muscle must be broken down to supply TCA cycle
intermediates, so that energy can be used, and to supply precursors for hepatic
gluconeogenesis. The administration of phenylacetate, which binds to plasma
glutamine resulting in its excretion as phenylacetylglutamine, to obese subjects
for the last 3 days of a 3-week fast resulted in no change in urinary creatinine,
urea, uric acid, ammonium, or ketone body excretion and no decrease in hepatic
or renal gluconeogenesis. These observations are consistent with a continuous
demand for amine acid oxidation, presumably to supply TCA cycle
intermediates and gluconeogenic precursors.

The extent of any increase in amine acid oxidation during exercise depends
on several variables. These include exercise intensity, availability of energy
from glucose and fat, nutritional status, training status (trained athletes
experience less amine acid oxidation in muscles), and gender (Millward et al.,
1994). In Chapter 11, Rennie concludes that although the oxidation of amine
acids in muscle supplies energy, the magnitude of this oxidation does not
appear to be sufficient to allow protein to be considered a major metabolic fuel
during periods of exercise. Although it is theoretically possible that repeated
bouts of intense physical activity in the face of limited nutrient intake might
deplete glutamate and glutamine to an extent that would affect the TCA cycle,
this possibility has not been tested.

Contractile Activity and Muscle Protein Turnover

Muscle protein synthesis appears to decrease during exercise and to
rebound after exercise; thus, any net change in nitrogen balance or muscle
protein is observed only over a period of several days. Muscle protein
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breakdown during normal exercise is limited to soluble or membrane proteins
degraded via lysosomal proteases. The degradation of myofibrillar protein
appears to increase only with eccentric exercise (exercise such as walking
downhill, in which muscle is forced to contract as it is stretched) (Fielding et
al., 1991); the consequences of this damage to muscle tissue are discussed later.
Little evidence exists to suggest that exercise leads to significant accumulation
of muscle protein in the absence of steroid-induced growth (Forbes, 1985, cited
in Millward et al., 1994).

According to Rennie (1996), any negative balance of protein synthesis and
breakdown created during exercise is rapidly reversed by protein intake.
Attempts to investigate the possibility that protein requirements are increased
by physical activity are confounded by the observation, discussed by Millward
(Millward et al., 1994, see also Chapter 9), that increases in protein intake result
in increases in the catabolic processes leading to the oxidation of amino acids.
A potentially significant implication of this adaptation is that individuals who
habitually consume high-protein diets may face the risk of significant losses of
protein stores if suddenly forced to curtail protein intake.

Energy Balance and Protein Requirements

The direct influence of energy intake on nitrogen balance has been
recognized for many years (Cuthbertson and Munro, 1937). In an attempt to
quantify this effect, Calloway (1975) fed groups of men diets in which first the
levels of protein were varied while energy was held constant and then the levels
of protein were held to the level nearest individual need (determined by N
balance) while energy was varied. When 85 percent of maintenance energy was
provided, nitrogen balance fell to -0.61 g/d. In contrast, when 115 percent of
maintenance energy was provided, nitrogen balance rose to 0.59 g/d, with the
greater increase occurring when energy intake rose from 85 to 100 percent of
maintenance. Marginal protein intake appeared to have less effect than marginal
energy intake. In a similar set of experiments, Kishi and coworkers (1978) fed
diets of increasing energy content to groups of men for 3-week periods and
found that at energy intakes of 40, 45, 48.2, and 57 kcal/kg, the estimated
protein requirements to maintain nitrogen balance were 0.78, 0.56, 0.51, and
0.42 g/kg BW per day, respectively. This effect of energy intake on apparent
maintenance protein requirements is observed only when protein intake is not
limiting. Moreover, although it is clear that experimentally determined nitrogen
balance is the result of both protein and energy intake, energy intake has not
been considered in determining the protein requirements of various groups. If
the results of Kishi and coworkers were applied to a 70 kg man, the protein
requirement would be 54.6 g/d at an energy intake of 2800 kcal/d (the
equivalent of two MREs). It is not known whether the relationship between
energy intake and protein intake can be extrapolated to lower energy intakes
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(such as those of Ranger trainees, who in past studies have been observed to
consume approximately 1500-1700 kcal/d, including approximately 50 g
protein). Furthermore, because the studies of Kishi and coworkers and
Calloway relied on the technique of nitrogen balance, more reliable and precise
results would be expected if the studies were repeated using more up-to-date
techniques. Finally, it is possible that the estimation of resting energy
expenditure and energy requirements could be improved by the use of newer
techniques such as magnetic resonance imaging (MRI) derived organ-tissue
mass measurement (Gallagher et al., 1998).

The mechanism by which energy intake exerts its effect on protein balance
is not completely understood. In the resting state, carbohydrate intake inhibits
protein catabolism. Two possible mechanisms have been proposed. One
possibility is that the carbohydrate-stimulated increase in insulin secretion
increases synthesis and decreases breakdown of protein. An alternative
possibility is that the provision of carbohydrate simply decreases liver
gluconeogenesis, so that amine acids are no longer drawn away from muscle.
The provision of carbohydrates prior to and during exercise inhibits protein
breakdown and oxidation of amine acids. Although it is known that
carbohydrate and fatty acids are the primary fuels during exercise, the effect of
triglycerides and medium-chain fatty acids on protein turnover is less well
understood.

The issue of whether or not physical activity increases protein
requirements is complicated. Results of studies depend in part on the energy
intake of the participants, the kind and intensity of the exercise studied, and the
length of time given for adaptation to varying protein intakes (Butterfield,
1987). R has long been held that individuals experiencing an energy deficit—
whether it is the result of a decrease in energy intake, an increase in energy
expenditure, or both—exhibit an increase in protein breakdown and protein
requirements (Calloway and Spector, 1954; Calloway, 1975). However, the
effect of chronic increases in energy expenditure and negative energy balance
on muscle mass of exercising individuals is unclear. Several groups of
investigators have observed that athletes undergoing strength and endurance
training require greater protein intake to maintain nitrogen balance than do
sedentary individuals (Lemon et al., 1992; Meredith et al., 1989; Phillips et al.,
1993; Tarnopolsky et al., 1988, 1990a). However, the results of these studies
have been questioned, in part because no differences were observed in
performance or lean tissue mass between athletes consuming high-protein diets
and those on lower-protein diets. In addition, many of these studies were too
short to allow for adaptations to changes in protein intake (about 10 days) or
exercise regimen (about 2 weeks) (Gontzea et al., 1975), which makes their
interpretation difficult.

The possibility that moderate (approximately 50-60 percent of maximum
capacity) exercise may have a protective effect on muscle protein in the
negative energy balance situation has been suggested by a small number of

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

COMMITTEE OVERVIEW 33

studies (Carraro et al., 1990; Stein et al., 1959; Stroud et al., 1996; Todd et al.,
1994); however insufficient research has been conducted to confirm this
observation. The classic study of college athletes and soldiers by Chittenden
(1907) showed that a gradual 50 percent reduction in protein intake (to 0.75 g/
kg BW/d) over 5 months did not decrease and in fact increased strength while
decreasing fatigue. A study by Butterfield and Calloway (1984) also showed
that moderate physical activity optimized protein utilization by previously
untrained individuals who consumed lower-than-average amounts of protein.
Buskirk (1996) has suggested that although controversy remains with regard to
protein requirements and optimal protein intakes for athletes, a protein intake of
1.5 g/kg BW/d (the usual protein intake for most Americans) should be
sufficient to preserve muscle mass and nitrogen balance if energy intake is
sufficient.

Although the protein requirements of women have been studied
inadequately, the small amount of available data suggests that the needs of
nonpregnant women may be similar to those of men. Kurzer and Calloway
(1986) showed variations in urea excretion in sedentary women, corresponding
to the phases of the menstrual cycle, but also showed that nitrogen balance
could be maintained on a protein intake approximating 0.8 g/kg BW/d. As
mentioned above, protein requirements are related to energy intake. Because
energy intake in active women is often lower than predicted from activity
pattern (Mulligan and Butterfield, 1990), these individuals may be in negative
energy balance and, therefore, would have increased requirements for protein.
The reported tendency of military women to restrict energy intake intentionally
because of concerns about weight and body mass (IOM, 1998) may further
interfere with their ability to meet protein requirements during field operations.

In summary, the evidence to date suggests that sustained physical activity
does not result in increased protein requirements for appropriately trained (and
possibly even sedentary) individuals who are in energy balance. Data on
physically active women are insufficient to determine whether their protein
requirements are higher than those of sedentary women.

Infection, Injury, and Illness

Systemic infections and severe injuries trigger complex but predictable
alterations in body protein metabolism that lead to increases in protein
requirements. These effects, which are a component of acute-phase reactions
now known to be initiated by the proinflammatory cytokines, include a rapid
catabolic destruction of skeletal muscle proteins and, simultaneously, an equally
rapid synthesis of many other body proteins.

These shifts in protein metabolism appear to be purposeful. The responses
to infection and injury provide the body with newly formed proteins and the
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immune system elements needed to mount a successful and effective defense,
but at considerable nutritional costs.

In the response of protein metabolism to injury and infection, the
contractile proteins of skeletal muscle serve as an amine acid "bank." These
muscle proteins undergo rapid catabolic breakdown, and the free amine acids
liberated are released into plasma and used in visceral organs for a number of
purposes. Some amine acids (especially the branched-chain group) are
metabolized in situ within the muscle cell to provide energy, and their nitrogen
components are immediately reutilized to create new amine acids (for example,
glutamine and alanine) that are released into the circulation. Both glutamine and
alanine are metabolized in visceral tissues, as sources of the additional energy
needed to sustain the body-wide hypermetabolic state characteristic of acute-
phase reactions.

Under the influence of proinflammatory cytokines, the liver takes up large
quantities of plasma free amine acids. Hepatic uptake of amine acids is so large
that their plasma concentrations may decline despite the massive quantities of
amine acids being made available by muscle protein catabolism (Beisel, 1992;
Kinney and Elwyn, 1995; Wilmore, 1991).

In addition to their metabolic degradation as sources of fuel, the resulting
amine acids are used by the liver to manufacture numerous enzymes,
metallothioneins, lipoproteins, and the large array of acute-phase reactant
plasma proteins (o;-antitrypsin, a;-acid glycoprotein, haptoglobin, C-reactive
protein, fibrinogen, the third component of complement, ceruloplasmin,
amyloid, and orosomucoid). Protein synthesis is also enhanced in lymphocytes
and immunologic tissues (Beisel, 1992).

In the liver, excess phenylalanine is converted to tyrosine, and excess
tryptophan is metabolized via the kynurenine pathway, resulting in the creation
of diazo reactants that are excreted in the urine. The hepatic enzymes needed to
metabolize excess phenylalanine and tryptophan are induced rapidly as part of
the body's cytokine-induced acute-phase response (Beisel, 1992). Nitrogen
components of other degraded amine acids are converted into urea and excreted
in the urine (Beisel, 1992; Wilmore, 1991). Losses of body nitrogen are thus
markedly increased with infection or trauma.

Changes in dietary protein and energy requirements to sustain muscle
protein synthesis during recovery from infections and severe injury are of
considerable importance to the military situation (Wolfe, Chapter 13). A full
discussion of the impact of illness and injury on protein and energy
requirements is beyond the scope of this report; the reader is referred to a
comprehensive review such as that by Souba and Wilmore (1994). In Chapter 8,
Wilmore notes that protein requirements are approximately 1.5 g/kg BW/d in
almost all patients recovering from serious injury or systemic infection, with the
exception of burn patients, whose requirements are elevated to 2-2.5 g/lkg BW/
d. In addition, the postinjury energy requirements of bum victims are
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among the highest known (Sakurai et al., 1995). However, the evolution of care
for the injured, including those with thermal injuries, has greatly decreased the
duration of hypermetabolic states and attenuated the peak response (D.W.
Wilmore, Los Angeles, personal communication). The provision of intravenous
energy sources and large quantities of amino acids to severely burned patients is
unable to induce effective production of muscle protein (Sakurai et al., 1995).
As discussed later, hormonal therapies have been used in combination with
nutritional support in an attempt to improve this situation. In badly burned
children, growth hormone has demonstrated positive effects on muscle protein
synthesis (Gore et al., 1991). Despite the insulin resistance that develops during
infection and trauma, insulin (along with adequate glucose) markedly increases
the synthesis of muscle protein (Sakurai et al., 1995); however, protein
breakdown increases as well, which negates the effect. Wolfe (see Chapter 13)
speculates that testosterone, which stimulates protein synthesis under normal
circumstances and is known to be suppressed in male burn patients, might have
a synergistic effect with insulin on muscle protein synthesis.

Other Stressors

There is no question that deployed soldiers in field operations experience
the simultaneous effects of multiple stressors. In addition to an interest in the
effects of physical activity, injury, and infection, the military maintains
considerable interest in the effects of temperature extremes and high altitude on
protein requirements. Therefore, several previous reports of the CMNR have
reviewed this topic.

Heat

As reviewed by Buskirk (1993), Mitchell and Edman (1949, 1951)
postulated that protein requirements would increase slightly in hot
environments as the result of increased sweat losses of nitrogen or tissue
catabolism secondary to hyperthermia. Studies by Consolazio and coworkers
(Consolazio and Shapiro, 1964) found that the increased protein intake of
soldiers in the heat appeared to be due to the increase in energy intake, rather
than to some innate need for more protein in hot environments. Calloway and
colleagues (1971) estimated dermal losses of protein due to exercise-induced
swearing and found that such losses could add approximately 0.5 g/d to
previously calculated protein losses in active individuals, but they proposed that
sweat-induced losses would likely be less in sedentary individuals. Paul (1989)
observed that because protein contributes to energy needs during prolonged
exercise and because sweat losses of nitrogen increase during intense prolonged
exercise in hot weather, protein requirements might be increased under these
circumstances (the effects of acclimatization are
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not known). Nevertheless, Buskirk (1993) concluded that no evidence exists for
an increase in the apparent protein requirement of soldiers (beyond the Military
Recommended Dietary Allowance [MRDA] for protein) in hot environments.
He further cautioned that an increase in dietary protein would raise fluid
requirements (see discussion of protein and renal function later in this chapter)
in individuals whose fluid requirements were already elevated by the effects of
exercise and heat and whose intake might already be restricted by logistical
factors.

Cold and High Altitude

In 1996, the CMNR reported on the effects of cold and high-altitude
conditions on nutrient requirements (IOM, 1996). According to studies
summarized by Jones and Lee (1996) and by LeBlanc (1996), there is no
conclusive evidence that protein needs are increased by brief or prolonged
exposure to cold temperatures. In a classic study cited by Rennie in Chapter 11,
Stroud and coworkers (1996) showed that among two subjects who trekked
across the Antarctic while in profound negative energy balance, whole-body
protein turnover was slightly increased in one and slightly decreased in the other.

The MRDAs do not include a higher protein allowance for cold weather;
however, they do include a higher energy allowance. Thus, the recommended
contribution of protein to total energy intake in the cold (and the ratio of protein
to total energy in the Ration, Cold Weather) is actually lower than that in
moderate temperatures (and in the MRE). Because the metabolism of extra
dietary protein results in increased urea excretion and, therefore, an increased
fluid requirement, this lowered protein-to-energy ratio may be advantageous in
cold environments where the availability of drinking water may be limited
(Askew, 1989).

Butterfield (1996) and Hoyt and Honig (1996) reviewed the influence of
high altitude on metabolism and on macronutrient requirements, and reported
significant losses of lean tissue mass, body weight, and fat mass among most
subjects. However, as demonstrated by Butterfield and coworkers (1992), if
subjects consumed sufficient energy to maintain energy balance, weight losses
were corrected and nitrogen balance was maintained. These findings suggest
that the loss of lean tissue mass and the negative nitrogen balance often
experienced at high altitude are due entirely to the negative energy balance
caused by altitude-induced anorexia and increased metabolic rate, rather than to
an increase in protein requirements. The CMNR concluded that there appeared
to be no rationale for increasing the MRDA for protein for individuals working
at high altitudes; however, the committee also suggested the need for further
research on the effects of intense physical exertion on protein requirements at
high altitudes.
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Combined Stressors

It is generally recognized that at any given time, deployed soldiers and
those in field training face a combination of stressors that may include energy
imbalance (secondary to undereating, intense physical activity, or both), severe
injury, systemic infection, climatic extremes, and changes in altitude. As
described above, attempts to identify the effects of such stressors, alone or in
combination, on protein requirements have thus far been inconclusive.
Additional stressors, such as exposure to unidentified environmental
contaminants and the emotional consequences of the battlefield and of
separation from a familiar environment, have also been recognized, but far less
is understood about their impact on physiology and nutritional status and how
this might influence protein requirements (Friedl, 1997; IOM, 1995).

THE MRDA FOR PROTEIN

The protein (and energy) content of military operational rations was
formulated during World War II on the basis of Food and Nutrition Board
recommendations (NRC, 1941). Based on data for energy consumption and
expenditure of soldiers during the war, the initial standard of 70 g protein per
3000 kcal for the 70 kg reference man was increased in 1947 to 100 g protein
per day (based on 3600-kcal total energy intake) for physically active military
men in temperate climates. The protein MRDA for women is 80 g/d based on a
daily energy intake of 2000-2800 kcal (AR40-250, 1947). This amount of
protein is equivalent to 11 percent of total recommended energy intake (results
of recent national nutritional surveys, including the National Health and
Nutrition Examination Survey (NHANES) III, have shown that protein intake in
the U.S. population averages 14 to 16 percent of total food energy for both
males and females).

Since the 1940s, the mean weight of male soldiers has increased from 68 to
78 kg; similarly, the mean weight of female soldiers has increased from 61 to
63 kg. Thus, the MRDA for protein expressed on a g/lkg BW basis is 1.3 for
both men and women. Based on observations suggesting that protein
requirements may be increased for individuals engaged in specific types of
exercise, the question arises whether recommendations established for protein
intake by soldiers during World War II are still appropriate for military
personnel today.

Protein Intake Studies of Military Personnel

Studies conducted in the 1940s and over the past decade have shown that
military personnel maintain relatively high protein intakes during field
operations as well as in garrison. Table 1-2 summarizes the average and range
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of intakes measured in studies reviewed by Cline and others (Baker-Fulco et al.,
1995; King et al., 1993; see also Cline, Chapter 4). Estimated protein intakes in
the field and in garrison for both men and women met or exceeded the MRDA
of 100 g/day and 80 g/day, respectively. Relative to body weight, the average
daily protein intake for men in the field was 1.3 g/kg BW and for women, 1.2 g/
kg BW, exceeding the estimated protein requirement of 0.8 g/lkg BW and even
the increased requirement suggested by Tarnopolsky and coworkers (1990b).
Both energy and protein intake appear to have decreased between the 1940s and
more recent times, whereas average body weight has increased over this period.
The significance of this apparent decrease is not known; the observation may be
attributable to changes in the method of dietary intake assessment or may be
related to an observation by Cline and Warber (see Chapter 4) that
approximately one-fourth of soldiers report trying to lose weight during field
training exercises. Nevertheless, protein consumption by soldiers is still high
relative to the RDA.

Operational rations include the individual combat rations such as the Meal,
Combat, Individual (MCI); the Meal, Ready-To-Eat; and other rations
(including A, B, K, T, and unitized group ration [UGR]; see Appendix B) used
to support operations in the field. The energy and protein contents of
operational rations are set at a level of 3600 kcal and 100 g/d, respectively.
Because of their high energy content, operational rations theoretically contain
2.8 g protein per 100 kcal. According to Cline and Warber (see Chapter 4), the
actual energy content of operational rations varies from 2794 kcal in C rations
to 4300 kcal in B rations. The protein content varies from 79 g in K rations to
142 g in the UGR. Therefore, the protein-to-energy ratio varies from 2.8 to 4.3
g protein per 100 kcal (11-17 percent of energy), depending on the type of
operational ration.

In comparing macronutrient intake in the field and in garrison, it appears
that protein and energy intakes in the field did not exceed and may have been
lower than intakes in garrison, even though energy expenditure would be
expected to be higher in the field than in garrison. In the small number of
studies in which energy expenditure was estimated, soldiers in the field tended
to be in negative energy balance (as evidenced by weight loss), although their
protein intake met or exceeded the MRDA (none of these studies included
women). Dietary surveys indicate that soldiers preferentially eat the high-
protein entrees of the rations (Baker-Fulco, 1995). As a result, mean protein
intakes of soldiers in the field as a percentage of total dietary energy are higher
than suggested by the ration contents.

Pregnancy, Lactation, and the MRDA for Protein

At the present time, there are no MRDAs for pregnancy or lactation. As
shown in Table 1-1, the RDA for protein is increased by 10 g/d for pregnant
women and 15 g/d for lactating women (NRC, 1989). Thus, the recommended
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protein intakes for women in the weight range of 46-63 kg would be 44-57 g/d
during pregnancy and 60-72 g/d during lactation. Some studies have suggested
that the RDA for protein during lactation may be insufficient to meet the
requirements of lactating women and have shown that actual protein
requirements may be as high as 1.5 g/lkg BW/d or 69-94 g/d (Motil et al., 1990,
1996). The MRDA of 80 g/d would therefore be sufficient to meet the apparent
protein requirements of most pregnant or lactating women.

Summary

In summary, the protein intake of soldiers in both garrison and field
situations appears adequate relative to the current MRDA. Because energy
expenditures have not been measured for average soldiers in the field, it is not
possible to determine their risk for negative energy balance, which could
increase requirements for protein. MRDAs for women appear to be adequate to
support pregnancy and lactation.

PERFORMANCE BENEFITS AND HEALTH RISKS OF
SUPPLEMENTAL PROTEIN, AMINOACIDS, AND PLANT
PROTEINS

Supplement Use Among Army Personnel

The use of various protein and amino acid supplements by military
personnel reflects the current public interest in strength training and body
building. Such products are readily available at military commissaries,
exchanges, and fitness centers, according to Cline and Warber (see Chapter 4).
In a recent Army survey of protein supplement use, 36 percent of Army
personnel less than 30 years old reported having used amino acids, and 30
percent had used protein powders. Supplement use was lower in persons more
than 30 years of age: 26 percent reported having used amino acids, and 19
percent reported using protein powders. The highest use was reported among
combat arms personnel (this category includes infantry, armor, field artillery,
air defense, and Special Forces), followed by combat service support personnel
(includes ordnance, quartermaster, and transportation), and combat support
personnel (includes engineer, chemical, military intelligence, military police,
signal, aviation, and civil affairs). Supplement use among men was
approximately double that among women, and individuals required to eat in
military dining facilities reported a greater likelihood of supplement use than
those who received food allowances to eat off-site. Reasons given for
supplement use included the desire to increase energy, improve athletic
performance, increase muscle mass, engage in strength training, and gain
weight (Warber et al., 1996).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

jn Sustaining and Enhancing Performance

40

COMMITTEE OVERVIEW

Suturen p / Uowom 6t (Lenes uosyoe[ ‘3 7661 T 10 Sury

Suwuren p ¢ uow 971 (Sv1) 691 SO0 dutrey ¥661 T8 19 03[ Ieq
uouwr | O o€l

Suturen p § uowom 98 LeneL VIASN €661 e 19 eIy

Suturen p ¢ uow 77 (S¥1) 091 SO0 duLreN 7661 ‘T8 19 0o[n-1eq
uowr 7¢ p00T
uouwr g¢ pL6

PP ST uowom ¢ (0°6) 89 eIATjog 1661 ‘T8 19 sprempyg
uaul /N otll

PP 8 uowom V/N ((R20K4] POOH "1 6861 “T8 12 SIN 950y
uowr [y (Ssp) szl

Suturen p , uawom (O (9°61) 96 (1LDEF) DS ‘uosyoe[ 1q 6861 “12 19 MY 950y

uosties p 8 uowr [ (I9n 9zl suaAL{d 4 6861 <1819 01928

UOSLIES p £, uowr ¢ v vl suaAR( d 8861 T8 10 03928
uowr ¢ (1°s1) €01

uostes p 9 uowom 71 (r91) SL VM ST 14 L86T “Te 12 03928

Suturen p g uowr ¢y (X995 741 Auropeoy ODN L86T T8 12 uos[e)

Suturen p Og uouwr £ 418! QURITY g due) L861 T8 10 MISY
PIPY P 8% 91 uowr R¢-¢¢ v€11-86

PR P ¥ uowoMm (O D L9 remeH 9861 ‘WATIVSN/0dADOVSN

PIPY P8 uowr ¢ 6Cl s 4 9861 ‘UOS[TBD puB 350y
uowr ¢ (e szl

Sumuren p g UOWOoM {6 (L€l 8 VINSN 9861 ‘T8 12 yasIary

odA 1, pue uoneIn(g N (A310U0 [£10) JO 9) OEIU] ULIOI] uoned0| Q0UAIRJY

(p/3) 1ouuosIog ATeNIA JO axeIu] urajoid Arelor(q ¢-1 A1dV.L

"uonngule Joj UOISISA SAlejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld sy} 8sn ases|d "palasul Ajjejuspiooe usaq aaey Aew siolis olydelbodA) swos pue ‘pauieial
aQ jouued ‘Janamoy ‘Buiewo) oyoads-buiasadAy Jayjo pue ‘sojAis Buipeay ‘syealq pJom ‘syibus| aull ‘{jeulbuo ay) 0} anly ale syealq abed ‘sa|l buiasadAy jeuiblio
By} wolj Jou ‘yooq Jaded [euibLo 8y} wouy pajeald safi X Wody pasodwoosal usaq sey yiom [eulblio 8y} Jo uonejuasaidal [e)bip mau siyl 9 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

jn Sustaining and Enhancing Performance

41

COMMITTEE OVERVIEW

“HIIN 27eIpAyoqres-ysiy
“TIN WRI0IJ-YSTH 4
HAN 5

‘uonjer 3doouo)

‘9%T'T SSOTIM »

“%0°C SSOL IM p

"%0°T SSOT 1M »

‘%8 SSO1 1M 'HYN € 10 HYIN [ + SUOHRI Y T g

‘B1CT-ET SSOLIM v

JUI0d 1S9 ‘AWApedY AIRITIA "S'() “VIAS(] {[00YdS JBPIPULD IO ‘SO ‘Surures) 1991jJ0 pauoIsSImoduou ‘QON Q[qe[IeAL JoU “y/N ‘Sururen yequiod o1seq ‘10 :SALON

uowr T (€01) 969
uow 91 s(6'71) L'€0T
uowr g1 w(1°00) ¥'SET
uowom ¢ (86) 1'LS
uowom g1 3(8'71) 818
P¥ uswom g1 4(6°61) S€01 syreq dwe) ssaid ur “Te 30 yosiry
uowr 66 3(6'v1) S'€8
uowr 6¢ {€01) 969
uQwIoM ¢¢ s(I'vD) 765 uoneoUNUIWOd [euosiod
Suturen p £ uowom ¢ 186 L'ey [rexoey dure) L661 ‘0dng-1axeg
Suturen d1seq p 95 uawom (g Ly sL UOJSNOH weg " 8661 819 3UlD
o ¢ (LoD €01
Suuren pue uosLLes p (g uowr 7¢ (TL) sl oSRRFEYD I S661 e 19 sewoy,
odA ], pue uonein(g N (A310U0 [£10) JO 9) OYEIU] UII0I] uoned0| Q0UdIRJY

"uonngule Joj UOISISA SAlejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld sy} 8sn ases|d "palasul Ajjejuspiooe usaq aaey Aew siolis olydelbodA) swos pue ‘pauieial
aQ jouued ‘Janamoy ‘Buiewo) oyoads-buiasadAy Jayjo pue ‘sojAis Buipeay ‘syealq pJom ‘syibus| aull ‘{jeulbuo ay) 0} anly ale syealq abed ‘sa|l buiasadAy jeuiblio
By} wolj Jou ‘yooq Jaded [euibLo 8y} wouy pajeald safi X Wody pasodwoosal usaq sey yiom [eulblio 8y} Jo uonejuasaidal [e)bip mau siyl 9 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

COMMITTEE OVERVIEW 42

No data are available on the voluntary use of specific amine acids by
military personnel or on the effects of protein supplement use on performance
of military personnel. The effects of tyrosine and tryptophan supplementation
on soldier performance have been examined by Lieberman, Askew, and
coworkers and are reviewed in the next section.

Protein and Amine Acid Supplements and Cognitive
Performance

Although it is well known that several amine acids are precursors to
neurotransmitters or neurotransmitters themselves, the brain's precise need for
these amine acids is not well known. The concentrations of these precursor
amine acids in blood influence their availability to brain neurons and, as a
result, the ability of neurons to synthesize neurotransmitter products (because
the rate of production of some transmitters is directly influenced by local
concentrations of their precursors). The accessibility of amino acids to the brain
is controlled by specific transport carriers located at the blood-brain barrier, the
physical site of which is the endothelial cell of the brain capillaries (Pardridge,
1977). These sites can have a major influence on whether or not the brain meets
its amine acid needs. It is thus essential to understand how this transport carrier
operates. In Chapter 14, Lieberman notes that these carriers are selective for
groups of amine acids based on size and charge. Of particular relevance to
neurotransmitter production in brain is the large neutral amine acid (LNAA)
transporter, which is responsible for the uptake of tryptophan (the precursor of
serotonin) and of tyrosine and phenylalanine (precursors of the catecholamines).
Several other amine acids are also transported into brain by this carrier. The
LNAA transporter has been found to be competitive at normal plasma levels of
these amine acids; consequently, phenomena that change plasma levels of one
or more LNAAs indirectly modify their uptake into the brain. According to
Lieberman (see Chapter 14), when the availability of these transmitter
precursors to the brain changes, brain functions are modified, including
cognitive performance and affective state (mood). Since the availability of one
or more of these amine acids to brain becomes compromised during periods of
undernutrition or stress, he argues that the resulting reduction in transmitter
production could diminish brain function. This issue is highly relevant to the
performance of soldiers in the field, who often operate under conditions of food
restriction and increased exposure to multiple stressors (Lieberman, 1994).

Tryptophan

The rate of serotonin synthesis and release by brain neurons is directly
influenced by the tryptophan concentration in brain (Fernstrom, 1990; Sharp et
al., 1992) and, thus, by the uptake of tryptophan from the circulation. The
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consumption of a protein-free meal increases the concentration of tryptophan in
blood relative to that of the other LNAAs. The mechanism of action of this
influence involves the stimulation of insulin release by dietary carbohydrate.
Insulin stimulates the release of nonesterified fatty acid (NEFA) molecules from
the serum carrier protein, albumin, and their subsequent uptake by adipocytes.
The amino acid tryptophan, which has an affinity for albumin, binds in place of
the NEFA. As a result, the total serum tryptophan concentration remains
constant (unlike the concentrations of other amino aids, which decrease in
response to insulin), and the bound tryptophan is able to enter the brain. In
contrast, consumption of a high-protein meal results in a decrease in brain
tryptophan and serotonin levels because the other LNAAs, which compete with
tryptophan for binding to the LNAA transporter and thus for transport to the
brain, are present in higher concentrations in dietary protein than is tryptophan
(Fernstrom, 1990). As a result, serotonin synthesis is modified in several brain
regions, including the hypothalamus and cerebral cortex. Thus, brain serotonin
synthesis may be modulated by the protein-to-carbohydrate ratio of the overall
diet or a recent meal.

To date, it is not known whether meal-related changes in serotonin
production influence brain functions, but a number of studies have linked the
changes in serotonin synthesis that follow the administration of tryptophan or
its LNAA competitors to functional effects. In laboratory animals, serotonin
neurons are most active when animals are awake and physically active (Jacobs
and Fornel, 1993) and play an important role in channeling sensory information
to the brain (Messing and Lytle, 1977; Walters et al., 1979).

Of particular relevance to the military, Lieberman notes, is the observation
that tryptophan administration produces "mental fatigue" and has been used to
promote sleep. Administration of tryptophan is also reported to reduce pain
sensitivity (Lieberman et al., 1983; Seltzer et al., 1983). A decade ago,
significant toxicity was attributed to tryptophan supplements, apparently due to
a contaminant that survived the purification process for the amino acid
(Hartmann and Greenwald, 1984; Lieberman et al., 1985).

Relatively little is known about how a reduction in serotonin synthesis
might influence performance. The administration of an amino acid mixture that
should reduce brain tryptophan levels and serotonin synthesis has been found to
promote aggressiveness (Cleare and Bond, 1994) and depression (Delgado et
al., 1990) in human subjects. These findings suggest that the changes in brain
serotonin synthesis that accompany the ingestion of normal foods may produce
similar, though less remarkable, effects on these behaviors (because meals
cause smaller changes in serotonin than those produced by amino acid
treatments). At present, no data exist that evaluate the magnitude of such effects.

Chronic, substantial reductions in protein intake can reduce brain
tryptophan levels and serotonin production in laboratory animals (Fernstrom
and Wurtman, 1971), with the ingestion of proteins naturally low in tryptophan
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having the most pronounced effects on serotonin (Fernstrom and Hirsch, 1975)
and behavior (Fernstrom and Lytle, 1976). These data are insufficient to allow
an estimate to be made of a brain tryptophan "requirement" in humans in
relation to habitual dietary protein intake. Some human populations (for
example, those that subsist on a corn-based diet) may experience chronic
tryptophan deficiency (Wurtman and Fernstrom, 1979). However, although
such groups might be expected to experience the behavioral effects predicted
from animal studies (insomnia, increased pain sensitivity, depression), no data
currently exist to support such a possibility. At least several weeks would be
required for such a deficiency state to develop in humans. Nevertheless, the
combat situation is typically associated with increased physical activity and
stress, which stimulate serotonin turnover (Chaouloff, 1989; IOM, 1994). Thus,
serotonin production may be impeded at a time when the requirement for this
neurotransmitter is increased to support crucial brain functions. It is possible
that aspects of sensory and motor function might become diminished under
field conditions in which food intake (protein intake, in particular) is reduced
for an extended period. Under such conditions, protein and/or tryptophan
supplementation could have potential benefit. However, no research has been
conducted to evaluate this possibility in animals or humans under the conditions
of intended use.

Tyrosine

The only other amine acid studied in any detail in relation to its conversion
to a brain neurotransmitter is tyrosine, another LNAA and a catecholamine
precursor. Lieberman notes that when catecholamine neurons are actively firing
in brain, the rate at which they synthesize catecholamines (primarily dopamine
or norepinephrine) increases and becomes responsive to the local tyrosine
concentration (Fernstrom, 1990; Lieberman, 1994; Wurtman et al., 1981).

Catecholamine neurons typically increase their activity under a variety of
stressful conditions (Fernstrom, 1994; Stone, 1975), and appear to be important
regulators of such behavioral parameters as attention, state of arousal, and mood
(Lieberman and Shukitt-Hale, 1996). Stress-induced increases in catecholamine
production can be magnified in animals by the administration of tyrosine, which
may result in beneficial effects on spatial reference and working memory of
laboratory animals under stressful conditions (Lehnert et al., 1984a; Shukitt-
Hale et al., 1996; Shurtleff et al., 1993). Tyrosine administration also appears to
improve memory and learning in humans under adverse environmental
circumstances (Banderet and Lieberman, 1989; Deijen and Orlebeke, 1994). For
example, Marine Corps sharpshooters who received tyrosine supplements
experienced a partial reversal of the cold-induced deterioration in their
marksmanship performance (Shurtleff et al., 1994). In another study, tyrosine
administration was associated with an amelioration of the sleep deprivation
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induced decline in psychomotor function and vigilance (Neri et al., 1995).
However, such effects are less evident under normal circumstances, and no
recent studies have updated or reevaluated these findings.

Finally, in studies of soldiers examined under field conditions and
consuming military rations, deficits in energy intake as well as in mental
performance often develop along with reductions in plasma levels of tyrosine
and tryptophan. A study by Askew and coworkers (1987) showed that the
development of behavioral changes under these circumstances correlated most
closely with decreases in plasma tryptophan, suggesting that plasma tryptophan
levels may be most closely predictive of the development of a state of
tryptophan deficiency in brain and changes in cognitive function.

In summary, very little is known regarding the influence of stressful
conditions on brain requirements for the amino acids that are neurotransmitter
precursors, an issue of particular relevance to the military. In addition, data on
tyrosine supplementation are insufficient to demonstrate conclusive effects on
cognitive performance.

Protein, Amino Acids, Muscle Mass, and Physical
Performance

Measurement of Muscle Mass

Although skeletal muscle (SM) contains more than half of the body's
protein, methods that quantitate the amount and quality of skeletal muscle
remain underinvestigated and inadequately validated. The methods, which
range from atomic to whole-body levels of body composition, are reviewed by
Heymsfield in Chapter 12.

Since methods for determination of human body composition are by
necessity indirect, all methodologies are dependent on mathematical models.
Heymsfield suggests that it is possible to subdivide these body composition
methods into (1) descriptive methods and (2) model-based methods involving
the type of mathematical models used in the quantitation of SM.

Descriptive  Methods. Empirical methods include anthropometry,
bioelectric impedance analysis (BIA), ultrasound, and urinary biochemical
markers (3-methylhistidine, creatinine) and are based on limited theory. These
methods rely on the use of linear regression models based on a criterion method
for the quantitation of SM. Each descriptive method would measure a quantity
related to skeletal muscle, and this measurable quantity could be used in a linear
regression model to predict SM: SM = a x (measurable quantity) + b. Based on
a brief review of these descriptive methods, Heymsfield noted that
anthropometry is perhaps the most limited in accurately predicting SM.

Segmental BIA can be used to quantitate specific skeletal muscle groups.
In addition to the conventional placement of electrodes on the hands and feet,
the electrodes can be placed leg to leg for an estimation of lean tissue in the legs.
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Likewise, placement of electrodes in an arm-to-arm pattern (or some
segment of the arm) results in an estimation of arm lean tissue. Further
developments in BIA methodology may increase its usefulness for quantitating
muscle mass (Baumgartner et al., 1989; Heymsfield et al., 1995; Nuiiez et al.,
1995, 1997; Wang et al.,, 1996). However, the use of BIA in this way will
require determination of the actual composition of various body parts from
which to interpret the BIA data.

Methods cited by Heymsfield based on the quantitation of urinary
metabolites include the use of urinary creatinine and 3-methylhistidine.
Measurement of 24-h urinary creatinine excretion has been used as a surrogate
for measurement of muscle mass, based on a well-known association between
muscle mass and creatinine metabolism. The large majority of creatinine is
produced from creatine within skeletal muscle (and, thus, in proportion to
muscle mass), which is followed by quantitative urinary excretion of the
creatinine. Creatinine excretion in humans varies by gender, due to gender
differences in muscle mass, and is affected by total dietary protein and the
amount of muscle-containing foods (red meat) consumed. Thus, its use as a
measure of muscle mass requires some dietary control.

A second urinary metabolite that has been used as a marker of muscle
metabolism is the post-translationally modified amine acid 3-methylhistidine (3-
MeHis), which is released as a breakdown product from myofibrillar muscle
protein. While urinary 3-MeHis excretion is an indicator of muscle mass, 3-
MeHis is also produced in the gut as a by-product of meat digestion and
therefore must also be measured on a meat-free diet. High correlations were
found when computerized tomography (CT) measurements of total body
skeletal muscle were compared with urinary 3-methylhistidine excretion or
muscle mass predicted from 3-methylhistidine (Lukaski et al., 1981; Wang et
al., 1998).

The development of prediction equations for muscle mass would benefit
from additional research into the use of urinary metabolites as biomarkers to
predict muscle mass.

Model-Based Methods. Model-based methods, which include (1) the
imaging techniques of computerized tomography and magnetic resonance
imaging, (2) dual-energy x-ray absorptiometry, and (3) in vivo neutron
activation and whole-body counting, are based on sound and well-developed
theory. These methods rely on the use of a biological model based on in vivo
quantitation of SM using phantoms or cadavers. Each model-based method
would measure a quantity related to skeletal muscle and this measurable
quantity could be used in a mathematical model to predict SM:

SM=ax(measurable quantity).
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The most significant advance in the field of estimating muscle mass has
been in the use of imaging methods; CT was introduced in the late 1970s and
MRI within the past 15 years. The advance is based in part on the ability to
perform accurate calibrations of these methods using phantoms and human
cadavers, resulting in accurate estimates of muscle areas (CT) or volumes
(MRI). The coefficient of variation associated with muscle mass determination
by CT or MRI is 2-3 percent when the instruments are calibrated by comparing
the results obtained with excised cadaver tissue or filled balloons to the actual
weights of these standards (Heymsfield et al., 1997).

CT methodology in vivo relies on measurement of the CT number. Each
type of tissue has a particular CT number, with the number for adipose tissue
being lower than that for muscle tissue, which in turn is lower than that for
bone. By using the CT number and algorithms, it is possible to separate in each
slice the pixels that belong to adipose tissue and bone, while the remaining
pixels, which belong to muscle, are determined by difference.

The CT number is also directly related to the composition of muscle and
adipose tissue and enables the researcher and clinician to distinguish between
anatomic muscle and nonadipose muscle tissue. The nonadipose skeletal muscle
would contain the actual myofibrillar protein, while the anatomic muscle
contains both intramuscular adipose tissue and nonadipose tissue skeletal
muscle. Thus, within an anatomic muscle, the actual mass of functional
contractile protein can be distinguished from the noncontractile fat tissue.

The advantage of MRI over CT is the absence of radiation exposure. The
disadvantage of MRI is the time involved in its use. Although it is currently
possible to scan the entire body from head to toe over 40 to 50 slices, in 20
minutes, subsequent analysis is time-consuming, requiring at least one full day
per person to analyze each slice using sophisticated software programs for
adipose tissue and lean tissue.

With the advent of stronger magnets, it has become possible to use
magnetic resonance spectroscopy for analysis of carbon, hydrogen (protons),
phosphorus, and sodium in vivo; from these measurements, tissue
compartments can be calculated. This type of spectroscopy not only measures
the amount of tissue present but also monitors in real time in vivo metabolic
processes such as glycogenolysis, lipogenesis, and water balance. This powerful
tool, magnetic resonance spectroscopy, is a major resource for future research.

Dual-energy x-ray absorptiometry (DXA) is a method originally designed
for the quantitation of bone and bone density and therefore has been most useful
in studying diseases such as osteoporosis. More recently, algorithms have been
developed to use in interpreting total body scans for other body components.
The differential attenuation of the energies from the two x-rays by soft tissue
and bone is used to quantitate the amount of these tissues. Further partitioning
of the soft tissue into lean and fat is similarly accomplished. DXA software then
allows the separation of the body into discrete regions. Research in
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Heymsfield's laboratory has estimated that 75 percent of total body muscle mass
is found in the arms and legs. Other regions of interest such as the lower leg
also can be identified and isolated using the software. This approach has been
validated by comparing total body muscle mass determined by CT to
appendicular skeletal muscle estimated by DXA. The correlation coefficient
between the two is 0.95, which indicates a strong association and the feasibility
of using DXA for the quantitation of muscle mass in humans in vivo.

The primary limitations on the accuracy of using imaging techniques to
estimate muscle mass are those imposed by the technology employed. As
mentioned above, even the most accurate methods of CT and MRI have a
minimal error of measurement of 2 to 3 percent. Thus, for estimating changes in
muscle mass, the expected change would have to be greater than 6 percent to
make the measurement feasible. Such a change in muscle mass could be seen
only under drastic circumstances, such as a change in total body weight of more
than 10 percent. Current research includes the further development of BIA and
imaging techniques, improvement of the urinary creatinine method, and perhaps
most importantly, developments in the measurement of dynamic in vivo
changes in muscle metabolism, composition, and subsequent muscle function.

Control of Muscle Mass and Function

The function and regulation of skeletal muscle mass have been reviewed
by Nair in Chapter 6. Muscle mass constitutes 40 to 45 percent of body weight
and accounts for approximately 70 percent of body cell mass. Nair presents a
model that links muscle mass and function (in the form of contractility) with
metabolic processes. Skeletal muscle has important locomotive and metabolic
functions. Many of the metabolic functions that occur in skeletal muscle depend
on muscle mass as well as interrelated factors such as circulating hormone
levels, training status, and age. Thus, indicators of muscle function such as
strength and endurance are influenced by these factors as well.

Strength. Although muscle mass and strength are significantly correlated,
muscle strength may be regulated independently from muscle mass. Strength is
a functional indicator of overall muscle "quality." Sarcopenia syndrome, which
refers to the age-related decline in muscle mass, is characterized by loss of
strength, power, speed, and endurance, as well as by poor balance, resulting in
an increased potential for bone injury due to falls. According to a model
presented by Nair, adjustment for the age-related decline in muscle mass reveals
an apparent functional impairment, which points to a disturbance in the quality
of muscle with age and inactivity.

Endurance. Evaluation of endurance with measures such as maximal
oxygen consumption reveals gender differences; however these differences
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essentially disappear after appropriate adjustment for differences in body
composition. In contrast, the age-related decline in endurance persists even after
such adjustments for body composition are made, supporting the observation of
an apparent change in muscle quality with aging. Endurance is compromised by
myocardial problems such as decreased cardiac output, reduction in maximal
exercise heart rate and stroke volume, and increased peripheral resistance. Each
of these factors influences the delivery of oxygen to working muscle.

Muscle Metabolism. According to Nair, muscle protein quality is
maintained by a remodeling process involving the replacement of old and
damaged protein with new protein. Both mitochondrial and sarcoplasmic
proteins undergo this process, which declines with age. The decline in the
fractional synthetic rate of myosin heavy chain (a sarcoplasmic protein) is
correlated with a decline in leg curl strength. The decline in mitochondrial
protein synthesis is associated with a decrease in the activity of the
mitochondrial enzyme cytochrome C oxidase, which is involved in energy
utilization and storage. This decline may explain both a decrease in the
efficiency of substrate metabolism and an increase in the fatigability of aging
muscle. These changes in mitochondrial and sarcoplasmic proteins taken
together are associated with an age-related decline in endurance capacity. The
functional significance of these age-related changes is unknown for younger
muscle.

Hormonal Interactions

Anabolic Hormones. Muscle is metabolically sensitive to insulin action;
insulin administration decreases protein breakdown but does not appear to
increase muscle protein synthesis in humans except when preceded by a large
infusion of amino acids. In insulin-dependent diabetes, muscle protein
breakdown is increased, with little effect on muscle protein synthesis. As a
result, insulin deprivation is associated with increased net muscle protein loss.
Insulin deprivation also is associated with increased glucagon levels, which
have been shown to increase oxidation of the essential amino acid leucine. The
insulin resistance observed in severely injured or postoperative patients and
those with systemic infections may contribute to the muscle catabolism
observed in these individuals (Black et al., 1982). Administration of insulin is
associated with an increase in muscle protein synthesis in catabolic patients
given amino acid-containing formulas (Pearlstone et al., 1994; Sakurai et al.,
1995).

Growth hormone (GH) and IGF-I also stimulate muscle protein synthesis
over the short term. Growth Hormone replacement in GH-deficient children and
adults results in increased lean body mass or muscle mass (Collipp et al., 1973;
Cuneo et al., 1991) and improvement in muscle function (endurance and
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strength) (Jorgensen et al., 1989). GH supplementation of elderly subjects, who
normally have low GH concentrations, also increases lean body mass and
muscle mass (Schwartz, 1995). The effects of GH administration on skeletal
muscle protein synthesis appear to depend on experimental factors such as
study duration and route of administration. For example, local infusion of
growth hormone resulted in an increase in forearm protein synthesis with no
change in protein breakdown; these effects may be mediated by a stimulation of
IGF-I synthesis (Fryburg et al., 1991). Systemic infusion of GH for 3 days
resulted in increased synthesis and decreased breakdown of forearm protein
(Fryburg and Barrett, 1993; Wolf et al.,, 1992). Butterfield and coworkers
(1997) observed increases in skeletal muscle protein synthesis, nitrogen
balance, whole-body protein synthesis, and net protein synthesis after I month
of daily injections of GH given to postmenopausal women. However, systemic
infusion of men with GH to achieve the same range of serum concentrations, for
varying lengths of time, resulted in no change in protein synthesis or
degradation in the vastus lateralis muscle of the leg, as measured by the
methods of continuous infusion or balance (Copeland and Nair, 1994; Welle et
al., 1996; Yarasheski et al., 1995).

Administration of IGF-I, a paracrine hormone that is believed to mediate
the effects of GH, also has demonstrated contradictory effects on muscle protein
synthesis. Systemic infusion of IGF-I produced no effect on whole-body protein
synthesis or breakdown (Elahi et al., 1993), but local infusion increased forearm
protein synthesis and, at higher doses, decreased breakdown (Fryburg 1994,
1996; Fryburg et al. 1995). Injection of IGF-I twice daily for I month in
postmenopausal women resulted in increased nitrogen balance, whole-body
protein synthesis, skeletal muscle protein synthesis, and net protein synthesis
and in decreased protein breakdown (Butterfield et al., 1997). The question of
whether IGF-I mediates all or some of the effects of GH on muscle protein
synthesis is unresolved, in part because the effects of IGF-I are influenced not
only by its binding to IGF-I receptors but also by the secretion of its binding
proteins, the control of which is not fully understood. Because of the influence
of IGF-binding proteins and the apparent localization of at least some IGF-I
effects, determining an effective dose of IGF-I is difficult. In addition,
measurement of plasma levels of IGF-I may indicate trends but has limited
functional significance.

Efforts to determine the effects on skeletal muscle protein synthesis of
exogenous GH or IGF-I combined with resistance training have shown no
additional effects of GH beyond those of the training itself in young and elderly
sedentary men and weight lifters (Yarasheski et al., 1995), although GH
increased fat-free mass and whole-body protein synthesis in young men and fat-
free mass in elderly men (suggesting the possibility that some body tissues may
be more sensitive to the effects of GH than skeletal muscle) (Rooyackers and
Nair, 1997).
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Administration of GH and IGF-I to critically ill patients has demonstrated
positive effects on nitrogen balance and preservation of lean body mass in some
studies but not in others. In badly burned children, GH has demonstrated
positive effects on muscle protein synthesis (Gore et al., 1991). IGF-I
administered to HIV patients improves nitrogen balance and protein turnover
transiently (Lieberman et al., 1994). In contrast, Wolf and coworkers (1992)
found no effect of GH on skeletal muscle protein synthesis in catabolic cancer
patients. Sandstrom and coworkers reported no effect of IGF-I administration
on nitrogen balance or protein breakdown in postoperative patients receiving
dextrose with no added amino acid source. Nevertheless, it is believed that the
combination of GH and IGF-I may increase nitrogen balance and prevent
skeletal muscle protein breakdown in critically ill patients if the GH can
counteract the hypoglycemic effects of high doses of IGF-I and if amino acid
concentrations are adequate (Rooyackers and Nair, 1997). Recently, however,
two large clinical trials of recombinant human GH with intensive care patients
(recovering from any of several types of surgery or trauma) were terminated
prematurely due to an unexpected and as yet unexplained increase in the
mortality rate among the GH-treated groups (B. Lippe, Los Angeles, personal
communication, 1998). Thus, further study is needed before GH can be
considered for the treatment of critically ill patients.

Testosterone is undoubtedly the anabolic hormone most closely associated
with building muscle mass. Levels of free testosterone in the blood decline with
age and are associated with the rate of synthesis of myosin heavy chain.
Testosterone administration to hypogonadal men substantially increases muscle
mass, muscle strength, and muscle protein synthesis. Administration of
testosterone in supraphysiological doses has recently been shown to increase
muscle mass and muscle strength (Bhasin et al., 1996); however the effects of
moderate doses on athletes in training have been inconsistent. Nair (see
Chapter 6) indicates that the mechanism by which testosterone increases muscle
mass and muscle strength remains unknown. Wolfe (see Chapter 13) speculates
that testosterone, which stimulates protein synthesis under normal
circumstances and is known to be suppressed in male bum patients, might have
a synergistic effect with insulin on muscle protein synthesis.

Catabolic Hormones

Catabolic hormones, such as the glucocorticoids and glucagon, increase
muscle protein breakdown and net catabolism of amino acids. The catabolic
effect of glucocorticoids on skeletal muscle is evident in individuals suffering
from Cushing's disease, which is characterized by an excess production of
corticosterone. Glucocorticoid-induced protein breakdown has been shown to
be inhibited by GH alone and completely reversed by coadministration of GH and
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IGF-I (Berneis et al., 1997). The catabolic effect of glucagon is observed
primarily in patients with Type-I (insulin-dependent) diabetes.

Effects of Protein, Energy, and Amine Acid Supplementation
on Physical Performance

Protein and Energy Intake in Long-Distance Cyclists

Recent metabolic studies of cyclists engaged in the Tour de France bicycle
race may provide some insight into nutritional factors that can contribute to the
ability of an individual to perform sustained strenuous endurance activity. Saris
and coworkers (1997) studied four cyclists during the race, which involves
covering a distance of approximately 2640 miles (4000 kin) over a period of 22
days, with 1 day of rest. During this race, mean daily energy expenditure ranged
from 12.9 to 32.7 MJ/d (3071-7786 kcal/d), with an overall mean of 25.4 (6048
kcal/d); the duration of work was as much as 8-9 h/d, and altitudes frequently
reached more than 2 kin; however, the cyclists lost no weight or body fat. Mean
daily energy intake matched or slightly exceeded energy expenditure, with
protein representing 15.4 percent, carbohydrates 60.6 percent, and fat 22.4
percent of energy consumed (a high proportion of the energy consumed was in
the form of carbohydrate-rich drinks). Further analysis revealed that intake
closely followed expenditure, so that energy balance was maintained on a day-
to-day basis with a maximum lag of 2 days (glycogen repletion was found to be
complete within 16 hours). Although the contribution of protein to total energy
was normal, total protein intake was very high compared with the RDA. Resting
total plasma amine acid concentrations did not change during the race, although
a large number of amine acids decreased or increased over the course of the
race. This finding suggests that the daily recovery periods were too short to
restore amine acid balance, but it was not possible to interpret the significance
of individual changes or to draw conclusions about the effect of strenuous
exercise on amine acid metabolism. Nevertheless, the results of this study
demonstrate that individuals can sustain high levels of endurance activity over
an extended period with no loss of lean body mass when energy intake is
sufficient to match output.

The Fatigue Theory

Branched-chain amino acid (BCAA) supplements could theoretically
benefit physical performance in several ways. They could supply TCA cycle
intermediates, decrease the use of other energy sources (sparing glycogen),
inhibit muscle protein breakdown, or limit the transport of tryptophan into the
brain. A major mechanism by which the BCAAs are hypothesized to affect
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performance positively is via the last mechanism, known as the "central fatigue
theory" of Newsholme (see Wagenmakers, Chapter 14; see also Blomstrand et
al., 1991). This hypothesis states that exercise fatigue is in part a result of the
amount of serotonin produced in the brain and that it is the availability of the
precursor tryptophan that regulates the synthesis of serotonin. As discussed
above, tryptophan levels in the brain are dependent on the activity of the large
neutral amino acid transporter (see Lieberman, Chapter 14), which responds to
the relative concentration(s) of free tryptophan and the BCAAs. If the ratio of
tryptophan to BCAAs increases, the transporter will carry more tryptophan and
serotonin synthesis in the brain will similarly increase.

In the exercising individual, the free tryptophan concentration in the blood
increases due to competition with free fatty acids (FFAs) for binding sites on
circulating albumin. The FFAs liberated from fat stores by the hormonal milieu
generated by exercise essentially displace tryptophan from the albumin
molecule. At the same time, BCAA concentrations in the blood are decreasing
due to their use as a metabolic fuel by muscle. Thus, the theory proposes that
exercise increases free tryptophan availability to the transporter and thus the
brain, and the increase in brain serotonin shortens the time to fatigue. According
to this theory, manipulation of the tryptophan-to-BCAA ratio by increasing
BCAA intake during exercise should theoretically decrease serotonin synthesis,
lengthen the time to fatigue, and improve performance.

However, studies have shown that the administration of BCAA during
strenuous exercise results in virtually no change in time to fatigue or
improvement in performance (Blomstrand et al., 1991; Davis et al.,, 1992;
Kreider et al., 1993), and according to Wagenmakers (see Chapter 15), BCAA
administration may actually decrease performance in circumstances of intense,
long-duration exercise where glycogen stores are depleted. Wagenmakers and
Rennie describe the importance of TCA cycle intermediates in the provision of
energy substrates to the mitochondria and point out that, in fact, high levels of
circulating leucine may deplete a-ketoglutarate, one of these intermediates.
When o-ketoglutarate is converted to glutamate by the enzyme branched-chain
a-keto acid dehyrogenase, the leucine carbon "skeleton" is left to be burned for
energy. This hypothesis is borne out by work in individuals with McArdle's
disease, who cannot release glucose from glycogen and who respond to BCAA
administration with a significant decrease in maximum oxygen consumption
(Sahlin et al., 1995). Similarly, research in healthy individuals infused with o-
keto acids of the BCAAs, who showed an improvement in performance that
was theoretically due to augmentation of the TCA intermediate pool, actually
experienced a depletion in the TCA cycle intermediate pool (Katz et al., 1986;
Sahlin et al., 1990). Thus, Wagenmakers cautions against the use of BCAA
supplements as ergogenic aids for military troops, suggesting that these
supplements may deplete TCA cycle intermediates when exercise is intense and
of long duration and could thus hasten the time to fatigue.
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Based on the observation that protein and carbohydrate combined together
in a postexercise feeding results in a high insulin response and high rates of
glycogen synthesis (Zawadzki et al., 1992), Wagenmakers conducted work on
the effect of glutamine supplementation on glycogen synthesis. To date he has
found no positive effect of glutamine but has confirmed the synergistic effect of
carbohydrate and protein, and concludes that implementation of a postexercise
feeding regimen including these two nutrients may be useful for promotion of
the continued endurance of troops performing strenuous exercise over several
days.

Thus, there appears to be no evidence at the present time to suggest that
amine acid supplementation would optimize physical performance in healthy
individuals who consume the MRDA for protein. There may, however, be
situations in which such supplementation would theoretically be beneficial. For
example, with exercise during moderate protein restriction, exogenous
glutamine may enhance skeletal muscle protein synthesis and aid general
maintenance of acid-base homeostasis. However, it should be emphasized that
no studies are available to confirm these hypotheses. What data are available
confirm that when adequate energy and protein are consumed, supplements will
not be beneficial.

Amine Acids and Immune Function

The role of protein and specific amine acids in immune function has been
reviewed in detail in a recent CMNR report (IOM, 1999). It is fully evident that
every aspect of immune function and all innate host defensive mechanisms are
entirely dependent upon the body's ability to synthesize new proteins. It is also
evident that immunologically related proteins comprise a vast array of unique,
highly specific individual molecules, each with its own purpose and function.
Such proteins include antibodies, cytokines, thymic hormones, acute-phase
reactant proteins, metal-binding proteins, the numerous proteins involved in
complement, kinin and coagulation systems, lipoproteins, cell surface protein
receptors and other components of newly synthesized lymphocytes and
phagocytic cells, as well as numerous enzymes and structural proteins
distributed throughout the body.

The synthesis of all these immunologically important proteins depends
upon a complete and balanced array of free amine acids in body cells, and a
lack of adequate dietary protein, as seen worldwide in subjects with protein-
energy malnutrition (PEM), is the most common cause of nutritionally acquired
immune dysfunction syndromes (NAIDS) and cachexia-related deaths. Young
children, aged individuals, and patients with severe debilitating illness or
trauma are the most frequent victims of NAIDS. Although healthy, well-fed
military personnel should not experience protein-related immune dysfunction,
the stress of severe Ranger training, with its associated dietary deprivation and
extreme
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loss of body weight and muscle mass (IOM, 1992), did produce early evidence
of both PEM and NAIDS.

Although, as noted above, the structure and function of immunologically
important proteins is dependent upon the balanced availability of amino acids,
there is growing evidence that the supplemental administration of certain amino
acids can produce immunological benefits. Glutamine is the best example of
this, as noted in an earlier CMNR report (IOM, 1999). Plasma glutamine
concentrations decline with strenuous exercise and in "overtrained" individuals
(Rowbottom et al., 1995), who are at an increased risk for infection.
Wagenmakers (see Chapter 15) discusses the role of the conditionally essential
amino acid glutamine in immune function. This amino acid is made in large
amounts (20-25 g/d) in muscle and liver; it provides fuel for cells lining the
intestine (VanderHulst et al., 1993) and may be important for the maintenance
of function in immune cells (mucosal effects of glutamine may play a role in
reducing the incidence or severity of intestinal infection).

Under circumstances of extreme stress and trauma, as well as intense
exercise, the circulating level of glutamine diminishes, reaching a minimum
attained 2 hours after the cessation of an exercise bout. Under normal
conditions, skeletal muscle produces more glutamine than any other amino acid.
Preliminary studies by Castell and colleagues (1996) of infection rate in very
active athletes suggest that glutamine supplementation may decrease the rate of
infection (that is, "overtraining effects"). However, Wagenmakers points out
design flaws in the experiment that make this conclusion suspect. Some
evidence suggests that the proliferation of lymphocytes and other parameters of
immune function are boosted by glutamine (Jacobi et al., 1997; O'Riordain et
al., 1994; Ziegler et al., 1994). In studies of hospitalized, critically ill patients,
glutamine supplementation of total parenteral solutions resulted in increased
survival and decreased length of hospital stay (Griffiths et al., 1997; Wilmore,
1997a; Ziegler et al., 1992).

The amino acid arginine also may serve as an immunostimulant and as an
immune system modulator (Barbul et al., 1990; Wilmore, 1991). These effects
may not be as great as those seen with glutamine; however, arginine is the sole
substrate for the nitric oxide synthase-catalyzed formation of nitric oxide (NO),
with citrulline as the other product.

Growing evidence now indicates that NO is highly important as a
microbicidal and tumoricidal molecule, with an effectiveness that may surpass
that of better known-oxidative mechanisms. Nitric oxide appears to have many
other actions throughout the body (Albino and Mateo, 1995), some of which
support mechanisms of host defense. However, more evidence is needed to
determine if arginine supplements might reduce the incidence of infectious
illness in healthy subjects.
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Issues of Protein Quality and Timing of Consumption

Diets consumed by people worldwide typically supply protein at 9 to 14
percent of energy. The greatest differences in the protein value of human diets
are in protein quality, not quantity. Diets in the developing world are based
largely on cereals, with small contributions from legumes and little if any
animal protein; thus, these diets are typically of low quality. Protein quality is a
measure of the efficiency with which dietary protein is converted to body
protein. Proteins of higher quality are needed in lesser amounts, and proteins of
lower quality in greater amounts to synthesize body proteins. Protein quality is
assessed in relation to a reference amine acid pattern with adjustment made for
digestibility. All cereals contain less of the amine acid lysine than suggested by
the reference pattern limitations, and corn is also lower than the reference in the
amine acid tryptophan. Legumes and animal proteins supply excess lysine (with
respect to the reference pattern) but are limiting in methionine. Thus, cereals, on
the one hand, and legumes, meat, or milk, on the other, are known as
complementary proteins since their amine acid compositions "complement"
each other when they are consumed together. Since the cyclical nature of
protein metabolism makes it possible for an amine acid deficiency in a meal to
be made up from body stores, it is not necessary that complementary proteins be
consumed in the same meal, but consuming them during the same day is highly
desirable (Young et al., 1989). Thus, timing the consumption of complementary
proteins is not an issue for operational rations employed by the military as these
rations are currently formulated.

Considerable debate surrounds the need for high-quality protein in adults.
If the estimated indispensable amine acid requirements were as low as indicated
by classic nitrogen balance experiments—that is, about IS percent of the total
protein requirement—even poor-quality cereal diets would meet this
requirement. On the other hand, if the need for IAAs is as high as indicated by
recent stable isotope experiments (that is, about 50 percent), then protein quality
is as important a consideration in diets consumed by adults as it is in those of
infants and preschool children.

In considering this issue with respect to operational rations, it is desirable
that the protein supplied be of high quality. During recovery from infection or
trauma, including but not limited to blood loss, lost body protein must be
replaced and this protein requirement is high for indispensable amine acids,
especially lysine. Moreover, higher-quality proteins are used with greater
efficiency, resulting in the excretion of less urea and a decreased renal solute
lead. For military women who become pregnant or who are lactating, the
proteins synthesized by the body (breast milk and the products of conception)
are high-quality animal proteins that are high in IAAs. The 1991 FAO/WHO
working group on protein and amine acid requirements suggested that protein
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quality be assessed using amino acid requirements appropriate for the preschool
child as the scoring pattern (Clugston et al., 1996).

Potential Benefits of Plant and Legume Proteins

Plant proteins are generally associated with less total fat, less saturated fat,
and more polyunsaturated fat compared to most animal proteins. In addition,
plants do not contain cholesterol, whereas red meats, poultry, and some
shellfish do. The consumption of plant proteins such as soy-derived protein or a
combination of plant proteins in place of part or all of the animal protein in the
diet would therefore decrease the level of total fat, saturated fatty acids, and
cholesterol in the diet—changes that are known to lower serum cholesterol and
saturated fat. In addition, some plant protein sources contain other substances
not found to be associated with animal proteins, such as soluble fiber, which
also decrease the levels of serum cholesterol and saturated fatty acids. Plant
proteins, such as the cereal proteins, are low in one or more of the indispensable
amino acids. If Young were correct in his assessment of the IAA needs of
adults, substitution of these proteins for animal proteins in military rations
would decrease their nutritional value. However, among the plant proteins, soy
has a better balance of the essential amino acids necessary for maintenance of
lean mass (thus, it is higher-quality protein). A meta-analysis of the effects of
soy-based diets (Anderson et al., 1995) supports the beneficial influence of
these diets on blood lipids, although these data require confirmation and the
responsible factor(s) must be determined. Substitution of soy protein for animal
proteins in whole or in part would not decrease the nutritional value of military
rations. The use of soy has the potential to improve the long-term health
benefits of the diet. However to achieve these benefits, it might be desirable for
foods made with soy to have the organoleptic (sensory) qualities of traditional
animal protein sources. In addition, although soy-based foods have found
acceptance in civilian markets, testing must be accomplished to ensure
acceptance of these foods in military rations.

Effects of Timing of Protein Intake

The effect of tuning of protein intake on exercise and cognitive
performance has not been investigated extensively. However, available data
suggest that postexercise feeding may be beneficial to maintenance of glycogen
and protein stores. Early work by Cuthbertson and Munro (1937) showed that
feeding immediately after an exercise bout decreased nitrogen loss in the urine
over the subsequent 24 h. These authors suggested that the provision of protein
immediately after exercise conserved body protein as an energy source. More
recent work by Zawadzki and coworkers (1992) and others has shown that
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feeding protein in conjunction with carbohydrate (CHO) immediately after
exercise resulted in an increase in circulating insulin, in comparison to feeding
CHO alone or feeding nothing. This increase in circulating insulin translates
into an improvement in glycogen storage, a factor shown by some to be
important in the ability to sustain long bouts of strenuous exercise. Tipton and
Wolfe (1998) have shown an improvement in protein synthesis when amine
acids are provided immediately after exercise, compared to no feeding.
Borchers and Butterfield (1992) showed that feeding either CHO, protein and
CHO, or protein alone in equicaloric amounts immediately after exercise
resulted in a diminution of urinary urea in the 24 h after the exercise bout,
compared with no meal at all (reflecting improved protein utilization), even
when total energy intake over the day was constant.

Thus, postexercise feeding, especially of CHO and protein, may result in
an improvement in glycogen storage and maintenance of lean mass, thereby
potentially increasing the ability to continue strenuous activity on a subsequent
day. It should be noted, however, that all these data were derived from men, and
the results may be different from women. Tarnopolsky and coworkers (1995)
have shown that active women respond differently to glycogen loading than do
men.

Risks Associated with High-Protein Diets and Supplements

Data from national surveys on food consumption demonstrate that protein
intake is highly variable among both male and female adults. Variation also is
evident for the intake of some individuals on a day-to-day basis. Chronic high
levels of protein intake may increase amine acid catabolism and foster the
body's adaptation to higher protein intakes. As noted by Bier in Chapter 5, this
adaptation may be detrimental in situations where stress increases need or
intake is diminished. The individual who has adapted to an increased amine
acid catabolism may show a greater deficit in protein balance when a more
moderate or a low intake of protein occurs. Further, high-protein diets lead to
the generation of excess nitrogenous end products, which in turn require a
greater intake of fluids to permit their excretion. This extra fluid requirement
may be an added stress in hot environments.

Protein and Renal Function

Evidence from several studies has suggested that chronic high protein
intake may contribute to the deterioration of renal function that is observed with
aging. However, few studies have included considerations of energy intake or
physical activity, and even fewer studies have included women specifically.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

COMMITTEE OVERVIEW 59

Nevertheless, available data do not suggest that dietary protein per se is a
causative factor in the age-related deterioration of renal function in humans.
Tobin and Spector (1986) measured renal function on two occasions separated
by 10 to 18 years in 198 healthy men who were participants in a longitudinal
study on aging. No correlation could be found between the observed changes in
renal function and the levels of protein intake. Moreover, no relationship was
identified between the decline in creatinine clearance with age and the level of
protein intake. Other studies in humans have led to similar conclusions (Kerr et
al., 1982). Animal studies also fail to support the hypothesis that high-protein
diets compromise renal function; chronic high-protein diets fed to rodents for 2
years had no effect on glomerular filtration rate (GFR) or renal pathology
(Collins et al., 1990).

In Chapter 7, Walser reviews the well-known adverse effects of a high
protein intake in patients with impaired renal function that had reached end
stage (Walser, 1992) and the therapeutic value of reducing protein intake of
such patients, but these concerns do not seem applicable to healthy young
adults. Similarly, the potentially deleterious effects of high protein intakes in
aged individuals (who are losing renal function in association with senescence)
are not applicable to individuals of military age. In fact, as noted by Walser, the
renal clearances of both inulin (a chemical used to measure clearance) and
creatinine in healthy subjects were increased by higher-protein diets.

The one potential renal danger of high protein intakes in healthy
individuals, as cited by Walser, is nephrolithiasis (Robertson et al., 1979b).
Renal stone formation has a highly complex pathogenesis that involves the
excretion of calcium, sodium, sulfate, oxalate, and purines, all of which are
likely to be increased in subjects consuming a high-protein diet (Tschope and
Ritz, 1955). A major consequence of high-protein diets is increased excretion of
urea, which results from the amino groups of oxidized amino acids. A restricted
intake of water may increase the work required of the kidney to excrete these
by-products in a concentrated urine, resulting in a compromise to the kidney
and predisposition to nephrolithiasis. Adverse effects on renal function were not
mentioned among the potential dangers cited by Maher (FASEB/LSRO, 1992;
see also Chapter 16) from high intakes of individual amino acids, however he
cited the need for additional studies.

Thus, although exact comparison studies are not available, existing data
suggest that such studies, if performed using age, gender, and fitness-matched
individuals, would find no correlation between protein intake and intrinsic renal
disease. However, indirect effects may be observed in the form of renal stone
formation.
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Protein and Calcium Status

The calciuretic effect of high-protein diets is well established and has been
demonstrated in both men (Allen et al., 1979; Linkswiler et al., 1974) and
women (Hegsted and Linkswiler, 1981), although fewer studies have been done
in women. Based on their review of 16 separate human studies, Kerstetter and
Allen (1990) concluded that there is a linear relationship between dietary
protein and urinary calcium such that for each 50-g increment of dietary
protein, an extra 60 mg of urinary calcium is lost. This loss appears to be related
to a direct effect of protein on renal function. An increase in glomerular
filtration rate in response to high protein increases the filtered lead of calcium.
In addition, there is a decrease in fractional tubular reabsorption, which is
thought to be related to the sulfur and acid lead from protein (Zemel, 1988).

Body retention of calcium in response to high-protein diets is influenced
by the dietary content of other nutrients, particularly calcium, phosphorus, and
sodium. Thus, high intakes of various dietary sources of protein have differing
effects on the magnitude of urinary calcium losses and calcium retention,
depending on the minerals that they provide (Zemel, 1988). Spencer and
coworkers (1988) failed to show increased calcium loss in response to high
protein intake provided by red meat and other complex proteins, and attributed
this difference in results to the phosphorus provided by meat. Although
phosphorus is known to decrease urinary calcium losses, negative calcium
retention in response to high protein intakes is not necessarily prevented by
increasing the phosphorus content of the diet (Hegsted et al., 1981). In contrast
to the results of Spencer and coworkers, the addition of meat to the diets of
young men, which resulted in an increase in protein intake from 55 to 146 g and
phosphorus from 890 to 1660 mg, led to increased urinary calcium losses and
negative calcium balance (Schuette and Linkswiler, 1982). When the added
protein was in the form of a mixture of meat and dairy products that provided
calcium in addition to similar amounts of protein and phosphorus, an increase in
urinary calcium also was observed, but calcium retention was positive.

Although it has been postulated that high protein intakes may represent a
risk factor in osteoporosis because of their calciuretic effect, evidence to
support or dispute such a relationship is limited. A recent study in young adults
(seven men, eight women) showed that short-term intake of a high-protein (2.71
g/kg BW), high-calcium (1589 mg) diet had no effect on urinary pyridinium
cross-link excretion, a sensitive indicator of bone resorption, compared to the
effects of a low-protein diet (0.44 g/kg BW) with similar calcium content. A
low-protein (0.49 g/kg BW), low-calcium (429 mg) diet, however, resulted in
higher urinary pyridinium cross-link excretion, suggesting increased bone
resorption (Shapses et al., 1995). Based on food frequency data and self-reports
of bone fractures, a 12-year prospective study of participants in the Nurses'
Health Study found that total dietary protein was associated with an increased
risk of
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forearm fracture for women who consumed more than 95 g protein per day
compared with those who consumed less than 68 g/d per day. An increase in
risk of forearm fracture was also observed for animal protein but not vegetable
protein. Women who consumed five or more servings of red meat per week also
had a significantly increased risk of forearm fracture compared to women who
ate red meat less than once a week. The incidence of hip fractures was not
associated with protein intake (Feskanich et al., 1996).

The relatively high protein intakes of male soldiers both in garrison
(98-132 g/d) and in field settings (105 g/d) would be expected to be associated
with higher urinary calcium excretion than lower-protein diets. However, these
protein intakes would not necessarily have a negative impact on calcium
retention depending on other dietary factors such as the intake of phosphorus
and calcium. Calcium intakes by soldiers in a variety of settings have been
reported by Baker-Fulco (1995). Mean calcium intakes of male soldiers in field
studies reached approximately 1000 mg/d (the dietary reference intake [DRI]
for men; IOM, 1997) or more in five of the nine field studies reported, while
calcium intake of men in garrison and at the U.S. Military Academy exceeded
1000 mg/d in all studies reported. In five of seven studies that included women,
mean calcium intakes approached or exceeded 1000 mg, the DRI for women 19
to 50, while in the other two studies, intakes averaged around 750-800 mg (the
MRDA for calcium).

Kerstetter and Allen (1990) suggested that calcium balance is close to
equilibrium with daily protein intakes up to about 74 g and calcium intakes in
the range of 500-1400 mg/d. Based on this statement, serious problems with
calcium status in relation to protein intake would seem unlikely in military
women. Although protein availability from operational rations is high, actual
consumption is considerably lower. In addition, these diets are intended for
short-term consumption, and although research is limited, some evidence
suggests that regular weight-bearing physical activity contributes to bone
strength. For these reasons, it would appear that operational rations would not
likely be associated with a significantly increased risk of stress fracture or
osteoporosis for women in the military.

Toxicity of Amino Acid Supplements

In 1994, the CMNR reviewed scientific information related to the use of
selected supplements for enhancing performance (IOM, 1994) and concluded
that the supplementation of certain amino acids at levels that were in the range
of those found in a typical diet might have a positive impact on performance.
The committee stated that the addition of amino acids at these levels is not
likely to cause harm to healthy adults with short-term use.

The efficacy and safety of protein and amino acid supplements consumed
by individuals in the hope of enhancing performance is revisited by Maher (see
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Chapter 16). Maher points out that there is no credible scientific evidence to
suggest that normal, healthy persons consuming diets adequate in protein would
benefit nutritionally in any way from supplementation with any single amine
acid. Further, he asserts that indiscriminate supplementation has the potential
for real harm to people who eat less-than-ideal diets, because of the possible
antinutritional (growth-inhibiting) effects of amine acid-imbalanced diets. In
contrast, supplementation of diets containing poor-quality proteins with the
amine acids that are limiting in the protein could be beneficial.

Mabher also expresses concern regarding the consumption of amine acids at
higher levels to achieve hypothetical pharmacological rather than nutritional
benefits. He summarizes the findings of an expert panel (FASEB/LSRO, 1992)
that reviewed the safety of consumption of amine acid supplements. Substantial
potential exists for deleterious interactions of amine acids with a number of
over-the-counter and prescription medicines. Maher points out that
supplemental use of D-amine acids is especially risky since the D enantiomers
not only have no nutritional value but also are likely to be more toxic at high
doses (Friedman, 1991). According to Maher, lack of safety data regarding the
consumption of high intakes of individual amine acids (D or L) suggests that
recommendations should be conservative with regard to their use as supplements.

Mabher further points out that the purity of individual amine acids is a very
important consideration in their use as supplements. Experience with the
consumption of L-tryptophan, which contained a suspected low-level
contaminant, has shown that extreme harm can result (Hertzman et al., 1990).

High-Protein Diets, Amine Acid Supplements, and Pregnancy. The results
of a controlled clinical trial in New York City that enrolled low-income,
pregnant, African-American women suggest that the consumption of high-
protein supplements during pregnancy may be detrimental to the fetus. Three
dietary treatments were allocated randomly to evaluate fetal outcome:
supplement, which consisted of two 8-ounce cans of a high-protein beverage;
complement, which consisted of two 8-ounce cans of a balanced protein-energy
beverage; and control, which consisted only of routine vitamin-mineral tablets
(Rush et al., 1980). The protein content of the supplement was 8.5 g per 100
kcal, which provided 34 percent of calories compared with 1.9 g per 100 kcal,
or S percent of calories, in the complement. With balanced protein-energy
supplementation, gestational duration was increased, the proportion of low-
birthweight infants was reduced, and mean birthweight was increased by 41 g
(not statistically significant). With high-protein supplementation, a tendency
toward increased incidence of very early premature births and associated
neonatal deaths (at 20-35 weeks, not statistically significant) and significant
growth retardation in the preterm infants were observed. Because the women in
the supplement group who delivered prematurely consumed more of the

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

jn Sustaining and Enhancing Performance

COMMITTEE OVERVIEW 63

supplement but fewer total calories, interpretation of the study findings is
confounded; nevertheless, this historic study strongly warns against the use of
high-protein supplements in pregnant women. It should be noted that there is no
evidence that a high-protein diet from food is detrimental to pregnancy outcome.

There is no evidence that supplementation of the diet with a single amino
acid during pregnancy would be of benefit nutritionally to normal, healthy
individuals. On the contrary, supplementation of the diet with a single amino
acid may be potentially dangerous to the developing fetus. Several studies in
laboratory animals demonstrate antinutritional effects (that is, depressed growth
and other adverse effects) associated with the intake of imbalanced amino acid
diets. High doses of single amino acids given to rat dams elevated their plasma
amino acid concentrations and resulted in offspring with lower birthweight,
decreased brain weight, and altered behavior. Significant effects have been
reported for such amino acids as leucine, isoleucine, valine, histidine, threonine,
tryptophan, and tyrosine (Bums and Kacser, 1987; Frieder and Grimm, 1984;
Funk et al., 1991; Huether, et al., 1992; Matsueda and Niiyama, 1982). The use
of amino acid supplements in pregnant women, although not examined, might
therefore also be expected to elevate maternal plasma amino acid levels and
possibly lead to similar, negative effects in their offspring (as observed in rats).
Based on the results of these studies, pregnant and lactating women might be at
greater risk of adverse effects from ingestion of particular amino acids.

In summary, the results of human and animal studies show that
consumption of single protein or amino acid supplements in excess of
recommended intakes during pregnancy may have detrimental effects on fetal
growth and development. Such effects must be considered in light of the
increasing representation of women among deployed forces and the fact that, at
any given time, approximately 10 percent of female active-duty personnel are
pregnant.
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Pp. 77-81, Washington, D.C.
National Academy Press

2

Responses to Questions, Conclusions, and
Recommendations

In this chapter, responses are provided to the questions raised by the Army.
These responses are based on the material presented in Chapter 1 and form the
conclusions drawn by the committee on which its recommendations are based.

1. Do protein requirements increase with military operational
stressors, including high workload with or without energy deficit? Are
there gender differences in protein requirements in endurance exercise?

At the present time, controversy exists regarding the validity of recent
estimations of protein and amino acid requirements (particularly the latter) for
adults, a controversy that is based on methodological questions.
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In addition, the evidence that high levels of physical activity increase
protein requirements for individuals whose energy intake matches their output
is equivocal. There is clear evidence that moderate physical activity increases
the efficiency of protein utilization. However, strenuous endurance-type
exercise has been shown to increase protein requirements above the
recommended dietary allowance (RDA), but not the Military Recommended
Dietary Allowance (MRDA). In contrast, resistance exercise does not appear to
increase the requirement for maintenance of lean mass, although the protein
intake that would be required for active individuals to increase tissue mass
(1.2-1.5 g/lkg BW/d) may be higher than that for sedentary individuals. There is
also strong evidence that the efficiency of protein utilization is decreased (and
the requirements increased) by a state of negative energy balance.

However, much of the research on the effects of physical activity on
protein requirements and the effects of altered protein intakes on performance is
difficult to interpret because of the time required for the body to adapt to
changes in protein intake. One implication of this adaptation that is of concern
for service personnel is that continuous excessive intake of protein may cause
increased protein catabolism, resulting in greater risk when protein intake is
reduced.

Systemic infection and serious injuries clearly increase protein
requirements. However, data suggest that in patients recovering from burns or
any major trauma, an increase in dietary protein intake does not permit the
recovery of muscle mass to begin immediately, due to the acute-phase response,
which is accompanied by changes in hormonal status. Longer term studies are
therefore needed during recovery periods. Research on the effects of treatment
with anabolic hormones, which stimulate protein synthesis or decrease protein
breakdown, is ongoing.

Results of studies of protein requirements in hot, cold, and high-altitude
environments suggest that these conditions do not increase protein requirements
beyond currently recommended levels. In addition, because increases in protein
intake also increase fluid requirements and sources of fluid for drinking are
often limited during operations in extreme environments, previous reports of the
Committee on Military Nutrition Research (CMNR) have cautioned against
excessive protein intake under such circumstances.

The effects of combined stressors and other factors such as emotional
stress on protein requirements have not been documented.

As emphasized in earlier IOM reports (IOM, 1992, 1995), the
importance of adequate energy intake (sufficient to match output and
avoid weight loss) and protein intake should be emphasized to soldiers as
the primary means of maintaining lean tissue mass. Research is needed to
resolve the controversy regarding the adult requirement for indispensable
amino acids and to quantitate more
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precisely the effect of energy deficit on protein and indispensable amino
acid requirements.

Military researchers and physicians should pay careful attention to
civilian research on the effects of treatment with anabolic hormones on
recovery from burns and other injuries. Where appropriate, military-
specific models should be developed.

2. What is the optimal protein content (and protein-energy ratio) for
standard operational rations, and specifically, is the protein Military
Recommended Dietary Allowance for operational rations (100 g/d for men
and 80 g/d for women) appropriate? Is the protein MRDA for women
appropriate during pregnancy and lactation?

Without more data on the functional implications of varying protein
intakes, it is not possible to define with accuracy the optimal protein content of
standard operational rations. However, based on currently available data, the
use of the MRDA for operational rations is appropriate and provides a generous
level of protein intake. The MRDA covers the protein requirements of pregnant
and lactating women.

Current MRDAs for protein should be maintained. Provided that
energy intake is adequate, no increase in MRDAs is necessary for
pregnant or lactating women.

3. Is there evidence that supplementation with specific amino acids
(AAs) or modification of dietary protein quality would optimize military
performance, either cognitive or physical, during high workload,
psychological stress, or energy deficit. What are the risks of amino acid
supplements and high-protein diets?

At the present time, considerable debate surrounds the adult requirement
for indispensable amino acids and thus high-quality proteins. Research fails to
support the use of protein supplements to facilitate muscle building or improve
physical performance under conditions of adequate energy and protein intake.
In addition, research supporting the use of tyrosine supplements to enhance
cognitive performance under field conditions is inconclusive. Supplemental
glutamine and arginine have yet to show conclusively beneficial effects on
immune function. The MRDA, if consumed, provides adequate protein and
energy to sustain immune function under normal field conditions. Furthermore,
with the exception of tryptophan, commercial preparations of which have been
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documented to cause specific toxic effects, there is a lack of safety data on the
consumption of high levels of individual amine acids.

Some plant proteins such as those from soy and other legumes have an
adequate balance of essential amine acids to meet the protein needs of military
personnel. These plant foods may have the advantage of decreasing the risk of
cardiovascular disease due to their content of soluble carbohydrates, their lower
sodium and lower fat contents, and the presence of other as yet unidentified
substances.

Current intakes of protein among military populations are high and show
no apparent harmful effects, provided fluid intake is adequate. There is little
evidence of increased health risks from a high intake of dietary protein;
however, an amine acid imbalance may be created with the use of single amine
acid or protein supplements. Although no data are available from groups similar
in age and fitness characteristics to military personnel, a review of the
information available shows that high protein intake is not associated with
direct effects on renal dysfunction, although high-protein diets may indirectly
stimulate renal stone formation and result in an increased renal workload
because of the need to concentrate urine. High protein intake has been shown to
increase urinary calcium loss, but there is no definitive evidence that the level
of protein intake observed in Army women in field conditions represents a risk
factor for osteoporosis.

Given adequate nutritional intake, soldiers should not use protein
supplements for muscle building. Military researchers and physicians
should pay careful attention to civilian research on the use of anabolic
hormones to increase muscle or lean tissue mass.

Protein supplied in operational rations should be of high quality and
digestibility. Energy intakes should be adequate, and sources of energy
should be consumed within 2 hours of an intense bout of endurance
exercise, to replace depleted muscle glycogen.

Soy food products are a healthful substitute for animal-based products;
however individual products should be tested for their acceptability to
soldiers.

Single amine acid supplements should not be used to modify cognitive
performance, due to potential toxicity and insufficient evidence of efficacy.

The military should test the ability of supplemental glutamine and
arginine to enhance the immune response and decrease rates of infection
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under field conditions and in seriously injured hospitalized patients.

Given the high protein content of operational rations, adequate fluid
intake should be emphasized, as recommended by the ''Fluid Doctrine"
(I0M, 1994).
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IT

AUTHORED PAPERS AND
WORKSHOP DISCUSSIONS

The papers presented at the workshop comprise part II of this report. These
chapters (3 through 16), have undergone limited editorial change, have not been
reviewed by an outside group, and represent the views of the individual authors.
Selected questions and the speakers' responses are included to provide the
flavor of the workshop discussion.

Chapter 3 presents the rationale for the military's interest in protein and
amino acids to maintain physical and cognitive performance with a brief
overview of potential benefits. Historical data and current information from
food intake surveys of military personnel in garrison and field situations are
presented in Chapter 4. Male military personnel maintain high protein intakes
from food, however, female personnel generally consume less energy and
protein than the MRDA guidelines in field situations. A substantial number of
military personnel consume protein powders and supplemental amino acids,
with use among male personnel double that of female personnel.

Chapter 5 sets the stage for subsequent chapters with a general overview of
the energy demands of protein metabolism, including the energy required for
synthesis, regulation, and breakdown. Using the effect of aging as an example,
Chapter 6 outlines some of the control mechanisms and hormones involved in
the regulation of muscle mass and function. The maintenance of functioning
muscle mass is a complex process involving the orchestration of the effects of
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anabolic and catabolic hormones, nutritional state, and supply of substrates to
the site of protein synthesis together with physical activity and genetic factors.

The effect of protein intake on renal function and development of renal
disease is discussed in Chapter 7. Concern about the adverse effects of high
protein intake on renal function in healthy people, and in particular on the
decline of renal function with age is ill advised. In fact, restricted protein intake
in the elderly appears to be a cause of that decline. Restricted protein intake
appears to be beneficial for those at risk of acute renal failure, as well as for
individuals with nephrolithiasis.

Chapter 8 outlines changes that occur in whole body protein metabolism
following infection and injury. Systemic infection and serious injury trigger
rapid breakdown of skeletal muscle protein to supply amine acids for specific
immune responses in the liver and immune tissues, leading to a marked
translocation of nitrogen from muscle to viscera, and a loss of skeletal muscle
mass.

Chapters 9 and 10 provide a dynamic point/counterpoint discussion
between D.J. Millward and V.E. Young concerning the numerous difficulties
involved in determining indispensable amine acid requirements (Millward) and
the necessity and feasibility of using nitrogen balance studies and stable-isotope
tracer techniques to make tentative estimates of these requirements (Young).
Each author provides what they perceive to be the inherent difficulties.

The impact of exercise and contractile activity on muscle protein turnover
and the potential for increased amine acid requirements is discussed in
Chapter 11. Exercise stimulates protein catabolism, however, catabolism is
actually increased by higher protein intakes. Catabolism during exercise is
balanced by an increase in protein synthesis during the post-exercise period.

Chapter 12 provides a review and critique of techniques currently available
for measuring skeletal muscle mass, and changes in muscle mass over time,
while Chapter 13 describes the changes in protein metabolism that occur with
severe injury and infection. Use of various hormones to reverse injury-induced
muscle protein breakdown is also discussed.

The effect of individual amine acid supplementation on cognitive
performance and brain function; and on metabolism and physical performance
is presented in Chapter 14 and Chapter 15 respectively. Maintenance of
appropriate plasma levels of tryptophan is essential for optimal brain function
and cognitive performance, optimal levels of tyrosine appear to be less critical
than that of tryptophan. Supplementation of branched-chain amine acids did not
affect performance during endurance exercise, and in fact ingestion could lead
to premature fatigue and loss of coordination under conditions where muscle
glycogen stores have been depleted.

Finally, Chapter 16 reviews the safety and efficacy of dietary supplements
of amine acids, and concludes that supplemental amine acids should be used for
pharmacological rather than nutritional purposes and that current scientific
literature does not support a safe upper limit for supplementation of any amine
acid beyond that found in dietary protein.
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Protein and Amine Acids, 1999
Pp. 85-91. Washington, D.C.
National Academy Press

3

Protein and Amino Acids: Physiological
Optimization for Current and Future
Military Operational Scenarios
LTC Karl E. Friedl!

INTRODUCTION

In conceptualizations of the battlefield of the future, the battle space
involves three-dimensional swarms instead of conventional lines of attack; the
tempo is faster; and war fighters are fewer in number, are more dispersed, and
perform more functions. Increased technological complexity and lethality add to
the already considerable stress on the individual. In this setting, individual
lapses in judgment and less-than-perfect performance may be catastrophic.
Furthermore, new tactics and equipment may be wasted if their requirements
outstrip human capabilities. The protein content of operational rations as well as

! Karl E. Friedl, Army Operational Medicine Research Program, U.S. Army Medical
Research and Materiel Command, Fort Detrick, MD 21702-5012.
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specific amine acid supplements may provide a decisive advantage in such high-
stress scenarios, including improved resistance to disease, preservation of
muscular strength through maintenance of muscle tissue, and optimal cognitive
performance even in the face of intense stressors.

One of the near-term requirements is to produce a limited-use operational
ration that supports optimal cognitive and physical metabolic function while
promoting utilization of the soldier's existing fat stores. This ration could be
useful in short-duration, direct-action missions and in survival kits (Jones et al.,
1993). Such a ration is not a new concept in military nutrition research; nearly
20 years ago, Consolazio and his colleagues (1979) asked:

Would a planned ration of 600 kcal, if consumed, be more beneficial to the
soldier than the remnants of a 3600 kcal ration, the majority of which was
indiscriminately discarded because of its heavy weight?

Consolazio's studies reiterated previous findings that 100 g of glucose and
some electrolytes were important constituents of such a limited-use ration just
to ensure minimal function (Taylor et al., 1957). Within the past 3 years,
carbohydrate drink and food bar supplements have been developed because of
the clearly demonstrated benefits to military performance (Murphy et al., 1994).
Current scientific advances may now allow us to consider the specific protein
and amine acid content that could be sustaining and even enhancing. The
purpose of this review by the Committee on Military Nutrition Research is to
evaluate the state of knowledge from basic research and suggest promising
research directions in protein and amine acid modulation of military
performance in stressful operational scenarios.

The principal operational ration, the Meal, Ready-to-Eat (MRE), is highly
fortified in protein (providing 2 g/kg body weight [BW]/d for the typical 75 kg
male soldier). This ensures that the estimated daily requirement for protein is
met even by Ranger students subsisting largely on MREs but offered less than a
full daily ration. Thus, even with an average dally deficit of 1200 kcal/d for 8
weeks, Ranger students still average in excess of 100 g of protein/d (Moore et
al., 1992). Although more sensitive markers of protein status such as circulating
insulin-like growth factor-I and retinol-binding protein were markedly
suppressed during periods of reduced food intake (Nindl et al., 1997), the
soldiers developed no clinical, biochemical (e.g., serum protein and albumin),
or gross physiological signs of protein deficiency (Martinez-Lopez et al., 1993).
The Ranger students also lost a considerable amount of lean mass, although the
proportion lost was inversely related to initial fat energy stores (Friedl et al.,
1997). The question remains whether a higher protein diet or a carefully crafted
supplement could provide any protection to lean mass in comparison with a
group receiving the same total (and deficient) calories. A possible approach
may come from consideration of factors altered in exercise, which have been
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suggested to reduce whole-body protein catabolism even in hypocaloric settings
(Carraro et al., 1990).

Excessive levels of protein in operational rations may have undesirable
effects. In a study of combat engineers engaged in a 30-d field-bridging
exercise, men subsisting on the MRE consumed only 2,500 kcal/d during the
study. However, even with wastage of at least one-third of the rations provided,
they consumed components that provided 103 g protein per day, achieving 100
percent of the military Recommended Daily Allowance (Thomas et al., 1995).
As further evidence of the high protein intake, 24-h urinary nitrogen excretion
doubled by 30 days on the MRE diet. This level of intake was equivalent to that
of energy-restricted Ranger students, except that for the engineers this was a
voluntary restriction. High protein intake and positive balance may even
produce premature satiety in field feeding. Tyrosine augments the anorectic
action of sympathomimetic drugs in rats (Hull and Maher, 1990); the right mix
in a high-protein food might similarly augment the sympathetic activation of
soldiers working hard in the field and produce an anorectic effect. Although
highly speculative, it is conceivable that this explains the inadequate energy
intake observed in field studies with the MRE, where the average intake is 3000
kcal/d, and the average estimated energy requirement is 4000 kcal/d. High
protein content of the rations also potentially increases calcium excretion,
although studies feeding protein up to 2 g/kg BW indicate no calciuretic effects
(Spencer and Kramer, 1986). Protein intake in excess of requirements increases
water loss with increasing urea excretion, a factor that could be decisive in
isolated desert environments. Conceivably, a low protein ration could be
developed for limited use in dry environments to reduce the logistical burden of
water transport requirements.

The potential brain effects of some of the amino acids that serve as
neurotransmitter precursors, such as tyrosine and tryptophan, are intriguing for
actions beyond appetite control. Manipulation of serotonin levels with
tryptophan (Spring, 1984) might prove useful in the prevention of stress
casualties, estimated to be as high as one in every four medical casualties in
future conflicts. Tyrosine, acting as a precursor of catecholamines, may be
useful in sustaining soldiers' performance in high-stress environments. Several
human and animal studies suggest that 85-179 mg/kg of tyrosine can improve
mental performance and reduce anxiety in stressful conditions and with
inadequate rest (Lieberman, 1994; Neri et al., 1995). John Thomas and his
colleagues at the Naval Medical Research Institute have reported preliminary
data from studies with Marine sharpshooters on maneuvers in Alaska that
indicated a trend toward restoring marksmanship performance degraded by cold
and fatigue (Shurtleff et al., 1994). Improved field tests for assessment of
military performance still need to be developed to better evaluate such ration
benefits, as recommended following the first major workshop of the Committee
on Military Nutrition Research (CMNR) (National Research Council, 1986).
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In the study of Ranger students in stressful training, infection rates were
notably elevated in association with derangements in indices of immune
function (Kramer et al, 1997; Martinez-Lopez et al., 1993). Medical
researchers were asked to determine if a simple fix such as a vitamin pill or
other supplement could sustain the health of soldiers in stressful training
without having to ease the rigors of the Ranger course; however, plasma
biochemical measures indicated no vitamin or nutrient deficiencies (Moore et
al., 1992). A similar model of stress-induced alteration in immune function
indices was established by Colonel Fairbrother in soldiers during the 21-d
Special Forces Assessment and Selection (SFAS) course (Fairbrother et al.,
1995), although there was no significant incidence of infectious disease. This
model has since been used for empirical test and evaluation of various "magic
bullet" nutritional interventions. On the basis of the important role of glutamine
in lymphocyte function, several researchers have suggested that this might
sustain immune function in catabolic subjects (Ziegler et al., 1998). In fact, in
the review of data from the 1991 Ranger study, the CMNR recommended that
the effects of training and associated stressors on protein and amine acid
(including glutamine) metabolism should be studied, particularly for the
purpose of potential special supplements (CMNR, 1992). A second study of
soldiers in the SFAS course tested such an intervention, comparing glutamine
supplementation with an isonitrogenous control. The results demonstrated no
effect on a wide variety of immune parameters (Shippee et al., 1995). This
result does not exclude a benefit from glutamine supplementation but suggests
that the solution may be more complex than simply adding back the amine acid
(Ziegler et al., 1996). Glutamine may be beneficial in the same setting for other
reasons. Presumably as a consequence of the semistarvation in the Ranger
studies, a subclinical edema was noted that was reflected in an increased
proportion of total body water in the lean mass. In studies with hospitalized
catabolic patients, extracellular fluid excess was successfully attenuated with
glutamine feeding (Scheltinga et al., 1991). Since we don't understand the
mechanism or potential adaptive value of this disproportionate fluid retention in
otherwise healthy subjects, interventions to prevent it may be premature.

The specific protein requirements of servicewomen may not differ from
those of servicemen, but these requirements have been inadequately studied. At
least two Defense Womens' Health Research Program grants center on this
issue. In one, Vernon Young (Massachusetts Institute of Technology) is testing
substrate utilization in subjects working intensively while on energy-deficient
diets in a partial simulation of Army Ranger training. The key experiment in
this study is a 21-d hypocaloric challenge to men and women, where the protein
content of the diet is kept high (1.2 g/kg/d). This experiment will address
gender differences in metabolic, physical, and mental performance in chronic
hypocaloria. In another study, Anne Loucks (Ohio University) is attempting to
define a threshold of energy deficiency that produces amenorrhea, having
previously demonstrated an effect of inadequate protein intake on thyroid
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hormone and menstrual status in exercising women. The central thesis is that
men are less susceptible to dietary disruption of luteinizing hormone pulsatility
than are women. Conceivably, in future ration supplements, servicewomen
could benefit from a high-protein or high-amino acid supplement that modifies
endocrine responses to stress and hypocaloria.

In the distant future, regulation of urea formation and recycling of protein,
using something like a biochemical hibernation trigger observed in bears
(Nelson et al., 1975), may be important in manipulations of soldiers in stasis
during long-term travel, during special surveillance missions, or after injury.
Instead of increasing protein intake in an attempt to preserve lean mass, the
strategy would be to prevent the loss of urea nitrogen. Some of these
adaptations appear to be present already in endurance-trained athletes where
intensive prolonged exercise does not shift the balance to one of net protein
catabolism (Stein et al., 1989).

Future research on nutritional interventions to counter the effects of
operational stressors may rely heavily on protein and amino acid components
because of the important potential for these nutrients to modulate cognitive
function and sustain performance.
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4

Overview of Garrison, Field, and
Supplemental Protein Intake by U.S.
Military Personnel
LTC (ret) Alana D. Cline' and John P. Warber

INTRODUCTION

Adequacy of nutrient intake by military personnel has been evaluated on a
periodic basis since World War II; the responsibility for evaluating the
nutritional status of military personnel and prescribing standards for operational
rations has been that of the Army Surgeon General (U.S. Department of the
Army, 1945; U.S. War Department, 1944). As new rations have been
developed, their acceptability and effects on the health and performance of
military personnel have been assessed. Subsequently, modifications have been
recommended after evaluation of their nutritional impact.

The nutrient composition of operational rations is designed by food
technologists at the U.S. Army Natick Research, Development and Engineering
Center (NRDEC) to meet nutritional standards that are based on published

! Alana D. Cline, Military Nutrition and Biochemistry Division, U.S. Army Research
Institute of Environmental Medicine, Natick, MA 01760-5007. Currently of Pennington
Biomedical Research Center, Baton Rouge, LA 70808.
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recommendations such as the Recommended Dietary Allowances (NRC, 1980)
and those of other recognized bodies of nutrition scientists. Ideally, rations
should be designed to meet not only the minimum nutritional requirements, but
the requirements for optimal nutrition. In practice, however, the requirements
for optimal nutrition have yet to be determined, and may differ among
individuals. During World War II, recommendations of the first Food and
Nutrition Board (FNB) (NRC, 1941, 1945) were used as a metric for
determining adequacy of the rations. Since 1947, standards have been
specifically established for the military, based on the FNB Recommended
Dietary Allowances (RDAs), and adapted for emerging physical requirements.

Food intake by military personnel has been monitored periodically over
several decades to determine whether changes in consumption of various
nutrients have occurred. Because of recent public interest in strength training
and body building, which has been associated with increased intake of various
protein and amine acid supplements by individuals who have the expectation
that their muscle strength, size, and performance will improve, the Army has
recently surveyed military personnel to determine the extent of supplement use.

What has not been determined is whether protein intake recommendations
established during World War II and still used remain appropriate for military
personnel today. A related question is what was the general range of protein
intake by soldiers during that time, and how has it changed since those
guidelines were initially established.

This chapter presents an overview of ration studies that were conducted
during World War II and compares them with more recent studies on energy
and protein intake and requirements of military personnel in garrison and
operational settings. Reported consumption of amine acid and protein
supplements will also be addressed, with frequency of consumption identified
by gender, age, and military specialty.

PROTEIN AVAILABILITY FROM OPERATIONAL RATIONS

Operational rations have been divided into those prepared in field kitchens
for groups of military personnel and those the individual soldier must carry,
prepare, and consume. By design, they provide an excess of calories and
protein, when possible, to allow for some food choice by the individual and still
allow for adequate nutrient intake (Samuels et al., 1947). Former and current
rations most widely used for tactical consumption are compared in Table 4-1.

The individual ration most widely used during World War H was the C
Ration, which provided a combination of canned foods and packaged
dehydrated or dried foods. Nutritional composition was 2,794 kcal and 121 g
protein. To provide a ration with the greatest caloric density in the smallest
weight and space, the K Ration was developed in 1941; it provided 2,842 kcal
and 79 g protein.
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TABLE 4-1 Energy and Protein Content of Operational Rations

Ration Type Energy (kcal) Protein (g) % Energy
C Ration 2,794 121 17

K Ration 2,842 79 11

5-1 3,383 98 12

10-1 4,188 124 12

B Ration 4,300 140 13

MRE 3,819 136 14

UGR 3,973 142 14
Ration, Cold Weather 4,500 90 8
Go-to-War Ration 3,600 144 16

NOTE: 5-1, Five-in-One; 10-1, Ten-in-One; MRE, Meal, Ready-to-Eat; UGR, Unitized Group
Ration.

The most widely used rations packaged for group feeding in World War 11
were the Five-in-One Ration (5-1), providing 3,383 kcal and 98 g protein, and
the Ten-in-One Ration (10-1), providing 4,188 kcal and 124 g protein. These
rations were designed to provide adequate food for 1 day's consumption by a
unit of 5 or 10 men, respectively, and required minimal food preparation for
small groups of individuals away from food preparation facilities. The B Ration
was developed to provide foods in bulk for a minimum of 100 individuals. It
comprised packages and cans of bulk foods not requiring refrigeration, but
needing reconstitution or rehydration during meal preparation. A series of 10
days' menus were provided, complete with recipes. Kitchen-prepared A
(perishable foods, needing refrigeration) or B Rations were those on which the
military depended for regular daily feeding; they were required to be fully
adequate for all nutrients, meeting standards set by the National Research
Council to provide at least 3,000 kcal and 70 g protein.

Current operational rations include the MRE for individual consumption
and the UGR for group feeding, each exceeding the operational ration standards
of 3,600 kcal and 100 g protein (AR 40-25, 1985). In addition, vegetarian MRE
meals have been recently added (2/case of 12) to provide choices for individuals
not consuming meat products. The Ration, Cold Weather (4,500 kcal, 90 g
protein) is used to sustain an individual during operations occurring under frigid
conditions, and the Go-to-War Ration (3,900 kcal, 156 g protein) was designed
for the early stages of mobilization until such time that the ration industry can
meet deployment demands. Both rations are designed to provide short-term
support, so they do not meet the full nutritional requirements for operational
rations.
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HISTORIC RATION INTAKE

Major ration studies from 1941 to 1946 utilized several methods of data
collection for troops deployed worldwide to varying environmental conditions.
Techniques used for data collection included both field tests and individual and
group surveys conducted on site; most subjects were Army soldiers, with the
exception of several Air Force units and flight crews.

Studies evaluating male soldiers during World War H reported mean
intakes of energy in garrison ranging from 3,400 to 3,800 kcal with protein
intake from 110 to 132 g; intakes during field training were similar: 3,200 to
4,100 kcal and 100 to 125 g protein, with percentage of energy from protein at
13 percent for both garrison and field (Table 4-2).

In one of the first rigorous ration tests during World War II (Johnson and
Kark, 1946), the B Ration was tested (Camp Lee, Va.) on soldiers who were
placed on a rigid activity program that would reflect the ordinarily increased
energy expenditure of deployment. During the pre-experimental or control
period, test subjects consumed dining hall A Rations and participated in a work
schedule that resulted in an estimated energy expenditure of 3,100 kcal/d.
Energy intake (3,800 kcal) was highest during the control phase of the study
while protein intake was 116 g (Table 4-2). As the physical activity schedule

TABLE 4-2 Energy and Protein Intake by Male Soldiers: Selected Trials 1940s

Study N Ration Type  Energy (kcal)  Protein (g) %
Energy
Camp Lee, 1943 65 A 3,800 116 12.2

(G)*, (Johnson

and Kark, 1946)

Camp Lee, 1943 65 B 3,600 132 14.7
(G), (Johnson and

Kar, 1946)

Mess Survey, T A 3,790 125 13.2
1941-1943 (G),

(Howe and

Berryman, 1945)

Camp Carson, 118 B 3,930 125 12.7
1944 (F)i, (Bean

et al., 1944)

Camp Carson, 125 10-1 4,100 125 12.2
1944 (F), (Bean

el al., 1944)

Pacific Islands, 50 A 3,400 110 129
1945 (G), (Bean

et al., 1946)

Luzon, 1945 (F), 50 C 3,200 100 12.5
(Bean et al., 1946)

Average (G) 3,648 121 13.3
Average (F) 3,743 117 12.5

* G = Garrison study.
1 F = Field study.
1 Calculated from average ration intake from 455 garrison messes.
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became more intense (4,000 kcal) during the test period, energy intake actually
decreased while protein intake increased. Although the B Ration offered during
the test phase provided 3,800 kcal, soldiers consumed only 3,600 kcal, and 132
g protein and generally complained of hunger.

Additional food consumption studies conducted at U.S. Army training
camps from 1941 to 1943 were reported by Howe and Berryman (1945).
Surveys took place at 50 posts and 455 mess facilities using the difference
between weights of food issued and food discarded or wasted. Although
consumption of foods away from the mess was not recorded, it was estimated
that 350 to 400 kcal/d were purchased at the canteen or were received in
personal packages. Results again showed a daily consumption of approximately
3,800 kcal of energy and 125 g of protein.

In 1944, acceptability and adequacy of several field rations were tested at
2,700 m elevation in the Rocky Mountains with Army troops from Camp
Carson during summer maneuvers. Daily energy intake ranged from 2,880 kcal
for a small group consuming the K Ration to 4,100 kcal, with protein intake
averaging 12 percent of energy (110-125 g). Over a study period of 55 days,
measurements of physical fitness, nutritional status, biochemical indices, and
rifle firing all improved, with no differences seen between ration types (Bean et
al., 1944).

Surveys of the health, fitness, and nutrition of troops in the Pacific were
conducted in 1945 to compare nutrient intake of noncombat garrison soldiers
with those who had been in combat continuously for 41/2 months. Average
nutrient intake of garrison soldiers in the Pacific was similar to intake by
soldiers in training camps in the United States, in part due to ample supplies of
fresh and frozen foods. Troops living exclusively on packaged rations (C
Rations) in Luzon had a daily caloric intake 200 to 300 kcal less than garrison
troops, but protein intake remained similar among the soldiers at 13 percent of
total energy consumed (Bean et al., 1946).

CURRENT RATION INTAKE

More recent (1994-1996) studies have reported intakes by men in garrison
ranging from 2,773 to 3,173 kcal and 98 to 132 g protein, averaging 15.2
percent of energy from protein; field intakes have ranged from 2,009 to 3,050
kcal and 86 to 126 g protein, or 16 percent of energy from protein (Table 4-3).
Intakes by women have also been reported, with intakes in garrison ranging
from 1,832 to 2,592 kcal and 75 to 96 g protein, and intakes in field exercises
ranging from 1,668 to 2,343 kcal and 68 to 82 g protein, with approximately 15
percent of energy from protein in both garrison and field assessments
(Table 4-4). It should be noted that mean weight of male soldiers increased
from 68.4 kg in the 1940s to a current mean weight of 78.9 kg; current mean
weight of female soldiers is 63.6 kg. In data recently collected from the Army
Food and
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TABLE 4-3 Energy and Protein Intake by Male Soldiers: Recent Studies

Airfield, 1996
(F), (Champagne

et al., 1997)
Average G 3,034 115 15.2
Average F 2,587 104 16.1

NOTE: MRE, Meal Ready-to-Eat; UGR, Unitized Group Ration; NA, not available.
* F = Field study.

+ G = Garrison study.

I Carbohydrate beverage supplement provided ad libitum.

§ Data reported as mean of days, not mean of individuals.
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Nutrition Survey I (Warber et al., 1996) at 33 Army installations
worldwide, over one-fourth (26%) of male respondents and nearly one-third
(31%) of female respondents replied that they used field feeding as a way to
lose weight.

TABLE 4-4 Energy and Protein Intake, Female Soldiers

Study N Ration Type  Energy (kcal)  Protein (g) % Energy
Ft. Lewis, 1987 12 A 1,832 75 16.4
(G)*, (Szeto et

al., 1987)

Ft. Jackson, 40 A 2,467 96 15.6
1988 (G)T,

(R.W. Rose et

al., 1989)

Ft. Hood, 1988 27 2B+ IMRE 2,343 82 14.0
B, (M.S.

Rose et al., 1989)

Bolivia, 1990 13 2B+ IMRE 1,668 68 16.3
(F), (Edwards et

al., 1991)

Ft. Jackson, 49 A 2,592 82 12.7
1993 (G)T,

(King et al.,

1994)

Ft. Sam 56 A 2,037 75 14.7
Houston, 1995

(G)T, (Cline et

al., 1998)

Camp Parks, 19 MRE 2,161 82 15.2
1996 (F),

(Hirsch et al., in

press)

Average G 2,232 82 149
Average F 2,057 77 15.0

NOTE: MRE, Meal Ready-to-Eat.

* G = Garrison study.

T These soldiers in basic training course.
1 F = Field study.

Energy and Protein Intakes of Military Men

Infantry soldiers from Fort Shafter, Hawaii, participated in a study at
Pohakuloa Training Area, Hawaii (2,160 m), to determine the adequacy of the
Meal, Ready-to-Eat (MRE) during strenuous cross-country running under high-
altitude field conditions (Askew et al., 1986). During the 10-d exercise, soldiers
consumed less than 67 percent of calories recommended for energy balance and
lost 3 percent of their body weight, 10 percent of their body fat, and
experienced a 5 percent decline in maximal aerobic capacity. Protein intake was
99 percent of recommended intake. By comparison, infantry soldiers training in
Alaska
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under winter conditions were assessed for adequacy of nutritional intake over a
10-d field training exercise. Although individuals were given 4 MREs/d,
consumption again remained significantly lower than the Military
Recommended Dietary Allowances (MRDAS) for energy and protein (Edwards
et al., 1989).

Because of concerns that logistical problems with food supply may require
individuals to subsist solely on the MRE for up to 30 days, a study was
conducted at Fort Chaffee, Arkansas, to assess the ability of the MRE to meet
soldiers' nutritional needs and maintain performance in a field environment for
an extended period (Thomas et al., 1995). Participants were combat engineers
on a regularly scheduled 30-d field training exercise; they were divided into one
group eating three MREs and two pouch bread (190 kcal, 5 g protein each) per
day and one group eating two A Rations and one MRE per day. Nearly one-
third of the subjects indicated they wanted to lose weight during the training
exercise, and this was reflected in a low mean energy intake of 2,462 kcal for
the MRE group and 2,911 kcal for the A Ration group. Even with incomplete
consumption of the MREs provided, soldiers in both groups obtained 100
percent of their MRDA for protein and demonstrated a positive nitrogen
balance, which indicates that although caloric intake was low, performance and
overall nutritional status were not impaired when soldiers consumed only MREs
for 30 days.

A test was conducted with a Marine battery-sized field artillery unit in
1994 at Chocolate Mountain Desert Gunnery Range, California (Tharion et al.,
1997). The primary purpose of the test was to assess the ability of the new
Unitized Group Ration (UGR) to meet nutritional requirements of individuals
working in a desert environment. The UGR used in this study was a
combination of A, B, and T Rations, which provided hot meals in a group
feeding setting for two meals per day, with the third meal a MRE. Either a
carbohydrate or a placebo beverage was also provided ad [libitum to two
supplemental groups to assess effects of additional nutrient intake and hydration
status. In the placebo group, mean energy intake was 73 percent of MRDA
(2,631 kcal), while protein intake was 105 percent (105 g). Although protein
intake appeared to be adequate, energy intake was well below the calculated
energy expenditure of approximately 4,300 kcal/d. The carbohydrate beverage
did increase mean daily energy consumption (3,050 kcal), but protein intake
was lower (93 g). This study provides further evidence that even when troops in
field training exercises are provided two hot meals per day and consume
adequate protein, their caloric intake may be inadequate for energy needs.

Alternately, studies of nutrient intake in garrison dining facilities continue
to show that soldiers are consuming adequate energy and protein. Reports on
assessment of nutritional status of soldiers at Fort Riley, Kansas; Fort Lewis,
Washington (Szeto et al., 1987); and Fort Devens, Massachusetts (Szeto et al.,
1988, 1989), concluded that dining facility consumption provided adequate
daily energy and protein intakes for individuals, even when some meals and
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snacks were being consumed elsewhere. By contrast, air defense artillery
soldiers at Fort Polk, Louisiana (Cline et al., 1997) consumed only
approximately half of their meals in the dining facility. Overall nutrient intake
from all foods, including those consumed elsewhere, was adequate in energy
and protein. Nutrient intakes were reported to be 3,091 kcal and 105 g protein,
with 13.6 percent of total energy obtained from protein. Although mean energy
intake was below the MRDA, protein intake was adequate.

A nutritional assessment of Army Rangers at Hunter Army Airfield in
1996 was the first of an Army Special Operations unit (Champagne et al.,
1997). Rangers are routinely involved with extensive deployments and field
training exercises. This study was designed to compare dietary intake of
Rangers before deployment with that during a field training exercise and during
recovery after return. Phase I (predeployment) assessed a group subsisting in a
garrison dining facility for the 6 days immediately prior to deployment on the
exercise, while Phase II (training) assessed the dietary intake of the same unit
during the 6-d field training exercise while consuming MREs (Table 4-3). Phase
IIT assessed postdeployment garrison intake of a subgroup (n = 40) of subjects
for the 2 days immediately after return from the field; mean recovery intake was
2,965 kcal and 98 g protein (13.2% of total energy). Mean energy and protein
intakes for all phases were lower than what have been reported on previous
studies. As with the soldiers at Fort Polk, a substantial amount of food (33% of
energy) was consumed away from the dining facility. This trend is similar to
eating patterns reported in national nutrition monitoring studies of eating
patterns of nonurban households, where more than one-third of total food
dollars were spent on food away from home (Interagency Board, 1993).

Energy and Protein Intakes of Military Women

Until recently, few studies have assessed nutritional intake of military
women during field exercises or deployment. Women who were members of an
Army engineering group deployed to high altitude in Bolivia were assessed for
nutrient intake while consuming a combination of two B Ration meals and one
MRE per day. They were also given a high-carbohydrate supplemental pack to
consume between meals to determine whether increased carbohydrate intake
was preferable at high altitude. Energy and protein intake were well below
MRDA; approximately half of the subjects indicated they had acute mountain
sickness (AMS) symptoms, which most likely affected appetite (Edwards et al.,
1991).

Two field studies that included women as subjects were completed with
Army Reserve hospitals conducting their annual field training exercises and
subjects consuming operational rations. At Fort Hood, Texas, two A Ration
meals and one MRE per day were provided during an 8-d test period;
individuals also had access to additional foods they brought or that could be
purchased from a PX mobile kitchen or fast-food establishments in the vicinity
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of the field site. Although 26 percent of the subjects stated that they were
attempting to lose weight during the training exercise, mean energy intake was
2,343 kcal and mean protein intake was 82 g, both of which exceeded the
MRDA for women (M.S. Rose et al., 1989). Similar results were reported in an
Army Reserve hospital unit training at Camp Parks, California (Hirsch et al., in
press).

When comparing nutrient intakes between women in enlisted basic
training at Fort Jackson, South Carolina (R.W. Rose et al., 1989; King et al.,
1994) and women in officer basic training at Fort Sam Houston, Texas (Cline et
al., 1998), a difference was observed in both energy and protein intakes. Meals
for enlisted women are provided in a dining facility at scheduled times, with
free access to a variety of food selections. Alternately, officers are given a
monetary allowance to purchase food, but they live in temporary housing, such
as motels or officers quarters, that has limited or no cooking facilities. This
could account for lower energy and protein intake by the officers. No recent
studies have been completed on nutrient intake of career military women in
garrison.

DETERMINATION OF PROTEIN REQUIREMENTS FOR
OPERATIONAL RATIONS

The first standard recommendations for nutrient requirements for military
personnel were formulated by the FNB of the National Research Council, a
project that was organized in 1940 in connection with the defense program
(Samuels et al., 1947). Recommendations by the board addressed allowances
needed to maintain optimal nutritional status. Of concern was the fact that
rations designed for short-term use, not previously required to be nutritionally
adequate, were being used over long periods of time. Maximum nutrient
availability was emphasized in all but a few of the survival rations.

The standard originally established for protein was 70 g/3,000 kcal, for a
reference man weighing 70 kg. This recommendation was equivalent to 9
percent of energy from protein, and 0.8 to 1.0 g/kg of body weight (kcal
requirements of 3,000-3,600). After reviewing research on energy consumption
and expenditure of soldiers during World War II, the Army raised energy
requirements to 3,600 kcal for physically active personnel in temperate
climates, with a protein requirement of 100 g (AR 40-250, 1947). The RDA
(NRC, 1989) for protein is 58 to 63 g for males and 46 to 50 g for females in the
age categories of military personnel; recommendations are lower because
reference weights and activity levels used for calculations are less than those for
the military population.

Several investigators have recommended that the RDA for protein be
increased to 1.5 g/kg for endurance athletes and to 2.0 g/kg for strength athletes
(Brotherhood, 1984; Williams, 1995; Lemon, 1996). Recent research has shown
an increase in the weight of Army soldiers from 68 to 78 kg for men and 61 to
62 kg for women (Gordon et al., 1989) which would increase recommendations
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to 117 g of protein (1.5 g/kg) for operational rations if soldiers are involved in
heavy work. If protein in rations is increased to accommodate recommendations
of 1.5g/kg for endurance activity in men, it would contribute 13% of food
energy at the 3,600 kcal level. Food consumption data on the U.S. population
from NHANES III (Third National Health and Nutrition Examination Survey)
indicate that 14 to 16 percent of the total food energy intake is derived from
protein (Interagency Board, 1995). This proportion remains similar for both
sexes.

Energy requirements should be evaluated with full consideration of the
fuel necessary to balance energy expenditure. For example, energy expenditure
during field operations for Special Forces students has been reported at levels
up to 6,000 kcal/d (Shippee et al., 1994).

SUPPLEMENT INTAKE

In data from the Army Food and Nutrition Survey I (Warber el al., 1996) at
33 Army installations worldwide, supplementation with amino acid (AA)
products or protein powders (PP) was reported by military members, with usage
differing by age and military job specialty (Table 4-5). Individuals less than 30
years old reported the highest use by age, with approximately one-third using
both types of products. When classified by military job specialty, individuals in
combat arms reported the highest usage, followed by combat service support
and combat support. Percentages of men using AA (33% vs. 16%) or PP (27%
vs. 11%) are at least double that of women, and individuals required to eat in
military dining facilities report a higher percentage of usage (AA = 35%, PP =
29%) than those who receive food allowances to eat elsewhere (AA = 30%, PP
=24%).

Many amino acid and protein powder supplements have become available
for purchase in military commissaries and exchanges, as well as in fitness
centers on military installations. Newly established "nutrition store" franchises
are also opening on numerous bases, offering products with a myriad of claims
for benefit to performance. An expanding selection of fitness magazines is also
available for purchase, providing advertisements as well as feature articles on
claims of the benefits of the protein and amino acid products. Thus, military
personnel have increased their consumption of these products because of their
desire to improve physical performance and the belief that they will receive
some benefit from using them on a regular basis.

Considerable variability persists, however. During a nutrient intake study
at Fort Polk, Louisiana, in 1995 (Cline et al., 1997), only 4 percent of young
male soldiers in an Air Defense Artillery company replied that they were using
protein supplements. These responses contrasted with a 44 percent consumption
rate among Army Rangers participating in a similar study at Hunter Army
Airfield, Georgia, in 1996 (Unpublished data, J.P. Warber, USARIEM, Natick,
Mass, 1997).
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TABLE 4-5 Percentage of Military Personnel Reporting Use of Protein Supplements

Group (N) Amino Acids (%) Protein Powders (%)*
Men (1,941) 33 27
Women (291) 16 11
Age <30 yr (1,238) 36 30
Age > 30 yr (1,040) 26 19
Combat ArmsT (784) 38 32
Combat Service Support} (949) 28 22
Combat Support§ (536) 27 20
No Separate Rations" (545) 35 29
Separate Rations# (1,546) 30 24

SOURCE: Data from Warber et al., 1996.

* Some respondents reported consumption of both amino acids and protein powders.

T Infantry, Armor, Field Artillery, Air Defense, Special Forces.

1 Ordnance, Quartermaster, Transportation, Adjutant, Chaplain, Finance, Judge Advocate General,
Inspector General, Medical Department.

§ Engineer, Chemical, Military Intelligence, Military Police, Signal, Aviation, Civil Affairs.

" Meals provided in military dining facility.

# Salary provides for purchase of foods of choice.

In a recent study on women entering the Army for basic training, only 2 of
105 replied that they had consumed supplemental protein products prior to entry
for training (Cline and Pusateri, 1996). Women who have been on active duty
for a longer period of time have reported a much higher rate of consumption
(Table 4-5), leading one to question whether they have been influenced by the
performance and fitness attitudes of their male counterparts with whom they
exercise.

AUTHORS' CONCLUSIONS AND RECOMMENDATIONS

Male military personnel maintain high protein intakes from food
consumption in garrison as well as during field operations. Females, however,
generally consume less energy and protein than MRDA guidelines require
during field exercises where access to foods is limited to operational rations.

Protein supplements are being used by a substantial number of military
personnel, although no documented benefits from their use have been reported.
This practice has been encouraged by easy access to products for purchase on
military installations and a very active informal information network among
military personnel that indicates perceived benefits of these products.

What has not been addressed in detail is whether a change has taken place
in the food contribution of protein. Is the highest proportion of protein
consumed provided by meats and dairy products, or have other food groups

Copyright © National Academy of Sciences. All rights reserved.
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gradually replaced these in their contribution of protein to the diet? Dietary
protein quality and digestibility of proteins in specific foods consumed need
further investigation.
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Discussion

PATRICK DUNNE: The Savannah study subjects, in part, were by design
a test population who consumed a diet that was purposefully lower in protein
but higher in carbohydrate. I think we need to look at the trade-offs here
because we got them to achieve well above the military 400 grams of
carbohydrate intake, and it was designed to be a hot-weather study. So that was
a designed diet, not a free choice; it was rather selective. What we really want
to do is look at impact and overall turnover of water and hydration as part of
that study. Jim hopefully has some data for us on that.

I think that one of the drivers that leads the ration developers and the
logistics community to look at protein is not just performance but it is actually
the cost of the ration. So there are some major trade-offs in overall metabolism.
If you want to trade protein for carbohydrate, maybe that is good, but not
protein for fat. That was our design.
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ALANA CLINE: The data that I used for that study actually were from the
control group that did not have the higher carbohydrate intake. The protein
intake was even lower with the test group. So I went ahead and just used the
control group for that and it is still a little bit lower.

DOUGLAS WILMORE: Thank you for the presentation. Do you have
information on the source of the dietary protein over the period of 30 years or so?

ALANA CLINE: I do not have the historical data on the source of the
protein. Some of our more recent studies are showing that there is a higher
intake now of protein from non-meat sources. That is something that we would
want to consider because there is a difference in the quality of the protein that is
being consumed. That is something that we do need to look at more closely.

DOUGLAS WILMORE: So we have no idea about protein efficiency?

ALANA CLINE: Not for the historical data.

ROBERT NESHEIM: One last question.

ROBERT WOLFE: On that slide showing. voluntary intake of
supplements you had two columns, amino acids and protein, and one was like
36 percent and the other was 30. Does that mean that 36 percent were taking
amino acids and a separate 30 percent were taking protein.

ALANA CLINE: Yes. There were two separate questions.

ROBERT WOLFE: So that was the total of the two things they were
taking in terms of dietary supplements?

ALANA CLINE: No, I am sorry. It was either one or the other. So it would
be about 30 percent. They could be taking both, We were not able to really
clarify that with the questionnaire that we had.
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The Energy Costs of Protein Metabolism:
Lean and Mean on Uncle Sam's Team

Dennis M. Bier'

ORIGIN OF THE WORD "PROTEIN"

How protein got its name is an interesting story (Hartley, 1951). The
traditional credit for coining the word "protein" goes to the Dutch chemist
Gerardus Johannes Mulder, who in an article published in the Bulletin des
Sciences Physiques et Naturelles en Neerlande on July 30, 1838, stated (in
French) that this material was the essential general principle of all of the
constituents of the animal body and defined it by the Greek word "proteus,"
which he translated in Latin to "primarius," that is, the primary constituent of
the body (Hartley, 1951). The interesting part of the story is that Mulder
appears to have taken the term directly from Swedish chemist Sac Berzelius,
who, on July 10, sent Mulder a letter in which Berzelius suggested the name
"protein."

! Dennis M. Bier, Children's Nutrition Research Center, Baylor College of Medicine,
Houston, TX 77030-2600.
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Besides the apparent use of the new term without proper attribution was
the situation of a Dutch chemist, writing in a Dutch journal, defining a new
word in French that was derived from Greek, and then qualifying its meaning in
Latin! Further, considering that this episode took place 160 years ago, not only
was the mail a lot faster, but also the publication time was substantially shorter
than it is today, since the entire story took place in a period of about 3 weeks!

Admittedly, Berzelius and Mulder were right: Protein is the essential
general principle of the constituents of the animal body. Thus, one might briefly
summarize the physiological roles of protein in metabolism as "responsible for
just about everything." But, this is neither particularly helpful nor informative.

FUNCTIONS OF BODY PROTEINS AND AMINO ACIDS

Table 5-1 lists a variety of the functions of body proteins and amine acids.
From the practical standpoint of integrative human physiology helpful to the
military, the major roles of body proteins are (1) those relating to protein
synthesis and protein breakdown in the context of maintaining lean body mass,
(2) efficient operation of regulatory proteins required for conduct and
optimization of body functions, and (3) the energy costs of the above, including
the cost of oxidation and excretion of protein metabolites resulting from the
metabolic reactions constituting these events. The net physiological results that
are useful to military personnel include increased strength, improved endurance,
optimization of "fight or flight" reactions (preferably the former), efficient
blood coagulation and wound healing, enhanced immunological functions with
improved disease resistance, and peak mental alertness and memory.

What is often forgotten in this context is that protein turnover is an energy-
requiring process. Further, the energy cost of protein metabolism is higher than
conventionally estimated. These observations are important because one of the
principal lessons learned from prior Committee on Military Nutrition Research
reports, such as the Ranger studies, is that biological energy demands often far
exceed dietary energy intakes in combat field circumstances. Thus, while
strength and endurance might immediately be identified with protein
metabolism, the energy costs of (1) the protein enzymatic reactions involved in
fight or flight reactions, (2) the synthesis of host defense proteins, or (3)
memory storage might not be so readily apparent.

PROTEIN METABOLISM AS AN ENERGY-REQUIRING
PROCESS

In 1989, Waterlow and Millward calculated the daily energy cost of
protein turnover as approximately 18 kJ (4.3 kcal)/kg body weight, or about 20
percent of the basal metabolic rate. This estimate, made from the best
information available at the time, tallied the energy costs of protein breakdown
and regulation
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as "probably negligible" and did not include the energy costs of
posttranslational modifications. Today, however, it is known that these costs are
not negligible. Using another approach relating protein (ATP) utilization to total
ATP synthesis, Reeds et al. (1985) came to roughly similar conclusions but,
after addressing the potential additional costs of all the cellular regulatory
reactions, estimated that these control reactions and other, unaccounted-for,
costs would increase the true energy cost of protein metabolism significantly.
Young and Yu (1996) have listed some of these energy-dependent
processes (Table 5-2). In addition to the costs of protein synthesis, there is an
energy-dependent cost of protein degradation via the ubiquitin pathway.

TABLE 5-1 Some Functions of Amino Acids and Their Products

Function Example

Substrates for protein synthesis Those amino acids for which there is a
codon

Regulators of protein turnover Leucine, arginine?

Regulators of enzyme activity Arginine and N-acetylglutamate

synthetase Phenylalanine and

phenylalanine hydroxylase activation

Arginine and nitric oxide

Precursor of signal transducer

Methylation reactions Methionine

Neurotransmitter Tryptophan, glutamate

Ion fluxes Taurine, glutamate

Physiologic molecular precursors Arginine, glutamine, purines

Nitrogen transporters Alanine, glutamine

Circulating transporters Ceruloplasmin; apolipoproteins Vitamin
and hormone binding proteins

Messengers/Signals Insulin, growth factors

Movement Actin, kinesin

Immunity Antibodies, interleukins

Growth, differentiation, gene expression  Growth factors, transcription factors

SOURCE: Adapted from Young and Yu, 1996.
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TABLE 5-2 Some Energy-Dependent Processes Associated with Protein Metabolism

1. Protein Turnover

Formation of initiation complexes; peptide bond synthesis
Protein breakdown via ubiquitin-proteosome pathway

2. RNA Turnover

Ribosomal RNA; transfer RNA; pre-messenger RNA splicing; and messenger RNA
3. Amino acid transport

4. Regulatory processes

Reversible phosphorylation, GTP-GDP exchange proteins,
Ion pumps and channels, second messengers

5. Nitrogen metabolism

Glutamine/glutamate cycle

Glucose/alanine cycle

Urea synthesis

SOURCE: Adapted from Young and Yu, 1996.

Similarly, there are a large number of energy-dependent processes
involved in the regulation of protein metabolism, as expanded on below, and
there are other assorted costs attached to the body's nitrogen metabolism cycles.
The latter cycles are addressed by others in this volume.

ENERGY COSTS OF PROTEIN SYNTHESIS AND
REGULATION

Of first concern are the energy costs of cell replication. Before the cost of
protein synthesis itself can be calculated, one must recognize that the
proteolytic degradation of cyclins regulates the movement from one phase of
the cell cycle to the next through energy-dependent ubiquitin pathways (King et
al., 1996; Martin-Castellanos and Moreno, 1997). Of second concern is that
mitotic events, including spindle microtubular growth, and spindle elongation
during anaphase require hydrolysis of GTP or ATP.

Protein synthesis itself has a higher cost than previously estimated. While
transcription of the amine acid mRNA codon requires six ATP per amine acid
and activation to amine acyl-tRNA requires another two ATP, there is
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disagreement about the total energy cost of mRNA translation. In addition to
the one ATP per peptide required for capping the 5-prime end of the peptide, at
least one GTP per peptide bond is required for initiation, two GTP per bond for
elongation, and one GTP per peptide for termination. However, recent evidence
suggests that one additional molecule of GTP is required for chain elongation
(Schimmel, 1993), and hydrolysis of an additional GTP might be required
during initiation and/or at the termination step as well. If hydrolysis of these
additional high-energy bonds is proven correct, the net energy cost of protein
synthesis alone will increase significantly from estimates made a decade ago.

In addition, there are a variety of other costs that are difficult to estimate.
All of the additional sequences that are involved in, for example, synthesizing
"pre-proteins" and "pre-pro-proteins" and the costs of alternate splicing are not
easy to quantify. In a sense, synthesizing and then removing these unused
peptide sequences is wasted energy unless some as-yet-unknown energy
advantage is discovered for this process. Similarly, the cost of synthesizing
nonessential amino acids that are required for protein synthesis and the costs of
posttranslational modifications are not known with certainty.

Further, the folding (Hartl, 1996) and the movement of the synthesized
proteins to their sites of action (Rothman and Wieland, 1996) are highly energy-
dependent processes. ATP-dependent mechanisms are required for polypeptide
chain folding by heat-shock protein 70 and the chaperonin families of molecular
chaperones (Hartl, 1996). Translocation across the membrane of the rough
endoplasmic reticulum is an energy-dependent process, as is each transport step
to the cis, medial, and trans Golgi compartments (Rothman and Wieland, 1996).

TABLE 5-3 Protein Targeting Costs

Nonsecretory Proteins Secretory Proteins

Importation of mitochondrial proteins Translocation across the rough
endoplasmic reticulum membrane

Transit peptide receptor binding- Transport to cis, medial, and trans Golgi

peptide unfolding;

ytosolic competence factor binding & Lysosomal and secretory sorting vesicles

dissociation

Matrix/stromal peptidase processing Acidification of secretary organelles

Importation of peroxisomal proteins Phosphorylation of receptors/hands

Importation of nuclear proteins Protein folding or "proofreading"

Activation of cytoskeleton motors
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TABLE 5-4 Energy-Dependent Processes in the Turnover of Regulatory Proteins

Reversible phosphorylation
Signal transduction

Protein kinases

Second messengers
Phosphatidylinositol kinases
Folding and translocation
Chaperone proteins

Table 5-3 shows some of the protein targeting costs for secretory and
nonsecretory proteins. The net actual costs of these events to the whole
organism are difficult to estimate with any accuracy or precision, but they are
likely to be significant.

In addressing the potential energy costs of regulatory proteins (Table 5-4),
one is struck by the fact that, although these proteins do not represent much in
the way of mass compared with structural proteins, their turnover rates are very
high. Therefore, they may represent a significant energy drain. It is now known,
for example, that an immense number of processes are controlled by reversible
enzymatic  phosphorylation/dephosphorylation  reactions.  This  central
mechanism of regulatory control occurs in every cell at an unimaginable
number of times per minute. What the actual net energy cost of these regulatory
events is to the whole body is only speculative, but likely significant.

Signal transduction processes, including those mediated by the more than
100 known members of the protein kinase family, and the energy-dependent
costs of the second messenger families, for example the phosphatidyl and
inositol kinases, are additional energy costs of regulatory protein metabolism.
Furthermore, the energy costs of posttranslational modifications such as protein
glycosylation are additional. The addition of each nucleotide sugar costs the
hydrolysis of one uridine triphosphate bond. Approximately 10 percent of
proteins are glycosylated. Each protein averages between 2 and 5 sugar chains,
and each sugar chain averages about 12 sugars. Precisely how to tally this cost
in the overall sum of the total daily energy cost of protein turnover, is not
known, but the cost is potentially large.

ENERGY COSTS OF PROTEIN BREAKDOWN

Finally, it is important to address the potential energy costs of protein
breakdown. There are two principal routes of protein degradation (Figure 5-1)
(Mitch and Goldberg, 1996; Young and Yu, 1996). Most cytosolic, nuclear, and
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FIGURE 5-1 Major Pathways of Protein Degradation. Source: Young, V.R.
and Y.M. Yu, 1996.Protein and amino acid metabolism. Pp. 159-200 in
Nutrition and Metabolism in the Surgical Patient, 2nd Edition, Josef E.
Fischer, ed. Boston: Little, Brown and Company.

mitochondrial proteins are degraded through energy-dependent pathways
requiring hydrolysis of ATP (Gottesman et al., 1997). Extracellular and
membrane proteins are degraded through the lysosomal pathway. Although the
latter route is not an energy-dependent process in itself, energy is required for
proton movement into and maintenance of the acid environment within the
lysosome. In Table 5-5, Mitch and Goldberg (1996) have summarized some of
the conditions that alter muscle protein degradation through the energy-
dependent ubiquitin-proteosome pathway. It is clear from this table that the

TABLE 5-5 Conditions That Alter Muscle Protein Degradation Through the
Ubiquitin-Proteosome Pathway

Rat Models Humans

Increased Protein Degradation

Fasting Eating disorders
Metabolic acidosis Renal tubular defects
Renal failure Uremia

Diabetes mellitus Diabetes mellitus
Thermal injury Bums

Endotoxin, bacteria Sepsis

Tumors Cancer cachexia
Glucocorticoids Cushing's Syndrome
Decreased Protein Degradation

Deficient dietary protein Malnutrition
Hypothyroidism Hypothyroidism

SOURCE: Adapted from Mitch and Goldberg, 1996
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pathophysiological regulation of this pathway might affect energy demands in a
wide variety of clinical circumstances.

This thesis is not merely an academic one. Price et al. (1996) demonstrated
that the accelerated proteolysis observed in insulinopenic, streptozocin-diabetic
rats was the consequence of activation of the energy-dependent ubiquitin-
proteosome pathway. Similarly, Tiao et al. (1997) have demonstrated an
increase in the ubiquitin and 20S proteosome subunit HC3 mRNA levels in
rectus abdominis muscle obtained from septic patients.

CONCLUSION

The energy-dependent processes of maintaining the turnover of body
proteins, including synthesis, folding, targeting, regulatory processes, and
protein breakdown, have an overall cost to body energy homeostasis that is
significantly higher than previously appreciated. The work of Tiao et al. (1997)
confirms the human implications of animal studies like those of Price et al.
(1996), and strongly suggests that circumstances that increase energy-
dependent proteolytic mechanisms have practical clinical consequences for
whole body energy homeostasis. It is not known yet how to approach a precise
quantification of these costs at the whole body level. Nonetheless, investigators
should give more thought to this question; there are important clinical
circumstances where the energy costs of protein metabolism are likely to result
in disproportionately increased energy demands. The high physical exertion
levels of military personnel in the field may be one of these circumstances.
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DISCUSSION

DR. NESHEIM: Questions?

DR. MILLWARD: If I can just speak briefly in defense of John
Waterlow's original interpretation.

DR. BIER: By the way, do not take this as a criticism of John. He worked
with the data available.

DR. MILLWARD: I would just like to make the comment that one of the
difficulties with these sorts of arguments is definition of what you are talking
about when you are talking about protein turnover. You made the initial
statement that proteins are involved in everything that goes on in the cell. You
talked about a wide range of protein-related functions that are energy-
dependent. There is no question about that. Therefore, it is possible to subsume
ultimately all energy expenditure under the heading of protein-related functions
if you are not careful in the way in which you have defined the process that you
are talking about.

DR. BIER: I agree with that. That is, in the end, since you cannot live
without the proteins required for life, then essentially all energy generation is
dependent on protein turnover. I think that is a very good point, Joe, and you are
correct in the sense of defining the limits of the argument.

I guess what I was trying to do was to move us from what I would call the
traditional nutritional thinking on this issue, that is, that the costs are related to
the net synthesis and oxidation of protein, the protein turnover of
macromolecules, and the maintenance of lean mass, and move us to appreciate
further that there are additional costs that many physiologists have not spent a
lot of time thinking about.
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DR. LIEBERMAN: Under conditions of relatively mild undernutrition,
similar to what we see in your study, do you think there might be some better
markers to tell us that protein balance is not where we would like it to be?

DR. BIER: I am sure there are, since use of all available probes of a very
complicated system should give you more information. But is there any
individual marker? I do not know. I think that some of the new things, like
ubiquitin mRNA and the like, may give us an indication.

DR. LIEBERMAN: It would be nicer if we had something that was more
fine grained.

LTC FRIEDL: I would not dismiss the turnover rate. We see that in
undernutrition. That is a good example of where all these processes can be
reduced. What are the consequences in the big picture? How much leeway do
we have in adjusting the rate of protein turnover.

DR. BIER: Well, I am not sure you can turn it down in the circumstance of
active physical exertion, for example. That is, during the period of exercise
itself, protein turnover may "turn down, "but there is a period where you have to
then "turn it up". I do not think in the context of continued strenuous activity
you can significantly reduce the overall cost.

LTC FRIEDL: Maybe there is a compromise between the demands of
physical activity and deficient energy intake. Undernutrition seems to favor the
process of turning down the overall turnover.

DR. BIER: Yes, that is in a circumstance where the person is generally
lying in bed or voluntarily reducing exertion overall.

LTC FRIEDL: It is not a suboptimal performance.

DR. BIER: Michael Rennie is going to talk about physical exercise later,
and I will defer this to him.

DR. NESHEIM: Yes.
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DR. HOYT: Colonel Friedl, Jim Delany, and I did a study of Norwegian
Rangers who did not eat or sleep for a week, and we looked at their body
composition with dual X-ray Absorptiometry and their energy expenditure with
doubly-labeled water. You can look at the contribution of fat and carbohydrate
and protein to that negative energy balance. Would you expect anything other
than a 4 kcal/g contribution from the protein loss reflecting the savings
associated with not supporting some of the synthetic costs?

DR. BIER: That is a net protein loss. The actual cost is higher. But I take
Joe's argument that, in the end, one can attribute all the energy cost somehow or
other to protein. I guess, then, this goes back to the issue of whether we can
change the efficiency or improve the net energy balance cost by adding protein
in that sort of circumstance? I am not sure that I know the answer.

DR. NESHEIM: Thank you. We need to move on. This is a very good
stage setting for a lot of discussion that will come along. Now, we want to move
to a discussion of the regulation of muscle mass and functions by Dr. Nair from
the Mayo Clinic
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Regulation of Muscle Mass and Function:
Effects of Aging and Hormones

Niels Moller and K. Sreekumaran Nair!

INTRODUCTION

Comprising close to 50 percent of total body weight in lean individuals,
skeletal (or striated) muscle constitutes the largest single component of the body
and serves as the major repository of protein (close to 50 percent of total body
protein) and free amino acids in the body. Besides its locomotive functions,
skeletal muscle is also an important metabolic organ. Metabolic functions are
crucial not only for locomotion but also for maintaining homeostasis of
substrates in the circulation and providing amino acids for various body
functions. Mitochondria in skeletal muscle convert energy from nutrients into
adenosine triphosphate (ATP) by oxidative phosphorylation. For mechanical
functions involving mainly locomotion, this chemical energy (ATP) is further
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converted into mechanical energy by the enzymatic (ATPase) action of myosin
and actin in the sarcomere (Figure 6-1). In this process, a major proportion of
the energy loss inevitably appears as heat. Under resting conditions, muscle
accounts for 20 to 30 percent of total resting energy expenditure, the variability
of which to a large extent is determined by differences in muscle metabolism
(Zurlo et al, 1990). Under conditions of cold exposure and shivering
thermogenesis, the function of muscle as a "heater" for the body and the
resultant energy loss become still more conspicuous. In addition, skeletal
muscle supplies amine acids for synthesis of proteins in other tissues (crucial
during wound healing), for the immune functions, and for gluconeogenesis
(alanine and glutamine) under catabolic conditions. Skeletal muscle also
oxidizes glucose and fatty acids and stores large amounts of glycogen
postprandially.

To fulfill these requirements optimally, muscle tissue function relies on a
variety of factors as illustrated in Figure 6-1. First, the contractile myofibrillar
apparatus consisting of actin and myosin filaments must exist in sufficient
quality and quantity, and nervous activation of the contractile elements must
take place in a controlled fashion. Second, the quality and quantity of mitochon-
drial proteins (mostly enzymes) must be sufficiently maintained to ensure
efficient ATP production. Also critical, that the metabolic demands of the
muscle cell be met to ensure a continuous ATP production (i.e., supplies of fuel
substrates such as glucose and fatty acids and oxygen must be adequate) and
that the metabolic by-products such as carbon dioxide are removed efficiently
and in a timely manner. The quality of all proteins, both structural and
metabolically active (such as myosin, actin, and mitochondrial enzymes), are
maintained by a continuous remodeling process involving protein breakdown
and protein

Contractile

e

FIGURE 6-1 Muscle mass and quality are determined by a remodeling
process.Muscle mass is one determinant of muscle function, which is also
dependent on the quality of distinct muscle proteins. Muscle functions include
both contractile and metabolic aspects. Two metabolic processes critical for
contractility are mitochondrial ATP production and subsequent hydrolysis of
ATP in the sarcomere (by myosin and actin) to release chemical energy for
contractile function.
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synthesis. The tissue concentration of a specific protein is determined by the
balance between protein breakdown and protein synthesis. Nutrient supply to
the muscle tissue (for ATP production) and the removal of metabolic by-
products (e.g., carbon dioxide) are dependent on uninterrupted and dynamic
circulatory systems. All of these individual processes are controlled by
regulatory mechanisms, which include circulating and local levels of hormones
and substrates, which in turn are influenced by the physiological state of the
individual in terms of age, gender, nutritional status, exercise, and chronic or
acute illness. Using aging as an example, this brief review outlines some of the
control mechanisms and other biological factors involved in the regulation of
muscle mass and function.

SARCOPENIA OF AGING

Aging can be described as a model in which many of the regulatory
mechanisms are disrupted, resulting in functional disabilities involving both
locomotive and metabolic aspects.

In spite of vigorous attempts by individuals to avert the physical impact of
age, all population-based studies show a relentless loss of muscle mass and
strength with aging. In addition, increased muscle fatigability and decline in
endurance capacity substantially retard the functional capabilities of the elderly
population. Some evidence indicates that this phenomenon is not solely due to a
loss of muscle quantity, but also to an impairment of muscle quality (Reed et
al., 1991; Rooyackers et al., 1996) (Figures 6-2 and 6-3). The combination of loss

Quadriceps Isokinetic Leg Extension 1RM

muscle strengthimuscls mass

Yeoung Middle Old Young Middle old

FIGURE 6-2 Muscle strength is not solely determined by muscle mass. With
advancing age, a continuous loss of muscle efficiency occurs, indicating that
muscle quality is declining. This study normalized muscle strength, quadriceps
isokinetic strength, and leg extension for regional muscle mass (measured by
Dual Photon X-ray) and showed a progressive decline with aging (P <
0.05-0.01). * Significant difference (P< 0.01) from young age group; §
Significant difference (P< 0.05) from middle age group. Source: Adapted from
Balagopal et el. (1997).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

I
REGULATION OF MUSCLE MASS AND FUNCTION: EFFECTS OF AGING AND 124
HORMONES

of muscle mass and increased muscle weakness and fatigability, which results
in substantial impairment of muscle function, has been coined sarcopenia of
aging and may contribute substantially to morbidity of the elderly by restricting
physical activity, increasing the risk of falls and fractures, and causing changes
in body metabolism and composition, which results in increased incidence of
noninsulin-dependent diabetes mellitus.
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FIGURE 6-3 VO,,,,, declines with aging after normalizing for muscle mass,
indicating that the decline in endurance capacity depends not only on muscle
mass but also on other factors. Source: Rooyackers, O.E., D.B. Adey, P.A.
Ades, and K.S. Nair. 1996. Effect of age on in vivo rates of mitochondrial
protein synthesis in human skeletal muscle. Proc. Natl. Acad. Sci. USA
93:15364-15369. Copyright 1996 National Academy of Sciences, U.S.A.

It has been reported that in elderly in comparison with young subjects,
there is a decline in the synthesis rate of mixed muscle protein—both total and
myofibrillar proteins (Welle et al., 1993; Yarasheski et al., 1993). Interestingly,
a recent study demonstrated that not only did synthesis of muscle mitochondrial
proteins (pivotal to oxidative phosphorylation and ATP generation) decrease in
the elderly, but also that this 40-percent decrease in mitochondrial protein
synthesis occurred as early as middle age (average age 52 years) (Rooyackers et
al.,, 1996) (Figure 6-4). The decline in mitochondrial protein synthesis was
markedly more pronounced than the concomitant 10- to 15-percent decline in
synthesis rates of mixed muscle proteins (Rooyackers et al., 1996). These
changes were also associated with a decline in cytochrome-c-oxidase activity
and endurance capacity (Rooyackers et al., 1996) (Figure 6-5). It is possible that
the decline in mitochondrial protein synthesis may cause the impairment of
endurance capacity and the more pronounced muscle fatigability in the aging
population. In addition, robust ATP production is crucial for synthesis of other
muscle proteins. A general decline in synthesis rates of several muscle proteins
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(such as myosin heavy chain and mitochondrial proteins) occurs with age
(Balagopal et al., 1997; Rooyackers et al., 1996; Welle et al., 1993; Yarasheski
et al., 1993), perhaps reflecting the inability of mitochondria to produce
sufficient ATP. Furthermore, recent studies have demonstrated that synthesis
rates of myosin heavy chain, a major myofibrillar protein involved in hydrolysis
of ATP and conversion of chemical energy from ATP to mechanical energy,
also decline by middle age (Balagopal et al., 1997). These results suggest that
the aging process selectively affects the ATP-generating machinery of muscle
and imply that any intervention should seek to restrict this loss of mitochondrial
capacity. In addition, the reduced synthesis rate of myosin heavy chain is
compatible with the notion that the ability to maintain adequate muscle protein
quality declines with age, thereby potentially compromising the efficiency of
the locomotive apparatus to extract mechanical energy from fuel stores. As
discussed below, it is likely that age associated decrements in circulating levels
of anabolic hormones, such as growth hormone (GH), insulin-like growth factor
I (IGF-D), sex steroids, and fading effectiveness of insulin are all involved in the
involution of muscle that occurs with aging.

012 7

* %

Young Middle Old

FIGURE 6-4 A decline in fractional muscle mitochondrial protein synthesis
occurred with age. Approximately a 40 percent decline occurred by middle age
(P < 0.01), but there was no further decline with advancing age. ** Indicates
significant difference from young age. Source: Rooyackers, O.E., D.B. Adey,
P.A. Ades, and K.S. Nair. 1996. Effect of age on in vivo rates of mitochondrial
protein synthesis in human skeletal muscle. Proc. Natl. Acad. Sci. USA
93:15364-15369. Copyright 1996 National Academy of Sciences, U.S.A.
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HORMONAL EFFECTS ON MUSCLE PROTEIN

Insulin

Insulin is an anabolic hormone. After a meal, the ensuing insulin surge
suppresses lipolysis and lipid oxidation and stimulates glucose storage and
oxidation in skeletal muscle. The effects of insulin on muscle protein
metabolism are less certain. Based on the clinical observation that insulin-
deprived diabetic patients become cachectic and sarcopenic, it is, however,
undisputed that insulin action is fundamental to preservation of functioning
muscle mass. This clinical observation was convincingly confirmed when it was
shown that insulin treatment increases nitrogen content in diabetic patients and
that perfusion of the forearm with insulin in humans decreased amino acid
release (Pozefsky et al., 1969). It remained to be resolved, however, whether
this anticatabolic effect of insulin was due to stimulation of protein synthesis or
inhibition of protein breakdown.

Studies performed in Type I diabetic patients showed that insulin
replacement inhibits both protein breakdown and synthesis at the whole body
level, but protein conservation occurs because the magnitude of insulin's effect
on protein breakdown is more pronounced than on protein synthesis (Nair et al.,
1995). It was also observed that insulin replacement has no effect on synthesis
rate of muscle protein, indicating that the main effect of insulin on protein
synthesis occurs in tissues other than muscle (Nair et al., 1995) (Figure 6-6). In
that study, which employed sampling of the femoral artery, femoral vein, and
hepatic vein and administration of amino acid tracers in insulin-deprived
patients with diabetes, it was demonstrated that insulin replacement inhibited
protein breakdown in the leg, with no effect on protein synthesis, while it
inhibited protein breakdown and synthesis in the splanchnic bed, indicating that
insulin's anticatabolic effect is largely due to its inhibition of muscle protein
breakdown (Nair et al., 1995). This concept is supported (Gelfand et al., 1987)
by the finding of one study that local forearm perfusion with insulin inhibited
protein degradation without any effect on protein synthesis. However, the bulk
of in vitro experiments suggest that insulin stimulates protein synthesis
(Kimball and Jefferson, 1988), and a recent human in vivo study reported,
based on data from arteriovenous differences combined with a muscle biopsy,
that insulin augmented protein synthesis in the perfused leg (Biolo et al., 1995).

The reason for these discrepancies is not clear, but it may relate to the
possibility that the response to insulin depends on the prevailing concentration
of substrate (amino acids), in particular intracellularly, in the immediate
precursor pool for protein synthesis (amino acyl tRNA). In addition,
hyperinsulinemia is normally prompted by meals, and most human studies were
performed in the postabsorptive state because of theoretical problems relating to
isotope modeling in a nonsteady state. In the postprandial state, especially
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after a mixed meal, amine acid concentrations increase, whereas insulin
administration in the postabsorptive state decreases amine acid concentration. It
is therefore crucial to determine whether insulin's effect on muscle protein
synthesis is qualitatively different in the postabsorptive and postprandial states.
Thus, the precise mechanism of insulin's anticatabolic effect, in particular on
skeletal muscle, remains to be clearly defined.
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FIGURE 6-6 Phenylalanine kinetics in insulin-dependent diabetic subjects in
the insulin deprived [I(-)] and insulin treated [I(+)] state. Splanchnic region ( )
accounted for a similar proportion of approximately 30 percent of whole body
breakdown on both occasions, whereas the contribution of skeletal muscle
( (M) ) decreased from 37 to 30 percent with insulin treatment. The skeletal
muscle component of whole body protein synthesis increased from 19 to 27
percent during insulin treatment, concomitant with a decrease of splanchnic
protein synthesis from 50 to 34 percent. The entire decrease in whole body
protein synthesis during insulin treatment is due to changes in the splanchnic
bed. This study clearly demonstrated that insulin replacement in the diabetic
patients achieves protein conservation mainly by decreasing muscle protein
breakdown. Source: Data derived from Nair et al. (1995).

Another pertinent question is whether insulin differentially affects the
individual muscle proteins. Novel techniques that allow assessment of fractional
synthesis and breakdown rates of specific proteins, such as mitochondrial
proteins, myosin heavy chain, and myosin isoforms, have been, or are being,
developed and will soon serve to clarify these issues.

Growth Hormone and IGF-I

Growth hormone (GH) has widespread metabolic actions, including a
catabolic lipolytic effect in adipose tissue (Moller et al., 1995). In most other
tissues, GH acts anabolically, in part by increasing concentrations of IGF-I in
the circulation and locally. It is well established that patients with GH deficiency
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have a decreased muscle mass and impaired muscle function (Jorgensen et al.,
1989) and that both abnormalities tend to normalize during treatment. When
high doses of GH are given for a week to normal volunteers, whole body
protein synthesis increases (Horber and Haymond, 1990), but this acute increase
seems to occur mostly in tissues other than skeletal muscle (Copeland and Nair,
1994). Studies assessing the specific effects of GH on muscle protein synthesis
and breakdown have yielded conflicting results (Butterfield et al., 1997;
Copeland and Nair, 1994; Fryburg et al., 1991; Welle et al., 1996; Yarasheski et
al., 1995), although infusion of GH directly into an artery has been reported to
enhance muscle protein synthesis (Fryburg et al., 1991). Recently, one study
was able to detect a 50-percent increase in muscle protein synthesis afar I week
of GH treatment in elderly women (Butterfield et al., 1997). Other studies,
however, failed to show any effect of GH on muscle protein synthesis in elderly
subjects in comparison with placebo (Welle et al., 1996) or in young or elderly
subjects undergoing a. resistance training program (Yarasheski et al., 1995). It
is intriguing, however, that muscle mass and strength increased on GH
administration (Welle et al., 1996) in these subjects without any effect on
myofibrillar protein synthesis. It is possible that GH-induced accretion of
protein occurs during the postprandial state since all muscle protein synthesis
measurements were performed in the postabsorptive state. It is also important to
include measurements of synthesis of specific proteins, which may clarify the
discrepancies among many previous studies.

When considering the effects of (GH on muscle metabolism, it is important
to remember that GH exposure invariably leads to increments in the levels of
insulin, IGF-I, and in general, free fatty acids and that all of these compounds
have an independent protein anabolic impact.

IGF-I has potent anabolic properties. Dissection of the metabolic effects of
IGF-I is entangled by the facts that (1) in the circulation only a minute
percentage of IGF-I is free, the remainder being bound to numerous distinct
binding proteins with specific kinetic characteristics, and (2) many of the
actions of IGF-I may be executed in an autocrine or paracrine manner in body
compartments not readily accessible for investigations (LeRoith, 1997).

Studies in which IGF-I has been perfused locally indicate that IGF-I
preferentially stimulates protein synthesis in muscle (Fryburg, 1994), whereas
systemically administered IGF-I only stimulates muscle protein synthesis when
additional amino acids are supplied (Fryburg et al., 1995). The roles of
circulating versus local IGF-I and of free versus bound fractions, as well as the
importance of each individual binding protein, remain to be determined.

Sex Steroids

Little is known about the possible effects of estrogen and progesterone on
muscle metabolism, and it is uncertain whether the age-related decline in
muscle mass in postmenopausal women is associated with the loss of ovarian
function.
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established that levels of biologically available testosterone fall with aging, the
effects of testosterone on age-related sarcopenia and other problems associated
with aging remain to be clearly defined. It is, however, also unclear whether
testosterone replacement in elderly men may increase the incidence of prostatic
cancer and/or other problems such as lipid disorders.

CATABOLIC HORMONES (GLUCAGON, CORTISOL,
EPINEPHRINE, AND THYROID HORMONES)

Glucagon, a catabolic hormone, increases the net loss of protein from the
body in the postprandial state due both to an acceleration of amino acid disposal
and to inhibition of protein synthesis (Charlton et al., 1996). There is no
evidence that glucagon has any direct effect on muscle; rather, it seems likely
that the primary effect is a stimulation of hepatic ureagenesis and consumption
of glucogenic amino acids for glucose production leading to decreased
circulating levels of amino acids. Glucagon has been shown to increase leucine
oxidation during insulin deficiency (Nair et al., 1987), but this effect seems to
be modest, in particular when insulin is replaced (Hartl et al., 1990).

In patients with Cushing's syndrome due to glucocorticoid excess, muscle
wasting is a symptom. On the whole body level, it has been observed that 1
week of prednisone treatment increased protein breakdown and oxidation
(Horber and Haymond, 1990). Whether this overall effect is secondary to
specific events in muscle or caused by alterations in, for instance, hepatic amino
acid metabolism is unclear at present.

Although catecholamines are generally regarded as being catabolic
hormones, there is no solid evidence to support the concept that catecholamines
(epi- and norepinephrine) have any negative impact on protein balances. As
catabolic hormones, they do, however, cause a hypermetabolic state, which in
turn may increase overall breakdown of protein.

The clinical observation that both hypo- and hyperthyroid patients have
muscle weakness suggests that thyroid hormones may have a diphasic effect on
muscle mass and function with an interposed "euthyroid" optimum.
Arteriovenous studies demonstrated that hyperthyroidism is associated with a
net increase of muscle protein breakdown, although no changes were observed
in hypothyroid patients (Morrison et al., 1988). Direct measurement of muscle
protein synthesis is required to determine the effect of thyroxine on muscle
protein synthesis.

In addition to the hormones mentioned above, it is possible that cytokines
and, probably, prostaglandins may have important actions on muscle protein
metabolism. It should be noted that many of these agents have diverse effects
when given systemically. For instance, administration of tumor necrosis factor-
a to humans leads to a full-blown pyrogenic response with fever, malaise, and
release of all major stress hormones together with hyperglycemia and signs of
augmented lipolysis and ketogenesis (Starnes et al., 1988).
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SUBSTRATES AND NUTRITION

Prevailing levels of substrates in the circulation or, more precisely, in the
microenvironment have important implications for muscle function and muscle
mass. An adequate fuel supply is crucial to maintain tissue protein turnover and
to preserve appropriate tissue balances. There is mounting evidence that the
abundance of fuel substrates, per se, including amine acids is a significant
regulator of protein metabolism in muscle. After a meal, concentrations of
glucose, fatty acids, and amine acids rise together with pancreatic secretion of
insulin. Under these conditions, protein accretion in muscle is increased due to
both enhanced synthesis and inhibited protein breakdown (Tessari et al., 1996).
A number of studies have shown that elevation of plasma amine acid
concentrations stimulates protein synthesis and inhibits breakdown (Nair et al.,
1992; Svanberg et al., 1996; Tessari et al., 1996). Glucose and fatty acids have
protein-sparing effects (Tessari et al., 1986), but to what extent these effects are
independent of insulin is currently unresolved. In addition, ketone bodies
(specifically 3-hydroxybutyrate, a by-product of fatty acid metabolism) have
been shown to stimulate the synthesis rate of muscle protein (Nair et al., 1988).

It thus appears that under the free-living conditions of everyday life,
hormones and substrates act in mutual support to restrict protein loss and
preserve muscle mass and function.

AUTHORS' CONCLUSIONS

The maintenance of functioning muscle mass is a complex process that
involves orchestration of the effects of anabolic and catabolic hormones,
nutritional state, and supply of substrates to the site of protein synthesis together
with physical activity. As illustrated in Figure 6-8, hormones play a key role,
although the precise level of their action and the interaction of hormones with
other factors such as substrate supply remains to be clearly defined. It is hoped
that newly developed techniques that allow assessment of the contribution of
each of these factors to the fractional synthesis of specific muscle proteins will
substantially improve our understanding of this field. Regulation of breakdown
of specific muscle proteins is beyond current investigative capabilities because
of the paucity of technology to quantify breakdown of specific muscle proteins.
It is possible, however, to measure the regulation of the enzyme systems
responsible for protein breakdown. Further studies that integrate the effects of
hormones and substrates on muscle protein turnover with the effects of genetic
factors are necessary to fully understand the regulation of muscle mass and
functions.
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FIGURE 6-8 The quality and quantity of protein in a muscle cell are regulated
by an intricate interplay between hormonal, nutritional, genetic, nervous, and
physical factors, some of which are outlined here. The effects of any one of
these factors on the specific processes of synthesis and breakdown of
individual muscle proteins remain to be clearly defined.
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DISCUSSION

ROBERT NESHEIM: Any questions?

JEFF ZACHWIEJA: What is the dose of testosterone that you used in the
hypogonadal man?

K. SREEKUMARAN NAIR: Just a replacement dose. We administered, I
believe, 3 mg/kg of testosterone every two weeks.

JEFF ZACHWIEJA: You got a similar increase in muscle protein
synthesis in men who are not hypogonadal?

K. SREEKUMARAN NAIR: No. Only in hypogonadal men. We did not
administer testosterone to normal subjects. In the study that the UCLA group
did (Bhasin et al., 1996), they administered testosterone supraphysiological
doses and found substantial increase in muscle mass in men who are not
hypogonadal. We administered replacement doses. We did not look at the dose
effect or what is the effect of testosterone in healthy men on muscle protein
synthesis. The UCLA group gave supraphysiological doses and measured the
effect on muscle mass and strength.

JEFF ZACHWIEJA: Was it 600 milligrams?
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K. SREEKUMARAN NAIR: That is right.

JEFF ZACHWIEJA: Was there any functional improvement in the muscle
of those men?

K. SREEKUMARAN NAIR: In this group we did not measure their
muscle strength. It was an outpatient study where the patients were
administered testosterone for that study. The UCLA group showed increase of
muscle strength on supraphysiological testosterone administration.

GAIL BUTTERFIELD: In terms of the military's interest, do you find the
kinds of changes that you observed in mitochondrial protein and myosin heavy
chain, with a decrease in energy intake or a decrease in protein intake?

K. SREEKUMARAN NAIR: We do not have any data on that. It is only
the first study we have done in the aging population. But certainly, from the
military point of view, I am sure that you may have the endurance capacity and
also the muscle strength decline with aging. It is an open question what impact
the changes in nutrition has on this age related changes.

ROBERT NESHEIM: Last question.

PATRICK DUNNE:With the military situation, it is important to consider
the interactions of exercise and dietary carbohydrate intake and their impact on
hormones. It may be desirable to design diets that are higher or lower in
carbohydrate or protein for their effects on muscle function, but it is necessary
to consider whether people will eat those diets. That is a factor that must be
included in this discussion.

ROBERT NESHEIM: Thank you very much, Dr. Nair. I guess that one
ought to stay young if one is going to be in the military. I am kidding.
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Effects of Protein Intake on Renal
Function and on the Development of Renal
Disease
Mackenzie Walser!

INTRODUCTION

One of the major functions of the kidney is the elimination Of the products
of protein metabolism. It is not surprising, therefore, that protein intake exerts
many diverse effects on the kidney. Most attention has been directed toward the
role of protein intake in chronic renal failure. For at least a century, it has been
known that reducing protein intake will ameliorate the symptoms of chronic
renal failure, provided the reduction is not severe enough to induce protein
deficiency. In recent years, much effort has been directed toward defining the
optimum protein intake for patients with chronic renal failure, with the aim of
slowing the rate of progression toward the end stage. Despite many repotts, it is
still not firmly established that protein restriction slows disease progression,
although the bulk of available evidence supports this conclusion (for example,
Fouque et al., 1992; Levey et al., 1996). In this review, however, attention will
be limited to the effects of protein intake on the initiation of renal disease.

! Mackenzie Walser, The Johns Hopkins School of Medicine, Baltimore, MD 21205.
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There are three ways in which protein intake may play a role in the
development of renal disease: promotion of nephrolithiasis, enhancement of the
morbidity of acute renal failure, and acceleration of glomerulosclerosis.

NEPHROLITHIASIS

During recent decades, nephrolithiasis has been increasing in frequency in
developed countries in association with improved nutrition (Goldfarb, 1988;
Robertson et al., 1979a). In Japan, for example, the incidence of renal stone
disease has increased threefold since the period preceding World War II (Iguchi
et al., 1990). Estimates of the prevalence of nephrolithiasis in the general
population range from I percent to 15 percent (Johnson et al, 1979).
Approximately 12 percent of the U.S. population will have a kidney stone at
some time (Johnson et al., 1979; Sierakowski et al., 1978). One contributory
factor is rising intake of protein-rich foods, which may promote urolithiasis
(uric acid stone formation) in several ways (Robertson et al., 1979b).

Calcium Excretion and Calcium-Containing Stones

Calcium Intake

Calcific nephrolithiasis occurs when the activity product’ of free calcium
times free oxalate or phosphate exceeds a certain level, which is in turn
modified by crystallization inhibitory factors. Hence, a reduction in urinary
calcium excretion might be expected to reduce the occurrence of calcific
nephrolithiasis. Indeed, restriction of calcium intake has been a mainstay of
dietary advice for the prevention of recurrent nephrolithiasis. However, as
pointed out by Goldfarb (1988), this approach is inappropriate and even
potentially dangerous for several reasons: first, negative calcium balance may
ensue because gastrointestinal calcium losses continue, with resultant
osteoporosis during long-term application (Lalau et al., 1992); second,
retrospective data indicate that the incidence of stone recurrence is negatively
correlated with spontaneous calcium intake, probably because ingested calcium
precipitates oxalate in the gut (Curhan et al., 1993; Lemann et al., 1996).
Whatever the explanation, it is clear that attempts to reduce renal clearance of
calcium will be more fruitful than reducing calcium intake. In this respect the
high calcium intake typically associated with a high protein intake may be
protective against calcific nephrolithiasis.

2 In physical chemistry, an ideal concentration for which the law of mass action will
apply perfectly. The ratio of the activity to the true concentration is the activity
coefficiant.
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Determinants of Calcium Clearance

As first reported by this laboratory (Walser, 1961a), calcium clearance in
the dog is approximately equal to sodium clearance during a variety of
experimental maneuvers (Figure 7-1), including the administration of diuretics
(with the exception of thiazides) (Walser and Trounce, 1961). Many workers
have confirmed these relationships in humans. Thus, a high sodium intake
augments and a low sodium intake diminishes calcium clearance. A second
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FIGURE 7-1 Calcium clearance in the dog as a function of sodium clearance
during saline and osmotic diuresis, expressed as ml/min (above) and as m1/100
ml of glomerular filtration rate (below). Alkaline, neutral and acidic urines,
indicated by different symbols, yield the same results. The correlations
coefficients, r, are 0.95 (above) and 0.93 (below). A small but statistically
significant (p < 0.01) intercept is present. Source: Reprinted by permission
from Walser (1961a).
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determinant of calcium clearance is sulfate excretion. Walser and Browder
(1959) reported that infusion of sodium sulfate in dogs caused a pronounced
increase in calcium clearance (Figure 7-2)—greater than the attendant increase
in sodium clearance. This study showed that ion-pair formation between
calcium and sulfate accounted for this effect, since the clearance of free calcium
ions remained approximately equal to the clearance of sodium (Figure 7-3)
(Walser, 1961b). This was the first demonstration of the biological role of ion
pairs, which are electrostatic complexes between oppositely charged ions.

Subsequent work has confirmed that sodium excretion and sulfate
excretion are the most important determinants of calcium excretion. For
example, Tschope and Ritz (1985) measured 24-hour urinary excretion rates of
calcium, sodium, and sulfate (as well as other constituents) in normal
individuals and found that the ratio of calcium to creatinine was closely
correlated with the ratio of sulfate to creatinine (r = 0.61, p < 0.001), and also
correlated with the ratio of sodium to creatinine (r = 0.48, p < 0.01). When
multiple regression analysis was
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FIGURE 7-2 Calcium clearance per 100 ml of glomerular filtration rate as a
function of sulfate excretion is dogs infused with sodium sulfate. Source:
Reproduced from The Journal of Clinical Investigation, 1959, 38:1404-1411.
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performed,  calcium:creatinine  remained  highly  correlated  with
sulfate:creatinine (» = 0.76, p < 0.001). Similar findings were reported by Puche
et al. (1987). Tschope and Ritz (1985) also administered methionine (40 mmol/
d for 5 days) to nine normal individuals and noted that calcium excretion
increased significantly in conjunction with the increase in sulfate excretion and
fall in urine pH (Table 7-1). Forty mmol sulfur is the amount present as cystine
and methionine in I pound of sirloin.
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FIGURE 7-3

Calcium clearance as a function of sodium clearance in dogs infused with
sodium sulfate. The diagonal line represents the relationship seen during saline
or mannitol diuresis, as depicted in Figure 7-1. When calcium clearance is
calculated as free calcium ion clearance, the relationship becomes the same as
the diagonal line; the excess represents the calcium sulfate ion-pair complex.
Source: Reprinted by permission from Walser (1961b).

Urinary acidification also increases calcium clearance (Lemann et al.,
1967), independently of sodium excretion. Thus, part of the effect of sulfate
loads on calcium excretion is attributable to the attendant decrease in urine pH.
Lutz (1984) found that two thirds of the increment in calcium excretion that
resulted from an increase in protein intake in normal subjects was eliminated if
sufficient sodium bicarbonate was concurrently administered to prevent any fall
in urine pH.

Potassium supplementation may prevent the calciuretic action of a protein
load (Kaneko et al., 1990). Lemann et al. (1991) have demonstrated that
potassium administration reduces and potassium deprivation increases urinary
calcium, possibly because of associated changes in sodium excretion or in
calcitriol synthesis.
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TABLE 7-1 Effect of Methionine Ingestion (40 rumor/day) in Normal Subjects;
Average Urinary Exretion During Five Control Days and Five Experimental Days

Urinary Constituent Before During p
Calcium, rag/day 189 +-94 276 + 128 <0.01
Magnesium, mg/day 122+26 124 +24 n.s.
Sulfate, mg/day 2,382 £ 778 6,177 £ 893 <0.01
Urea, g/day 23+4 23+3 n.s.
Citrate, mg/day 880 + 231 327 + 168 <0.06
PH 5.57-6.70 5.02-6.37 <0.01

SOURCE: Reprinted by permission from Tschope and Ritz, 1995.

Contrary to the assertion of Trilok and Draper (1989), sulfur amine acids
do not account entirely for the increase in net acid production associated with
protein oxidation: phosphorylated amine acids and dibasic amine acids also
contribute to endogenous acid production (Walser, 1986). This may be why
other workers have found that sulfur amine acid content of dietary protein
cannot account entirely for its calciuretic effect (Schuette et al., 1981; Zemel et
al., 1981).

Patterns of Urinary Excretion in Stone Formers

In stone formers, urinary excretion of calcium and oxalate is often higher
than in normal subjects, even though their diets may not differ in weekly intake
of protein or calcium (Iguchi et al., 1990; Martini et al., 1993; Rao et al., 1982).
Others have found, on the contrary, that stone formers consume more animal
protein than controls (Iguchi et al., 1989; Robertson et al., 1979b; Trinchieri et
al., 1991). Higher salt intake also may be a factor (Jaeger et al., 1988). The
calciuric effect of dietary protein may be exaggerated in stone formers
(Goldfarb, 1988; Jungers et al., 1993). Hypercalciuric patients tend to eat more
protein at dinner and on weekends (Iguchi et al., 1989; Martini et al., 1993).
Oxalate excretion after ingesting oxalate and the increase in calcium oxalate
supersaturation of the urine are greater than in control subjects, provided that
both groups are ingesting a high protein diet (Urivetzky et al., 1987).

Animal protein causes more calciuria than vegetable protein but, unlike the
latter, does not increase urinary oxalate (Marangella et al., 1989). As is well
known, animal protein contains a greater proportion of sulfur amine acids and
therefore leads to a greater increment in urinary sulfate and net acid excretion.
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Thus, it appears that sulfate excretion (and its effect on acid excretion) and
sodium excretion, which are in turn functions of sulfur-amino acid intake and
salt intake, respectively, are the principal determinants of calcium excretion by
the kidney. Intake of calcium itself is of lesser importance. Phosphorus intake is
also a factor: if phosphate intake increases at the same time as protein intake,
less calciuria results (Hegsted et al., 1981, Linkswiler et al., 1981). Several
other studies (Puche and Feldman, 1992; Puche et al.,, 1987; Schneider and
Menden, 1988; Singh et al., 1993) have reached the same conclusions, although
in one older study (Block et al., 1980), sulfur amino acid ingestion had no effect
on calcium excretion in normal subjects.

It would seem to follow that dietary treatment of calcific nephrolithiasis
should include restriction of the intake of salt and protein, particularly animal
protein.

Uric Acid Stones

Acidification of the urine, which results from sulfur intake, increases the
likelihood of uric acid stone formation. Furthermore, careful study of the ion
products in the urine by Breslau et al. (1988), who compared subjects receiving
a vegetable protein diet with subjects consuming an animal protein diet, found
that the latter increased the tendency of the urine to form uric acid stones, but
not calcium oxalate or calcium phosphate stones. Fellstrom et al. (1983, 1984)
also reported that a high animal-protein diet increased urinary supersaturation
with respect to uric acid and ammonium urate but not calcium oxalate. Thus
although high animal protein diets may promote osteoporosis when consumed
for decades, they are more likely to lead to uric acid stones than calcific
nephrolithiasis. Nevertheless, uricosuria is associated with calcium oxalate
urolithiasis (Coe, 1978), and uricosuria is increased by high protein intake
(Robertson et al., 1979c).

Prophylactic Treatment of Nephrolithiasis

Allopurinol administration reduces the incidence of calcific nephrolithiasis
in subjects who have hyperuricosuria but are not hypercalciuric (Ettinger et al.,
1955). Protein restriction augments citrate excretion in hypercalciuric stone
formers and reduces stone incidence but may not affect uric acid excretion
(Goldfarb, 1988). Sodium restriction reduces urinary calcium in hypercalciuric
subjects (Muldowney et al., 1982). As Churchill (1987) pointed out a decade
ago, there are few scientifically adequate trials of any form of treatment in
preventing recurrence of urinary stones. This remains true today.
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ACUTE RENAL FAILURE

Andrews and Bates (1986) reported that the response of rat kidney to a 45
minute period of ischemia was dramatically affected by prior protein intake. For
example, 93 percent of rats fed a high-protein diet for the preceding 2 weeks
died of renal ischemia within 3 days, compared with 12 percent of rats fed a
low-protein diet. One hundred percent of rats fed a zero protein diet survived,
and most of them exhibited normal serum creatinine levels by the fourth day
after ischemia.

Instituting protein restriction after a period of ischemia provided no
protection, nor did switching from a zero-protein diet to a high-protein diet
immediately after the ischemic insult cause any increase in mortality.
Approximately I week of prior protein restriction was required to produce this
remarkable effect.

The authors suggested that patients who are to be subjected to surgical
procedures with a high risk of acute renal failure might benefit from protein
restriction in the pre-operative period.

It is not clear how these findings might be applicable to soldiers, since
their risk of acute renal failure, even in combat, is low. It is clear, however, that
at least with regard to the risk of morbidity from acute renal failure, dietary
protein restriction is more likely to confer benefit than to increase risk.

PROTEIN INTAKE AND THE DEVELOPMENT OF
GLOMERULOSCLEROSIS

Glomerular filtration rate (GFR) declines with age for people over 40 in
approximately two-thirds of persons without frank kidney disease (Lindeman et
al., 1985), especially if they are hypertensive (Lindeman et al., 1984); in the
remaining one third, GFR remains constant or increases with age (Lindeman,
1990). According to Fliser et al. (1997), about two-thirds of elderly subjects
who are not in heart failure and not on diuretics (even if hypertensive) have
GFRs within the range of younger subjects (Figure 7-4). Kidneys examined at
autopsy of persons dying of causes other than kidney disease show a
progressive, though extremely variable, increase in the fraction of glomeruli
that are sclerotic (Figure 7-5) (Kaplan et al., 1975). Circulatory impairment may
be another factor, since there may be localized areas of reduced flow within the
kidneys of older subjects (Friedman et al., 1972).

In rats, the development of chronic renal failure with age is nearly
universal (Coleman et al., 1977; Hayashida et al., 1986). The predominant
lesion is glomerulosclerosis. Because this process was apparently attenuated by
protein restriction (see review by Masoro and Yu, 1989), Anderson and Brenner
(1987) suggested that the high protein intake of Western societies plays a
central role in
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the decline of renal function with age and that restriction of dietary protein
might prevent this decline.
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FIGURE 7-4 Glomerular filtration rate, measured as inulin clearance, in four
groups of subjects. Young NT: healthy subjects 26 + 3 years of age with
normal blood pressure. Elderly NT: healthy subjects 68 + 7 years of age with
normal blood pressure. Elderly HT: subjects 70 = 6 years of age with
hypertension but not receiving diuretics. Elderly with heart failure: subjects 69
+ 6 years of age with heart failure. Symbols: open circles, men; solid circles,
women. Source: Used with permission from Kidney International, 1997,
51:1196-1204.

This recommendation cannot be supported for a number of reasons as
pointed out in a recent review (Walser, 1992). First, caloric restriction is more
effective in rats than is protein restriction in retarding the age-associated decline
in renal function (Tapp et al., 1989). Furthermore, caloric restriction without
protein restriction markedly retarded the progression of glomerulosclerosis.
Rats prefer rations containing higher proportions of protein, and the earlier
studies indicating that protein restriction retarded renal damage failed to
monitor food intake.

Second, protein restriction tends to lower GFR rather than increase it. Lew
and Bosch (1991) recorded the dependence of creatinine clearance on
spontaneous protein intake in subjects aged 22 to 50 years and in subjects aged
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55 to 88 years (Figure 7-6). In both groups, there was a similar pronounced
dependence of clearance on protein intake; in the older subjects, a lower
intercept was seen, reflecting the effect of age on GFR. If protein intake is not
controlled, the apparent decline in GFR with age will be exaggerated, because
older subjects consume less protein than younger subjects (Kerr et al., 1982).

Third, Tobin and Spector (1986) measured creatinine clearance in 198
normal men on two occasions, 10 to 18 years apart, and correlated the decline in
clearance during this interval with protein intake: no relationship was detected.
They found no evidence that a high intake of protein caused a progressive
reduction in renal function.

Fourth, high-protein feeding (60%) for 2 years in rats had no effect on the
percentage of sclerotic glomeruli (Collins et al., 1990).

Fifth, the progressive decline in renal function seen in rats after partial
nephrectomy (Brenner et al., 1982) may be unique to this species. In dogs with
75 percent nephrectomy, GFR does not decline progressively with time for the
ensuing 4 years, whether protein intake is high or low (Bovée, 1991). In
baboons followed for 5 years after subtotal nephrectomy and on either 8 percent
protein or 25 percent protein diets, renal failure did not occur; GFR, measured
as inulin clearance, increased sharply in baboons fed 25 percent protein, and
this difference tended to disappear with time (curiously, creatinine clearances
did not decrease with time in either group). Even in baboons fed 8 percent
protein, a slow decline in GFR with time was seen (5% per year). Proteinuria
did not differ between the two groups and did not progress (Bourgoignie et al.,
1994). In human kidney donors, mild proteinuria (but not albuminuria) is often
seen, and the incidence of hypertension may be increased, but progressive renal
failure rarely if ever occurs, and there is no correlation between protein intake
and proteinuria (Anderson et al., 1985; Hakim et al., 1984). Such individuals
are not generally advised to restrict their protein intake (Rocher and Swartz,
1987), although some clinicians have recommended that these individuals do so
until the question is settled (Bay and Hebert, 1987). Likewise, protein
restriction is not advised for persons with a solitary normal kidney (Mitch, 1989).

From these observations, it is clear that protein restriction does not prevent
the decline in renal function with age and, in fact, is the major cause of that
decline. A better way to prevent the decline would be to increase protein intake.
Indeed, protein malnutrition in the elderly is a far more prevalent problem
(Morgan et al., 1956; Rudman et al., 1989) than is nitrogen retention as a
consequence of an age-related decline in renal function.

AUTHOR'S CONCLUSIONS AND RECOMMENDATIONS

Concerns about an adverse effect of high protein intake on renal function,
and in particular on its decline with age, appear to be ill advised. Putting aside
the potential adverse effects of protein intake on nephrolithiasis or on morbidity
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of acute renal failure, detailed earlier, there is no reason to restrict protein intake
in healthy individuals in order to protect the kidney. Nevertheless, there is also
no evidence that a more restricted protein intake has any harmful long-term
effects on the kidney.
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DISCUSSION

JOAN CONWAY: Throughout your presentation this morning, you
mentioned high and low protein intake. Can you quantitate those intakes so we
have some ability to refer that to what we have been told military members
consume?

MACKENZIE WALSER: Each study I reported to you would have a
different answer to that question. I am not sure how you want me to answer that
question because, as I say, no two studies are alike.

JOAN CONWAY: Well, if you say high and you say low, what would
those be?

MACKENZIE WALSER: I think one gram per kilogram is pretty high.
Some people would say that is not, but I think it is pretty high, and 0.6 is pretty
low.

JOAN CONWAY: Okay. Thank you.

HARRIS LIEBERMAN: One gram per kilogram is much lower than what
most people consume.

MACKENZIE WALSER: No. That is a myth. I know we are going to get
into an argument about that. You are right about young medical students, but
you are not right about older folks and women.

HARRIS LIEBERMAN: I am also right about soldiers.

MACKENZIE WALSER: Oh, that may well be. I have to re-orient my
thinking in that regard.

STEVEN HEYMSFIELD: There were studies of protein restriction in
people with chronic renal failure I believe. Is that right?

MACKENZIE WALSER: Yes.

STEVEN HEYMSFIELD: What ever happened with those studies?
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MACKENZIE WALSER: Well, that work is going on and on. It looks like
it is never going to end. I think that the bottom line at the moment is that protein
restriction probably does slow progression. It certainly reduces symptoms, there
is no question. That has been known for a hundred years. I cannot believe there
are still people—telling their patients to go ahead and eat what they wish. That
is a mistake. There is no question about that.

ROBERTNESHEIM: Dr. Millward.

D. JOE MILLWARD: Is there any information from the epidemiology of
disease patterns in those groups of people who traditionally have had very high-
protein diets, such as the Inuit Indians?

MACKENZIE WALSER: Is there any information about the incidence of
renal disease?

D. JOE MILLWARD: Yes, they have low incidence of some chronic
cardiovascular disease.

MACKENZIE WALSER: They do?

D. JOE MILLWARD: Yes, and, hence, all of the omega-three fatty acids
are elevated. Traditionally, they have what is probably the highest protein
intake of any group on the planet.

MACKENZIE WALSER: Yes. I have heard that. In fact, I learned
somewhere that the reason that the Eskimos eat blubber is because if they eat
just whale meat they get meat intoxication. They get up to about 400 grams a
day of protein. That is why they eat some blubber to attenuate the protein
intake. Have you read that?

D. JOE MILLWARD: Who knows why they do that?

MACKENZIE WALSER: You do not think they do so to prevent
ammonia intoxication?

D. JOE MILLWARD: There are substantial long-term studies of their
health.
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MACKENZIE WALSER: I do not know the answer to your question. That
is the straight answer.

ROBERT NESHEIM: Johanna?

JOHANNA DWYER: This was wonderful. With respect to the Brenner
Hypothesis (Brenner et al, 1982) and later work that suggested maybe there was
an energy deficit in the subjects on a low protein diet, how strong is the evidence?

MACKENZIE WALSER: Yes. Well, the progressive renal damage,
according to Tap et al. (1989), is attributable to calories and not protein. That is
right.

JOHANNA DWYER: Yes. If it is attributable to calories and not protein,
but the reality of many patients with renal disease is that their energy intakes are
also extremely low, do you think the Brenner hypothesis still has relevance to
the human situation?

MACKENZIE WALSER: I think that it certainly must have relevance. I
should add that those observations stimulated a great deal of research in this
field without which the research never would have been done. Exactly where it
fits in I am not sure.

For example, people born with one kidney or a small kidney, people with
renal hypogenesis, do occasionally develop renal failure. So I am sure that there
are instances in which renal failure results from partial nephrectomy or absence
thereof and that probably could be ameliorated by protein restriction.

ROBERT NESHEIM: Thank you. We need to move on. It is time for a
break here.
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Infection and Injury: Effects on Whole
Body Protein Metabolism

Douglas W. Wilmore'

Injury and infection elicit a rather stereotypic metabolic response
characterized by hypermetabolism, accelerated gluconeogenesis, increased fat
oxidation, and negative nitrogen balance (Wilmore, 1997). These responses are
particularly evident in young, previously healthy, well-nourished individuals,
such as members of the military, who have a well-developed lean body mass
and no associated diseases or dysfunctional organs. Because body protein
represents an indispensable structural and functional element of the body, the
mechanisms that regulate the accelerated proteolysis during these catabolic
states have received much attention. This is because significant erosion of lean
body mass results in immunosuppression, poor wound healing, decreased
strength and activity, and prolonged convalescence. Methods of attenuating the
catabolic response or enhancing protein anabolism are now being evaluated in

! Douglas W. Wilmore, Department of Surgery, Harvard Medical School, Brigham
and Women's Hospital, Boston, MA 02115.
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patients in an effort to shorten convalescent recovery and decrease the length of
hospital stay (Wilmore, 1991).

This chapter outlines some of the changes that occur in whole body protein
metabolism following infection and injury. Evidence will be presented that
these catabolic states result in marked translocation of protein from the carcass
to visceral tissues, resulting in a net loss of skeletal muscle mass. Such loss
results in decreased strength and activity.

BACKGROUND AND GENERAL RESPONSE
CHARACTERISTICS

Over 200 years ago, John Hunter, the British surgeon and biologist,
recognized that accidental injury initiated a series of responses in the host that
presumably aided tissue repair and general recovery (Hunter, 1794). In the late
1800s, the concept of nitrogen balance was established by Voit and his German
colleagues working in this area of physiological biochemistry (Munro, 1964).
They noted that nitrogen balance could be related to the body's protein economy
and was affected positively by the increased ingestion of both energy and
protein and affected negatively by sepsis-induced fever. These concepts were
confirmed and extended in the early 1900s, when Coleman and DuBels (1915)
studied both energy and protein balance in a group of patients with typhoid
fever. Using both direct calorimetric techniques and whole body balance
methodology, they studied patients during the acute and convalescent phases of
their illness. The investigators described the increased net loss of nitrogen that
was associated with the febrile episodes of typhoid fever; the negative nitrogen
balance could not be offset by the ingestion of large quantities of energy at the
moderate level of protein intake that was utilized.

In 1932, Cuthbertson (1932) described a group of patients who had either
undergone orthopedic surgical procedures on their lower extremities or who had
sustained long bone fractures. He noted that these injuries to the long bone were
associated with an enhanced loss of nitrogen from the body. This negative
nitrogen balance was maximal during the first week postinjury and persisted for
up to I month. Cuthbertson divided the metabolic response to injury into two
phases: an early, acute "ebb" or shock phase and a latter "flow" or
hyperdynamic phase. During the ebb phase, there was decreased metabolic
activity, which was followed within 12 to 48 hours by the flow phase, a
hypermetabolic state in which metabolic rate, temperature, and urinary nitrogen
excretion all increased. Others have since contributed to the field of postinjury
metabolism, with classic contributions being made by John Howard, Oliver
Cope, Francis Moore, John Kinney, and many others (Wilmore, 1997).

During the early 1900s, researchers realized that infection was related to
increased loss of protein from the body, but it was not until the 1960s that the
systematic study of the metabolic response to infection was undertaken and
published. William Beisel and colleagues (1967), working with the Army to
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understand the impact of infectious disease on the host, studied normal
individuals who were infected under experimental conditions with tularemia,
sand fly fever, or Q fever. The individuals received a fixed diet of known
composition, and after metabolic baseline was established, the infectious agent
was administered. A well-defined sequence of events occurred over time:
phagocyte function increased; serum amino acids, zinc, and iron concentrations
fell; glucocorticoids and growth hormone concentrations increased in the blood
stream, and acute-phase protein levels were also altered. The patients
subsequently became febrile, retained salt and water, but excreted more
nitrogen in the form of urea. The negative nitrogen balance was related to the
decreased dietary intake of energy and protein and also to the fever-related
increases in metabolism. In a separate experiment, exogenous glucocorticoids
were administered to noninfected controls. Although this mimicked in part the
adrenal cortical response to infection, this perturbation did not simulate the
negative nitrogen and mineral balance observed in the febrile volunteers.
Likewise, when noninfected normals consumed a caloric and protein intake
similar to that ingested by the subjects who had experimental tularemia, the
negative nitrogen balance was slight (18 g cumulative), demonstrating only
about one-third of the losses observed in the infected patients (52 g cumulative).
Because of the extent of the protein loss, it often took weeks for the infected
individuals to replete their lean body mass.

From these and related studies, some general conclusions can be made
concerning the whole body protein catabolic response following injury or
infection:

* The increased nitrogen loss occurs via the urine. Urea represents the major
component of the nitrogen lost and contributes 85 to 90 percent to the
negative nitrogen balance.

* The response pattern generally shows dose-response characteristics; that is,
the greater the infection or injury, the more extensive the nitrogen loss
(Table 8-1).

* The response follows a time course, with nitrogen excretion increasing in
the first several days, peaking for several days or weeks, and then gradually
returning to equilibrium as the inflammation resolves, food intake
increases, and spontaneous physical activity occurs (Figure 8-1).

* More nitrogen is lost from a well-nourished individual than from a depleted
patient following a comparable catabolic insult. Thus, a relationship exists
between the size of the lean body mass and the extent of protein
catabolism, and this may account for variation in nitrogen balance that
occurs with age and gender. Both older individuals and women are thought
to excrete less nitrogen following a standard stimulus than do their
appropriate controls.
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TABLE 8-1 Estimates of Nitrogen Loss Following Catabolic Illness (First 10 Days,
Ad Lib Feedings)

Precipitating Factor Cumulative Nitrogen Loss (g)
Injury

Major bum 170
Multiple injury 150
Peritonitis 136
Simple fracture 115
Major operation 50
Minor operation 24
Infection

Typhoid fever (untreated) 116
Pneumonia (untreated) 59
Tularemia (treated) 52
Q fever (treated) 40
Sandfly fever (untreated) 16

SOURCE: Adapted in part from Wannamacher, 1975.
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FIGURE 8-1 Hypermetabolism and nitrogen excretion are closely related,
show a dose-response relationship, and resolve with time. Patients received 12
g of dietary nitrogen per day.

Source: Adapted from Kinney, 1966.
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TABLE 8-2 Alterations in Rates of Protein Synthesis and Catabolism That May
Affect Hospitalized Patients

Subject Characteristics Synthesis Catabolism
Normal-starvation l 0
Normal-fed, bedrest l 0

Elective surgical procedure l 0
Injury/sepsis-1V dextrose ™" "
Injury/sepsis-fed M1 1M1

NOTE: |, decrease; 1, increase; 0, no change.
SOURCE: Adapted from Wilmore, 1977.

Negative nitrogen balance represents the net loss of nitrogen from the
body. The nitrogen lost reflects a balance between protein synthesis and protein
breakdown, which are simultaneously occurring in all tissues of the body. A
variety of stable isotopic studies have attempted to measure these absolute rates.
A summary of these studies is shown in Table 8-2. Injury and infection result in
the increased whole body flux of amino acids throughout the body. Catabolic
rates outstrip rates of protein synthesis in the partially fed state; feeding
enhances protein synthesis and attenuates the negative nitrogen balance that
occurs. Despite feeding, protein flux rates remain high in these catabolic states,
and these rates do not return to normal until the inflammation is resolved.

THE TRANSLOCATION OF NITROGEN FROM CARCASS TO
VISCERA

Although the protein-catabolic response may appear to be a generalized
effect of net protein breakdown throughout the body, this is not the case.
Skeletal muscle is known to become catabolic; arterial-venous measurements of
amino acid concentration across noninjured extremities of injured patients have
documented the accelerated release of nitrogen that occurs from skeletal muscle
during the flow phase (Aulick and Wilmore, 1979). However, catheterization of
vessels supplying and draining visceral organs in similar patients has
demonstrated enhanced uptake of amino acids (Wilmore et al., 1980), and these
rates of uptake generally match the rates of peripheral amino acid release. That
translocation of nitrogen occurs from the carcass to visceral organs is also
supported by the following phenomena:

* In addition to the nitrogen lost in the urine, there is increased excretion of
potassium and phosphorous. All of these elements are lost in proportion to
their concentrations found in skeletal muscle.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

INFECTION AND INJURY: EFFECTS ON WHOLE BODY PROTEIN METABOLISM 160

* Following a catabolic event, creatinuria occurs. In addition, there is
increased excretion of 3-methyl histidine. Both of these substances are
found predominantly in skeletal muscle.

* A common, clinical observation is that wasting of skeletal muscle occurs
during catabolic states, and this is accompanied by muscle weakness.

A characteristic pattern of amine acids released from catabolic muscle has
been described: alanine and glutamine constitute 50 to 70 percent of the amine
acid nitrogen released (Muhlbacher et al., 1984). This represents accelerated de
nero synthesis of these amine acids; hydrolysis and analysis of skeletal muscle
protein reveals that both alanine and glutamine contribute less than 10 percent
to the overall amine acid residues. Translocation of these amine acids to
visceral tissues presumably occurs for a purpose; both amine acids serve as
important glucose precursors and support the enhanced rate of gluconeogenesis.
In the liver, nitrogen residue from this reaction is converted to other
nonessential nitrogen compounds or converted to urea and excreted in the urine.
Glutamine is also extracted by the kidneys, where it contributes ammonia to
combine with hydrogen ions to form ammonium (NH4+), which is excreted in
the urine. This is an important component of acid-base homeostasis, for the loss
of every H+ in the urine is accompanied by the secretion of a bicarbonate ion
into the bloodstream. Glutamine is also taken up by enterocytes, lymphocytes,
and macrophages, where it serves as a primary fuel source for these tissues,
supporting proliferation and signaling or supporting other important responses.

Thus, skeletal muscle serves as an important source of substrate during
catabolic states to support vital structure and functions of the visceral tissue
necessary for host survival. However, the increased loss of skeletal muscle
protein occurs with a cost—the price paid is loss of muscle mass and the
disturbance of normal muscle function. These alterations in composition of
organs in catabolic states have been observed in both animal models (Artuson,
1961) and human patients following injury or infection (Bararc-Nieto et al.,
1978) (Figure 8-2).

REGULATORS OF THE TRANSLOCATION OF PROTEIN

Various factors have been associated with the increased skeletal muscle
proteolysis and translocation of nitrogen from the carcass to visceral organs.
Anorexia commonly accompanies infection, and the diminished food intake
causes hormonal changes, such as a fall in insulin and insulin-like growth
factor-1, which decrease skeletal muscle protein synthesis. Infection and injury
are also associated with a variety of constitutional symptoms including pain,
fever, myalgia, headache, and fatigue. As activity decreases, or bed rest is
imposed, the dynamics of net skeletal muscle protein synthesis are altered,
enhancing net skeletal muscle proteolysis.
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FIGURE 8-2 Body composition in patients with mild and severe chronic
infection. Note the loss of fat-free tissue and muscle with severe infection, with
maintenance of visceral tissues. *, P < 0.05. Source: Adapted from M. Bararc-
Nieto et al., 1978.

Other factors that control intermediate metabolism are known to be
associated with the altered protein metabolism that occurs during injury and
infection. A characteristic hormonal response pattern has been observed during
catabolism. Early in the time course, insulin levels are low, after which the
blood levels generally rise to normal or supranormal levels. However, the
counterregulatory hormones glucagon, glucocorticoids, and catecholemines are
all elevated, and they generally remain so throughout the period of catabolism.

To evaluate the role of this altered hormonal environment, Bessey and
associates (1984) and Watters and colleagues (1986) infused these catabolic
hormones into normal volunteers with or without the addition of a pyrogen.
Hormonal infusion caused many, but not all, of the responses observed
following infection and injury. Specifically, when glucagon, glucocorticoids,
and catecholemines were infused to achieve blood levels similar to those that
occur in catabolic states, negative nitrogen balance, hypermetabolism, and
accelerated gluconeogenesis were observed (Bessey et al, 1984). The
administration of a pyrogen added fever and activation of many components of
acute-phase response to this simple complex (Watters et al., 1986).

In subsequent studies, Bessey and Lowe (1993) used somatostatin to block
insulin elaboration, as occurs during the early phases of injury or infection.
Under these conditions, the triple hormone infusion resulted in much greater
nitrogen losses, reminiscent of excretion rates observed in bum or seriously
injured patients. Thus, the hormonal environment plays a major role in
determining body protein balance. Hormonal changes during critical illness may
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explain much of the negative nitrogen balance observed, especially if food
intake is provided by enteral or parenteral support

Alterations in the hormonal environment are triggered by yet another set of
signals, those of the cytokines and other pro-inflammatory mediators. Cytokines
are glycoproteins synthesized by inflammatory cells and elsewhere in the body
in response to inflammation and other noxious stimuli. Although these
mediators primarily signal other cells in the local environment, they may be
produced in abundance and can, on occasion, be detected in the blood stream
(Cannon et al., 1990). Those cytokines central to the pro-inflammatory response
are interleukin (IL-1), tumor necrosis factor (TNF), and IL-8 (a potent chemo-
attractant). These and other pro-inflammatory mediators (e.g., complement,
fatty acid metabolites, vascular endothelial factors) initiate both cellular (Hill et
al., 1996) and hormonal changes (Hill et al., 1996; Michie et al., 1988) that
induce skeletal muscle proteolysis (Mitch and Goldberg, 1996), alter
carbohydrate metabolism, and stimulate hypermetabolism, all of which are
components of the metabolic responses observed following injury and infection
(Ling et al., 1997).

These pro-inflammatory cytokines are balanced by other endogenous
factors. The elaboration of glucocorticoids is a result of cytokines signaling the
central nervous system to initiate a pituitary-adrenal cortical response.
Glucocorticoid elaboration is an important mechanism that attenuates cytokine
effects and thus modulates catabolism (Santos et al., 1993). Other anti-
inflammatory cytokines are elaborated (IL-4, IL-10, and IL-13), and these
substances dampen or attenuate the inflammatory responses and enhance tissue
viability and/or promote repair. Nutritional elements also serve as important
antioxidants to diminish the effect of free radicals, which are also generated
during the inflammatory process. Of particular importance during bacterial
infections are vitamins A, C, and E and the minerals zinc and selenium
(Grimble, 1993). Glutathione is the most important intracellular antioxidant,
and the provision of the amine acids cystine (as N-acetyl-cystine or methionine)
and glutamine is necessary to support the ongoing synthesis of this tripeptide.
Other nutrients, such as omega-3 fatty acids and arginine may also be beneficial
to ameliorate inflammation.

CONCLUSIONS

The mediators of the protein catabolic response are decreased food intake,
reduced exercise, and a set of hormonal and cytokine signals that favor protein
breakdown. Only now are researchers learning how to modify some of these
factors in order to maintain the beneficial aspects of the protein catabolic
response while attenuating those elements that appear to be deleterious to the
host.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

not from the

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

INFECTION AND INJURY: EFFECTS ON WHOLE BODY PROTEIN METABOLISM 163

REFERENCES

Artuson, G. 1961. Pathophysiological aspects of the burn syndrome. Acta Chirg. Scand. 274:7-64.

Aulick, L.H., and D.W. Wilmore. 1979. Increased peripheral araino acid release following hum
injury. Surgery 30:196-197.

Bararc-Nieto, M., G.B. Spurr, H. Lotere, M.G. Maksud. 1978. Body composition in chronic under
nutrition. Am. J. Clin. Nut. 31:23-41.

Beisel, W.R., W.D. Sawyer, E.D. Ryll, and D. Crozier. 1967. Metabolic effects of intracellular
infection in man. Ann. Int. Med. 67:744-779.

Bessey, P.Q., and K.A. Lowe. 1993. Early hormonal changes effect the catabolic response to
trauma. Ann. Surg. 218:476-489.

Bessey, P.Q., J.M. Watters, T.T. Aoki, and D.W. Wilmore. 1984. Combined hormonal infusions
simulate the metabolic response to injury. Ann. Surg. 200:264-281.

Cannon, J.G., R.G. Tompkins, J.A. Gelfand, H.R. Michie, G.G. Stanford, J.W.M. van der Meer, S.
Endres, G. Lonnemann, J. Corsetti, B. Chernow, D.W. Wilmore, S.M. Wolff, J.F. Burke,
and C.A. Dinarello. 1990. Circulating interleukin-1 and tumor necrosis factor in septic
shock and experimental endotoxin fever. J. Infect. Dis. 161:79-84.

Coleman, W., and E.F. DuBels. 1915. Clinical calorimetry. VII calorimetric observations on the
metabolism of typhoid patients with and without food. Ann. Int. Med. 15:887-938.
Cuthbertson, D.P. 1932. Observations on disturbance of metabolism produced by injury to the

limbs. Quart. J. Med. 25:233-246.

Grimble, R.F. 1993. The maintenance of antioxidant defenses during inflammation. Pp. 347-366 in
Metabolic Support of the Critically Ill Patient, D.W. Wilmore and Y.A. Carpentier, eds.
New York: Springer-Verlag.

Hill, A.G., L. Jacobson, J. Gonzalez, J. Rounds, J.A. Majzoub, and D.W. Wilmore. 1996. Chronic
central nervous system exposure to interleukin-1p causes catabolism in the rat. Am. J.
Physiol. 271:R1142-R1148.

Hunter, J. 1794. A Treatise on the Blood Inflammation and Gunshot Wounds. London.

Kinney, J.M. 1966. Energy deficits in acute illness and injury. P. 174 in Proceedings of a
Conference on Energy Metabolism and Body Fuel Utilization. A.P. Morgan, ed.
Cambridge: Harvard University Press.

Ling, P.R., J.H. Schwartz, and B.R. Bistrian. 1997. Mechanisms of host wasting induced by
administration of cytokines in rats. Am. J. Physiol. 272:E333-E339.

Michie, H.R., K.R. Manogue, D.R. Spriggs, A. Revhaug, S. O'Dwyer, C.A. Dinarello, A. Cerami,
S.M. Wolff, and D.W. Wilmore. 1988. Detection of circulating tumor necrosis factor after
endotoxin administration. N. Engl. J. Med. 318: 1481-1486.

Mitch, W.E., and A.L. Goldberg. 1996. Mechanisms of muscle wasting. N. Engl. J. Med.
335:1997-1905.

Muhlbacher, F., C.R. Knpadia, M.F. Colpys, RJ. Smith, and D.W. Wilmore. 1984. Effects of
glucocorticoids on glutamine metabolism in skeletal muscle. Am. J. Physiol. 247:E75-ES83.

Munro, H.N. 1964b. Historical introduction: The origin and growth of our present concept of
protein metabolism. Pp. 1-29 in Mammalian Protein Metabolism, H.N. Munro and J.B.
Allison, ed. New York: Academic Press.

Santos, A.A., M.R. Scheltinga, E. Lynch, E.F. Brown, P. Lawton, E. Chambers, J. Browning, and
C.A. Dinarello. 1993. Receptor antagonist is not attenuated by glucocorticoids after
endotoxemia. Arch. Surg. 128(2): 138-143.

Wannamacher, R.W., Jr. 1975. Protein metabolism (applied biochemistry). P. 133 in Total
Parenteral Nutrition: Premises and Promises, H. Ghadimi, ed. New York: John Wiley.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

jn Sustaining and Enhancing Performance

INFECTION AND INJURY: EFFECTS ON WHOLE BODY PROTEIN METABOLISM 164

Watters, J.M., P.Q. Bessey, C.A. Dinarello, SM. Wolf, and D.W. Wilmore. 1996. Both
inflammatory and endocrine mediatom stimulate host responses to sepsis. Arch. Surg.
121:179-190.

Wilmore, D.W., C.W. Goodwin, L.H. Aulick, M.C. Powanda, A.D. Mason, Jr., and B.A. Pruitt, Jr.
1980. Effect of injury and infection on visceral metabolism and circulation. Ann. Surg.
192:491-504.

Wilmore, D.W. 1991. Catabolic illness: Strategies for enhancing recovery. N. Engl. J. Med. 325
(10):695-702.

Wilmore, D.W. 1997b. Homeostasis: Bodily changes in trauma and surgery. Pp. 55-67 in Textbook
of Surgery, 15th ed., D.C. Sabiston, ed. Philadelphia: W.B. Saunders.

Wilmore, D.W. 1977. The Metabolic Management of the Critically Ill. New York: Plenum Medical.

DISCUSSION

ROBERT NESHEIM: Thank you, Doug, for that very excellent and
interesting presentation. It is open for questions.

JOHANNA DWYER: Just a quick question, Doug, on the dietary aspects.
You mentioned a lot of antioxidants, some of which are nutrients. What about
BHA and BHT? I remember that those are very potent antioxidants.

DOUGLAS WILMORE: I think there are a whole variety of antioxidants
that can be utilized, Johanna. The reports on those are really a mixed bag simply
because it is probably going to be difficult to see effects with single anti-
oxidants. There is a very nice study, for example, of high-doses of vitamin C in
long-distance runners who over-train, for example. But it is rare to find reports
of single nutrients alone working as antioxidants that have major types of effects.

ROBERT NESHEIM: Wanda.

WANDA CHENOWETH: You have talked about antioxidants. What
about pro-oxidants for example?

DOUGLAS WILMORE: For example?

WANDA CHENOWETH: Iron?

DOUGLAS WILMORE: Iron? Well, it is a good point. Bill may be able to
make some comments about this. The classic teaching is that iron is the single
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nutrient that should not be administered during infection and injury. If it is fixed
in food and supplemented, in general, in a very controlled situation, you would
take it out. You would not give it. This is simply because iron is redistributed
after infection and your iron level in your blood stream becomes very low
because it really is a very important substance for bacteria and some viruses to
use for replication. So we would take it out or not give it. This, again, gets back
to the problem of having fixed rations and all of the components in a ration, and
the assumption that a ration that is appropriate for well people is appropriate for
sick people, which is a concept that I do not embrace.

ROBERT NESHEIM: Dr. Millward.

D. JOE MILLWARD: I was just going to make the point in respect to
BHT. I think that one of the interesting things about those sorts of antioxidants
is that intakes of them are extremely high and we generally disregard them as
important components of our food because they are there as additives. But,
actually, we now take in large quantities Of these compounds. It may well be
that they are in fact a major component of our antioxidant defense mechanism. I
think that we should be thinking about them to a much greater extent than we do.

ROBERT NESHEIM: John Vanderveen.

JOHN VANDERVEEN: Doug, the question is whether, on a long-term
basis or a short-term basis, we can build up body stores that are going to help us
in the case of an infection or injury event, or is it something that is best handled
in terms of a short preliminary type of preparative activity?

DOUGLAS WILMORE: That is a very strategic question from the
standpoint of preparing people to go into maneuvers or go to do a task. I guess
that one way we could start thinking about it, and this may not be the only way
to think about it, would be to think in terms of water soluble and fat soluble
substances. Because we can pretty well store many of the fat-soluble
substances, but we would probably have to provide many of the water-soluble
substances. When we talk about genetic predisposition or phenotype changing,
it may well be that omega-three fats could be fed over the period of about three
to four weeks, if you will, and we could change responses in just that short a
period of time.

Vitamin E loading, in adequate doses, for example, takes about four
weeks. And there are nice clinical data now from heart biopsies of patients
undergoing cardiac surgery where various doses and time intervals have been
used for vitamin E loading as an antioxidant.
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The University of Toronto group has reported that you need about four
weeks before you can get adequate vitamin E loading in cardiac muscle. So that
is one way to think about it.

There is another way to think about it too and that is—it is not all that bad
for many of these people to have a surfeit of adipose tissue which is their
energy supply and an adequate skeletal muscle mass, because history has really
told us that you can draw on those stores and that will enhance your survival as
long as you are within some sort of a functional zone. So there may be some
strategies that we can think about that will have to do with loading or preparing
people. Mackenzie Walser and others may recall the interest people had with
using odd-chain fats. Odd-chain fats would then provide you with
gluconeogenic precursors. If you were starving for a long period of time, these
fats would be drawn from your adipose tissue stores, but if you were provided
with gluconeogenic precursors and you would not have to break down muscle
as fast. So there have been talks about that in the past.

ROBERT NESHEIM: Dr. Walser.

MACKENZIE WALSER: Is the mechanism of that known? Does it have
etiological value?

DOUGLAS WILMORE: Presumably it is there to protect circulating blood
volume and oxygen delivery capacity. The mechanisms are through a lot of
normal pathways that conserve salt and water.

ROBERT NESHEIM: Dr. Lieherman.

HARRIS LIEBERMAN: Doug, do we know anything about patterns of
change in amine acids as a consequence of either acute or chronic illness,
particularly those that are important to the brain, such as tryptophan or tyrosine?

DOUGLAS WILMORE: In general, all of the indispensable amine acids
are lowered, I mean, as a sort of a general rule without knowing the specific
pattern for studies. In general, all essential amine acids are low. The dispensable
amine acids are generally normal or slightly increased. Joe, are there other
thoughts? (No response.)
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ROBERT NESHEIM: Steve Heymsfield, and then we will need to go on.
We have a discussion period following the next presentation so we can cover
many of these things then. Steve.

STEVEN HEYMSFIELD: You mentioned genetics as being one factor.
Do gender or age affect the metabolic response to injury in any way?

DOUGLAS WILMORE: They must, but the age issue is exceedingly
difficult to study because you introduce progressive organ dysfunction or
change; you bring in other disease processes and things like that.

But when I was in the Army Burn Unit in the 1970s, we were able to sort
surviving from nonsurviving patients by just their response to a cool
environment. A cool environment, incidentally, was about this temperature (e.g.
the temperature of an air conditioned room). It is one of the issues of why
hospitals should not be cold. The older patients responded more rapidly to cold
exposure than the younger individuals.

MICHAEL RENNIE: Can I just say something about that metabolic
response? We have just done some studies on very young children, neonates. In
fact, as far as we can tell, they do not show a metabolic response to injury. So
that appears to be a developmentally-acquired response.

DOUGLAS WILMORE: And that is compatible with the fact that babies
can actually undergo complete hormonal blockade with heart surgery and
actually do better in terms of their overall response when compared with non
blockaded patients.

ROBERT NESHEIM: Thank you very much. That was very interesting.
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Protein and Amino Acids, 1999
Pp. 169-216. Washington, D.C.
National Academy Press

9

Inherent Difficulties in Defining Amino
Acid Requirements

D. Joe Millward'

INTRODUCTION

To address the role of protein and amino acids in performance, this chapter
is based on the premise that it is an inherently difficult problem to define the
dietary requirements of human adults for indispensable amino acids and to
assess the nutritional value (protein quality) of different food protein sources to
provide for those needs. There are three major reasons for this difficulty. The
first is adaptation, that is, a variable metabolic demand for amino acids set by
the habitual intake. Thus, the extent to which any intake appears to be adequate
will depend on the completeness of adaptation to that intake. The second is
methodology, with no entirely satisfactory practical nitrogen or amino acid
balance method or other measure of dietary adequacy. The third is lack of
quantifiable, unequivocal metabolic indicators of adequacy that can validate

I D. Joe Millward, Centre for Nutrition and Food Safety, School of Biological
Sciences, University of Surrey, Guildford GU2 5XH United Kingdom.
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balance measurements. The questions posed in this review cannot currently be
answered because of the absence of studies of outcome in terms of physical
performance in long-term, controlled feeding trials.

BACKGROUND TO THE CURRENT CONTROVERSY

In 1985, the Food and Agriculture Organization (FAO) report on protein
and energy requirements was published (FAO/WHO/UNU, 1985), a feature of
which was the recommendation that protein quality should be evaluated by the
PDCAAS method (protein-digestibility corrected amine acid score), making use
of age-specific amine acid scoring patterns. Because the indispensable amine
acid (IAA) requirement values used to calculate the scoring patterns fell
markedly with age, from over 50 percent of total protein requirement in infants
to only 16 percent in adults (see Table 9-1), the quality of any protein would
now be assessed as higher when used for adults than for children. Furthermore
the low requirement level of IAA in adults meant that all natural diets and food
proteins would be adequate. Thus, apart from digestibility, protein quality
ceased to be an issue in the nutrition of adults.

Considerable disquiet arose about the 1985 report. Young (1986) argued
that the adult IAA requirement values were seriously flawed because of the way
Rose (1957) conducted his nitrogen (N) balance studies (mainly excess energy
and no account for miscellancous N losses). Millward and Rivers (1988)
reviewed the subject, paying particular attention to the adaptive changes in
amine acid oxidation that can occur and that will influence requirement values.
They argued that the marked fall with age in the requirement values was mainly
a reflection of the methodologies used in their assessment. Thus, the infant
values were largely patterned on the composition of breast milk, while the adult
values, measured in balance studies with excess nonessential nitrogen and low
levels of indispensable amine acid, would have identified minimum requirement
values. They concluded that IAA requirements are complex, include an adaptive
component, and can only be defined under specific artificial conditions that
would allow definition of a minimum value and that "current estimates of adult
requirements may be close to this level." To identify which IAA might be rate
limiting for the obligatory N losses (ONL), they calculated the obligatory
oxidative amine acid losses (OOL) as estimates of the losses of tissue IAAs that
would give rise to the ONL, as discussed in detail below.

Young et al. (1989) then published a paper entitled "A Theoretical Basis
for Increasing Current Estimates of the Amine Acid Requirements in Adult
Man with Experimental Support." This paper reproduced the table of eel values
from Millward and Rivers (1988). After making some small adjustments in
lysine, threenine, and valine values derived from their stable isotope studies and
increasing all values assuming a 70 percent efficiency of utilization, Young and
colleagues proposed that this pattern, the "MIT" (Massachusetts Institute of
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TABLE 9-1 Protein and Indispensable Amino Acid Requirements (mg/kg/d) and
Obligatory Indispensable Amino Acid Oxidative Losses™*

Obligatory oxidative

losses
Infants  Children  Schoolboys  Adults Value Requirement
(3-4 2y (10-12y) multiple
too)
Protein
Growth 625 187 106 —
Maintenance 750 738 681 600
Total 1,375 925 787 600 338 0.56
Amino acids
Histidine 28 (20) (20) 8-12 11.5 1.05
Isoleucine 70 31 30 10 16.2 1.62
Leucine 161 73 45 14 274 1.96
Lysine 103 64 60 12 30.1 2.51
TSA 58 27 27 13 13.5 1.01
TAA 125 69 27 14 27 1.93
Threonine 87 37 35 7 15.5 2.21
Tryptophan 17 12.5 4 3.5 4.0 1.14
Valine 93 38 33 10 16.9 1.69
Total 742 372 281 94 162 1.72
% Protein 54 40 36 16 48
requirement

NOTE: TSA, total sulfur amino acids; TAA, total aromatic amino acids.

* Protein requirements arc mean values

T These are the rates of oxidative loss of IAAs predicted to occur based on the assumption that the
ONL, (54 mg N/kg/d) derive from the oxidation of amino acids liberated from body protein (amino
acid composition as beef), and the composition of the free amino acid pool does not change.
SOURCE: Adapted from FAO/WWHO/UNU, 1985.
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Technology) scoring pattern, should be used as the basis for protein quality
evaluation in adults and in children given the similarity between their pattern
and that of the FAO preschool child pattern.

In 1989, FAO/WHO convened a meeting to consider protein quality
evaluation and to endorse the PDCAAS method recommended by FAO in 1985.
However the report (FAO/WHO, 1991) rejected both the 1985 adult and older
school child TAA requirement values as flawed, was unable to identify any
other appropriate adult scoring pattern, and proposed that the scoring pattern for
the preschool child be utilized for older children and for adults as a strict
interim measure. It was argued that (a) the preschool child data were reliable,
(b) in the absence of any other data, some pattern was needed for older children
and adults, and (c) the slow growth of children compared with adults means that
a major change in the requirement pattern with age was unlikely.

Although Young and colleagues broadly agreed with this conclusion in
that the MIT and preschool patterns were similar, Millward (1994) argued that
the report was flawed. In fact, the data that formed the basis of the preschool
child pattern had never been published and were not available for scrutiny
except for some "typical" data for lysine published in a book review (Pineda et
al., 1981). The data, which were derived from study of preschool children who
had recovered from protein energy malnutrition (PEM), show that the N
balances were so large in the children studied that they would have been
exhibiting catchup growth as far as lean tissue was concerned (growth rates and
N retentions of 3 times the expected values). This growth would markedly
increase the need for indispensable amine acids compared with that of normal
preschool children, older children, and especially adults. Millward (1994) also
argued against acceptance of the MIT scoring pattern on the grounds that amine
acid requirements for maintenance cannot be predicted from the amine acid
composition of body proteins.

Fuller and Garlick (1994) have reviewed the controversy, and while they
did not endorse the MIT pattern, they did conclude that the FAO values were
likely to be underestimates, having failed to include miscellaneous N losses in
the original balance studies. They reported adjusted higher values, taking into
account estimated miscellaneous N losses. They also raised concern that the
tracer studies may also suffer from an underestimate of losses and that neither N
nor tracer studies are inherently better than the other. These issues are
considered in more detail below. Waterlow (1996) made a detailed analysis of
the tracer studies and came to conclusions similar to Fuller and Garlick, that is,
they did not accept the theoretical basis of the MIT pattern but recognized that
the 13C leucine studies do point to a higher leucine requirement than does the
FAO value. The issue was considered at an international meeting of an expert
group in London in 1994. However, contrary to what was published (Clugston
et al., 1996), the MIT pattern was not endorsed at this meeting since, as
subsequently reported by Millward and Waterlow (1996), the published
statement "a large majority of the group accepted as an interim operational
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pattern that [that was] proposed by Young et al.," had in fact emerged during
postmeeting editing.

The current views of Young and colleagues are described in the chapter
following this one. What follows is an account of this author's current
understanding of the debate. Much of the argument made here has been
reported previously in publications by the author and in correspondence relating
to publications by Young and colleagues (Millward and Rivers, 1988, 1989;
Millward, 1990, 1991, 1992, 1993, 1994; Millward et al., 1989, 1990; Millward
and Pacy, 1995).

METABOLIC BACKGROUND

One cause of potential confusion within this debate is lack of consistency
in terminology. To avoid that here, protein and amino acid requirements will be
discussed in terms of metabolic demand, dietary requirement, and dietary
allowances. Metabolic demand (MD) is determined by the nature and extent of
those metabolic pathways that consume amino acids. The dietary requirement is
the amount of protein and/or its constituent amino acids that must be supplied in
the diet to satisfy the metabolic demand, usually greater than the MD because of
less-than-perfect protein utilization. Dietary Reference Values (U.K.
terminology) or Recommended Dietary Allowances (U.S. terminology) are a
range of intakes derived from estimates of individual requirements that are
designed to meet the dietary requirements of the population and that take into
account the variability among individuals in that dietary requirement. This
chapter focuses on the MD and dietary requirement.

Obligatory Metabolic Demand

The MD for dietary protein is to provide amino acid precursors for the
synthesis of tissue proteins and a range of nonprotein products. Although most
proteins are in a dynamic state of constant turnover, little metabolic demand for
amino acids is generated by this avenue because of amino acid recycling. "Wear
and tear" as a driver of MD is not an appropriate biological analogy. Only net
protein synthesis contributes to MD. This growth aspect of MD is
straightforward in that the qualitative nature of MD is determined by the amino
acid pattern of tissue protein deposited. This pattern is usually assumed to be
influenced only by the changes in body composition occurring during growth
and is not generally assumed to vary with the diet within cells and tissues.
However, as discussed by Fuller and Garlick (1994), some evidence exists for
changes in amino acid content of tissues during growth on amino acid-limiting
diets.

Nonprotein products of amino acid precursors include nucleic acids, and a
range of smaller molecules such as creatine, taurine, glutathione, hormones
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(e.g., catecholamines and thyroxine), neurotransmitters (serotonin, dopamine),
and nitric oxide, a key regulator of blood flow and other physiological processes.

In human nutrition, growth occurs very slowly after the first few months of
life. Net protein synthesis contributes a small and decreasing component of MD
during pre- and immediate post-adolescence. In the adult, it comprises only that
associated with continuing growth of skin and hair and the synthesis of those
gastric secretions (e.g., threonine-rich mucus glycoproteins) that pass into the
colon to be utilized for bacterial metabolism. Thus, apart from these small
components, humans are normally at nitrogen or amine acid equilibrium, with
MD reflecting mainly nonprotein pathways of amine acid metabolism and
catabolism associated with maintenance of normal function and composition. In
the traditional nutritional terminology of human growth and maintenance,
growth needs are low at all ages after early infancy with maintenance
dominating the MD. The task, then, is to define the amounts and amine acid
pattern of the maintenance requirement.

Obligatory Metabolic Demands and Obligatory Oxidative
Losses

The diverse obligatory maintenance MDs for amine acids represent an
important, but small, intrinsic part of MD, the magnitude of which is the main
subject of current debate. Table 9-1 shows the requirement values for IAAs and
for protein as reported by the FAO (FAO/WHO/UNU, 1985). The feature of
these values that has been at the heart of the controversy is that the IAA
requirement as a proportion of the protein requirement falls markedly with age,
from 54 percent in infants to 16 percent in adults. Millward and Rivers (1988)
argued that some information could be obtained from the magnitude of the
ONL. In subjects fed a protein-free but otherwise nutritionally adequate diet, N
losses fall to a stable and reproducible low level after 7 to 14 days. Subjects lose
body protein at a constant daily rate, about 54 mg/kg/day, which is equivalent to
0.34 g of protein/kg/day (FAO/WHO/UNU, 1985). These ONLs are assumed to
represent nitrogen end products of amine acids derived from body protein and
utilized for the obligatory metabolic demand (OMD) that is tacitly assumed to
be the same in subjects consuming a protein-free diet as in subjects consuming
a normal diet. The ONL is a function of body weight and, when normalized to
"metabolic body size" (kg®73), varies little with age (FAO/WHO/UNU, 1985).
Millward and Rivers (1988) reported a simple calculation of the eels. These are
the oxidation rates of amine acids that give rise to the ONL and they are equal
to the amounts of amine acids in the protein equivalent of the ONL. It was
assumed that tissue protein composition could be approximated by that of
muscle and the values for beef muscle listed by FAO (FAO/WHO/UNU, 1985)
were used. This was only a first approximation calculation, since some of the
ONL occurs as protein per se (skin, hair, some fecal nitrogen, and secretions),
and protein is lost from several tissues in addition to skeletal muscle. They made
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the assumption that of the individual amino acids that comprise the obligatory
MD (which, on a protein-free diet, is in effect fueled by tissue protein), one
amino acid would be rate limiting, with the highest ratio of obligatory MD to
OOL. All other amino acids with a lower ratio would be present in excess in the
OOL but would be nevertheless oxidized because they could not be returned on
their own to the tissue protein pool. They argued that if protein turnover is
tightly regulated, allowing just enough of the rate-limiting amino acid to be
withdrawn from tissue protein to provide for its MD, the OOL of this amino
acid should be a reasonable guide to its requirement. For all others, the values
for the OOL should be greater than the maintenance requirements.

Use of the Obligative Oxidative Loss Pattern to Predict a
Requirement Pattern

The actual listed values of the OOL were adopted by Young et al. (1989)
as the basis of the MIT scoring pattern, something that was contrary to what
Millward and Rivers (1988) intended. In effect, this defined a maintenance
pattern with the same composition as tissue protein, a novel assumption given
the widespread assumption of different amino acid patterns for maintenance and
growth.

Millward and Rivers (1988) assumed that the pattern of the obligatory MD
is different from that of tissue protein, so that there would be a rate-limiting
amino acid that "drives" the ONL. The identification of this driver can be done
by reference to an actual requirement pattern. Thus, they compared the values
of OOL with the 1985 FAO/WHO/UNU requirement values such that if the
FAO values were accurate, the values would be similar for one amino acid. In
fact, while the OOL for most amino acids was greater than the FAO
requirement, with lysine, threonine, leucine, and the aromatic amino acids being
particularly in excess (2-2.5 times the requirement), the OOL of the total sulfur
amino acids (TSAs) was quite close to the FAO requirement values; this latter
observation showed that the TSAs are rate determining for the mobilization of
tissue protein to provide for obligatory MD. The possibility that the TSAs are
the rate-limiting amino acids that drive the ONL in humans was attractive on
the basis of animal studies. Providing the rate-limiting amino acid to the protein-
free diet fed during measurement of ONL should result in a fall in N excretion
to the rate determined by the demand for the second limiting amino acid.
Studies in dogs (Allison et al., 1947) and rats (Yoshida, 1983) have shown that
supplementation by S amino acids reduces N excretion.

Animal Data for the Pattern of the Obligatory Metabolic
Demand

Animal data clearly indicate that the amino acid pattern of the obligatory
maintenance MD differs from that of tissue protein, which necessarily represents
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the pattern for the growth requirement. However, this view is not accepted by
Young (e.g., Young and El-Khoury, 1995), who, having used the OOL pattern
to derive the MIT pattern, assumed maintenance requirements to be broadly
similar to tissue protein.

Before reviewing the animal data, their relevance to human nutrition needs
to be addressed. Young and El-Khoury (1995) have discussed the relevance of
the high-quality nitrogen balance data obtained in the young pig (Fuller et al.,
1989). They argued that any comparison of human requirement with that of the
young pig is invalid because (a) relative amounts of maintenance and growth
vary too much between the species (maintenance = < 10 percent total [growth +
maintenance] requirement in the young pig and < 5 percent total in the rat), and
(b) the efficiency of dietary protein utilization in the young pig at maintenance
is much higher (100 percent) compared with human values (assumed to be 70
percent). In fact, the first point is irrelevant when human-animal comparisons
are limited to discussions of either maintenance or growth needs specifically,
and the second point is irrelevant when what is considered is MD rather than
dietary requirement.

Young also argues that data from adult pigs (boars) support the proposition
that the pattern of tissue protein is similar to the maintenance pattern. Yet he
acknowledges the data to be poor and at variance with most other animal data.

Finally, Young and El-Khoury (1995) argue that maintenance patterns
derived from rapidly growing animals held at maintenance by food restriction
are unphysiological and, consequently, may be an unreliable guide to the human
obligatory IAA MD. To date there has yet to be a claim that human IAA bid can
be accurately predicted from animal values, only that consideration of the
animal data as a whole, including both growing and adult data, may provide
useful general information. There appear to be few major differences between
mammalian species with regard to the fundamentals of amine acid and protein
metabolism. With obvious exceptions (e.g., arginine requirements for growing
cats and growing and adult dogs, a taurine requirement for the kittens, and a
high-maintenance amine acid requirement in avian species for feather growth),
interspecies comparisons appear to be legitimate since robust animal data
should provide general principles about the nature of human needs.

Two kinds of studies are pertinent. The first is deletion studies, in which
individual amine acids are removed from the diet and the extent of the negative
balance is monitored. If the maintenance requirement patterns corresponded
exactly to the patterns of tissue protein, then there should be a similar negative
balance on removal of each IAA. If not, then negative balance will occur in
proportion to the ratio of obligatory MD to tissue content of each amine acid.

Only one report exists for the adult rat (Said and Hegsted, 1970), a high-
quality study based on measured changes in body water. Gahl et al. (1991)
reported N balance data for young rats, while Fuller et al. (1989) studied 41 kg
pigs, with N balance; data from the latter study are widely recognized as the
most robust data for the pig.
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Table 9-2 shows the relative losses normalized for the response to a protein-free
diet. The first, second, and third limiting amino acids are threonine, TSA, and
isoleucine for the growing rat; threonine, isoleucine, and tryptophan for the
adult rat; and TSA, threonine, and tryptophan for the pig. The most highly
conserved, least-limiting amino acids are lysine and leucine in the rat and all
three branched-chain amino acids (BCAAs) and lysine in the pig.

Supplementation with each limiting amino acid allows the slope of the
balance curve to be established and the consequent requirement values to be
determined; these are shown in Table 9-3 compared with carcass protein
content. For ease of comparison, these patterns have been normalized for
threonine. Leucine and lysine are the two most abundant amino acids in carcass
proteins and in the growth requirement patterns for both rat and pig; in the
maintenance requirement patterns, the most abundant amino acids are threonine
and TSA in the pig; threonine, isoleucine, valine, and TSA in both adult and
growing rats.

TABLE 9-2 Responses (Negative Balance) to Deletion of Individual Indispensable
Amino Acids or a Protein-Free Diet

Amino acid Growing pig* Growing ratt Adult rat}}
Histidine nd 0.31 0.55
Isoleucine 0.24 0.94 0.90
Leucine 0.21 0.38 0.36
Lysine 0.33 0.25 0.30
TSA 0.93 1.09 0.51
TAA 0.34 0.06 0.47
Threonine 0.68 1.19 0.92
Tryptophan 0.53 0.75 0.80
Valine 0.23 0.88 0.71
All (protein free) 1.00 1.00 1.00

NOTE: TAA, total aromatic amino acids; TSA, total sulfur amino acid; nd, not determined.
* Fuller et hi. (1989).

T Gahl et al. (1991).

1 Said and Hegsted (1970).
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TABLE 9-3 Amino Acid Composition and Requirement Patterns

Growing pig* Growing ratf Adult rats}

Body G M Body G M G M
Histidine 0.74 — 0.65 034 0.14 041 048 —
Isoleucine 0.92 092 030 081 1.07 0.56 1.08 1.03
Leucine 1.88 1.66 043 1.67 1.61 0.38 135 094
Lysine 1.87 1.45 0.68 1.58 1.23 0.33 1.76  0.74
TSA 0.74 076 092 087 140 063 098 097
TAA 1.89 1.80  0.70 1.67 1.25 0.20 1.41 1.15
Threonine 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Tryptophan nd 026 021 0.26 0.16 006 022 022
Valine 1.25 1.12  0.38 1.03 1.27 0.66 1.10  1.03

NOTE: G, growth; M, maintenance; TSA, total sulfur amino acids; TAA, total aromatic amino
acids; nd, not determined.

* Fuller et al. (1969).

+ Bencvenga et al. (1994).

1 Said and Hegsted (1970).

The major implication of these animal data is that there are marked
differences between the MD for maintenance and for growth. It is clear that in
the growing rat and pig and the adult rat, leucine and lysine exhibit the biggest
difference between growth and maintenance patterns, these two amine acids
being most abundant for growth and among the least abundant for maintenance.
The practical consequence of this, as pointed out by Hegsted (1973), is that the
balance-intake curve is extremely shallow for leucine and lysine both in the sub-
maintenance and growth range. This means that small differences in balance
result in large differences in maintenance intakes so that measurement of a
requirement value for maintenance is very difficult and depends on the exact
criterion for adequacy. The several early reports of rats maintaining body
weight for 6-month periods on very low lysine diets (e.g., zein [Osborne and
Mendel, 1916] or even lysine-free diets [Bender, 1961]) are probably explained
by coprophagy, given the clear evidence of a metabolic need for lysine in terms
of the rapid onset of symptoms on a lysine-free diet in humans (Rose, 1957).
However, no evidence exists for anything other than a low metabolic need for
this amine acid.

A second type of study which is pertinant is the work of Yoshida (1983)
who has done most to explore the concept that rate-limiting amine acids at
maintenance differ from those that rate-limit growth. Having established that in
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adult rats fed a protein-free diet, the most rate-limiting amino acids were
threonine and TSA, he also showed that in adult rats fed limiting amounts of
rice or wheat diets, the limiting amino acids were threonine and the sulfur
amino acids. When these two amino acids were added to the cereal diets, they
restored nitrogen balance and transformed body weight loss to growth (See
Figure 9-1). This may explain why attempts to show in human adult
supplementation trials that lysine is the limiting amino acid in wheat were so
disappointing (Scrimshaw et al., 1973).

Although the nature of the relative metabolic need for individual amino
acids is by no means clear, Fuller's work with the pig points to ileal amino acid
losses as a partial explanation, accounting for some 60 percent of pig amino
acid maintenance requirements (Wang and Fuller, 1989). Table 9-4 compares
ileal losses of the pig and humans. These data show that in each case, threonine
is the largest component, and while the patterns differ somewhat, the absolute
values are much lower in humans than in the pig. Thus, despite discussion of
the pig as an inappropriate model for humans, to the extent that ileal losses
comprise a component of obligatory ME), these data point to a lower MD in
humans than in the pig.

To summarize research on obligatory maintenance MD, a consistent and
extensive body of animal data shows the maintenance pattern to differ from the
growth pattern, with lower levels of lysine and leucine in the maintenance
pattern. As a result, the rate-limiting amino acids in dietary proteins for
maintenance may differ from those for growth, the example being that lysine
limits wheat for growth but not for maintenance.

N bal
an” ance (rrngﬂmys]

wheat +Mi threo  -met -leu -val ysine

FIGURE 9-1 Adult rats were fed limiting amounts of a wheat diet that did not
allow balance and were supplemented with a mixture of indispensable amino
acids that did allow balance. By removing individual amino acids, the limiting
amino acids were identified as threonine and the sulfur amino acids. Lysine
was not needed to improve balance. Note: threo, threonine; met, methionine;
lieu, isoleucine; val, valine; N, nitrogen; IAA, indispensable amino acids.
Source: Adapted from Yoshida (1983).
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TABLE 9-4 Ileal Indispensable Amine Acid Losses of the Pig and Human

Pig* 40 kg mg/kg/d Human adult{ 66 kg mg/kg/d
Isoleucine 11.3 1.7
Leucine 25 3.2
Lysino 15.3 39
TSA 18.3 1.8
TAA 28.5 3.9
Threonine 32.3 4.2
Valine 18.3 2.9

NOTE: TSA, total sulfur amine acid; TAA, total aromatic amine acid.
* Wang and Fuller (1989).
1 Fuller et al. (1994).

The Adaptive Component of the Metabolic Demand

It may appear a simple task to identify and quantify the maintenance MD
for each amine acid in terms of the various metabolic pathways involved.
However, difficulty arises in distinguishing between obligatory intrinsic,
functionally important demands and those that serve a purpose, but can and do
vary according to circumstances, that is, an adaptive component It is this
adaptive component that brings complexity to the maintenance MD.

The ONL at 54 mg N or 0.34 g protein/kg/day, is only 50 percent of
current estimates of the protein requirement (0.6 g/kg/d), and the nature of this
additional need (the difference between 0.34 and 0.6 g protein) has in the past
been difficult to account for. Usually, it has been attributed to an inefficiency of
utilization, although why proteins such as those in milk, eggs, or meat were not
utilized more efficiently was always puzzling. It is much easier to understand
the inefficiency of utilization as representing an adaptive component of MD.

When subjects are fed a protein-free diet, their urinary N losses initially
reflect their normal dietary protein intake and then falls over 7 to 14 days to
reach a low stable output level (see FAO/WHO, 1973). That is, an additional
loss of body N occurs on a daily basis for some time before equilibrium is
reached at the lower level. This additional daily N loss demonstrates the
existence of this adaptive component of the MD. Traditionally, this has been
defined as "the labile protein reserves,” which imply that metabolically it was a
pool of protein that varied in size with the dietary protein intake. In the rat, liver
and visceral protein content does vary directly with dietary protein intake (see
Munro, 1964) in support of the labile protein reserve concept. However, no such
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protein pool has ever been identified in humans, and more importantly, recent
detailed metabolic studies of balance regulation have pointed to an alternative
explanation.

Thus, studies of the distribution of urinary N losses between the
postabsorptive and postprandial periods, in subjects adapted to a wide range of
protein intakes (Price et al., 1994), showed that not only did postprandial losses
of N increase with increasing intakes as would be expected, but so did
postabsorptive losses. Price and colleagues utilized both N and '3C leucine
balance methods to assess the magnitude of the total losses in the postabsorptive
and postprandial state in normal adults with protein intakes ranging from a very
low to a high level (0.36 g/kg-2.3 g/kg) for 2 weeks. Comparisons of the rate of
13C leucine oxidation and total N excretion (corrected for acute changes in the
body urea pool) indicated the two measures were proportional over the entire
range of intakes, although leucine oxidation underestimated N excretion by
about 25 percent (see below). The results calculated from postabsorptive '*C-1
leucine oxidation are shown in Figure 9-2. The N equivalent of postabsorptive
leucine loss is shown calculated as a daily rate and divided between the
estimated obligatory MD (54 mg N/kg), with the remainder representing the
adaptive MD. Even for the lowest intake, total losses (assumed to be tissue
protein and association amine acids) were in excess of the obligatory MD,
which indicates that subjects may not have fully adapted to this low intake in
the relatively short (2-week) period of the study. However, it is clear that with
higher intakes, the adaptive component of the MD varied up to more than twice
the obligatory MD.

250 - Obiligatory and adaptive metabolic demand from
postabsorptive leucine oxddation mghikg per day

0.38 077 158 230
inlake g proteinkg per day

FIGURE 9-2 The magnitude of the obligatory and adaptive metabolic demand
in normal adults. Values calculated from postabsorptive leucine oxidation rates
measured in subjects who were f ed the indicated protein concentrations for 2
weeks. Source: Adapted from Price et al. (1994).
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In other studies of the transition from a high-to-lower protein diet
(Quevedo et al., 1994), it was shown that the expected period of negative
balance involved a similar lag in reduction of these N losses in both
postabsorptive and postprandial states (see Figure 9-3). As a result, there was an
overall marked negative balance, and even at the end of 2 weeks, equilibrium
had not been reached. Thus, these studies are inconsistent with the concept of
labile protein reserves. Instead, they imply that the transitional losses during
adaptation to a lower intake reflect the time taken for catabolic pathways of
amine acid metabolism to adapt from a level set to deal with one level of
protein intake to that required for a lower level.

The implications of these adaptive responses are that the increasing
catabolic losses with increasing protein intake represent an actual MD generated
in response to the presence of protein in the diet at levels in excess of minimal
metabolic needs.

Since amine acids can only be stored as protein, the capacity for which is
limited in the body, excess dietary amine acids are oxidized and converted to
glucose or fat. As argued by Millward and Rivers (1988), many amine acids,
especially the branched-chain, aromatic, and sulfur amine acids, represent a
potentially toxic challenge to the organism and are maintained at very low
levels in the tissue-free amine acid pools. Thus, after a meal, these amine acids
are rapidly removed by oxidative catabolism if not deposited in protein by high

25n ~ Obbgatory and adaptive metabolic demand from
postabsorptive leucine oxidation mghlkg per day

200
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daysondiet O 3 T 14

intalke: 186 0.76 0.76 0.76

FIGURE 9-3 Rate of change in the adaptive metabolic demand during
transition from a high- to lower-protein diet. Because of the slow change in the
adaptive metabolic demand after the reduction in protein intake, there was a
negative nitrogen balance throughout the 14 days after the diet change. Source:
Adapted from Quevedo et at. (1994).
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capacity, sensitively regulated pathways. Furthermore, the capacity and activity
of these pathways adapt to match the protein levels in the diet to ensure rapid
postprandial disposal. Most importantly, because this adaptation of oxidative
catabolism to a change of protein intake is relatively slow, the extent of
postprandial oxidative catabolism reflects mainly habitual rather than actual
protein intake in meals. In effect, the habitual level of protein in the diet creates
a level of oxidative amino acid catabolism sufficient to avoid accumulation of
toxic concentrations of certain free amino acids, and this becomes part of the
MD. Apparently, during slow growth or at weight maintenance, in order to be
able to rapidly dispose of dietary protein in excess of minimal needs, pathways
of oxidative amino acid catabolism and particular catabolic enzymes are in
effect primed to operate at the appropriate rate set by habitual protein intakes.
This rate continues regardless of the actual acute intake, utilizing tissue protein
if the dietary level falls or during the postabsorptive state, for as long as it takes
to adapt to the lower level of intake.

The overall metabolic scheme describing these various aspects of the MD
is shown in Figure 9-4. The metabolic fate of dietary protein is shown as
providing amino acids into the tissue free amino acid pool, which is in a state of
dynamic

protein
irake
frea
amino-acid protein
pool turnouer

irreversible metabolism and cxidstive losses

[ metabalic demand
imefficiency
X
meal-dependerd  obligatory metabolism  adaptive, habitual
variable losses  ileal losses and diet-dependent
surface losses |osses

FIGURE 9-4 Scheme to describe the metebolic fate of amino acids in relation
to the metabolic demand.
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exchange with the protein pool through protein turnover. The MD includes both
net protein synthesis (i.e., the repletion of postabsorptive losses and any growth)
and irreversible amine acid metabolism and oxidative metabolism. The latter
component is shown divided into three parts: (I) the metabolic demands for
nonprotein products that eventually give rise to an obligatory N loss, (2)
adaptive oxidative amino acid catabolism, which is also part of the MD, and (3)
any additional oxidative amine acid catabolism due to an inefficiency of protein
utilization. Within this metabolic framework the determination of protein
requirements is a problem of assessing both intrinsic, fixed MDs and the
adaptive oxidative catabolism, which together define the MD. Assessment of
this latter component accounts for the major practical and conceptual
difficulties in applying N balance techniques to the study of protein
requirements.

Diurnal Cycling: A Qualitative Influence on Metabolic
Demand?

There is an important but complex implication of diurnal feeding and
fasting for the IAA pattern of the MD. Clearly, from the above discussion, with
increasing dietary protein intake, there will be an increasing MD generated by
the adaptive oxidative losses. With both adaptive and obligatory MD occurring
continuously, overall daily balance is achieved within a complex diurnal cycle
of postprandial repletion of tissue proteins mobilized to provide for the
postabsorptive demand. Furthermore, the amplitude of this cycle increases with
increasing habitual level of protein intake (Price et al., 1994). The key question
is: To what extent does this diurnal cycle of body protein influence the TAA
composition of the adaptive MD? Does it mean that regardless of the amine
acid composition of the intake that induces the adaptive MD, the adaptive MD
will have a tissue protein pattern of amine acids to enable postprandial protein
deposition? Young and El-Khoury (1995) have assumed this to be the case and
a partial justification for their assertion that the maintenance requirement
pattern is like that of tissue protein.

In fact, the actual amount of amine acids needed in the diet to provide for
this adaptive requirement cannot be predicted for three reasons. First, the
amount of actual postabsorptive tissue protein loss depends on the extent of the
true postabsorptive state. Price et al. (1994) utilized 12 + 12-hour diurnal cycles
in their studies, but the actual amount will vary with the pattern of meal feeding,
and individuals consuming both an early breakfast and late supper may spend
less than 12 hours in a true postabsorptive state and mobilize less tissue protein.
In subjects in the postprandial state, the diet will directly provide for the losses
without inducing tissue protein loss.

Second, when true postabsorptive losses of tissue protein do occur it does
not follow that all IAAs liberated from the net tissue proteolysis are oxidized.
Although increases in the concentrations of the BC, aromatic, and sulfur amine
acids liberated from tissue protein are minimized by increasing their oxidation,
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this is unlikely to be the case for lysine and threonine. These two amino acids
differ from most other IAAs with higher Km? values for their main oxidative
catabolic enzymes, (18 and 52 mM, respectively), larger pool sizes, (about 1
mM) and with less evidence of free control of their catabolic pathways. The
difference in the handling of lysine and leucine may well be important in
allowing conservation of these amino acids and recycling from postabsorptive
losses for postprandial gains.

Evidence for conservation of lysine and threonine comes from muscle
biopsy studies after feeding subjects protein (albumin) or a protein-free diet
(Bergstrom et al., 1990). These investigators biopsied human muscle at 3 and 7
hours after a meal of 50 g of albumin. They showed that for leucine and lysine,
although the intakes were the same and removal of these two amino acids into
protein will be at the same rate (since their concentrations in protein are
similar), the increase in the concentration of lysine was twice that of leucine,
and the same was true for threonine in comparison with valine. By 7 hours, the
concentration of all the BCAAs, methionine, and the aromatic amino acids had
fallen below the baseline, but for threonine and lysine, there was still an excess
of amino acid over the baseline value.

Some indication of how much of these free pools of lysine and threonine
might be available to supplement dietary protein that was inadequate in lysine
and threonine was indicated by biopsy studies after feeding subjects a protein-
free meal. Subsequently, protein deposition would have been entirely dependent
on the free amino acid pools (Bergstrom et al., 1990). The fall in the free lysine
and threonine pools in muscle were sufficient to have enabled about 250 mg
protein deposition per kg body weight. Given that for an adult consuming 0.75
g/kg/d this author's studies indicate that about 50 percent of this is deposited
during feeding, (i.e., 380 mg), the free pool of lysine and threonine could in
theory contribute two-thirds of the subjects’ needs if the dietary source was
inadequate. If this is the case, then the organism in overall balance may be less
sensitive to poor dietary quality than would be expected in terms of lysine and
threonine needs for transient protein deposition.

Evidence for this lack of sensitivity to protein quality is the very small
difference in the efficiency of postprandial protein utilization of wheat protein
in normal adults compared with that of milk (see Millward et al., 1996). Studies
with either frequent small meals (Fereday et al., 1994) or a larger single meal
(Fereday et al., 1997) indicate that about 80 percent of dietary wheat protein is
deposited in the tissues even though the lysine and threonine content of the
wheat is insufficient to allow this. Recycling of the free lysine and threonine
liberated in the postabsorptive state allows efficient postprandial protein
utilization.

2 The Km (the Michaelis-Menton constant) is the concentration of the substrate at
which half the maximum velocity of an enzyme-catalyzed reaction is achieved.
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Third, evidence supports that the amplitude of diurnal cycling and the
consequent need for postprandial protein deposition is adaptive according to the
IAA composition of the diet. Thus, Marchini et al. (1993) showed that
postabsorptive leucine balance was 7.8, 9.3, and 12.8 pumol/kg/h for subjects on
isonitrogenous diets fed for 3 weeks with FAO patterns (very low IAAs), MIT
patterns (intermediate IAAs), or egg patterns (high IAAs) of amine acids,
respectively. That is, postabsorptive losses with the FAO pattern fell to < 60
percent of those induced by the egg diet even though the overall level of total
amine acid intake was the same. This is an important adaptive response. More
recent 24-hour '3C-leucine balances in subjects fed purified amine acid diets
that varied only in terms of leucine content (14, 38, and 89 mg/kg/d; El-Khoury
et al., 1994a, b) also indicated adaptive reduction in postabsorptive losses, with
postabsorptive leucine oxidation rates equivalent to 34.7, 20.9, and 15 mg
leucine/kg/12 h. Thus, these results point to substantial adaptive reductions in
the amplitude of diurnal cycling and in the consequent metabolic demand for
IAAs in response to reductions in dietary protein quality. Therefore, the
qualitative influence of diurnal cycling on the metabolic demand cannot be
predicted.

Summary of the Metabolic Demand for Indispensable Amine
Acids

In normal adults, the ME) for IAAs includes the following:

* an obligatory component, which in most cases is less than that contained in
0.33 g tissue protein and has a pattern that cannot be predicted from first
principles. However, on the basis of animal data, it is likely to contain
considerably less lysine and leucine than in the tissue protein pattern.

* an adaptive component, the amount and composition of which is variable
according to the nature and feeding pattern of the habitual dietary protein
intake, with a particular adaptive mechanism allowing conservation of
lysine and threenine when their intakes are low.

A scheme showing these components of the MD throughout the diurnal
cycle is shown in Figure 9-5.

FAO REQUIREMENT VALUES AND N BALANCE STUDIES

The FAO requirement values were derived from N balance studies so that
any consideration of these values requires consideration of the N balance
technique.

Nitrogen balance studies were initiated in the mid-nineteenth century by
Carl Voit, and they have been central to the definition of protein and amine acid
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requirements ever since. Notwithstanding the simple aim of nitrogen balance
studies (that is, definition of the relationship between intake and all losses—
urinary, fecal, and surface), the methodology has sustained considerable
criticism. For example, Young and colleagues have argued that because of
"conceptual limitations" and poor reproducibility, N balance studies in adults in
relation to assessment of amino acid requirements are of questionable value
(Marchini et al.,, 1993; Young, 1986). Some of the difficulties reflect the
practical problems that arise in performing N balance studies.

[ Amino acid
loss & gain
i t variable with
a-dapl:ll.ll_. dmvulned adaptive, diet-related diet
I oxidation oxidation

fasting: feeding:
from body protein from dietary protein

FIGURE 9-5 During fasting, body protein provides for both obligatory and
adaptive demands. During feeding, the diet provides for obligatory and
adaptive demands, for repletion of tissue protein lost during fasting, and for
losses due to inefficiency of utilization. The adaptive components vary
markedly with dietary intake, as shown in Figure 9-2, and change only slowly
with intake (see Figure 9-3).

Measurements of N balance (i.e., N intake minus all N losses) are
relatively imprecise, with balance being a small value compared with the much
larger values of N intake and N excretion. This results in considerable error in
the prediction of balance (see Forbes, 1973; Wallace, 1959). Hegsted (1976)
commented that intake tends to be overestimated because of spillage and
incomplete recovery of uneaten food, while excreta are often less than
completely recovered. This has variously been attributed to denitrification by
bacteria in the colon with loss of N gas (Costa et al., 1968); to an underestimate
of urea losses from skin and expired ammonia (Calloway et al., 1971) with
losses of nitrogen as gaseous ammonia rarely measured; to nitrate in food and
urine, which is not measured by the Kjeldahl technique (Kurzer and Calloway,
1981); and possibly to endogenous NO production via NO synthase (Anggard,
1994). NO is oxidized to nitrate, which is excreted in urine, or diffuses into the
colon, where it is reduced to ammonia and nitrite (MacFarlane and Cummings,
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1991). Nitrate excretion and fecal N-nitroso compound levels increase in
response to increased protein, nitrate, and meat intakes (Bingham et al., 1996;
Rowland et al., 1991). Furthermore, although fecai losses might be assumed to
be predictable according to knowledge of dietary protein digestibility, the major
determinant of fecal N output is biomass arising from bacterial fermentation in
the colon (Stephen and Cummings, 1979). It is dependent on dietary nonstarch
polysaccharide (NSP) and other fermentable carbohydrate intake (Cummings et
al., 1992). These factors result in typical errors estimated in the range of -11 to
+11 mg/kg/d (see Millward and Roberts, 1996), more than the entire
miscellaneous losses (8 mg N/kg).

A problem in very short-term studies is how to account for the changing
size of the body urea pool. In subjects fed a high-protein diet, losses from the
body urea N pool in a 12-hour postabsorptive period accounted for on average
34 percent of the observed N balance with individual values as high as 66
percent, with gains of similar magnitude in the postprandial state (Price et al.,
1994). Without correcting for these changes the distribution of N losses
between the postabsorptive and postprandial phase of the diurnal cycle would
be markedly in error, with an underestimate of postprandial and an overestimate
of postabsorbtive losses.

Another difficulty stems from the analysis of the balance data and
estimation of a requirement value, given the nonlinearity of the balance curve.
In multi-level feeding trials in adults which start at low intakes, losses rise to
match intakes when body protein reaches its maximum regulated level. Thus,
the intake balance curve is, in theory, curvilinear. Balance increases with intake
asymptotically toward zero or (as is often observed) some positive value, as
losses increase to eventually match intake. This means that there is no simple
term to define the overall shape of the balance curve and allow prediction of the
requirement (as the zero balance intake). In fact, as is well documented in
protein requirement balance studies, prediction of a zero balance intake
intercept from a few balance points by linear regression will result in
requirement values that vary according to where the intake values lie on the
balance curve (see Millward and Roberts, 1996). Thus, studies conducted at low
intakes will underestimate requirements, while studies conducted with
supramaintenance intakes will overestimate requirements. The logic of this is
that (a) reliable balance studies are those conducted with intakes very close to
the actual requirement and (b) studies with intakes based on preconceived
requirement values will tend to confirm such preconceptions.

Finally, the conceptual limitations raised by Young relate to the problem of
evaluating whether zero balance, when obtained, signifies an adequate
metabolic state (i.e., appropriate rates of protein turnover and lack of any
cellular pathology). Young discussed attainment of balance in terms of
adaptation (metabolic changes with no adverse consequences) and
accommodation, metabolic changes which include some adverse response such
as a loss of body tissue or reduction of protein turnover rates. Clearly, such a
response would indicate a
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lack of adequacy. In this author's view, minimum requirements need to be
defined both in terms of balance and body nitrogen, the latter being a level of
body protein judged to be appropriate for the subject's height and frame size.
This raises a major design difficulty in balance studies. Losses of body N and
achievement of balance at a lower body N level must be differentiated from any
transient losses during an adaptation period that are gradually replaced, thus
restoring appropriate body protein stores. Many of the balance studies reported
have involved this initial low-protein period and the restoration stage has
generally been ignored, with the test diets fed to subjects who would be
depleted. This will result in very high efficiency of utilization and a probable
overestimation of the requirement. Experimentally, however, the problem
becomes more difficult since studies need to be long enough not only for
balance to be achieved at the lowered level, but also for repletion of losses
induced during the adaptation to occur. This will be most difficult to measure.

A final issue is raised by Fuller and Garlick (1994), who pointed to animal
data and indicated that nitrogen equilibrium may not necessarily mean amino
acid equilibrium. They cited the depletion of the tissue peptides, camosine (3-
alanyl histidine) and anserine (B-alanyl-I-methyl histidine), and the depletion of
hemoglobin, a protein very rich in histidine, when histidine-free diets are fed as
was shown in the original balance studies of Rose and others. They also pointed
to animal experiments that showed changes in the amino acid composition of
the body induced by feeding amino acid-deficient diets; for example, pigs fed
low-lysine diets have less lysine, phenylalanine, and tyrosine, and more glycine
and arginine in whole body protein than those fed an adequate diet.

Are There Robust N Balance Data that Support the FAO
Requirement Values?

Whether the FAO requirement levels maintain N balance in normal adults
has been examined in N balance studies. Weller et al. (1971) tested in one group
the pattern that Rose fed or in another group the pattern with a 30 percent
addition of all essential amino acids together with nonessential N to give a total
level of 7 g N. These diets did not maintain N balance, but an egg pattern with
at least 2 times the Rose values did maintain balance. Note that in these studies,
no histidine was fed, and the overall level of N at 7 g (0.6 g protein/kg) is low
compared with usual intakes.

In contrast, Young and colleagues (Marchini et al., 1993) tested the 1985
FAO pattern (with histidine), fed for 3 weeks at a higher total N level (9.8 g N,
0.9 g protein/kg), against the MIT and an egg pattern and showed that all three
diets maintained N balance; as shown in Figure 9-6, there were no significant
differences among FAO, MIT, or egg diets. Young rejected these data as
evidence for the validity of the FAO requirement values. Since the balance
studies were carefully done, with due consideration given to miscellaneous
losses, rejection
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implies nonacceptance of N balance in adults under any circumstances, which
in this author's view is an extreme and unjustifiable position.

Biological Value of Plant Proteins in Human N Balance Trials

The extent to which a very low IAA requirement for maintenance is valid
can be examined in terms of whether differences in the apparent quality of plant
proteins are observed in N balance trials. Such trials have been reported in
children and in adults. In children, responses need to be considered in relation
to the expected rates of growth and the relative magnitude of growth and
maintenance demands. In fact, tissue growth represents the major part of human
requirements only in the first few months of life, 60 percent of metabolic
demand at I month, 20 percent at 12 months, 10 percent at 2 years, and lower
subsequently (Dewey et al., 1996). When rapid growth is occurring, differences
in dietary protein quality are observed. Graham and colleagues studied the
nutritive value of various unsupplemented plant protein sources (wheat, maize,
potato, rice, beans, and sorghum) in terms of both digestibility and biological
value relative to casein in young children recovering from malnutrition
(Graham et al.; 1979; Maclean et al., 1981). They observed that sorghum and
wheat were poorly utilized, which is consistent with a lysine limitation.
However, the relatively small increases in lysine and other IAAs provided by
rice, maize, and improved maize strains increased the biological value (BV) to
between 80 and
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FIGURE 9-6 Nitrogen balances observed in young adults fed diets containing
the FAO pattern, the MIT pattern, and an egg pattern. Diets contained 9.8 g/N,
0.9 g protein/kg, and subjects were fed for 3 weeks. Note: FAO, Food and
Agricultural Organization; MIT, Massachusetts Institute of Technology.
Source: Adapted from Marchini et al. (1993).
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95 percent that of casein, with potato protein actually higher than casein.
Furthermore, in a more recent study (Graham et al., 1990), they showed that in
children growing at 2 to 3 g/kg/d after the most rapid phase of catch-up growth
has passed, the genetically improved maize was as effective as casein in
supporting both weight and height growth. This suggests that in these relatively
rapidly growing children, their growth needs do influence their amino acid
requirement, and the maintenance component of their needs, which is still
substantial, includes a lower level of IAAs compared with their growth needs.
This is supported by the observation that lysine supplementation of Indian
children fed a wheat- based diet had no effect on weight gain or N balance
(Reddy, 1971). In other preschool children fed either wheat-or rice-based diets,
there was lower height growth with wheat compared with rice, which improved
with lysine supplementation. However, the rice-based diet, which would have
had a low BV in rat growth trials, allowed both weight and height growth at the
fiftieth centile of the National Center for Health Statistics (NCHS) standards
(Begum et al., 1970).

A large number of adult trials of protein quality have been conducted with
a variable range of findings. Although differences among protein sources have
been reported in N balance studies in young adults (e.g., relative biological
values of 0.66 for wheat compared with beef [Young et al., 1975]), when the
calculated BVs of a range of plant and animal proteins measured in separate
studies are examined together (see Millward et al., 1989), the differences
between wheat and other proteins and mixed diets are much less apparent. This
is because of the lack of reproducibility between studies with the same protein.
Within individual studies, interindividual variability is very marked, with
biological values often associated with coefficients of variation (CVs) of 15 to
20 percent (e.g., Young et al., 1973), and even 50 percent (Young et al., 1984).
In a study of the effect of lysine supplementation of a wheat gluten-based diet,
(Scrimshaw et al., 1973), which is widely quoted as indicating protein quality
effects in adults, the magnitude of the response (a 2.9-7.7 percent fall in urea
excretion) was such that with the CV of mean urea excretions ranging from 11
to 36 percent, the response was not statistically significant. The combination of
within-study variability and poor reproducibility between trials means that
statistical analysis of the data is nearly impossible.

However, there have been several long-term trials examining the effects of
a wheat-based diet on both weight and maintenance of N balance. In the
Minnesota bread study (Bolourchi et al., 1968), young adults were fed a "bread"
diet for 50 days. The bread contained 90 to 95 percent protein from wheat flour,
which supplied 67 g protein/d, 0.95 g/kg, and 18 mg/kg lysine. The result was a
negative balance during the first 10 days, followed by a positive balance of 1 g
N/d, sufficient to cover miscellaneous losses. Body weight was stable, and
fitness, measured in terms of pulse rate with exercise, improved.

In the North Carolina wheat study (Edwards et al., 1971), responses were
measured over 60 days in young men who were fed bread-based diets supplying
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46 g protein [35 g from wheat (76%) and 11 g from other plant sources]. Body
weights were maintained (+ 4 pounds) as was N balance (at +1 g N/d), and this
was not influenced by replacing 20 percent wheat by beans, rice, or peanuts.

Clark et al. (1962) fed 56 g protein (9 g N), of which 45 percent was from
wheat flour and corn, together with amino acids, with lysine supplying 600, 700
or 950 mg/d (14 mg/kg). There was a progressive increase in N retention for 30
days, and at 700 and 950 mg/d balance of lysine, was maintained when 0.5 g N
is included for miscellaneous losses.

Taken together, these N balance data do point to a relatively low MD for
IAAs in the human maintenance requirement. Regardless of one's view about
the validity of N balance, weight and fitness maintenance data from the
Minnesota bread study strongly support the possibility that the MD for IAAs is
very low.

Adjustment of the Food and Agriculture Organization
Requirement Values

Although many of these potential sources of error in the N balance
methodology preclude correction of published data, the error induced by not
including surface losses, as in the N balance experiments of Rose, Leverton,
and others, can be corrected. Hegsted (1963) performed a meta-analysis on
published data, excluding the Rose data, which he considered poor (see
Hegsted, 1973), and performing a regression analysis to calculate the
requirement for zero balance and suggested that an adjustment could be made
for unmeasured losses. Clearly, the magnitude of the additional losses requires
careful consideration. Calloway et al. (1971) made comprehensive
measurements of dermal and other N losses in adult subjects, reporting greatly
increased dermal losses with exercise-induced sweating and with protein intake.
They estimated a potential total loss of about 0.5 g/d; a value essentially
adopted by FAO/UNU/WHO (1985) (8 mg/kg/d). Fuller and Garlick argued
that since the loss is variable with protein intake and exercise, such an
adjustment may be excessive in the balance experiments reviewed by Hegsted.
They proposed a lower value estimated by Calloway et al. (1971) for sedentary
subjects on moderate nitrogen intakes: 0.30 g N/d, 4 to 5 mg N/kg. The impact
of this adjustment is shown in Table 9-5; the total requirement values were
doubled for most amino acids. Nevertheless, when these values are compared
with the pattern obtained using OOL, the former (values recalculated for
sedentary individuals on moderate N intakes) are lower than the latter, with the
exception of the TSAs, which are similar to the OOL as would be expected
from the calculations. Lysine in particular is half the concentration in the OOL
pattern. Given the care with which Hegsted selected and analyzed the published
data to arrive at his values in Table 9-5, and given that none of the studies
involved excessive energy intakes, since the Rose values were excluded, the
recalculated
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values in Table 9-5 are probably the best estimates of the minimum requirement
for indispensable amino acids available.

Stable Isotope Estimates of Requirement Values

Isotopic studies of amino acid oxidation particularly based on '3C were
proposed as an alternative to N balance by Young (1986). Initially, such
isotopic studies involved an examination of the relationship between intake and
some response, such as protein synthesis or amino acid oxidation in order to
define an endpoint (e.g., Meredith et al., 1982). Subsequently, daily balances
were calculated from measured rates of amino acid oxidation over a range of
intakes. Balances were reported for leucine (Meguid et al., 1986a), lysine
(Meredith et al., 1986), threonine (Zhao et al., 1986), and valine (Meguid et al.,
1986b). Subsequently, a large number of '3C leucine and some valine balances
have

TABLE 9-5 FAO Requirement Values Recalculated to Allow for Miscellaneous
Losses

FAO*mg/  mg/kg Recalculatedf mg/kg OOLZ

d (70)8 mg/d (70)
Histidine — — — — 11.5
Ileucine 550 7.9 1,083 15.5 16.2
Leucine 730 10.4 1,580 22.6 274
Lysine 545 7.8 1,118 16.0 30.1
TSA 350 5.0 960 13.7 13.4
TAA 350 5.0 1,184 16.9 27.0
Threonine 375 5.4 942 13.5 15.5
Tryptophan 168 24 222 32 4.0
Valine 622 8.9 811 11.6 16.9
Total 3,690 7,898 162
% protein 10.5 22 48

NOTE: FAO, Food and Agricultural Organization; OOL, Obligatory oxidative loss; TAA, total
aromatic amino acid; TSA, total sulfur amino acid.

* Values from Hegsted (1963) calculated for zero balance.

T With the exception of lysine, TSA and TAA, all values computed from regression equations
reported by Hegsted (1963) with addition of 0.3gN losses.

Lysine is recalculated from Jones et al. (1958) with original balance data expressed per kg
bodyweight, adjusted for 5 mgN/kg per day additional losses and with zero balance calculated from
regression of balance (mgN/kg per d) on logo intake (mgN/kg per d) with all reported balance
periods included in the regression.

1 Pattern in an amount of tissue protein equal to the obligatory nitrogen loss (54 rng N/kg).

§ Based on n 70 kg man.

TSA is the OOL adjusted for utilization as described by Young et al. (1989).

TAA is from Tolbert and Watts (1963).
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been reported, culminating with the most recent reports in which leucine
oxidation and balance have been monitored for entire 24-hour periods (EI-
Khoury et al., 1994a,b, 1995). Taken together, this represents a large and
complex body of experimental work. Reviewing the work is difficult since the
experimental design and calculation methods have changed over time as
potential problems have emerged. For example, the way in which leucine
oxidation has been calculated has changed from an approach that by attempting
to compensate for the tracer would have underestimated the true oxidation by 5
to 15 percent (see Millward, 1993) to calculation of actual rate in current reports
(El-Khoury et al., 1994b). The current 24-hour studies are state of the art
although, as discussed below, some problems persist. However, as discussed
elsewhere (Millward and Rivers, 1988), the initial leucine, lysine, valine, and
threonine studies, which have been used as experimental support for the MIT
scoring pattern, are deeply flawed. Oxidation rates are underestimated due to
use of the plasma amine acid labeling as opposed to intracellular amine acid
labeling as a precursor, with no account taken for losses of '3C from threonine
by routes other than CO,, and with balance calculated from a single fed value
and an assumed (nonmeasured) postabsorptive value. In essence, '*C tracer
balances can be applied in one of two ways: as measures of the intake-balance
relationship for the particular tracer under examination (as with the leucine,
lysine, valine, and threonine studies) or, alternatively, the balance of one amine
acid such as leucine can be used as an alternative to N balance. Thus, for an
indispensable amine acid like leucine, which has a small, highly regulated free
pool, if the intake and oxidative loss are measured accurately, then the net
accretion or loss of that amine acid can be assumed to be protein. This was the
approach used by Marchini et al. (1993) to compare the FAO, MIT, and egg
TAA patterns.

Many of the kinetic assumptions and isotope-related problems associated
with this approach are well known (Bier et al., 1985) and were reviewed by
Millward and Rivers (1988) and by Millward et al. (1991). The main problems
are listed in Table 9-6. This list of problems is by no means exhaustive; it has
been separated into problems that are ultimately soluble and those that are
currently less tractable. Problem 1 is unavoidable with current methodology.
Although the 24-hour studies (El-Khoury et al., 1994a, b) represent heroic
experiments, they represent a short period in the context of balance studies, in
general, with subjects necessarily restricted resulting in unknown consequences
for protein balance. Day-to-day variation is large for N balance studies, some of
which may reflect the operation of the regulator of body composition. The
extent of day-to-day variation in leucine balance is currently unknown. El-
Khoury et al. (1994a, b) reported daily balances in subjects on a high leucine
intake (89 mg/d) ranging from -3.58 to +5.83 mg leucine/kg (0.76 + 2.99 mg/kg/
d) and falling to -13.4 = 5.2 mg/kg/d on an intake of 14 mg/kg/d. This would
indicate less inherent variability than N balance.
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TABLE 9-6 Potential Problems Relating to 13C Isotopic Measurements of Amino
Acid Oxidation Rates and Amino Acid Balance

A. Practical problems with potential solutions?

1. Need for subject restriction and limitation to short periods of study.
2. The extent of isotope retention as bicarbonate.

3. Measurement of CO, production rates.

4. Variation in background tracer enrichment.

5. Quantitative excretion of labeled carbon as CO,.

6. Oxidation rates as a tracer for overall N excretion influenced by mismatch of food
and body tissue amino acid composition.

7. Underestimation of losses due to non-CO, routes.

8. Excessive positive balances in some studies.

B. Model problems: Less tractable and possibly insoluble.

9. Amount of tracer excessive and may influence balance.

10. True precursor amino acid enrichment of measured value.

Problems 2 to 4 are solvable by appropriate methodologies. Problem 5 can
probably be ignored for leucine and most carboxyl-labeled amino acids, but
possibly not for threonine, which exhibits unrealistic positive balances (Zhao et
al., 1986), most likely because of substantial fixation as glycine (Ballevre et al.,
1990). Problem 6 is important when oxidation rates are measured to calculate
overall amino acid oxidation and N excretion. Thus, during the fed state with
milk-based food, for example, the higher leucine content in milk (10%)
compared with tissue protein (8%) means that excess leucine oxidation during
feeding will occur, and unless corrected for, will result in an underestimate of
overall amino acid balance during feeding (see Price et al., 1994). Problem 7 is
important but usually ignored. Any route of leucine loss as the entire amino acid
(free or protein bound in skin, hair, urinary and fecal peptides, or fecal bacterial
protein) will not be measured. Although the magnitude of this loss is unknown,
it could represent the equivalent of several mgs of N/kg. Problem 8 is observed
in several reported studies. Indeed, in the studies of Marchini et al. (1993), the
leucine balances ranged from -100 pmol/kg/d on the FAO diet to +180 pmol/kg/
d on the egg diet. These values were equivalent to changes in body weight over
the 3 weeks of the study of-1.5 kg to +2.5 kg. Whether such changes in body
weight occurred is not mentioned by the authors.
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As for problem 9, the fact that in stable isotope studies, the tracer is not
massless but may be infused at significant rates compared with either dietary
intakes or measured oxidation rates is a serious problem. In some
circumstances, the tracer infusion rate can be of the same magnitude as the
oxidation rate that it is purporting to trace. For example in a valine infusion
(Pelletier et al., 1991a), the tracer infusion rate was 80 percent of the oxidation
rate being studied. In the lysine studies reported by Meredith et al. (1986) on the
lowest intakes of lysine, the infusion rate was 72 percent of the reported
oxidation rate, equal to 3 times the rate of lysine intake from the diet at the
lowest dietary intake studied. In other leucine infusion studies (Pelletier et al.,
1991b), 8.2 umol/kg/h of leucine was infused, equivalent over 12 hours to an
intake of 13 mg/kg leucine in individuals fed 13 mg/d of leucine. Clearly, the
way in which the infusion intake is assumed to influence the system under study
and the consequent way it is treated in calculating oxidation rates and balance
can markedly influence the results.

This problem was discussed by Fuller and Garlick (1994), who considered
several issues. One was treatment of the tracer in 24-hour balances extrapolated
from measurements made during a few hours in subjects in the fed and fasted
states. In the initial studies, only the labeled amine acid intake given during the
actual period of infusion was included (e.g., 6, 42-44), which would have
underestimated balance by 9 to 13 mg. A second issue was that the tracer
represents an additional level of intake above the dietary level to which the
subjects have adapted, so that what is studied is not what has been previously
fed. In the 24-hour studies (El-Khoury et al., 1994a,b), the diet was adjusted on
the infusion day by removing an amount of leucine equal to that infused (about
10 mg). Although this means an overall (24-hour) leucine intake that is the
same as during the adaptation period, the diet supplied less leucine than the
nominal intake during the feeding period because of the tracer infused in the
postabsorptive period. In fact at the lowest dietary level of 14 mg/kg/d, this
reduced the actual intake during the feeding period (10 hours) to about 8 mg
(food + tracer), the other 6 mg (tracer) being supplied during the postabsorptive
14-hour period. The likely effect of this would be to reduce the capacity for net
postprandial protein synthesis through leucine limitation and to increase
oxidation and negative balance in the postabsorptive state, with an overall
leucine balance that is more negative than otherwise. El-Khoury et al. (1994)
did show a gradual increase in leucine oxidation during the fasting period, as
the excess was oxidized, and a fall during feeding, because of the high
efficiency of utilization on the very low-leucine diet. Attempting to study the
limits of adaptation of leucine oxidation and balance with a nutritionally
significant amount of the tracer amine acid is highly unsatisfactory. Fuller and
Garlick (1994) concluded that this problem is likely to give rise to an
appreciable overestimate of the amine acid requirement.

Finally, Problem 10 represents a "model" problem resulting from an
inadequate understanding of the kinetic model under analysis and especially the

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

INHERENT DIFFICULTIES IN DEFINING AMINO ACID REQUIREMENTS 197

uncertainty about the true precursor isotopic abundance compared with what is
measured. Currently, only leucine and the other branched-chain amino acids
allow any solution in terms of their keto acids in plasma, which derive from
actual intracellular precursor pools. Even in these cases, the extent of any error
remains unknown.

Price et al. (1994) attempted to test the assumptions empirically by
comparing rates of leucine oxidation with measured N excretion rates in
subjects in the fed and fasted states who were fed protein in amounts ranging
from 0.33 to 2.2 g/kg/day. Leucine oxidation rates varied in proportion to N
excretion over the entire range of N excretion rates, although the amounts of
leucine oxidation were lower than expected. The ratio of predicted versus
measured N excretion for the entire group was 0.79 (standard deviation 0.23, n
= 38). In other words, leucine oxidation resulted in a 27 percent overestimate of
balance compared with N.

In summary, 13C leucine oxidation studies, while not entirely free from
potential problems, do appear to allow reasonable estimates of whole body
protein balance when applied with care, particularly when intakes of leucine are
not especially low. The 24-hour 3C leucine balances currently employed by
Young and colleagues involve far fewer assumptions and uncertainties
compared with the original tracer studies used to validate the MIT scoring
pattern, which can, in this author's view, be generally discounted. Nevertheless
at low leucine intakes, the tracer problem remains a serious one. Uncertainty
still remains as to whether the apparent inability of 14 mg/kg/d to maintain
balance is due to excessive postabsorptive oxidation of the tracer.

Toronto '"Break Point'' Studies

The Toronto Break Point studies are important because they represent the
only stable isotope data on phenylalanine (Zello et al., 1990) and the only lysine
study (Zello et al., 1992) apart from the MIT data. Furthermore, the lysine study
involved a method that does not depend on balance, that is, the indicator amino
acid oxidation method.

As shown in studies of animals fed amino acid mixtures, when the test
amino acid intake falls below the requirement for adequate postprandial net
protein synthesis, oxidation of a labeled indicator amino acid increases. The
lysine study (Zello et al., 1992), measured '*C phenylalanine oxidation in
subjects fed diets with fixed phenylalanine intakes but varying lysine intakes.
The break point or increase in phenylalanine oxidation indicated the lysine
intake that is inadequate. The phenylalanine study (Zello et al., 1990) involved
measurement of postprandial phenylalanine oxidation on diets with decreasing
amounts of phenylalanine.

The important problem with these studies is their design and interpretation.
Phenylalanine oxidation is calculated from the isotopic enrichment of plasma
phenylalanine, not tyrosine, and in fact, the investigators give excess tyrosine in
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the diets. The authors argued that phenylalanine is oxidized from a pool that
does not equilibrate with tyrosine so that plasma tyrosine enrichment, which
was very low compared with that of phenylalanine, was not the relevant
precursor enrichment. If their assumption is not correct, then their data are
uninterpretable because (a) the '*CO, will reflect the oxidation rates of both
phenylalanine and tyrosine and (b) the excess tyrosine will dominate the
oxidation of phenylalanine and blunt any usefulness the protocol might have in
assessing phenylalanine oxidation.

It is difficult to accept the assumptions of Zello's studies in light of
previous studies by Thompson et al. (1989), who developed Clark and Bier's
original study (1982). Tyrosine labeling would be expected to be low since the
labeled tyrosine formed by phenylalanine hydroxylation would be diluted by the
tyrosine flux and would not be expected to achieve plateau enrichment within
the 4 hour infusion without priming. Since these studies were measuring
phenylalanine oxidation, the true shape of the oxidation curve in relation to the
lysine intake is not known. In this author's view, neither study can be
interpreted in a meaningful way in relation to either lysine or phenylalanine
requirements. Therefore, there are no reliable kinetic data for a minimum lysine
requirement.

Functional Indicators of Adequacy of Intakes Allowing Zero
Balance

Protein Turnover

One proposed advantage of tracer studies is that they allow validation of
balance in terms of measurement of protein turnover. In this context, Young and
Marchini (1990) reported marked reductions in whole body protein synthesis in
subjects fed low levels of specific IAAs. In fact, it is likely that these data are
artifactual.

Most would agree that if reductions in protein turnover occurred in
response to reduced protein or amine acid intakes, it would be a cause for
concern. In fact, although the animal data for reductions in protein turnover
with low-protein diets are quite clear (e.g., Jepson et al., 1988; Waterlow et al.,
1978), evidence for this in humans is generally scant even in chronically
undernourished Indian laborers (Soares et al., 1991). Considerations of the
significance of changes in protein synthesis need to be made in an appropriate
framework. In the context of the diurnal cycling model of balance, the
increasing amplitude of gains and losses with increasing protein intake, does
involve changes in protein synthesis (although changes in proteolysis are the
main mediator of cycling). As a result, postprandial synthesis is higher for
someone on a high- rather than low-protein intake, although postabsorptive
synthesis rates are not changed (Pacy et al., 1994). Thus the changes in protein
synthesis are only related to the increasing amplitude of diurnal cycling. Since
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there is no obvious physiological benefit from any particular amplitude of
diurnal cycling as long as overall balance is achieved, there is no obvious
reason to be concerned if dietary protein or indispensable amino acid levels
result in lower amplitudes of diurnal cycling and lower rates of postprandial
protein synthesis. In fact, Pacy et al. (1994) reported that the mean daily rate of
protein synthesis, S, was higher on very high protein intakes, (S=4.55 = 0.5 g/
kg/d), compared with 2 weeks on a very low protein diet of 0.36 g/kg/d (S=4.09
+ 0.63 g/kg/d), although P > 0.05, but even this was explainable by the fact that
overall daily leucine balances became positive at 0.82 g protein/kg/d. Thus
turnover per se (i.e., replacement) was not increased, and it was concluded that
any influence of protein intake on protein turnover was below the detection
limits of current methods. In general, previous results provided little support for
a nutritional sensitivity of whole body protein turnover within the range of
intakes likely to be consumed.

Marchini et al. (1993) reported no significant changes in protein synthesis
in the postabsorptive or postprandial state on diets with the FAO, MIT, or egg
amino acid patterns. The only kinetic responses commented upon were a
reduced rate of postabsorptive proteolysis after 3 weeks on the FAO diet and a
lack of a feeding-induced inhibition. Although this explains the lack of
postprandial gain and overall negative balance, it appears that no changes in
turnover occurred in these studies.

The one exceptional body of data is the large reduction in protein synthesis
observed in subjects fed very low levels of individual amino acids in the MIT
studies (Young and Marchini, 1990). However, Pacy and coworkers (1994)
have suggested that since such responses are only observed when the tracer is
the same as the limiting amino acid, and not observed in response to an
identical dietary protocol when turnover is measured by a nonlimiting labeled
amino acid (e.g., Zello et al., 1992), a methodological problem associated with
either compartmentation or the nonsteady state may exist.

On this basis, it appears that the data suggesting that protein synthesis falls
at inadequate intakes of individual amino acids are artifactual. Thus, with
balanced amino acid mixtures and whole proteins, whole body protein synthesis
changes only minimally at intakes below those capable of supporting overall
balance. Thus, protein turnover is not a useful indicator of nutritional adequacy
that can be used in the debate.

Other Metabolic Influences of Amino Acids

A minimal requirement for protein and amino acids may be identifiable
with sufficient time allowed for adaptation. This value is likely to be much
lower than the amounts provided by natural diets that also provide sufficient
energy and other nutrients. Thus, the magnitude of this minimal requirement
becomes to some extent only an issue of scientific curiosity. It might be
considered that the requirement for balance is less important than the functional
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consequences of particular levels of protein in the diet. In other words, the key
issue is that of an optimal requirement, which not only allows balance but also
supports optimal body function such as optimal immune function, minimal long-
term deterioration of renal function, and in the present context, physical
performance, especially under stress.

Although the issue of an optimal protein requirement is generally
recognized as important, there is little qualitative or quantitative information. In
growing animals, dietary protein intakes in excess of those associated with
maximum efficiency of protein utilization have been shown to increase rates of
bone growth through hormonal mechanisms involving insulin, thyroid
hormones, and insulin-like growth factor-I (IGF-I). This has led to the concept
of an "anabolic drive" of dietary protein exerted by protein intakes in excess of
minimal needs (see Millward and Rivers, 1989). However, the extent to which
this is important in human growth has yet to be explored.

The importance of dietary protein for the maintenance of the immune
system has also been suggested, with dietary protein influencing the human
response to infection through several mechanisms (see Reeds and Becket,
1996). One mechanism is the maintenance of gut barrier function, through
provision of threonine, cysteine, and other amine acids involved in synthesis of
mucus glycoproteins. Another mechanism is maintenance of general immune-
competence through provision of specific amine acids for synthesis of cellular
proteins of the immune system and support of the hepatic acute-phase protein
response. In particular, glutathione, a key free radical scavenger synthesized
from glutamate (glutamine), glycine, and cysteine is depleted in hepatic and
intestinal mucosa in protein-restricted animals, in the erythrocytes of infants
suffering from kwashiorkor. Also infants with low birth weight have low
circulating levels of glutathione. The reduced levels of glutathione in rats are
restored by providing cysteine in the diet. The influence of protein intake on
glutamine levels is also a possible factor influencing immune function.

Glutamine is strongly concentrated in skeletal muscle, appears to play a
specific role in maintaining function of rapidly proliferating cells such as
lymphocytes and mucosal enterocytes, and regulates muscle protein turnover.
Under conditions of infection and trauma, muscle concentrations of glutamine
fall, and this may limit the provision of glutamine for the immune system or to
the splanchnic bed, where it appears to play a specific role in maintaining
glutathione synthesis during trauma. Taurine, a beta-amine sulfonic acid
derived from cysteine, appears to be an effective scavenger of peroxidation
products (particularly those containing the oxychloride groups) and acts as a
neuromodulatory agent. Taurine is specifically concentrated in skeletal
musculature and in the central nervous system. Creatine is a compound that is
crucial for energy flow within skeletal muscle and is synthesized from glycine,
arginine, and a suitable source of methyl groups. Creatine is concentrated in
skeletal muscle and brain and is lost from muscle during infection and trauma,
with a deterioration of muscle contractile function. Because glutamine, creatine,
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and taurine are maintained at substantial concentrations in the free amino acid
fraction of milk, provision of all three compounds is believed to be important in
supporting postnatal development. Finally, provision of arginine is important in
relation to the immune system. This may relate to its role as precursor for
synthesis of nitric oxide, a key regulator of a variety of physiological processes
that include the regulation of hepatic protein metabolism, macrophages' killer
function, and interactions between macrophages and lymphocyte adhesion and
activation. However, as yet the quantitative relationship between intakes of any
of these individual amino acids and function has not been quantified.

As for physical activity, it is often assumed that increasing protein intakes
is of benefit (e.g., Lemon, 1996), but much of the data indicating apparent
increased protein requirements of athletes are based on arguably misleading N
balance studies. In this author's view, there is no unequivocal evidence and
some data suggesting potential disadvantages (see Millward et al., 1994).
However, as is often the case with the nutrition literature, the key experiments
are described in the classic texts written decades ago. Chittenden took a group
of soldiers and elite Yale University athletes and persuaded them to reduce their
protein intake by 50 percent over 5 months, mainly by switching to a vegetarian
diet of about 0.75 g protein/kg/d. Extensive measures of strength were made.
Over the 5 months, soldiers' strength increased by > g5 percent (largely due to a
training effect), but even the athletes' strength increased on average by 35
percent (see Table 9-7), coupled with a fall in perceived fatigue. Chittenden

TABLE 9-7 Strength of Male Athletes Before and After a S-Month Period of a
Reduced-Protein Diet*

Total Strengtht
Athlete Initial Final Increase (%)
1 4913 5,722 16
2 6,016 9,472 57
3 5,993 8,165 36
4 2,154 3,993 85
5 4,554 5,917 29
6 4,548 5,917 30
7 5,728 7,135 23
8 5,351 6,833 28

Mean 38

* Exclusion of most dietary meat and reduction of protein intake by "more than 50%" to about 55 g
protein/d over 5 months.

T Sum of 15 distinct tests of measured strength and work performed in various exercises
(Chittenden, 1907).
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concluded that his experiments "afford reasonable proof of the beneficial effects
of a lowered protein intake upon the muscular strength of man," and that "man
can profitably maintain nitrogen equilibrium and body weight upon a much
smaller amount of protein food than he is accustomed to consume (Chittenden,
1907, p. 207)." In the context of minimal and optimal protein requirements,
Chittenden defined an optimal requirement of about 0.75 g/kg, the current safe
allowance, with most of it coming from plant protein sources. This is
significantly less than average intakes. Chittenden's views were controversial at
the time and have been given less prominence than they deserve in the
intervening years of continued controversy. However, the data speak for
themselves.

AUTHOR'S CONCLUSIONS AND RECOMMENDATIONS

Defining amine acid requirements is inherently difficult even in the context
of "normal" needs, let alone in the specific context of this workshop. Figure 9-7
summarizes what can and cannot be defined in relation to amine acid
requirements and, especially, the problem of assessing nutritional adequacy of
proteins by scoring. The scheme is drawn for lysine, but the principle applies
generally. A requirement for rapid growth can be defined, and it may well be
close to the FAO preschool values. A minimum obligatory metabolic demand

Lyzing regquirement

mgig protein
ao_

64

FAQ preschool Adjusted FAD
values? adult values?

FIGURE 9-7 Amino acid requirements can be defined for rapid growth, which
may be close to the FAO preschool values, and for a minimum obligatory
metabolic demand, possibly represented by the adjusted values in Table 9-5.
Assessment of the nutritional value of intakes in the adaptive range between
these two extremes is problematic. Note: FAO, Food and Agricultural
Organization.
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can be deemed, and this is low, possibly represented by the adjusted values in
Table 9-5. The problem arises in assessing the nutritional value of intakes in the
adaptive range between these two extremes. There are mechanisms allowing
considerable adaptation of MD to match intakes in this adaptive range, but
because it is not easy to predict whether complete adaptation will occur; one
cannot be confident of the nutritional value of the protein. This means that the
protein cannot be scored. Protein scoring as a means of predicting net protein
utilization (NPU) in animals was adopted after demonstrating that it worked
(more or less). That is, the score was closely correlated with experimentally
determined NPU within a relatively simple animal model in which tissue
growth dominated needs. Humans have a much more complex MD that cannot
be defined as a fixed quantity. In the absence of suitable indicators of adequacy
that allow judgments to be made about optimal requirements, which are
independent of balance, a scoring pattern for assessment of nutritional value in
the adaptive range cannot be deemed and is unlikely to be useful. Although a
scoring pattern based on the adjusted FAO values in Table 9-5 may represent an
ultimate minimum nutritional value, actual adequacy could not be judged
without long-term studies of the extent to which diets with intakes as low as this
allowed balance, health, and fitness.

Thus, the key test of adequacy of either protein or amino acid intake must
be the long-term response in terms of the specific function of interest. A
specific question that this workshop addressed related to amino acid
requirements is the following: Is there evidence that a different mix of amino
acids would optimize military performance (cognitive function, long-term
muscle mass preservation) during high workload, psychological stress, and/or
energy deficit? Given the uncertainty about amino acid requirements for normal
health, it is not surprising that this question cannot currently be answered. As
far as gender issues are concerned, none of the investigations that provided the
FAO values identified gender differences in normal requirements.

Regarding protein needs, what would be of interest is a controlled trial
repeating Chittenden's measurements, with both protein level and quality as
independent variables. Although N balance and stable isotope studies would be
of great interest in such studies, the main outcome test of adequacy would be,
simply, performance. There is no reason why such a trial should not be
undertaken.
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DISCUSSION

ROBERT NESHEIM: Thank you. Are there questions? Yes, sir, John.

JOHN VANDERVEEN: I am interested in the reality of the current
situation. At the present time, our troops are getting plenty of protein in
amounts far beyond this whole discussion. But the issue of adaptation raises the
issue of survival. If, indeed, higher levels of protein intake change our
metabolism to the point where additional adaptation, if you will, occurs in our
needs, are we
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putting soldiers at risk to survive starvation or low protein intake for a period of
time on rations?

D. JOE MILLWARD: I think it is a very complicated question. I think that
it is quite possible that we are putting soldiers at risk. Certainly, the view that
Chittenden expressed was that high protein intakes represent a metabolic load
that is hard to deal with.

Now, Mike Rennie will present data on physical activity and intakes and
deal with this problem to a certain extent. But, in my view, the real point about
the human response to protein intake is that we adapt our metabolic demand
according to how much we eat. The point about any individuals who stuff
themselves with very high-protein diets are two things. Firstly, as soon as they
stop taking in that high protein diet, they lose lean tissue very, very rapidly. So
the soldier who suddenly finds himself without food for a few days on a
background of a high protein diet will lose more lean body mass than somebody
who has been on a lower intake.

Secondly, the response to exercise, I think, can be shown to induce a
bigger loss when one's background intake is higher. Now, there are things about
infection and all of that which complicate the issue and that I do not think we
have an answer to.

ROBERT NESHEIM: Yes?

G. RICHARD JANSEN: Joe, I guess, having been recruited to work on the
ill-fated lysine program at Dupont 40 years ago, this is like deja vu all over
again.

I remember a 1960 conference in Chicago at the Federation Meetings
discussing protein reserves. If you forget the turnover, it was the flux data. It is
the same argument basically. But it seems to me that your position as you have
published it is more agnostic than atheistic to Vernon's dogma here. And it
seems to me you have not really addressed his argument that there is an
advantage in terms of metabolic control to that increased oxidation. And, in
fact, in your slide there you said, number one, that we basically cannot
determine the indispensable requirements because we do not have enough data.
However, you say protein scoring is invalid. It seems to me that those two
statements cannot be made together. If we cannot define it, we cannot determine
what is valid or invalid yet.

D. JOE MILLWARD: Okay. The point about protein scoring is that it is a
procedure that was adopted for quality assessment in the rat because it was
shown to work. In other words, scoring correlated with net protein utilization in
the growing rat. The reason that it correlates is simply because for the growing
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rat the requirement is quite simple and straight-forward. It has to do with the
requirement for tissue deposition.

What I am saying is that for adult humans, our requirement is more
complicated because it is variable. We have this fixed requirement that may
well be very low. And, in fact, FAO took the view that you use the minimum
requirement value and you score protein with that. If you do that, then all
proteins in the world are nutritionally adequate. Now, they are only adequate if
you can actually adapt to them successfully. So for a population with a habitual
protein intake that is relatively high, the question is what is adequate for that
population. That is what is very difficult to define, because ultimately one has
to test it against that group and against the extent to which they are adapted to
their intakes.

If you add the problem that there may well be other components of intake
that are more important than balance, like performance, like the immune
response, like any of these things, and we talked about the anabolic drive on
growth and development, then it becomes even more difficult to define
nutritional adequacy against this single pattern of individual amine acids. That
is the point that [ am trying to make.

G. RICHARD JANSEN: I assumed that. But I think, at the same time, I do
not think that you addressed at all Young's argument that there is an advantage
in terms of metabolic flux and control to that increased protein turnover, which
then would make the argument that he has made, that the pattern should be what
it is and, therefore, it would be valid. I understand the rat gross data. I have run
a lot of those experiments; but you are not addressing the argument he is making.

D. JOE MILLWARD: Well, I did address it partly. That argument is made
basically in the Young and Marchini paper, which he quotes in his abstract,
where they show that whole body protein synthesis rates plummet dramatically
as the intake of essential amine acids plummet. I think that data are wrong, to be
quite honest. I think they are artifactual.

There are other data where the same diet is fed, for example, with
decreasing lysine intake, but the protein turnover is measured with another
amine acid, namely phenylalanine, and there is no change in the phenylalanine
flux over the whole range of intake.

So I think there is a technical problem with the observation that higher
intakes are associated with higher rates of protein turnover. Because I do not
think there are higher rates of protein turnover with higher intakes. I do not
think they actually change.
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SUSAN HUDSON: I have a question. We have argued about this for
years. But is there any way to make the steady isotope labeling data more
precise, that is, those you say are flawed? Is there any kind of information that
could be gathered that would, say for leucine, make the data better?

D. JOE MILLWARD: I think that if Vernon were here, what he would say
is that over the years, the studies have gotten better. There has been a better
understanding of what was going on. The way the calculations have been done
has been improved. The studies that Vernon is doing at the moment in India
where he looking at lysine intakes and he is using leucine balances are probably
as good as you can actually get. So we do await the outcome of those studies.
The difficulty is that many of the data that have been used in the past to support
the MIT scoring pattern, in my view, simply are unusable because they are
seriously flawed. So we are still waiting for hard data that support a better
requirement pattern. Now, Denny [Bier] was a co-author of those papers, so I
am sure he will want to respond.

ROBERT NESHEIM: Defray?

DENNIS BIER: Well, first, I think that Joe has probably presented the
clearest and the fairest view of this subject that I have heard in the last 10 years.
I would like to see it come out as clearly as it was presented here today. I would
agree with you on this whole business of requirements, that is, the adaptive
component and how it affects those requirements. I think it is precisely in that
slide you showed us of the obligatory losses. I think that, unfortunately, that is
really what we would like to know. That is what the military would like to
know in the circumstances that they are addressing. How do we get at that?

I think we are trying to address a problem about intake and requirements in
the face of a body that is filled with amino acids, as you pointed out in your
remark about the utilization and recycling. It becomes very difficult, I think, to
solve the problems in that context when really what we are looking for is some
change from the baseline.

In addition, the balance studies really do not tell us in any way, of course,
what happened to what was in the body at that time and whether or not there has
been an advantage or disadvantage to what it took to get the balance in the
context of these sort of intakes.

So adding functional measurements, adding things like whole body
nitrogens or whole body potassium, something that really lets us know over the
long term what happened to the body proteins, would be very useful.

Now, to go back to the models themselves, my position on this, and I have
stated it many times, is that the models are not very good. But the original data
that went into some of these calculations (I am not going to talk about scoring

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

INHERENT DIFFICULTIES IN DEFINING AMINO ACID REQUIREMENTS 212

patterns because I have no idea what they even mean), but, the original data that
went into the calculations were based not on any complicated model but simply
on the amount of C!3 recovered outside of the body during the course of the
tracer study. Admittedly, that has its own set of problems. But, if anything, most
of those problems entail underestimation of loss rather than overestimation.

If you just take those numbers, they were those net losses that generated
the initial part of this. So, admittedly, they were done at MIT with young,
healthy adult men, adapted longterm, and using a different protein technique for
a maximum of three weeks. I have no idea, frankly, whether that applies to
Northern Thais who eat rice or adapt to a different type of protein for the rest of
their lives.

K. SREEKUMARAN NAIR: I want to echo what was said. This is a
complex problem. My concern is we are going to try to solve this problem by a
very simplistic approach.

What we need is a long-term study on the effects of different proteins on
performance changes. They are not easy to perform.

D. JOE MILLWARD: I think we have tried many times to erect very
complicated models to understand amine acid and protein metabolism. I have
always taken the view that, if you cannot actually measure the total amount of
body protein that is there and whether it is going up or whether it is going
down, any other information is basically irrelevant. You have got to start with
good data about what is the state of the overall system, i.e. the lean body mass.
And, while that is a simplistic approach, it is a necessary precondition to
answering any of the other questions.

DENNIS BIER: But the balance method does not allow that—the only
way to do that is with the total body nitrogen.

D. JOE MILLWARD: Exactly. I think that we need much more data on
whole body nitrogen.

NANCY BUTTE: Joe, the committee has been asked to address a very
straightforward question. Is the military RDA for protein, which is one hundred
grams per men and 80 for women, appropriate? Given the current state of
knowledge with the techniques we have, would you recommend that they even
attempt to revise that right now?
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D. JOE MILLWARD: Well, there is certainly, in my mind, no evidence to
suggest that it is inadequate. The only issue is whether that level is too much.

NANCY BUTTE: And what would you advise them if you were asked to
advise them at this time? Do you think the recommendations are too high?

D. JOE MILLWARD: Well, I think it is. To be quite honest, I do not think
we have yet done the right studies. I mean, if you work on the basis of this very
significant series of studies that were done over three or four years on Army
recruits and young athletes, then you would have to conclude that the current
requirements are too high and that soldiers may well perform better on a lower
intake. Mike [Rennie] is going to present data this afternoon that suggest that
for physical activity, there may well be benefits of lower protein intakes.

ROBERT WOLFE: I would just like to follow up on Dr. Jansen's point. I
do not know that it can be so readily dismissed that a higher protein intake
affects protein turnover, because even your own anecdotal comment, that if you
eat a higher protein intake and then stop the protein intake, you will lose protein
faster. The only way that could occur would be if you have a higher protein
turnover; the higher protein intake caused the higher protein turnover. The only
way you would lose it more rapidly would be if it were turning over more
rapidly before you stopped. But, furthermore, there are some studies that have
done what you have suggested and avoided the problem of using the same
amino acid tracer. Because we performed a study a number of years ago, albeit
not in normal subjects, but in severely burned patients in a crossover study in
which they were given different levels of protein, and three different essential
amino acids were used, and all three tracers showed parallel increases in whole
body protein turnover when the protein intake was increased, although none
indicated an improvement in balance.

So I think the fact that the same amino acid tracer as the test compound has
been used with different levels of protein intake may not be valid, and that it is
a jump to go from that observation to the conclusion that there is no effect of
protein intake on protein turnover.

D. JOE MILLWARD: Let me say that it was not an anecdotal statement.
We have published a series of studies where we used a multiple tracer approach.
We used N3, we used C'? leucine, we used deuterated phenylalanine to address
the question of whether the level of protein intake affects the overall rate of
protein turnover. The outcome of that experiment was that from an intake of .3
grams per kilogram, up to an intake of 2.5 grams per kilogram over three
weeks, there was no effect on the overall replacement rate. However, those
subjects who
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were in positive balance obviously had a higher rate of synthesis than
proteolysis and those on the lower intake had a lower rate of synthesis than
proteolysis. But, if you calculated rate of replacement as the lower of the two
processes, that rate did not change over the entire range.

DENNIS BIER: Two comments, first on the last statement. If you change
the protein intake, one way or another you at least have to change components
of the protein turnover. That is, you have to deal with the protein that comes in.
So the total protein turnover may not change, but how it is distributed has to be
changed, because you have a new term in the equation that is introducing
protein into the body. So the fact is that something has to happen, not to the
total number [turnover] necessarily, but to how it is distributed. Our models do
not really allow us to analyze that.

The second comment goes back to Chittenden's study. How did he control
for the training effect on this?

D. JOE MILLWARD: Well, that was the basis of the problem with his
initial study, because he did that study on army recruits. There was this
enormous increase in strength. He concluded immediately that it was the
weekly measurement over five months that trained them and that was
responsible for the increase in strength. So he only controlled for it by recruiting
elite athletes. He had the U.S. National Decathlon equivalent champion among
his subjects. They were as highly trained as they could get. That was how he got
the results that he did. But it is not a perfect study. But it is the only study that
has ever seriously addressed the problem. Just because it was published ninety
years ago, it is completely ignored.

DENNIS BIER: Well, you know, it is not on Medline!

JEFF ZACHWIEJA: There are some recent data that are germane to that
issue. Others may help me out with this. I think that Bill Evans' group (when he
was still at Tufts), recently published data that suggested that exercise training
in older individuals, whether they had a dietary protein intake of .8 grams per
kg or 1.6 grams per kg, essentially achieved the same level of muscle strength
and I think those individuals who were on the lower protein intake were still in
positive nitrogen balance, but not as great as those on the higher protein intake.
But, in terms of performance, the increments in performance were very similar
on those two types of diets. These results spoke to the issue of the body being
more efficient or becoming more efficient on the lower protein intake to achieve
essentially the same functional outcome.
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ROBERT NESHEIM: I think we could have more discussion on this, and
we will have more time later.

HARRIS LIEBERMAN: I just have one more comment in regard to that
issue of one hundred g protein per day. There is a lot of confusion about that.
The really critical issue for us is not the MRDA level of protein that is
recommended but the standard for operational rations. Right now, the standard
operational ration must include at least a hundred grams of protein. That
typically is not fully consumed. If you lower that ration content, a hundred
grams or 90 grams will not be consumed; substantially less than that will be
consumed. So when we think about it and talk about it, please keep in mind that
what really is critical for us is what we recommend to the ration developers at
Natick, the minimum level of protein they can include in a combat ration.

JOHN VANDERVEEN: I have one last comment. The concern about
ration design depends on how you calculate that 100 grams of protein as well.
What protein quality factor do you use? Do you have a cut-off in what you
consider protein? If the protein has an amino acid score that is such that you
have a cutoff at 20 percent or 30 percent, or whatever, is that counted in? I think
that those are issues.

I guess maybe the last question I would raise is whether there is any
thinking as to how long the amino acids are available in the pool so that you can
take advantage of a lower-quality protein at some later time in the day or at a
different time?

D. JOE MILLWARD: Well, there are good data on that. There are good
data on muscle biopsy studies, which I referred to in my talk, of the rate at
which amino acids disappeared from the intracellular muscle pool after a meal.
It is quite clear that, whereas leucine, all three BCAAs, the aromatic amino
acids, and the sulfur amino acids disappear quite quickly, lysine and threonine
stick around for a long time. Seven hours after an albumin meal, lysine and
threonine levels are still elevated, whereas all of the branch chains have fallen
below baseline levels. I think that what we know about the Kms of the catabolic
pathways for lysine and threonine would indicate that the body does not turn up
their oxidation quickly after a meal in the same way that it does for the BCAAs.

ROBERT NESHEIM: One more question.

PATRICK DUNNE: It is more of a request for background information. It
is really our group that, over the years, has been doing the nutritional
assessment of the ration contents. What we do not know is the amino acid
composition of
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the diets. It is way too expensive to do that. We can make some guestimates like
anyone else can from the databases. We would say that the majority of our
protein intake is coming from meat. But that is switching as we look at newer
concepts in our rations, where we have more vegetarian items. We are getting
better at providing bread to people in the field and developing shelf-staple
breads. That is a changing phenomenon and may be an area where we need to
gather more data.

JOHN VANDERVEEN: So you are telling us that you take N values and
multiply times the conversion factor and that is how you estimate ration protein
content?

PATRICK DUNNE. I would say that is correct, with some minor
corrections using different factors for dairy versus muscle proteins. You
typically perform kjeldahl nitrogen assays and that is what you get. You get
approximate values for N, and that forms the database. We are trying to
reconcile that database with the nutrient content of the meal, ready to eat
(MRE)-15 as best we can. That is the level of knowledge.

D. JOE MILLWARD: In fact, I think it is highly unlikely that protein
quality is going to be an issue in the sort of rations that are provided unless they
are really quite unusual. In other words, unless they are basically
unsupplemented wheat. There have been a number of papers recently that have
used rats to do protein quality assays of basically vegetarian diets, and these
have shown that vegetable-type mixtures can have higher NPU values than
those for meat and milk. So, unless these military diets were really very
peculiar, then I do not think that the amine acid composition would become an
issue.

PATRICK DUNNE: Right. However, in the field setting, we probably
have the normal level of intake of protein, lower in dairy proteins than you
would have in the garrisons just because of what is shelf stable. We do look at
cross-linking effects and do not think it is a problem to really reduce the quality
of protein during the normal storage period, which could be three-plus years.

We also have some data relative to the antioxidant issue. Until recently,
when more commercial items were added to our rations, we were not feeding
our troops a lot of BHA and BHT. We were feeding them lots of vitamin C and
vitamin E. As we add more commercial items, you are going to see changes in
macro- and micronutrients, something for the good.

ROBERT NESHEIM: Thank you very much. I think it has been a very
interesting morning. It is time to break for lunch.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

WW}]}M@n Sustaining and Enhancing Performance
ﬁfi E%‘IE EIEEPD( -gND REQUIREMENTS: COUNTERPOINT; TENTATIVE 217

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

ESTIMATES ARE FEASIBLE AND NECESSARY

Protein and Amino Acids, 1999
Pp. 217-242 Washington, D.C.
National Academy Press

10

Amino Acid Flux and Requirements:
Counterpoint; Tentative Estimates Are
Feasible and Necessary

Vernon R. Young

INTRODUCTION

This chapter serves as a counterpoint to that by Millward (see Chapter 9),
in which he largely evaluates my views and those of my colleagues concerning
the requirements for nutritionally indispensable amino acids in healthy adults.
His points are multiple and well articulated, although he presents little direct
experimental data from his own laboratories that are directly relevant to the
quantitative determination of adult human amino acid requirements or that are
in contrast to our own findings. Nevertheless, I agree with a number of
important elements in his argument; indeed, I accept some of his criticisms of
our work, which is overviewed briefly below. However, other major
components of his position lack strength and/or validity. Of course, he, too, has
made a similar statement about some of my ideas, concepts, and experimental
data, while
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attempting to reassess the quantitative needs for indispensable amine acids in
adult humans and to assess their practical significance in human protein nutrition.

At the outset, I share his view that there are inherent difficulties in defining
amine acid requirements. Indeed, Millward has provided an excellent backdrop
against which I will make the case that the current international amine acid
requirement values (FAO/WHO/UNU, 1985) for adults are "no longer
acceptable or nutritionally relevant" (Clugston et al.1996). Further, I will argue
that the tentative requirement values that we have proposed (Young 1991, 1992;
Young and El-Khoury, 1995; Young and Pellett, 1990) should be used for
evaluating the amine acid adequacy of diets and/or for planning diets intended
to meet adequately the physiological needs of consumers in healthy
populations. With respect to the issue of indispensable amine acid requirements
and dietary protein quality, the most recent UK expert panel (Department of
Health, 1991), of which Millward was a member, stated: "DRVs (dietary
reference values) assume that the dietary protein pattern includes sufficient
variety of different protein-containing foods, or sufficient high quality protein
sources to provide for indispensable amine acid (IAA) requirements." This
assessment or advice would not be at all necessary if the IAA requirement
estimates proposed by FAO/WHO/UNU (1985) and assumed to be adequate by
Millward were valid. It would seem worthwhile then, to make our case for a
significant revision in the current UN amine acid requirement values, while
addressing a number of Millward's points and before concluding with a few
comments about dietary protein and amine acids in relation to performance and
exercise.

As Millward reminds us, much of the argument he makes has been
reported previously. Similarly, my colleagues and I have also published our
assessments and views elsewhere (Young et al., 1989; Young and El-Khoury,
1995, 1996). Hence, this chapter concentrates on many, but not all, of the
particular issues raised by him. R is agreed, as he states: "The task in hand then
is to define the amounts and amine acid pattern of the maintenance requirement."

Proposed Massachusetts Institute of Technology Amine Acid
Requirement Pattern

In 1989, following up and extending on an idea concerning obligatory
nitrogen (N) losses that was originally proposed by Millward and Rivers (1989),
we adopted the values for the estimated obligatory amine acid losses (OAALs)
as a partial basis for deriving the Massachusetts Institute of Technology Amine
Acid Requirement Pattern (MIT-AARP). We also applied some of our data
from '3C-amino acid tracer studies in deriving the AARP (Young et al., 1989).
This pattern is summarized in Table 10-1, together with the proposed 1985
FAO/WHO/UNU patterns for preschool children and adults. Millward points
out that the approach we adopted meant that we had defined the maintenance
pattern
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with the same amino acid composition of the mixed proteins in the body. He is
correct except that the values for lysine, sulfur amino acids, and threonine, in
particular, were derived more from the results of our tracer studies, which were
limited in scope. This detail becomes important when we respond to the issues
raised by Millward in his chapter.

TABLE 10-1 The MIT Amino Acid Requirement Pattern (MIT-AARP) Compared
with the 1985 FAO/WHO/UNU Patterns for Adults and Preschool Children

1985 FAO/WHO/UNU

Amino Acid MIT-AARP Preschool Children Adults
Isoleucine 38 28 13
Leucine 65 66 19
Lysine 50 58 16
Methionine + Cystine 25 25 17
Phenylalanine + Tyrosine 65 63 19
Threonine 25 34 9
Tryptophan 10 11 5
Valine 35 35 13

NOTE: All values are mg amino acid per g protein (N x 6.25).

Millward has three objections to the approach we followed in applying the
OAAL. First, he criticizes the approach, because the OAAL for most amino
acids were greater by 2 or more times than the FAO/WHO/UNU (1985)
requirement values, with the exception of the total sulfur amino acids
(methionine + cystine; SAA) for which the losses and FAO/WHO/UNU (1985)
requirement values were quite close. He interprets this comparison by
suggesting that the SAA "drives" the obligatory nitrogen loss. Further, this
appears to be why Millward objects to our use of OAAL for purposes of
deriving a tentative amino acid requirement pattern. However, the power of his
argument depends, in the first instance, on an assumption of the validity and
acceptance of the nutritional significance of the FAO/WHO/UNU amino acid
requirement estimates. Because the latter can be legitimately questioned, his
reasoning is problematical. Furthermore, it has been shown that the presence of
a source of dietary cystine spares the methionine requirement, possibly by as
much as 90 percent (Rose, 1957; Williams et al., 1974). Hence, in theory, the
OAAL for methionine could be reduced to the equivalent of about one-quarter
of the methionine loss under conditions of a high cystine intake. I am not aware,
however, that dietary cystine, in contrast to methionine (Yoshida, 1986),
reduces N excretion when experimental animals are given a protein-free diet.
Furthermore, not only are short-term animal feeding studies of this kind
difficult to interpret for their human nutritional significance, but similar
experiments in adult humans are lacking. Thus, it is a matter of speculation
whether the SAAs are rate determining for mobilization of whole body proteins
under conditions of protein-free or amino acid-inadequate diets.
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Second, in contrast to the position taken by Millward (1998, see
Chapter 9), I conclude that there is a broad similarity between the amine acid
pattern of mixed body proteins and the adult maintenance pattern. Indeed, the
comparison that we made previously for the 1985 FAO/WHO/UNU preschool
age pattern and body protein shows a close similarity (Young and El-Khoury,
1995). I recognize that this comparison may be complicated by the fact that the
children in the studies that provide amine acid requirement values appear to
have been retaining body protein at a much higher-than-normal rate (cf. FAO/
WHO/UNU, 1985; Pineda et al., 1981). Thus, the dietary retention of
indispensable amine acids may well have been more efficient than for a fully
repleted child who was gaining body protein at a more usual rate. The latter rate
accounts for a relatively small proportion of the total daily requirement (Young,
1991), but this does not necessarily mean that the amine acid requirement
pattern would be that different.

Additionally, body protein maintenance in the adult involves depletion of
body proteins during the fasting period of the day and their repletion during the
fed period of the day. Thus, the pattern and composition of the retained amine
acids must be that of mixed body proteins. The question then is whether this
prandial gain would require, under steady state conditions of N balance and at
intakes of N that met but did not significantly exceed the physiological need, an
amine acid pattern (also at limiting and not excessive intakes) of IAA that is
similar to that of body mixed proteins. Using leucine as an example, our tracer
studies indicated that the leucine needed to achieve this balance, per unit of N
intake, is in proportion to leucine in body proteins (El-Khoury et al., 1994a).
Lysine metabolism shows a significant adaptive capacity when intakes are
limiting. Thus, the question is whether the conclusion we have drawn for
leucine also applies to lysine. Although we do not have the same extensive data
for lysine, that we do for leucine, the fasting loss of lysine at a generous (77 mg/
kg/day) lysine intake appears to be about 70 or 90 percent of that which we
would predict from leucine oxidation, depending upon whether the route of '3C-
lysine administration was intravenous or oral (El-Khoury et al., in press). At a
limiting, probably inadequate, intake of lysine (12mg/kg/d) the fasting state rate
of oxidation appears to be about 50 to 110 percent of the rate of leucine loss at
an equivalent low leucine intake (Unpublished data, A.E. El-Khoury and V.R.
Young, 1998). Hence, there appears to be some conservation of the lysine
liberated during the postabsorptive period that may later be used for retention of
protein and replenishment of earlier losses during the prandial phase. However,
the difference between the measured and predicted oxidative loss of lysine and
its replenishment during the prandial phase does not seem to be profoundly
different from that for leucine. On this basis, a general similarity between the
requirement pattern of amine acids and that of the mixed proteins in the body
(with some differences that may not be large due to the specific characteristics
of metabolism of the individual amine acids) appears to be a reasonable
hypothesis. For lysine, the difference between our proposed lysine requirement
(expressed per unit of protein requirement) and the concentration of lysine in
whole body mixed
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proteins amounts to about 30 percent, which is consistent with the lysine
oxidation data mentioned above. This matter will be raised again below, in
some detail, and with respect to the diurnal cycling of protein retention and loss.

Third, Millward concludes, from the animal data, that the maintenance
pattern differs from that of growth, and criticizes our estimates for adult human
amino acid requirements. I have said before that maintenance in a growing
animal is a very different metabolic condition than that of nutritional
maintenance in an adult and probably also that of a pre-school child. Further,
the data for requirements for adult maintenance in different animal species are
not only limited but also contradictory, as we both recognize (McLarney et al.,
1996; Millward, 1998, see Chapter 9).

Millward's three positions are not supported adequately. A reasonable
initial and tentative definition of the pattern and level of requirements for the
IAA in adult humans can be made from estimates of OAALs (Young and El-
Khoury, 1995).

Adaptive Aspects of Amino Acid Metabolism

Millward appropriately emphasizes that the adaptive component of amino
acid metabolism brings complexity to the assessment of maintenance amino
acid needs. The important practical question, however, is how long it takes the
integrative aspects of whole body amino acid metabolism to adjust to a new
level of amino acid, or total protein, intake so that a reasonable estimate of the
steady state amino acid needs for that intake level and status of nutriture can be
made by either N balance or tracer techniques. In our studies, we have used
relatively short experimental diet periods of 6 to 7 days prior to the conduct of
13C-amino acid oxidation studies (Young, 1994). Millward (Chapter 9)
concludes that the adaptation of oxidative catabolism to a change in protein
intake is relatively slow and that the extent of postprandial oxidative catabolism
reflects mainly the habitual rather than the actual or present protein intake
supplied in meals. The validity of this conclusion depends on whether the
metabolic responses and adaptations to altered protein or amino acid intakes are
indeed as slow as Millward concludes. He bases his argument on his own
studies of N balance and leucine oxidation following the transition from a high-
to a low-protein diet in healthy adults.

The following six points are relevant, therefore, to the question of whether
a 6-day period of "adaptation" is long enough to permit a suitable derivation of
nutritionally meaningful amino acid requirement values:

1. Based on the earlier N excretion and balance studies carried out in our
laboratories (Rand et al., 1976, 1979, 1985) and on our evaluation of the
data published by others (Rand et al, 1981) it is entirely reasonable to
propose that a 6 day adjustment period is suitable for purposes of
establishing the amino acid needs of initially well-nourished subjects.
Further, relatively short-term
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experimental diet studies provide the database used by the UN group to
establish adult amine acid requirements for populations worldwide (FAO/
WHO/UNU, 1985). Quevedo et al. (1994), from their study on the
transition of N balance from a high (292 mg N/kg/day) to lower (124 mg
N/kg/day) protein diet, suggested that it takes longer and possibly more
than 2 weeks for a new N equilibrium to be reached. However, their
nitrogen excretion results are confounded by the apparently low energy
intake supplied by their experimental diet. My calculations suggest that
the energy supply in that experiment approximated 34 Kcal/kg/day, which
means a physical activity level (PAL; total energy expenditure expressed
as a multiple of the basal metabolic rate) of about 1.4. This value is much
lower than the expected value of approximately 1.8 and above for young
healthy adults (Goran et al., 1993; Roberts et al., 1990) and 1.6 to 1.8 for
free-living elderly men (Roberts et al., 1995). On this basis, it appears
likely that energy intake was inadequate and this raises doubts about
whether their nitrogen balance data can be used to help answer adequately
the question of the time required to achieve a new steady state of whole
body protein metabolism when amine acid/protein intakes are changed.

A study was carried out in our laboratories to determine the rates of
leucine oxidation (Marchini et al., 1993) and phenylalanine hydroxylation
(Marchini et al., 1994) at the end of 1 and 3 weeks after giving healthy
subjects diets supplying adequate L-amine acid mixtures patterned after
(a) the FAO/WHO/UNU (1985) adult amine acid requirements, (b) the
MIT tentative requirement values, and (c) whole hen's egg proteins. The
kinetics of whole body leucine and phenylalanine catabolism during the
fast and fed states did not differ between the 1- and 3-week time periods,
again supporting the premise that a 6-day diet adjustment period is
suitable for exploring aromatic amine acid kinetics, balances, and
requirements in healthy adults. In addition, Zello et al. (1990) found that
phenylalanine flux and oxidation rates at test intakes of phenylalanine
ranging from 5 to 60 mg/kg/day (in the presence of generous tyrosine)
were not affected by giving subjects a diet supplying 4.2 or 14 mg of
phenylalanine per kg per day for up to 9 days prior to the kinetic
measurements.

It could be argued that even a 3-week dietary period might not be long
enough to reach a full degree of adaptation. However, this becomes an
exceedingly difficult issue to resolve both conceptually and with respect
to the implications of adaptive change for the determination of functional
state and nutritional requirements.

Equally important to ask in this context of adaptive oxidative losses is
whether the amine acid requirements of individuals in populations in
developing regions of the world, particularly where protein and/or dietary
lysine are likely to be more limiting and lower than for the U.S. diet, are
similar to or different from those for U.S. subjects. This question is raised
despite the fact that the current international FAO/WHO/UNU (1985)
amine acid requirement values, based largely on studies conducted mainly
in young adult American subjects (Irwin and Hegsted, 1971) are
recommended for application world-wide.
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To date, no major research effort outside of North America has carried
out '3C-tracer studies of amino acid requirement comparable to those
calculated at MIT or the University of Toronto. We have completed an
initial study with our collaborators at St. John's Medical College,
Bangalore, India (Kurpad et al., 1998), using the indicator amino acid
oxidation technique (Zello et al., 1995) to assess the lysine requirement of
healthy Indians whose long-term lysine intake appears to be about 60
percent of the level characteristic of the North American subjects. Results
from this laboratory do not suggest that adequately nourished Indian
subjects require a different lysine intake for maintenance as compared to
MIT subjects. Further studies will need to be conducted to strengthen this
initial but potentially very important conclusion.

There are few relevant data that can be used to predict whether the
indispensable amino acid needs and the lysine requirement, in particular,
are similar to or different among various population groups who have
"adapted" to different dietary conditions. Studies of obligatory nitrogen
losses in American (Calloway and Margen, 1971; Scrimshaw et al., 1972;
Young and Scrimshaw, 1968), Chinese (Huang et al., 1972), Indian
(Gopalan and Narasinga Rao, 1966), Nigerian (Atinmo et al., 1985; Nicol
and Philips, 1976a) and Japanese men (Inoue et al., 1974) reveal that they
are remarkably uniform (Bodwell et al., 1979). This implies similar
obligatory amino acid losses (OAAL) and, by implication a probable
similarity in the dietary requirements for indispensable amino acids
(Young and El-Khoury, 1995), unless the efficiency of specific amino
acid retention at requirement intake differs among apparently similar
subjects in different population groups. Also, according to FAO/WHO/
UNU (1955), nitrogen balance studies have not revealed any striking
differences in estimates of total protein requirements in relation to body
cell mass for well nourished subjects in different countries. The earlier
studies by Nicol and Phillips (1976b), which might have suggested
Nigerian men of low income utilize dietary protein more efficiently than,
for example, U.S. students, are not appropriate to answer the question of
whether requirements differ among populations. The N balance results in
these Nigerian studies indicated that the subjects were depleted and were
undergoing body protein repletion in response to the adequate diet given
during the experiments. This confounds the nutritional interpretation of
these studies and a later series carried out in Nigerian adult males
(Atinmo et al., 1988) indicates that at maintenance nitrogen intakes, the
efficiency of dietary protein utilization is the same as that for Caucasian
and Asian subjects.

From our collaborative studies with Maroni and coworkers (Masud et al.,
1994; Tom et al., 1995), it can be concluded that the postabsorptive rate
of whole body leucine oxidation at the end of a 16 + 2 month period
during which non-acidotic chronic renal failure patients consumed a very
low protein diet (0.28 g protein per kg per day) plus an amino acid-keto
acid supplement was not different from that at the early phase of the low-
protein intake. Furthermore, the leucine oxidation rate for these subjects
was comparable to that reported in
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healthy adults given either 14 or 38 mg leucine per kg per day for 6 days
prior to the measurement of '3C=leucine kinetics (ElI-Khoury et al., 1994b).

In summary, it is proposed that a 6-day period of dietary "lead-in" permits
an appropriate adjustment, or adaptation, to variable intakes of specific IAAs.
This hypothesis should now be further validated through metabolic studies of
varying duration and, preferably, in population groups in different geographic
regions of the world.

Diurnal Cycling and Amine Acid Requirements

Millward and coworkers (1996) have conducted interesting and important
studies on the relationships between the postabsorptive N losses and prandial N
gains and how the magnitude of this diurnal cycle of protein metabolism is
affected by the habitual and prevailing intake dietary protein. Millward also
points out in Chapter 9 that the key question is the extent to which this diurnal

cycle". . . influences the IAA composition of the adaptive metabolic demand"
or, in other words, "the amounts and amine acid pattern of the maintenance
requirement."”

We accept, as concluded by Millward, that it does not necessarily follow
that all of the IAAs liberated via tissue proteolysis are quantitatively oxidized.
Therefore, a conservation of lysine (and perhaps threonine) may occur in the
free amine acid pools, whereas there may be little conservation of other amine
acids, such as leucine.

Regarding this metabolic issue, discussed above, evidence suggests some
apparent conservation of lysine during the postabsorptive phase of amine acid
metabolism. Millward uses the data of Bergstrom et al. (1990) to make his case
for a significant contribution made by the free pool of lysine in muscle to the
dietary retention of amine acids as body protein. Unfortunately, specific data on
muscle free amine acid concentrations for the postabsorptive state are not given
by Bergstrom et al. (1990). These data would be the most useful for evaluating
the possibility of a postabsorptive conservation of lysine at different lysine
intakes and in reference to estimations of the lysine requirement based on '3C-
tracer techniques.

We have, however, considered this postabsorptive retention of lysine in
relation to the fasted:fed ratio of lysine oxidation at a generous intake and
whether this is far lower than that for leucine. If so, this would indicate that a
significantly greater proportion of the lysine released from protein breakdown
during the fasting state is retained within the flee lysine pool compared with
that for leucine. Such a retention might occur, particularly in skeletal muscle
and perhaps in other tissues and organs; the free lysine pool of muscle is
relatively large and it responds to ingestion of protein-free and protein-
containing meals (Bergstrom et al., 1990). Hence, there is a theoretical capacity
to accommodate, or store, some free lysine that is liberated via proteolysis
during the fasting
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period. However, for a daily balance condition to be achieved, this "retained"
lysine must contribute, in effect, to the total dietary intake during the fed period.
Thus, it would have to be removed from the free lysine pool either via oxidation
or re-incorporation into protein during the fed phase. A key issue, therefore, is
the nature and extent to which changes occur in the size of the free lysine pool
with feeding and fasting, under varying conditions of lysine intake.

Unfortunately, few direct experimental data have been published on
changes in the concentration of free lysine and of leucine in the "metabolic free
amino acid pool." Bergstrom et al. (1990) showed that a protein-rich meal
increased the free lysine and leucine concentrations in muscle by 30 percent and
60 percent, respectively, at 3 hours after beginning a meal. When a protein-free
meal was given, lysine and leucine concentrations declined by about 30 to 40
percent. Although these data are limited, they help us to interpret our estimates
of lysine oxidation that are derived from plasma '3C-lysine values, in
comparison with leucine oxidation-expected N losses (El-Khoury et al., in
press). Thus, as summarized in Table 10-2, the measured rate of lysine
oxidation during the 12-hour fast appeared to be close to 90 percent of that
which would be predicted from leucine kinetics. This being so, the conclusion is
that a relatively small retention of lysine causes a rise in the free lysine
concentration in muscle tissue. The expected or predicted rise would fall well
within the changes observed by Bergstrom et al. (1990) in subjects fed a protein
meal. However, to maintain daily mass balance of lysine within the body free
lysine pool, a fasting-state increase in muscle free lysine would have to be
followed by an equivalent fall during the fed phase. This pattern of change is
inconsistent with the data of Bergstrom et al. (1990), which again suggests that
there might not be a significant retention of lysine arising from proteolysis in
the free amino acid pool of muscle. Clearly, it would be worthwhile to obtain
data on changes in the free amino acid concentrations in muscle tissue under the
relevant dietary conditions of our 13C-amino acid tracer studies. However,
technical difficulties and ethical constraints make this an unlikely research
activity in the near future.

TABLE 10-2 Comparison of Rates of 13C-Lysine and 13C-Leucine Oxidation
(expressed as IPNL) in Fast and Fed States at Generous IAA Intakes

Leucine Lysine
12-h Fast 375 336 (90)
12-h Fed 625 567 (91)
24-h Day 1,000 903 (90)
Protein intake 1,000 1,000

NOTE: Values are mg protein for the relevant period. Values in parenthesis are percent of leucine
value. IPNL, irreversible protein nitrogen loss. SOURCE: Adapted from El-Khoury et al., 1998
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Nitrogen Balance and Estimations of IAA Requirements

We have argued that N balance studies in adults as an assessment of amine
acid requirements are of questionable value (Young 1987; Young and Marchini,
1990; Young et al., 1989). However, one problem with N balance data is
illustrated simply by reference to those of Fisher et al. (1969) from which an
estimate of the lysine requirement of college women was attempted. As
summarized in Table 10-3 and according to these N balance results, body N
balance can be achieved at lysine intakes of between O and 50 rag/day. This
level of intake is so much lower than (a) our minimal estimates of
postabsorptive lysine oxidation losses (Young and El-Khoury, 1995) and (b) the
ileal losses of lysine reported by Fuller et al. (1994), that it would seem to be an
invalid determination of the lysine requirement. Clearly, this points out a
serious limitation of the N balance technique. A second problem with N
balances is that if they are not determined with accuracy, then the estimate of
the requirement for a specific amine acid will be in error as illustrated, for
example, by the data of Rose et al. (1955b) and summarized in Table 10-4. If
the reported N balance data shown here are recalculated to account for
unmeasured N losses that are assumed to be about 8 mg/kg/day (FAO/WHO/
UNU, 1985), then following the interpretation of the N balance results as used
by these investigators, it must be concluded that the phenylalanine requirement
of this subject exceeded 40 mg/kg/d. This contrasts with the conclusion of Rose
et al. (1955b) that the phenylalanine requirement for the subject was 11 mg/kg/
day.

A further problem that is related to the specific design of the N balance
experiment, as well as the determination of body N balance per se, is illustrated
in Figure 10-1. This figure depicts the sequence and length of a series of
experimental diet periods providing different levels of lysine (Rose et al.,
1955a). The lysine requirement was determined by these investigators to be
6.25 mg/kg/d (0.4 g lysine daily). However, the balance period that was used to
derive this requirement immediately followed an earlier 5-day lysine-free diet
period. This design would be expected to enhance the retention of lysine during
the "requirement" phase of the study. For this reason, as well as the fact that
only at

TABLE 10-3 An Illustration of the Limitation of Nitrogen Balance as a Basis for
Estimation of Lysine Requirements in Five College Women

Time on Diet (days) Lysine Intake (rag/d) N balance (g/d)!
4 0 -0.67 £0.44

7 50 0.06 £ 0.08

5 0 -0.10£0.15

5 50 0.43 +0.09

! Mean values + SE for five subjects. SOURCE: Adapted from Fisher et al., 1969.
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the 1-g lysine intake level was N balance found to be positive when unmeasured
losses of N were included in the determination of balance, it is reasonable to
conclude that this requirement estimate of about 6 mg/kg is flawed.

TABLE 10-4 Pbenylalanine Requirement of an Adult Human (H.LE.)

Period (days) Balance (g N per day) Phenylalanine intake
Reported Recalculated (g/d) (mg/kg/d)

5 +0.70 +0.14 4.29 61.0

7 +0.36 -0.20 2.86 40.0

4 -1.28 -1.84 0.00 0.0

5 +0.22 -0.34 2.30 32.0

4 +0.32 -0.24 2.00 28.0

9 +0.27 -0.29 1.00 14.0

9 +0.12 -0.44 0.80 11.0

5 -0.37 -0.93 0.70 9.6

NOTE: The phenylanamine requirement was estimated by Rose et al. (1955b) to be 11 mg/kg/d and
Body weight increased 2.3 kg at 53 kcal intake/kg/d. SOURCE: Adapted from Rose et al., 1955b.

In addition, even assuming that the design of the N balance study by Rose
et al. (1955a) was appropriate, it is difficult to accept, on metabolic grounds, a
lysine requirement of 6.25 mg/kg/d. The argument is as follows: if the plasma
lysine flux is minimally about 70 to 100 umol/kg/h (or 245 to 350 mg/kg/d),
then at requirement intakes, the lysine oxidation would only amount to 1.7 to
2.6 percent of flux. At a lysine intake of 15 mg/kg/d, or a level that Millward
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FIGURE 10-1 Rose's Estimate of the Lysine Requirement of Subject R.L.B.
Graphic depiction of the design and results of an N balance study conducted by
Rose et al (1955b) to estimate the minimum requirement for lysine in Subject
RLB. The dashed line refers to the mean N balance for that period of days and
the shaded area represents the difference between the measured and estimated
N balance if miscellaneous losses of N had been taken into account. In this
latter case the only period of zero or positive N balance was during the first
period. The requirement for this subject was judged by Rose et al (1995b) to be
0.4g daily (6.25 mg.kg-1).
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(Chapter 9) considers sufficient to meet a minimum obligatory metabolic
demand, we estimate lysine oxidation to be approximately 21 mg/kg/d or about
10 percent of flux (unpublished data, A.E. El-Khoury and V.R. Young, 1998).
On this basis, the estimate of Rose et al. (1955a) would appear to be far too low.

Millward and colleagues' (Millward et al., 1996) estimation (discussed
earlier) of the magnitude of the prandial retention of protein necessary to
balance subsequent post-absorptive losses appears to be at odds with estimates
of the minimum requirement level for lysine; this observation is based on the
following line of reasoning. First, for purposes of this argument, the minimum
needs for total protein in adults can be estimated from the response of body
nitrogen balances measured over relatively short experimental diet periods (e.g.,
10 to 14 days) as discussed earlier. Second, at the minimum requirement intake
level for total protein, the net prandial retention of protein would be just
sufficient to balance the loss of protein during the postabsorptive period. Third,
the magnitude of the prandial retention of N (protein = N x 6.25) for subjects
consuming 0.77 g/kg/day for 10 days or more was reported to be equivalent to
251 mg/kg/12h (21 mg/kg/h) of protein (Price et al., 1994). These subjects,
however, were in a daily negative balance of-9 mg N per kg, so it is uncertain
whether a prandial retention of the magnitude observed is actually sufficient to
maintain protein homeostasis. Nevertheless, from earlier *C-leucine tracer
studies (Motil et al., 1981), we found an approximate, net whole-body protein
synthesis (protein synthesis minus protein breakdown) of about 23 mg/kg/h of
protein during the prandial period in healthy adults with an intake of 0.8 g/kg/
day of egg protein (Figure 10-2). This
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FIGURE 10-2 Net Protein Synthesis at a "Safe" Intake of Protein. The
relationship between protein intake and whole body net protein synthesis
(protein synthesisprotein breakdown) in healthy young adult men during the
absorptive phase of amine acid metabolism. Drawn from Motil et al (1981).
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tracer-derived estimate is remarkably close to the N-balance data of Price et al.
(1994), and thus a prediction might be made of the amount of dietary lysine
minimally required to achieve this level of postprandial protein retention.
Assuming that the lysine content of the protein retained is 78 mg/g of crude
protein (Reeds, 1990) and that at a requirement level of lysine intake, the
efficiency of dietary lysine retention is 80 percent, then the minimum necessary
lysine intake to support this gain and subsequent loss of body protein would
appear to be 27 mg/kg/d. This value is also comparable to most of the
alternative lysine requirement estimates we have summarized (Young and El-
Khoury, 1996) except for the far lower estimates based on N balance and the
1985 FAO/WHO/UNU recommendations.

For these reasons, we have not used N balance data to enhance
interpretation of the results of our own tracer experiment that was concerned
with testing the 1985 FAO/WHO/UNU amino acid requirement pattern
(Marchini et al., 1993, 1994). We anticipated that the balance data would be
difficult to assess for their nutritional significance and chose, instead, to
evaluate the amino acid kinetic and plasma amino acid data. This does not
mean, as Millward has incorrectly concluded, that we do not accept N balance
data in adults under any circumstances. Rather it implies that we find the N
balance technique in relatively short-term studies involving constant N intakes
with a variable IAA composition to be of limited value. In contrast, when N
intakes are varied over the submaintenance range of total protein needs during
different periods, while possibly varying levels and/or sources of IAA, useful N
balance data can be obtained. It is also in this context that our N balance data
are consistent with our revised estimates of the lysine requirement.

The revised estimate of the lysine requirement in adults, 30 mg/kg/d
(Table 10-1), has implications for the nutritional quality of wheat proteins
(Young and Pellett, 1985). Thus, the lysine content of wheat products is
summarized in Table 10-5, together with the lysine content of a number of FAO/
W O amino acid

TABLE 10-5 Lysine Content of Wheat Flour Compared with other Foods or Amino
Acid Requirement Patterns

Food Requirement Pattern Lysine Content (mg/g protein)

Whole wheat flour 24
Wheat flour (70 percent-80 percent extraction rate) 20
Wheat bran 16
Animal proteins 85+9
Legumes 65 +7
1985 FAO/WHO/UNU pattern

Adults 16
School children 44
Preschool children 58
1991 FAO/WHO pattern 58
MIT-AARP 50
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TABLE 10-6. Lysine Content of Whole Wheat Flour in Relation to an Estimate of

Amino Acid Pattern Amino Acid Score
1985 FAO/WHO/UNU for adults >100 (L)

1991 FAO/WHO 41 (u)
MIT-AARP 48 (L)

1985 FAO/WHO/UNU preschool child 41 (L)

NOTE: L, lysine, first limiting amino acid, not corrected for digestibility.

scoring patterns. In addition, a usual concentration of lysine in most animal
proteins and legumes and that for the MIT requirement pattern are also given
for comparison in this table. Hence, if an amino acid score [(amino acid content
in the food protein/amino acid content in the reference amino acid requirement
pattern) x 100] were calculated for wheat flour, it would be greater than 100
when the 1985 FAO/WHO/UNU amino acid requirement pattern for the adult is
used as the reference pattern (Table 10-6). This means that the nutritional value
of wheat would be equal to that of high-quality, animal protein foods such as
milk, egg, or beef. However, for scoring purposes, the FAO/WHO/UNU (1985)
preschool amino acid pattern (or the 1991 FAO/WHO pattern) predicts a
relative nutritional quality of 41 percent and with the MIT pattern, the score
predicts a slightly higher value of 48 percent. In each case, lysine is predicted to
be the most limiting amino acid. These preceding and lower estimates of the
nutritional quality of wheat proteins in adults are consistent with the results of
nitrogen balance experiments in healthy adults carried out at MIT
approximately 20 years ago (Young and Pellett, 1985; Young et al., 1975).

The N balance response to graded intakes of test dietary protein in healthy
adults, expressed as relative protein value (RPV = N balance slope using wheat/
N balance reference protein x 100), was 54 for whole wheat protein, using beef
protein as a reference (Table 10-7). Expressed as relative N requirement (RNR
= 1/[amount of wheat protein to achieve N balance in 97.5 percent of population
+ equivalent amount of beef protein] x 100), the response was about 56
(Table 10-7).

TABLE 10-7 Biological Assessment of the Nutritional Quality of Whole Wheat
Proteins in Young Adults1

Experimental Predicted from Amino Acid Values:

Measure of Quality Value 1985 FAO/WHO/UNU MIT-AARP

Relative protein value 54 >100 48

Relative nitrogen 56 >100 48
requirement

! Expressed in comparison with beef protein as reference protein (Young et al. 1985).
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The MIT amino acid requirement pattern predicted a value of 48 (Tables 10-6
and 10-7). Hence, there is clearly very good agreement between these
experimentally derived (nitrogen balance) values and the predicted nutritional
quality of whole wheat proteins. In contrast, use of the 1985 FAO/WHO/UNU
adult amino acid pattern gives an invalid estimate of the nutritional value of
wheat protein, in that this pattern makes wheat proteins nutritionally equivalent
to beef proteins. Notwithstanding the problems faced when attempting to
aggregate N balance data across studies carried out in different laboratories or
within the same laboratory on different occasions (e.g., Millward et al., 1989),
our observations support the view that the 1985 FAO/WHO/UNU lysine
requirement value of 12 mg/kg/d for the adult should be discarded. Further, they
provide additional justification for the tentative requirement value of 30 mg/kg/
d, proposed above (or 50 mg lysine per g of protein), and they strengthen our
recommendation that this figure should be used until additional data become
available that may make a further change in the recommendation both necessary
and desirable.

Millward (Chapter 9) refers to "several long-term trials of both body
weight and N balance maintenance on wheat" in support of his view that there is
a relatively low requirement for lysine in adult maintenance. He refers to the
Minnesota bread study as providing strong support for his proposition.
Conducted by Bolourchi et al. (1968), the study reported that N balance was
achieved in adults who were given daily, for 50 days, a 12-g N .diet
(approximately 1g/kg/d of protein) in which wheat proteins supplied about 90 to
95 percent of total N intake. I estimate, from the data presented in their paper, a
mean lysine intake of about 18 mg/kg/d. However, to prevent weight loss, these
investigators found it necessary to provide their subjects a daily energy intake
of 54 kcal/kg. This high energy intake confounds the interpretation of their N
balance data, as previously discussed (Young 1987; Young and Marchini,
1990). Hence, this is a serious limitation of this study just as it was in the
studies by Rose (1957).

In the North Carolina wheat study, Edwards et al. (1971) measured N
balances in adults who were given a diet, for 15 to 29 days, that was based
largely on wheat protein but also supplemented with other plant foods so that
the level of lysine in the diet approximated 41 mg/g of protein or an intake of
about 26 mg/kg/d (not 17 mg/kg as stated by Millward [1997]). Subjects in the
study maintained body N equilibrium; these findings support our conclusions if
we recognize that the daily lysine intake in this experiment exceeded the FAO/
WHO/UNU requirement value (12 mg/kg) by about twofold. It also exceeded
the mean requirement estimate (8.8 mg/kg/d) suggested by Rose et al. (1955a)
by as much as threefold. For these reasons, I do not find that these N balance
studies adequately support Millward's concept of "a relatively low metabolic
demand for TAA in the human maintenance requirement."
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Stable Isotope Estimates of Requirement Values

The '*C-tracer studies that we conducted to reassess and arrive at new
tentative estimates of IAA requirements have been exhaustively examined by
Waterlow (1996), who concluded, "Since I have failed to find any source of
error large enough to account for the 2-3 fold difference from Rose's estimates,
it is logical to look for sources of error in the old rather than the new figures."
Millward (Chapter 9) lists the main problems related to the use of '*C-amino
acid tracer studies for measurements of amino acid oxidation rates and amino
acid balance. Two of the problems are less tractable and possibly insoluble,
namely (1) the fact that the amount of tracer given is not massless and may
influence balance and (2) the true precursor amino acid enrichment as compared
with that measured to determine the oxidation rate.

With respect to the first problem, Fuller and Garlick (1994) and Millward
(Chapter 9) appropriately point out that the distribution of the tracer and test
diet amino acid over the 24-hour period might well affect the estimate of amino
acid requirement. Furthermore, Fuller and Garlick (1994) conclude that this
problem might give rise to an appreciable overestimate; this is potentially a real
problem.

For example, in our 24-hour tracer studies with labeled tyrosine and
phenylalanine (Basile-Filho et al., in press), we gave various tracers in equal
amounts during both of the 12-hour fast and fed periods. At the low
phenylalanine test intake, this meant that a significant fraction of the total dally
intake was given during the postabsorptive phase. This raises the question about
the relative utilization of phenylalanine when given in this way versus when it
is supplied together with other amino acids. Again, as discussed earlier, the
tissue free amino acid pools, particularly muscle, can serve as a reservoir for
IAAs when intakes exceed immediate needs for protein synthesis (Bergstrom et
al., 1990). Thus, these "stored" amino acids can later be used when there is an
intake of the other IAAs. Millward accepts this possibility in his assessment of
the recycling of free lysine liberated during the postabsorptive state. However,
the extent to which the input of the '3C-labeled tracers during the fast actually
determined the whole body fasting-state rate of tyrosine (and aromatic amino
acid) oxidation or of leucine and lysine oxidation cannot be easily judged form
the data we have gathered to date. Nevertheless, the rate of tyrosine oxidation
during the fasting phase of the 24-hour day amounted to 10 umol/kg/h for a
tyrosine-free and an "intermediate" intake level of phenylalanine (38 mg/kg/d)
and so this observation would seem to be appropriate for further evaluation.
Thus, if it can be assumed that the obligatory loss of aromatic amino acids
during file fasting period approximates about 7 umol/kg/h or more (see Table I
in Millward, Chapter 9), then it does not appear that the two tyrosine and one
phenylalanine tracers given simultaneously in this study (total 7.7 pumol/kg/h)
had any profound impact on the fasting rate of whole body aromatic amino acid
oxidation. Again, the studies by Bergstrom et al. (1990) on the changes in
muscle free amino acids in adult subjects following protein-free and protein-
rich meals suggest that the tracer
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doses of tyrosine and phenylalanine given during the fast are retained, at least in
part, in tissue free amino acid pools. This effect is also implied in stable isotope
tracer studies of amino acid oxidation, protein turnover, and calculated N
balance, such as those by Millward and his colleagues (Quevedo et al., 1994),
referred to earlier. Our studies with leucine as a tracer further support this
contention, in view of the agreement obtained between measured and leucine-
derived estimates of N excretion (El-Khoury et al., 1994a). This applies also to
the postabsorptive rate of leucine oxidation (El-Khoury et al., 1995). Therefore,
Millward's concern about the uncertainty of whether our estimates of leucine
requirement are due to excessive postabsorption oxidative loss seems to be
lessened by these considerations of the data. However, it remains for future
studies to fully resolve this problem of level of isotope administration given
during the fast period as well as how best to provide the daily test amino acid
intake level during the 24-hour stable isotope tracer protocol.

The second of the less-tractable problems in the '3C-amino acid tracer
studies concerns the enrichment of the amino acid precursor pool undergoing
oxidation. This is not a problem with respect to leucine and the other branched-
chain amino acids since the oxidation is measured in terms of the enrichment of
their intracellularly derived keto acids in plasma. This is supported by the
agreement between measured N excretion and that predicted from leucine
oxidation when the level of trace amino acid intake in the dietary protein
(percent w/w) matches that in mixed proteins of the body (El-Khoury et al.,
1994a). The lack of agreement between the leucine oxidation and N balance
data mentioned by Millward (Chapter 9) and in reference to his study with Price
et al. (1994) was very likely due to (1) the choice of the timing of the amino
acid oxidation measurements in relation to the daily N excretion determinations,
and (2) a mismatch (uncorrected for) between the tracer plus dietary leucine
intake per unit of N and the leucine concentration in mixed proteins in the body.

The indicator amino acid oxidation technique (Zello et al., 1990, 1993,
1995) involving '3C-phenylalanine (Zello et al., 1993) and '3C-leucine (Kurpad
et al., 1998), as labeled indicators, potentially reduces the severity of the two
problems noted above. Using !3C-phenylalanine as an indicator, the Toronto
group has estimated the lysine requirement to be on the order of 40 mg/kg/d,
using a "break point" analysis of the '3CO, output data (Duncan et al., 1996;
Zello et al., 1993). These findings support our tentative new requirement
estimates for lysine (Table 10-1). Millward (Chapter 9) criticizes the Toronto
studies in human subjects, even though they were designed in relation to the
various indicator amino acid studies conducted in experimental animals, which
have given amino acid requirement estimates that are consistent with those
derived from growth studies (Zello et al., 1995). In a recent paper, Millward
(1997) also faulted the lysine requirement values reported by Zello et al. (1993),
which were obtained by the indicator oxidation method, because they made no
attempt to allow for any adaptation in lysine oxidation due to a reduced intake.
The dietary design used by Zello et al. (1993), as well as by Duncan et al.
(1996) in a similar followup study,
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involved giving test intakes of lysine on only one day during a dietary period
when subjects were otherwise consuming an experimental diet that supplied a
reasonably generous amount of lysine (60 mg/kg/day). Hence, it seems possible
that this design would lead to a lower, rather than higher, break point on the
lysine intake-indicator amine acid oxidation curve. This is because there could
well be a "replete" free lysine pool that would serve as an unaccounted source
of utilizable lysine, in addition to the actual intake supplied by the six small
hourly meals given beginning 2 hours before and during the 4-hour isotope
tracer study. It is also of possible interest that in estimating protein requirements
in healthy elderly and young adults from 3C-leucine balance studies, Millward
and colleagues (Fereday et al., 1997) followed a somewhat analogous design.
They conducted their !3C-leucine balance estimates in subjects who had
continued consuming their usual protein intakes until the night before the 9-
hour tracer infusion protocol began the following morning.

Finally, in an unpublished study, conducted in collaboration with Anura
Kurpad in Bangalore, India, we determined the daily (24-hour) oxidation rate of
leucine at graded lysine intakes. Our preliminary results, depicted in
Figure 10-3, suggest, once again, an approximate lysine requirement of 30 mg/
kg/day.
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FIGURE 10-3 Relationship between 24h leucine oxidation and graded dietary
lysine intakes (at constant N and other IAAs) in healthy Indian adult males.
Unpublished, preliminary data of A. Kurpad and coworkers (Bangalore, India).
For other experimental details see Kurpad et al. (1998).
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The MIT Amino Acid Requirement Pattern and Physical
Activity

With respect to physical activity, two final points need to be emphasized
regarding the perspective of Millward and coworkers on the MIT nmino acid
requirement pattern. First, in a critique of one of our papers published in
support of our tentative MIT amino acid requirement pattern, Millward (1997)
concluded that". . . given (1) the low minimal obligatory needs for
indispensable amino acids,( 2) the fact that their metabolic demand reflects the
extent to which adaptive changes in oxidation occur, and (3) the growing
evidence for the availability of indispensable amino acids, including lysine,
deriving from colonic microbial de novo amino acid synthesis from salvaged
urea . . ., in my view, definition of adult indispensable amino acid requirements
for protein quality scoring is not currently possible or likely to be useful in the
future." We (Merges et al., 1997) and others (Gibson et al., 1997; Tanaka et al.,
1980; Tollardona et al., 1994; Yeboah et al., 1996) have obtained evidence for
the uptake into body tissues of lysine that is derived from intestinal microbial
synthesis. However, the extent to which this source of lysine serves as a net
contribution to the total lysine intake, supplied from dietary sources, is still to
be determined. Assuming there is also a microbial synthesis and uptake of the
other IAAs, as well as lysine, our studies with leucine (El-Khoury et al., 1994a,
1996) and those of Millward and colleagues (Price et al., 1994), suggest that
this microbial source of IAAs compensates, in large part, for the losses of TAAs
via the turnover and secretion of intestinal proteins and the subsequent
oxidative catabolism of the liberated amino acids by the activity of the
microflora and possibly intestinal tissues. In this case, a cycle of lysine (or IAA)
synthesis within the gut lumen and the oxidative catabolism of lumen IAAs
could be envisaged as a metabolic cycle that contributes to IAA homeostasis but
that would not necessarily complicate estimation of the whole body kinetics and
oxidation of the IAAs with the '3C-tracer techniques as currently employed in
our laboratories and those of others, including Millward and collaborators.

Second, the above conclusion by Millward reminds me of an editorial by
Yates (1983), in which he quotes Murphy (1982), as follows: "The growing
point of science is discrepancy... the next best thing to uttering the truth is to say
something so sufficiently definite that it can be constructively disagreed with."
Indeed, I believe that the definitive conclusion drawn by Millward is neither
acceptable nor helpful, despite the many real difficulties that he has noted
appropriately in relation to defining the amino acid requirements in humans,
and I have tried to be constructive in my disagreement.

If a requirement is defined, according to the definition proposed by FAO/
TAEA/WHO (1996), as "the lowest continuing level of nutrient intake, that at a
specified efficiency of utilization, will maintain the defined level of nutriture in
the individual" then it should be possible to define a requirement for any one of
the IAAs, just as is the case for many of the trace elements and vitamins. I agree
with Millward that the requirement would best be established on the basis
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of longer term experimental studies and on the functional consequences of
variable intakes of protein and/or its constituent IAAs. This is an ideal goal for
the future. In the interim, reasonable estimates of intakes minimally necessary
to achieve body amino acid balance, after a suitable period of adaptation as
discussed above, can be made. These would permit rational and safe decisions
and policy concerning the maintenance of a satisfactory state of body protein
and amino acid nutriture in both individuals and in defined population groups,
including the military, which is the particular focus of concern in this report.
Accordingly, it is prudent to accept the MIT amino acid requirement pattern
(Table 10-1) in practical considerations of human protein nutrition, until strong
data to the contrary are forthcoming. Millward's model (Chapter 9), which
views amino acid metabolism and oxidative losses according to (a) a minimum
obligatory metabolic demand and (b) an adaptive component, is certainly
interesting and possibly might aid in the further scrutiny of the metabolic
aspects of amino acid homeostasis at differing intakes of protein or IAA. It does
not help solve the problems that are of greatest concern, namely (a) the practical
nutritional relevance of the amino acid requirement values proposed initially by
Rose and used together with comparable data from other investigators to arrive
at the 1985 FAO/WHO/UNU adult indispensable amino acid requirement
pattern and (b) determination of amino acid requirement values that are likely to
be minimally sufficient to maintain body amino acid homeostasis, and by
implication adequate body function, over the long term.

Millward (Chapter 9) refers to the studies by Chittenden (1904), which I
have also found to be interesting and relevant (Young, 1997). As I have
reviewed (Young, 1997), Millward (Chapter 9) concludes, "Chittenden's views
were controversial at the time and have been given less prominence than they
deserve in the intervening years of continued controversy. However, the data
speak for themselves." I agree that they do. Thus, it might be of interest that the
(calculated) lysine intake by Chittenden himself, who consumed a diet
supplying about 0.75 g protein per kg body weight daily, approximated 46 mg/
kg/day. This intake was possibly somewhat higher than for the soldiers, whose
lysine intakes might be estimated to have been around 30 to 40 mg/kg/d, as
judged from the limited dietary data given in Chittenden's extensive summary
of his now classic experiments (Chittenden, 1904). One might wonder whether
the performance of the soldiers, which actually improved over the 5-month
experiment, would have deteriorated had the IAA intakes approximated those
proposed by the international group (FAO/WHO/UNU, 1985) or those low
values that Millward (Chapter 9) proposes as being sufficient to meet the
minimum obligatory metabolic demand.

We have not examined this latter question specifically in relation to a
further evaluation of the status of amino acid metabolism and balance at IAA
intakes that either meet our tentative requirements or those approximating the
1985 FAO/WHO/UNU values. However, I am prepared to speculate from the
experiments described in Marchini et al. (1993), that there would be a
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deterioration in amino acid balance and, consequently, in function at intakes not
exceeding the 1985 FAO/WHO/UNU requirement figures or those of Millward
that are estimated to meet the minimum obligatory metabolic demand. At least,
we can say, based on El-Khoury et al. (1997), that at a more generous IAA and
leucine intake (diet and tracer contributing about 126 mg/kg/d) for two 90 rain
periods of exercise at 45 percent VO, max, during both the fasting and fed
periods of the day, resulted in a small overall increase in the rate of leucine
oxidation, amounting to about 5 mg/kg/d. It would be interesting and highly
worthwhile to repeat this detailed metabolic/exercise study but at dietary IAA
intakes that are far more limiting.

Author's Conclusions and Recommendations

I have addressed a number of the issues raised by Millward (Chapter 9) in
order to weigh the merits of our respective views. It is my judgment that the
minimum physiological requirements for amino acids to maintain health and
body function should be defined and that it would be prudent to apply the
tentative requirement values proposed herein for the protein and amino acid
nutrition of healthy adults. Clearly, there are difficulties involved in estimating
amino acid requirements and limitations to the experiments that have been
conducted to date, both by ourselves and by others. I concur with Rose (1957),
who stated in his review article: "In view of the difficulties of such studies, it is
to be hoped that many more will be made in both men and women and in
different laboratories." This is crucial, given the importance of nutrient
requirement data for the appropriate planning of world food and dietary protein
needs (Young et al.,, 1998), not to mention the rational design of safe and
effective diets for maximizing and maintaining physical performance.
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Physical Exertion, Amino Acid and Protein
Metabolism, and Protein Requirements

Michael J. Rennie'

INTRODUCTION

A whiff of vitalism, the 19th century philosophical doctrine that there is
some spiritual essence associated with biological processes, is still discernible
in relation to the question of how contractile activity affects protein and amino
acid metabolism. The working machine of muscles is, after all, made up of
proteins so the idea comes naturally that where machinery works there must be
wear and tear, presumably with a greater requirement for maintenance. It is also
known that during starvation, i.e. a situation of substantial energy deficit, the
lean body mass is the source of gluconeogenic carbon which fuels the central
nervous system, erythrocytes and ion pumping in the kidney. Since physical
activity requires extra energy it is plausible to imagine that in circumstances of
marginal energy intake the lean body mass would also be at risk of diminution.

! Michael J. Rennie, Department of Anatomy and Physiology, University of Dundee,
Dundee, Scotland DD1 4HN United Kingdom.
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Over the past 25 years our understanding of the tidal flows of amine acids
between the gut, viscera and the peripheral musculature has improved
markedly. So has our understanding of the phenomenology and control
mechanisms of protein turnover, the coordination of which with intermediary
amine acid metabolism is now rather well understood. This increasing
sophistication has led us to understand that the old distinctions between, for
example, essential and non-essential amine acids is much less clear cut than it
was. Since, by definition, conditionally essential amine acids are those which
may become required in greater than normal amounts in special circumstances,
it is obvious to ask whether or not muscular activity causes some amine acids to
become conditionally essential.

There has been a substantial recent upswing in interest in the investigation
of the relationship between contractile activity and amine acid and protein
metabolism but much that we require to provide definitive answers is still
missing, requiring more research. The gaps will become obvious in the
following paper. I propose to discuss the known effects of increased contractile
activity in skeletal muscle amine acid oxidation, on protein turnover and
interactions with the state of energy balance, to provide a background for
discussion of protein requirements.

EXERCISE AND AMINO ACID CATABOLISM

Although this kind of exercise probably only contributes a small fraction to
the total daily energy expenditure of soldiers in the field, it may be that repeated
bouts of exercise have cumulative effects on protein and amine acid
metabolism; we may get some clues as to what these are by investigating
exercise under laboratory conditions. There is now a substantial body of work
which allows us to make some reasonably firm statements about the relative
importance of amine acid metabolism in skeletal muscle during increased
contractile activity.

The main fuels for sustained moderate to high intensity exercise are, of
course, carbohydrate and fat and the most efficient means of converting these
into ATP is via the Krebs cycle and oxidative phosphorylation. Theoretically
the rate at which acetyl units may be catabolised in the Krebs cycle (and
reducing equivalents fed into oxidative phosphorylation) will be limited by the
availability of oxaloacetate since without this citrate cannot be formed nor can
the two carbons of acetate be (eventually) transformed to CO, as the cycle
turns. One of the most pronounced features of amine acid metabolism in muscle
(at least in human muscle), i.e. the increase in alanine production as a result of
muscular contraction, may be part of a mechanism to ensure the appropriate
expansion of the catalytic pool of Krebs cycle intermediates as the drive to
increase ATP production switches on.

It is now well established that glutamate concentrations fall in muscle
during exercise at 70-80 percent of Vo, (Katz et al., 1986; Sahlin et al.,
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1995). The obvious routes by which this occurs are either transamination with
pyruvate (both in the cytosol and in the mitochondria via alanine
aminotransferase, to form alanine and o-ketoglutarate) or the glutamate
dehydrogenase reaction, which has recently been discovered (Wibom et al.,
1990) to have a somewhat greater capacity in human skeletal muscle than
hitherto suspected. There is evidence that in the absence of any other
mechanism to increase Krebs cycle intermediates (as in patients with McArdle's
disease who are unable to generate oxaloacetate from endogenous glycogen
stores via the malic enzyme, pyruvic carboxylase, and PEP carboxykinase),
muscle glutamate concentration is reduced at rest, and work capacity appears to
be limited when glutamate catabolism bottoms out (Sahlin et al., 1995).

The fall in muscle glutamate is puzzling. Branched chain amino acids are
transaminated in the cytoplasmic space to form the branched chain ketoacids
which are decarboxylated in mitochondria (see below). The carbon from valine
and half of that from isoleucine may enter the Krebs cycle as succinyl CoA,
processes which are therefore anaplerotic. The puzzling thing is that branched
chain amino acids are transaminated at the expense of o-ketoglutarate to
produce glutamate, which ought to protect muscle glutamate concentrations and
to deplete o-ketoglutarate. The depletion of a-ketoglutarate would be
catapleurotic if it extended to the mitochondria. We currently have no
information on this.

What other ways can amino acids contribute to the anaplerotic process?
Glutamine crosses the inner mitochondrial membrane with much greater ease
than glutamic acid and the mitochondrial phosphate-dependent glutaminase
would ensure a plentiful supply of glutamate without the necessity of
exchanging glutamate for aspartate across the inner mitochondrial membrane.
However, one would then expect to see a fall in muscle glutamine
concentration, which is, in fact, usually only seen after long term exercise at
moderate intensity at least. However, given the very high background of
glutamine and the relative imprecision of measurement of glutamine, it is
difficult to be sure about the size of the fall which occurs during heavy exercise.
The other possible route of glutamine utilisation and production of a-
ketoglutarate would be through the action of glutamine transaminase and to
produce o-ketoglutaramide which spontaneously deaminates to produce o-
ketoglutarate and ammonia. Unfortunately there is no good data to strengthen or
weaken this suggestion. More research is needed on this topic.

The branched-chain amino acids are oxidised in muscle during exercise
(Figure 11-1) at a rate which appears to be directly proportional to the overall
rate of mitochondrial oxidation, and thus the muscle oxygen uptake possibly
because oxygen uptake is blood flow dependent; so is catabolism of the
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branched chain amine acids by the transaminase, which has a high K, (Rennie,
1996). However, the total amount of energy supplied by this process, even at
high rates of oxidation, is relatively low, ruling out a major contribution from
protein as a metabolic fuel during contractile activity (Millward et al., 1994;
Rennie, 1996).

Effect of High Protein Diet and Glucose
On Leucine Oxidation During Exercise
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FIGURE 11-1 Effect of exercise in subjects taking a normal diet (control) or a
high protein diet (1.5 g protein/kg/day) on leucine oxidation during exercise
studied in the absence and presence of exogenous glucose given orally.

Source: J. Bowtell and M.J. Rennie (unpublished work).

The possible anaplerotic role of the purine nucleotide cycle, which excited
a fair amount of interest in the 1970s as a means of generating fumarate, is now
thought less likely to be important. The purine nucleotide cycle may not operate
fully in contracting muscle and its total capacity is much less than, for example,
alanine aminotransferase (Hood et al., 1990; Van Hall et al., 1995b). Ammonia
production during exercise is most likely the result of branched chain amine
acid catabolism (MacLean et al., 1996; Van Hall et al., 1995b).

The question arises, would repeated muscular exercise lead to a diminution
of amine acids from the intramuscular compartment thus possibly limiting any
anaplerotic role? If so the «corollary is, would exogenous dietary
supplementation make sense? These are difficult questions to answer since we
do not know what is the lower limit of glutamate concentration before
anaplerotic generation would cease to sustain a large enough increase in Krebs
cycle intermediates although in long term exercise the pool size of these does
fall (Sahlin et al., 1990). It is theoretically possible that repeated bouts of
exercise at high intensity might, under circumstances of limited nutrient provision
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chronically depress muscle glutamate and glutamine concentrations and thereby
limit the ability of the Krebs cycle to accelerate rapidly enough. However, this
is, at the moment, speculation. More research is needed.

EFFECTS OF CONTRACTILE ACTIVITY ON MUSCLE
PROTEIN TURNOVER

It is well accepted that muscular activity has a marked effect on muscle
composition and/or muscle bulk, depending upon the type of contractile activity
involved. Moderate, repeated, long-term exercise causes increases in
mitochondrial mass and alterations in myosin ATPase to isoforms appropriate
to long-term aerobic exercise; and high resistance exercise causes increases in
expression of actin and myosin and increased mixed muscle protein synthesis
(Rennie, 1996) (Figure 11-2). The anabolic phase occurs in the post-exercise
period and can be maximised by the provision of exogenous amino acids.

It has been difficult to make measurements of protein synthesis during
exercise in human beings because of the difficulty of detecting Sufficient
change over a short period of time but it seems likely that muscle protein
synthesis is depressed (Rennie, 1996; Dohm et al., 1980); thus, the rebound
observed post-exercise (Chesley et al., 1992; Biolo et al., 1995) appears to
fulfill a homeostatic function as much as anything. The extent of this elevation
is limited, with a return to baseline 36 hr after a stimulatory bout of exercise
(MacDougall et al., 1995). This ability of contractile activity to stimulate
anabolism probably
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FIGURE 11-2

Notional scheme of changes in muscle protein synthesis and breakdown taking
into account most of the current observations in the literature obtained from
studies of human muscle.
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explains why accustomed exercise increased the efficiency of nitrogen storage
in young healthy men (Butterfield and Calloway, 1984).

Protein breakdown during exercise is definitely elevated (Biolo et al.,
1995; MacLean et al., 1994) but the increase appears to be confined to the
soluble or membrane proteins which are degraded by lysosomal proteases
(Kasperek and Snider, 1989; Kasperek et al., 1992). The evidence that
myofibrillar protein breakdown occurs during normal exercise is extremely
sparse. Nevertheless, there is some evidence that myofibrillar protein
breakdown increases as a result of eccentric exercise, i.e. exercise in which
muscle is forced to contract as it is stretched, as in walking downhill (Fielding
et al,, 1991). In the post-exercise period muscle protein breakdown will be
elevated to the extent that there is remodeling of muscle (Figure 11-2).

So far as net loss of protein is concerned this can only occur when
synthesis occurs at a rate lower than breakdown and the net release of amine
acids from muscle in the postabsorptive state and during exercise is a good
example of this. However, feeding rapidly reverses the net nitrogen balance
(Rennie, 1996) and given the relatively small contribution of amine acids to the
fuel economy during exercise, it seems unlikely that the alterations in muscle
protein turnover occurring acutely would contribute to increased dietary amine
acid requirements. One of the problems for the theory that exercise should
increase dietary requirements is of course the fact that eating more protein
stimulates the catabolic capacity of the body to oxidise it. This is seen clearly in
the results of Figure 11-1.

INTERACTIONS BETWEEN ENERGY SUPPLY AND
PROTEIN AND AMINE ACID METABOLISMIN THE
CONTEXT OF INCREASED PHYSICAL ACTIVITY

At rest provision of carbohydrate inhibits net protein catabolism, probably
mainly by increasing insulin which has inhibitory effects on protein breakdown
and stimulatory effects on protein synthesis; in addition the simple provision of
carbohydrate inhibits gluconeogenesis from amine acids, diminishing the "pull”
from the liver upon the peripheral lean body mass protein. During exercise
provision of carbohydrate markedly suppresses leucine oxidation. (Figure 11-1).

There is insufficient evidence available that increased availability of
triglycerides and medium chain fatty acids has any effect on the oxidation of
amine acids during exercise to make any definitive statements.

What happens when chronic energy expenditure rises to such an extent that
a subject is in negative energy balance? Under those circumstances, is muscle
mass, for example, at risk? This is a difficult question to answer because the
appropriate studies have not actually been done. It would be a reasonable
hypothesis, however, that the lean body mass would tend to be preserved as a
result of chronic daily exercise, with stores of body fat being used preferentially
once the gluconeogenic needs were satisfied by protein breakdown. One study

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance

ON, AMINO ACID AND PROTEIN METABOLISM, AND 249
PROTEIN REQUIREMENTS

which does throw some light on the situation, although it gives by no means a
complete answer, is that carried out on Stroud and Fiennes during their epic,
unaided walk across the Antarctic (Stroud et al., 1996). Energy expenditure was
measured by the doubly labeled water method and whole body protein turnover
was measured using the [’N]glycine/ammonia + urea end-product method. In
one subject, whole body protein turnover increased slightly and in the other it
decreased slightly but the remarkable thing was that although both subjects
were in marked negative energy balance (with total energy expenditures in the
range of 50 MJ/day) they did not show the diminution of whole body protein
synthesis, which is characteristic of starvation, suggesting that their physical
activity actually maintained protein turnover and possibly helped preserve lean
body mass. There is no doubt, however, that both men did lose lean body mass
and the definitive answer to whether or not this would have been faster or
slower without their daily treck in sub-zero temperatures is currently
unanswerable.

POSSIBLE BENEFICIAL EFFECTS OF BRANCHED CHAIN
AMINO ACID SUPPLEMENTATION

Theoretically, branched chain amino acid supplementation could provide
benefits in one of four ways there are to supply anaplerotic intermediates, to
decrease the use of other fuels including glycogen, inhibit muscle protein
breakdown, and inhibit the transport of tryptophan into the brain, thus limiting
the increase in serotonin synthesis which is implicated in the central fatigue
hypothesis (Hassmén et al., 1994).

There is, in fact, some evidence that branched chain amino acid
supplementation does, to some extent, spare muscle glycogen (MacLean et al.,
1996; Blomstrand and Newsholme, 1996) and limit proteolysis (MacLean et al.,
1994). There is also said to be a decreased perceived exertion during exercise
(Blomstrand et al., 1997). The serotonin central fatigue hypothesis is not,
however, supported by the results of studies using serotonin receptor
antagonists which ought to be the case if the central fatigue hypothesis were
true (Pannier et al., 1995). In any case, whatever the mental state of subjects
during exercise with or without branched chain amino acid supplementation,
there is no evidence that there is any beneficial effect on physical performance
(Van Hall et al., 1995a; Pannier et al., 1995; Struder et al., 1996; Madsen et al.,
1996) of making branched chain amino acids available or of inhibiting
serotonin uptake.

GLUTAMINE, THE OVERTRAINING SYNDROME AND
IMMUNE FUNCTION

It has been known for some years that white cells have a specific
requirement for glutamine. It has been suggested that the low blood and muscle
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glutamine observed in athletes in training who suffer the so-called overtraining
syndrome is the result of the progressive exhaustion by repeated exercise of the
homeostatic system for preserving glutamine (Rowbottom et al., 1995, 1996).
This diminishes the supply of glutamine available to white cells and could
diminish their capacity for fighting infection. There is some evidence in favour
of this proposition (Rohde et al., 1996) but it appears to me that, for the
purposes of the present discussion, we need to ask ourselves: are the levels of
physical activity which are engaged in by top athletes during training and which
lead to the overtraining syndrome similar to those experienced by military
personnel on active duty? Personally I doubt this, although it is certainly
possible during specific training early after recruitment. There has been a single
report of a beneficial effect of glutamine in reducing infection rate of amateur
athletes after long distance runs (Castell et al., 1996). We now need to repeat
such studies and we need know what the dose-response relationship is between
exogenous glutamine and adequate immune function. We also need to
understand whether or not small doses of glutamine given at regular intervals
would be as efficacious as irregular large doses. The whole area is one which
requires further research.

THE CRUCIAL QUESTIONS

Does what we know about physical activity and metabolism suggest to us
that protein requirements are increased as a result of exercise? My answer to
this would be that in fact there is no evidence that there are increased
requirements for protein per se. Most foods contain 10-15 percent of protein on
an energy basis and the likelihood is that an adequate supply of energy from
mixed rations will inevitably supply sufficient protein.

Is there an optimum of protein to carbohydrate + fat ratio and should the
composition of rations be altered to this? So far as I can tell, most of the
evidence suggests that exercise actually increases the efficiency of protein
utilisation and therefore, if anything, the amount of protein in the diet could be
reduced without deleterious effects. I do not think we know the lower limit at
the present time, and more work is needed to answer the question.

We do know that increasing the protein content of the diet simply increases
the activity of amine acid catabolizing enzymes and the capacity for branched
chain amine acid oxidation during exercise is substantially increased by
increasing total dietary protein (Figure 11-1). In studies we carried out on
subjects habituated to a high protein diet, amine acid oxidation was higher than
normal during exercise suggesting no net benefit would accrue. In any case it
can be calculated that even with an increase of muscle mass of 15 kg over 3
years a 70 kg man would need less than 5 percent of the protein recommended
nutritional intake (RNI) to supply the growth. Thus, it is likely that increasing
dietary protein over the current US military ration of 100 g/day would simply
lead to increased oxidation without any particular benefit. The classic results of
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Chittenden, a physiologist at Yale in the early part of this century (Chittenden,
1907), should not be forgotten. Chittenden persuaded a number of young, all-
American athletes to eat substantially less protein than they were accustomed to
and recorded their performance over the next year. It actually increased rather
than decreased!

Is there any evidence for a differential response between the sexes to
changes in protein and amino acid metabolism as a result of exercise?
Personally I think that there is insufficient data to answer this question
definitively but I would be very surprised if there were any major differences.

Is there a likelihood that particular amino acids will be beneficial in terms
of performance, or the preservation of the lean body mass, etc? Glutamine is the
most promising of the amino acids from this point of view. Nevertheless, there
is no clear indication in the literature that glutamine or any other amino acid has
a marked effect in stimulating performance per se in the short-term nor in
maintaining lean body mass in the longer term.

AUTHOR'S CONCLUSIONS AND RECOMMENDATIONS

» Exercise stimulates amino acid catabolism but the extent of the stimulation
is too little to have a major effect in contributing to a negative nitrogen
balance.

* Most food contains sufficient protein such that so long as energy balance is
maintained sufficient protein is delivered to meet the requirements for
amino acid oxidation and also probably for preservation and even growth
of the lean body mass.

* There is no evidence that supplementation with individual amino acids is of
benefit to physical performance or to maintenance or growth of lean body
mass, especially muscle.

In summary, therefore, rations for military personnel engaged in a high
rate of physical activity should have the following characteristics:

» Will be sufficient in delivery of energy.
» Contain protein in the range of 0.8 g/kg body weight/day.
* Need contain no extra amino acid supplements.
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12
Skeletal Muscle Markers

Dympna Gallagher, Steven B. Heymsfield," and Zi-Mian Wang

INTRODUCTION

Skeletal muscle is the largest non-adipose tissue body component and
serves both voluntary and involuntary life-sustaining functions. Skeletal muscle
composition can be considered in terms of atomic, molecular, cellular, and
tissue-system level components (Wang et al., 1992). The traditional concept of
skeletal muscle is the non-adipose tissue component shown in Figure 12-1.
However, with aging and obesity increased amounts of adipose tissue become
interspersed between muscle bundles, and this composite structure is referred to
as anatomic skeletal muscle (Wang et al., 1992; Heymsfield et al., 1995). Some
methods of measuring skeletal muscle mass rely on quantification of one or
more of the components shown in the figure.

Skeletal muscle is almost one-fifth of body weight in the newborn; this
proportion doubles in the mature male (Bortz, 1982; Hochachka, 1994; Lexell
et al., 1988; Snyder et al., 1975; Tomlinson et al., 1969) (Table 12-1). Both cross

! Steven B. Heymsfield, Human Body Composition Laboratory and Weight Control
Unit, St. Luke's-Roosevelt Hospital Center, New York, NY 10025.
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FIGURE 12-1 Anatomic skeletal muscle components at the first four body
composition levels. The fifth level, whole body, is not shown.

TABLE 12-1 Proportional Contribution of Skeletal Muscle to the Body Weight of a
Man at Different Stages of Development

Developmental Stage Skeletal Muscle (% of Body Weight)
Birth 21
Weaning 18
Adolescent 36
Adult 45
Elderly 27

SOURCE: Adapted from Heymsfield et al., 1995.

TABLE 12-2 Distribution of Total Body Protein in the 70 kg Reference Man

Organ or Tissue Protein Mass (kg) % of Total Body Protein
Skeletal muscle 4.8 45.3

Brain 0.11 0.10

Liver 0.32 3.0

Kidney 0.053 0.50

Heart 0.008 0.50

Blood 0.99 9.3

Skin 0.75 7.1

Skeleton 1.9 7.9

Total body 10.5 100

SOURCE: Adapted from Snyder et al., 1975.
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sectional and longitudinal studies demonstrate a gradual decline in skeletal
muscle mass with advancing age, and "sarcopenia" (as this decline is called) is
an important problem in elderly populations (Bortz, 1982; Lexell et al., 1988;
Tomlinson et al., 1969). On average, skeletal muscle contains the largest protein
pool in the body ("45%) as shown for the Reference Man in Table 12-2 (Snyder
et al., 1975). With the exception of adipose tissue, which is found in variable
proportions in adults, skeletal muscle is the largest at the tissue-system level
body composition component. Skeletal muscle thus plays a central metabolic
and functional role, particularly in relation to military activities and physical
performance.

Method Organization

At present, most in vivo methods of skeletal muscle assessment are static
in that they are designed to quantify skeletal muscle at a single point in time,
and dynamic method development is limited (Figure 12-2). Skeletal muscle
measurement methods that are applied in vivo are indirect and rely on
measurable properties and known components, some of which are outlined in
Table 12-3 (Wang et al., 1995). Broadly viewed, these properties are used with
two types of models for deriving skeletal muscle mass estimates.

The first model is a descriptive or type I model that shares in common the
following characteristics: a reference method is used to estimate skeletal muscle
mass in a well-defined subject group in whom the property is also measured;
and a statistically derived component prediction equation is developed and then
cross-validated in a new subject group (Wang et al., 1995). All methods in this
category are formulated conceptually around the following formula:

(1) skeletal muscle mass = X[a x(measurable quantities)] + b,

where a and b are the slope and intercept of the prediction formula based
on linear regression analysis. The main methods in this category are outlined in
Table 12-3. All descriptive methods are population specific and must be cross-
validated in new subject groups before they can be applied with confidence.

The second modeling approach is formulated on stable-component
relationships, many of which can be understood in terms of underlying
mechanisms. These are referred to as mechanistic or type II models (Wang et
al., 1995). The methods in this category are formulated conceptually around the
following formula:

(2) skeletal muscle = X [a x(measurable quantities)],

where a is the stable proportion or other assumed constant biological
characteristic. The main methods in this category are outlined in Table 12-3.
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FIGURE 12-2 Organization of body composition methods. Source: Adapted
from Wang et al., 1995.

TABLE 12-3 Characteristics of Skeletal Muscle Mass Measurement Methods

Measurable Quantity, Model (or Function) Type
Method Property Component Descriptive ~ Mechanistic
Anthropometry Skin folds + +
Circumferences
Diameters
Ultrasound Reflected sound + +
waves
BIA Resistance +
Reactance +
Urinary Creatinine +
Metabolites
3- +
Methylhistidine
Imaging:
*CT X-ray
attenuation
Cross-sectional +
area
* MRI Proton
relaxation times
Cross-sectional +
area
IVNA/Whole- Total body N
body
counting Total body K

NOTE: BIA, bioelectric impedance analysis; CT, computerized axial tomography; FFM, fat-free
body mass; IVNA, in vivo neutron activation analysis; MRI, magnetic resonance imaging.
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TABLE 12-4 Methods of Measuring Skeletal Muscle Mass In vivo

Method Level Measures Whole Body  Regional

TBK-TBN Atomic ATFSM, SMPro +

ASM by DXA Molecular FFSM +

Creatinine Cellular SMCM +

3MH Cellular SMCM +

CT Tissue system  Anatomic SM, + +
ATFSM

MRI Tissue system  Anatomic SM, + +
ATFSM

Anthropometry ~ Whole body Anatomic SM + +

Ultrasound Whole body Anatomic SM +

BIA Whole body FFSM +

NOTE: ASM, appendicular skeletal muscle; ATFSM, adipose tissue-free skeletal muscle; BIA,
bioelectric impedance analysis; Creatinine, 24-h urinary creatinine excretion; CT, computerized
axial tomography; DXA, dual-energy x-ray absorptiometry; FFSM, fat-free skeletal muscle; 3MH,
24-h urinary 3-methylhistidine excretion; MRI, magnetic resonance imaging; SM, total body
skeletal muscle; SMCM, skeletal muscle cell mass; SMPro, skeletal muscle protein; TBK, total
body potassium; and TBN, total body nitrogen.

Methods of measuring skeletal muscle can also be organized according to
body composition level as shown in Table 12-4. This approach is useful in
understanding differences in skeletal muscle components as measured by the
various methods. For example, anthropometry quantifies anatomic skeletal
muscle whereas urinary creatinine excretion is a marker of muscle cell mass
(Heymsfield et al., 1995; Lukasksi et al., 1996).

An overview is now provided that is organized as outlined in Table 12-3.
This overview begins with the simpler methods such as anthropometry and
progresses to the complex research-based methods of estimating skeletal muscle
mass, such as in vivo neutron activation analysis.

AVAILABLE METHODS

Anthropometry

Development of anthropometric skeletal muscle prediction methods are
limited. There are also very few model-based anthropometric methods for
estimating regional skeletal muscle mass.

An example of a descriptive method is the anthropometric approach
suggested by Martin and colleagues (Martin et al., 1990). Anthropometric
dimensions were quantified on 12 male Caucasian cadavers who were then
dissected and their muscles weighed. The average age (Standard deviation +
SD), weight, and stature of the Caucasian cadavers were 72 + 8§ years, 66.2 +
12.5 kg, and 169.1 + 8.2 cm, respectively. A regression equation was then
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developed in which skeletal muscle (SM) was the dependent variable and
anthropometric measurements the independent variables,

SM (g) = Stat x(0.0553 XCTG? + 0.0987 xFG? + 0.0331 xCCG?) -2445,

where Stat is stature in cm, CTG is thigh circumference corrected for the
front thigh skinfold thickness in cm, FG is uncorrected forearm circumference
in cm, and CCG is calf circumference corrected for the medial calf skinfold
thickness in cm. The equation has a coefficient of determination R? of 0.97 and
an Standard Error of the Estimate (SEE) of 1.53 kg. There have not yet been
any independent cross-validations of this anthropometric method.

Model-based regional anthropometric methods are widely used for
estimating mid-calf, thigh, and upper arm circumferences or areas (Heymsfield
et al., 1984). The model used is relatively simple: the limb is assumed to be a
concentric set of three cylinders: inner bone, middle muscle, and outer adipose
tissue. Limb circumference and a corresponding skinfold thickness are used in
the model to calculate muscle area, which includes the enclosed bone. Models
are also published for estimating bone-free skeletal muscle areas (Heymsfield et
al., 1992)

Although the geometric models are relatively simple, the limb and its
associated muscle compartment are complex. For example, calculated arm
muscle area overestimates skeletal muscle by 15 to 25 percent in young
nonobese subjects (Heymsfield et al., 1982). About one-half of the overestimate
is due to the aforementioned inclusion of bone in the estimated area, and the
remaining overestimate is due to assumption errors and non muscle tissue (e.g.,
neurovascular bundle) inclusion in the muscle compartment. Forbes et al.
(1988) and Baumgartner et al. (1993) also reported that arm muscle area
assumptions are inaccurate in obese and elderly subjects, respectively.

Another problem, particularly in elderly and malnourished subjects, is that
atrophic skeletal muscle chemical composition differs from that of normal
tissue (4-6). Water, lipid, and collagen are increased per unit tissue mass
whereas noncollagen proteins are reduced (Heymsfield et al., 1992). The
relative concentration of "functional" proteins is thus lower in atrophied muscle.
Abrupt changes in muscle glycogen, as might occur with dieting or glycogen
loading, can also change muscle size by approximately 5 to 10 percent as a
result of the water-binding properties of glycogen.

The important potential for developing anthropometric muscle estimation
equations now exists due to the development of magnetic resonance imaging
(MRI) muscle mass measurement methods (discussed in a later section). A
simple example demonstrating this potential is shown in Figure 12-3. In this
study, multislice whole body MRI was used to estimate total body skeletal
muscle volume in 79 healthy adults. Arm, thigh, and calf muscle areas were
then calculated using the above mentioned geometric model based on skinfold
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thickness and limb circumference (Heymsfield et al., 1984). The three
anthropometric muscle areas were then summed and plotted against total
skeletal muscle volume by MRI. As shown in the figure, there was a good
skeletal muscle volume by MRI (Total muscle area [cm?] = 7.6 x[total MRI
muscle volume, in L) + 115.4, r? = 0.64, p < 0.001). Anthropometric prediction
equations could be developed by systematically extending this technique to
specific populations.

600.0
500.0 L
400.0 |
300.0 |

200.0 {

Total Muscle Area

100.0 {

0.0 . L i I
0.0 10,0 200 30.0 40.0 50.0

Skeletal Muscle (L)

FIGURE 12-3 Sum of anthropometric limb muscle areas [cm?] versus total
body skeletal muscle volume measured by multislice MRI in 79 healthy adults.
(Total muscle area [cm?] = 7.6 x [Total MRI muscle volume, L) +115.4, Rz =
0.64, p < 0.001).

Ultrasound

Ultrasound methods can be used to quantify mainly regional skeletal
muscle thicknesses or diameters (Sipila et al., 1991), although as with skinfolds,
the potential exists to develop whole body prediction formulas. Ultrasound,
which was originally developed to detect underwater movement of submarines
during World War II, is now used in cardiology, obstetrics, and many other
branches of medicine throughout the world.

Two main ultrasound system types are in use, A mode and B mode. The
first to be developed, the A mode system, passes an ultrasound signal from the
system's probe, which is then reflected off anatomic structures. These reflected
sound waves return to the probe as echoes. With A mode systems, tissue
interfaces can be identified and the thickness of a muscle established. An
important consideration and potential source of error is that with A mode
systems, the ultrasound beam must be directed perpendicular to the skin
surface, and the muscle site measured must be reproducible.
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FIGURE 12-4 B-mode ultrasound cross-sectional image of the upper mid-arm
in a healthy adult male.

The more-recent B mode systems produce a two-dimensional image of the
scanned area, and muscle interfaces are identified as bright lines. An ultrasound
cross-sectional image of the biceps muscle is presented in Figure 12-4. Current
systems are mainly of the B mode type, operating at frequencies between 3 and
5 MHz.

Bioelectric Impedance Analysis

Bioelectric impedance analysis (BIA) was the subject of a conference and
multi-author publication organized by the Nutrition Coordinating Center at the
National Institutes of Health (Yanovski et al., 1996). The BIA method involves
passing an alternating current at one or more frequencies via electrodes across a
tissue bed, and the impedance or voltage drop to electrical flow is measured.
Components rich in electrolytes, such as body fluids, impose minimal
impedance while lipids and compact minerals impose a high impedance to
electrical flow (Chumlea et al., 1994). Tissue composition is therefore the main
determinant of impedance and its two components, resistance and reactance.
Notably, impedance to electrical flow is determined primarily by the fluid
volume present and length of the electrical pathway. The possibility exists to
measure impedance of the extremities, skeletal muscle is the main determinant
of extremity impedance. Appendicular and total body skeletal muscle can
therefore potentially be estimated from measured extremity impedance or
resistance by calibration against skeletal muscle mass using a reference method
such as MRI or dual x-ray absorptionmetry (DXA).
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Important recent advances permit the measurement of extremity
impedance and other electrical characteristics such as reactance and phase
angle. Baumgartner and colleagues (1989) examined segmental impedance and
its relationship to total body impedance (Baumgartner et al., 1989). In this and
other studies, investigators applied gel electrodes at predefined anatomical
locations on the proximal and distal limb. A typical evaluation required two sets
of injector and receiver electrodes, respectively. An important advance was
made in 1994 by Organ and colleagues (1994), who developed a lead-switching
algorithm for evaluating segmental impedance without the need for electrodes
placed on the proximal aspect of the limb. By alternating voltage and current
electrodes, the researchers were able to isolate the impedance of each arm and
leg using six sets of distal limb gel electrodes. This laboratory expanded on
these earlier studies by developing a BIA system for evaluating segmental
impedance in the standing subject (Nunez et al., 1997). In this experimental
system, conventional gel electrodes are replaced with stainless steel contact
electrodes designed for both hands and feet (Figure 12-5). Electrical switching
algorithms alternate current and voltage input so as to allow rapid measurement
of each extremity impedance. In a recent study, researchers in this lab observed
excellent agreement between extremity impedance measured with the new
system and extremity impedance quantified using conventionally positioned
limb gel electrodes (Nunez et al., 1997). Moreover, there was good agreement
between limb or stature-adjusted impedance index (e.g., height squared/
impedance) and limb skeletal muscle mass (Nunez et al., 1997). For example,
there was a strong correlation between ht*/leg-to-leg impedance and leg muscle
as quantified by DXA (R? = 0.72, p < 0.001) (Figure 12-6). Although this
information is preliminary, the potential for evaluating the muscle compartment
of each limb separately and total appendicular skeletal muscle mass is evident.
Work in this area is Ongoing in this laboratory and at other research centers.
The possibility also exists to extend this methodology to multifrequency BIA
systems and to limb muscle water compartmentation.

Urinary Metabolites

Two metabolic end products, creatinine and 3-methylhistidine, are
excreted in urine and classically have served as indices of skeletal muscle mass.
Creatinine is produced by non enzymatic conversion of creatinine, which is
distributed mainly in skeletal muscle. Catabolism of actomyosin, the primary
skeletal muscle contractile protein, results in 3-methylhistidine release
(Lukasksi et al., 1981). Both terminal products of metabolism are excreted in
urine and to a lesser extent into the gastrointestinal tract and other secretions. A
summary of the underlying assumptions of these two methods is presented in
Table 12-5 (Lukasksi et al., 1981; Heymsfield et al., 1983).
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FIGURE 12-5 Electrode stand for measuring appendicular impedance. Four
pairs of stainless steel electrodes contact each distal extremity, and electrical
switching algorithms are used to measure the impedance of each limb and
various limb combinations. This impedance approach can be used to estimate
appendicular skeletal muscle mass.
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FIGURE 12-6 Stature-adjusted resistance (Ht*/Z) versus appendicular skeletal
muscle estimated by DXA in 103 healthy adults [R?> = 0.72, p < 0.001]. Y = HY/
Z; X, leg skeletal muscle; Z, impedance in ohms.
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TABLE 12-5 Main Characteristics of Urinary Metabolite Methods

Method Creatinine 3-Methylhistidine

Model creatinine = K x[Cr] 3-MH = K x[protein] xSM
xSM SM = 3MH/(K x[protein])
SM = creatinine/(K x
[Cr])

Assumptions Creatine is almost all Histidine is in two muscle

Skeletal Muscle (SM)
¢ Creatinine [Cr] and
protein [protein]
concentrations

¢ Creatine or muscle
protein daily fractional
breakdown rate (K)

within skeletal muscle.

On a meat-free diet, the
average concentration
of creatine remains
constant, and the total
creatine pool remains
constant.

Creatine is converted to
creatinine at a constant
daily rate.

proteins, actin within all
muscle fibers, and myosin
in white fibers.

On a meat-free diet, the
average protein
concentration in muscle
remains constant, and the
total muscle protein pool
remains constant.
Muscle protein synthesis
and catabolism are in
balance, and thus, 3-MH

is produced at a constant
daily rate.

3-MH is neither
metabolized nor reused in
metabolism and
completely excreted in
urine.

SM = 0.0887 x3MH +
11.8;r=0.88. p < 0.001.

Creatinine is neither
metabolized nor reused
in metabolism and
completely excreted in
urine.

SM = 18.9 xcreatinine
+4.1;r=092,p<
0.001.

¢ Urinary creatinine or 3-
MH

¢ Prediction Equations

Ideally, urine is collected under controlled dietary conditions (i.e., meat
free) over several days, and the results are averaged. The between-day
coefficient of variation for both methods is reasonably high (2-10%), even in
careful and well-instructed participants.

The main concept of both methods is that the creatinine and 3-
methylhistidine excreted in urine is related to the total endogenous pool and
hence total body skeletal muscle mass. Although the data are limited, evidence
supporting this hypothesis is reasonably good for healthy, weight-stable adults.

A traditional concept has been that creatinine excretion is directly
proportional to total body skeletal muscle mass (Heymsfield et al., 1983). This
is shown in Figure 12-7 and can be expressed mathematically as skeletal muscle/
creatinine = constant or "K." This led to the concept of a creatinine equivalence,
in which 1 g of creatinine excreted in urine per day was purportedly equivalent
to a specified weight of skeletal muscle mass. This hypothesis is not supported
by experimental observations as the creatinine: skeletal muscle mass ratio is not
constant, but varies as a function of muscle mass (Heymsfield et al., 1983). This
phenomenon is thought to be due to the presence of non skeletal muscle sources
of creatinine (Figure 12-7). For example, creatine is found in brain tissue and
contributes to the urinary creatinine pool. Similarly, the 3-
methylhistidine:skeletal muscle mass ratio is not constant (Wang et al., 1998),
and 3-methylhistidine is also produced by
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SM=kxCr
SM=axCr+b

FIGURE 12-7 Muscle Mass: Urinary Creatinine Method. Main features of the
24-h urinary creatinine (Cr) method of estimating total body skeletal muscle
mass (SM). The traditional view is that all of urinary creatinine is derived from
SM and that the SM:Cr ratio is a constant (k). Experimental observations,
however, indicate nonskeletal muscle (NSM) sources of Cr and a nonzero
intercept when Cr is plotted against measured SM. Hence, prediction of SM by
Cr requires descriptive regression model development with slope a and
intercept b.

SM=kxCr
SM=axCr+b

FIGURE 12-8 Total body skeletal muscle mass measured by computerized
tomography (CT) (in kg) on the ordinate versus 24-hour urinary creatinine
excretion (in g/d) on the abscissa (n = 12; SM = 18.9 xCr + 4.1; r = 0.92, p =
2.55 x107%; SEE = 1.89 kg). Source: Wang et al., 1996a.
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tissues other than skeletal muscle. As a result, both methods can be
formulated on descriptive mathematical functions (i.e., skeletal muscle = a xCr
+ b) developed using regression analysis with methods such as computerized
axial tomography (CT) and MRI as the skeletal muscle reference. For example,
this group studied healthy men on a 7-day, meat-free diet (Wang et al., 1998;
Wang et al., 1996a). Urine was collected on the last three experimental days,
and results creatinine (g) (Wang et al., 1997) and 3-methyl histidine excretion
(umol) (Wang et al., 1998) and skeletal muscle volume by 22 slice CT as shown
in Figures 12-8 (SM = 18.9 xCr + 4.1; r =0.92, p = 2.55 x107; SEE = 1.89 kg)
and 12-9 (SM = 0.0887 x3MH + 11.8; r = 0.88, p < 0.001; SEE = 2.3 kg),
respectively. In both examples, the lack of a "zero" intercept for the urinary
metabolite versus skeletal muscle regression line indicates a non constant ratio
of urinary metabolite to skeletal muscle mass.

The strong associations observed between urinary metabolites and skeletal
muscle mass provide an opportunity to develop skeletal muscle prediction
formulas. Additional studies are needed across groups that differ widely in age,
gender, and ethnicity. Such studies could provide useful skeletal muscle
prediction formulas based on urinary metabolite excretion. The limitation of
these methods is the high level of subject participation required for dietary
compliance and accurate urine collection. Also, 3-methylhistidine can be
measured only in specialized laboratories, whereas creatinine is an almost
universally available and inexpensive test.
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FIGURE 12-9 Total body skeletal muscle mass measured by computerized
tomography (CT) (in kg) on the ordinate versus 24-hour urinary 3-
methylhistidine excretion (3MH, in pmol) on the abscissa (n = 10; SM =
0.0887 x3MH + 11.8; r = 0.88, p < 0.001; SEE = 2.3 kg). Source: Wang et al.,
1998.
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Imaging Methods

Imaging methods represent the most important advance in the evaluation
of skeletal muscle mass. Two main types of imaging systems are now in use,
CT and MRI. These methods are extensively reviewed in Heymsfield et al.,
1997a and Sjostrom, 1991. Both CT and MRI are capable of gathering cross-
sectional images at predefined anatomic locations. The cross-sectional image
per se can then be used to quantify selected muscle areas. Multiple cross-
sectional images can be used to reconstruct whole muscle groups or total body
skeletal muscle mass.

Imaging methods gather data in the form of picture elements or "pixels."
Addition of thickness to the pixel creates a volume element or "voxel." When
the outer and inner edges of a muscle group are traced on the system scanner,
the enclosed pixels include myofibers, nerves, adipocytes, and other
components, which collectively are referred to as anatomic skeletal muscle
(Figure 12-1).

Historically, CT was the first available imaging method, introduced in
1971 by Hounsfield (1973). Although the underlying physical concepts related
to MRI were developed in 1946, it was not until 1984 that in vivo images were
first reported (Foster et al., 1984). The CT method relies on x-ray attenuation
data collected as the tube and detector rotate in a plane perpendicular to the
subject. Images produced by MRI are related to signals measured during
alternating magnetic field and radio frequency pulses. The main nuclear effects
involve abundant hydrogen and hydrogen proton (i.e) imaging is widely used in
the clinical setting. A typical MRI study is shown in Figure 12-10, which
demonstrates cross-sectional slices through selected muscle groups and visceral
organs (Heymsfield et al., 1997b).

Praxmal Thgh

FIGURE 12-10 Three magnetic resonance images in a healthy adult, one from
the abdomen and two from the appendicular region. The images were acquired
using a Tl-weighted, spin-echo pulse sequence. Using this protocol adipose
tissue appears white and nonadipose tissue is dark on all images. SOURCE:
With permission, from the Annual Review of Nutrition, Volume 17, © 1997, by
Annual Reviews, http://www.AnnualReviews.org.
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Many studies have examined the validity of CT- and MRI- measured cross-
sectional image areas and whole body components (Heymsfield et al., 1997a).
Volumes of phantoms, isolated cadaver organs, and in situ cadaver organs
measured by CT and MRI are in close agreement with actual values (Sjostrom
et al.,, 1991; Heymsfield et al., 1997a). Converting volume estimates to mass
requires an assumed tissue density, which for skeletal muscle is 1.04 g/cc. CT
and MRI validation studies are reviewed by Heymsfield et al. (1997a).

An important issue not yet totally resolved is the accuracy of CT and MRI
in quantifying adipose tissue-free skeletal muscle. The enclosed area within a
traced muscle includes entrapped adipose tissue, a component that increases on
a relative basis with some diseases and advancing age. Careful manual tracing
with the scanner's computerized track-ball device allows exclusion of obvious
adipose tissue, and more complex pixel separation algorithms are also possible.
Nevertheless, it is difficult to separate out completely all intramuscular adipose
tissue using imaging methods, and more advanced techniques may be
necessary. With CT, it is possible to identify specific attenuation (i.e., based on
Hounsfield units) ranges for adipose tissue and muscle, and this approach
appears to provide reasonable separation of the two components. Magnetic
resonance spectroscopy methods are becoming increasingly available for in
vivo human research, and this may aid in pixel separation (Gadian et al., 1995).
Spectroscopic methods based on various nuclei may also eventually be able to
quantify skeletal muscle molecular level components, such as water and
glycogen in humans (Jue et al., 1989).

At present, most investigators have at their disposal both CT and MRI,
although high cost remains a problem at some medical centers. The
disadvantage of CT is radiation exposure, which can be substantial for
multislice whole body studies. Some subjects become claustrophobic inside the
MRI system's magnet bore, although open systems are currently being sold.

Both CT and MRI are based on measured physical properties and well-
established reconstruction formulas. Assuming image slices are spaced closely,
or even adjacent to one another, there is little question that imaging-derived
skeletal muscle can serve as a reference for other methods.

Dual-Energy X-Ray Absorptiometry

DXA systems are the most recent version of methods designed to quantify
bone characteristics in the study of osteoporosis (Cameron et al., 1963). Two
main photon energy peaks are produced by alternating an x-ray source kVp or
by rare-earth filtration. Attenuation of photons occurs as the two energy peaks
pass through tissue, and those remaining are counted as they impinge on
appropriately positioned detectors. Photon attenuation is characteristic of the
applied x-ray energies and elemental characteristics of the tissue under study.
These differing characteristics can be expressed mathematically as the ratio, R,
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attenuation at the low energy to that at the high energy. Fat, bone, mineral, and
remaining bone mineral-free lean tissue have characteristic elemental makeup
and hence R values (Figure 12-11), which allows for their separation using
DXA attenuation Values and various mathematical algorithms. Many studies
now generally support DXA-measured body composition components in
humans and animals (Korht et al., 1995).

Mass Fraction

FIGURE 12-11 Mass fraction of main elements in lean soft tissues, fat, and
bone mineral based on Reference Man. Residual Mass represents the sum of
Na, Mg, P, S, CL, K, Ca, and trace elements. The respective calculated R values
at 40 keV and 70 keV for fat, lean, and bone mineral are 1.21, 1.37, and 2.86,
respectively. Source: With permission, from the Annual Review of Nutrition,
Volume 17, © 1997, by Annual Reviews, http://www.AnnualReviews.org.

Most DXA systems allow isolation of different regions of the body,
including the appendages. Lean mass of the upper and lower extremities can be
assumed equivalent to appendicular skeletal muscle with a small and relatively
constant amount of skin and other non muscle components (Heymsfield et al.,
1990). Appendicular skeletal muscle is about 75 percent of total body skeletal
muscle mass (Figure 12-12), and this fraction is assumed stable within and

sM
ASM

ASM /"//

cT

FIGURE 12-12Appendicular Skeletal Muscle Mass DXA Method. Main
features of the Dual X-Ray Absorpiometry method of estimating appendicular
skeletal muscle mass (ASM). CT, computerized axial tomography; SM,
skeletal muscle mass. See text for additional details.
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between individuals. That is, a plot of DXA-estimated appendicular skeletal
muscle mass versus total body skeletal muscle mass should show a strong
correlation and an intercept not significantly different from zero. In such a
study, Wang et al. (1996) measured total body skeletal muscle mass in 25 men
using multislice CT. There was a strong correlation between DXA-determined
appendicular skeletal muscle and total body skeletal muscle by CT (r = 0.95, p
< 0.001). A plot of DXA appendicular skeletal muscle versus total body skeletal
muscle volume by multislice MRI derived from archives in this laboratory
supports the study of Wang et al. as shown in Figure 12-13 (n = 72, DXA
appendicular skeletal muscle = 0.83 xMRI skeletal muscle + 2.7, R? = p <
0.001). Both studies demonstrate regression line slopes larger than (7.083-.085)
the expected (0.75), and the cause of this discrepancy is under investigation. In
another study, Baumgartner et al. (in press) compared appendicular skeletal
muscle estimated by DXA with muscle volume measured with MRI and found
an equally good correlation (12 in range of 0.95) between the two.

Considerably more progress can be made in modeling appendicular lean
mass as derived by DXA. For example, formulas can be developed for
converting lean tissue to muscle and appendicular muscle to total body muscle.

Repeated measurements by DXA of appendicular lean muscle mass
indicated technical errors for arm, leg, and total body skeletal muscle of 7.0 +
2.4 percent, 2.4 + (0.5 percent, and 3.0 + 1.5 percent, respectively (Clasey et al.,
1997). More research is needed in establishing comparability of body
composition estimates across manufacturers and in evaluating if, and to what

0 e
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FIGURE 12-13 DXA-measured appendicular skeletal muscle versus total
body skeletal muscle volume (L) by multislice magnetic resonance imaging in
72 healthy men and women.
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extent, variation in muscle hydration influences lean mass estimates by DXA.
There appears to be no influence of age on DXA physical models used for
estimating the three main components as shown in Table 12-6. Pietrobelli et al.
(1998) observed similar attenuation ratios (i.e., r values) for skeletal muscle
based on chemical analysis of biopsies in subject groups ranging in age from
newborns to adults. Hence, for a low cost and with minimal radiation exposure,
DXA allows quantification of a large proportion of total body muscle mass.

TABLE 12-6 Summary of R Values of Various Human Soft Tissues for Three Age
Groups

Age Groups
Soft Tissue Newborn 4-7 months Adults R value
Skeletal muscle 1.35237 1.35187 1.35311 n.s.
Heart 1.35617 1.35422 1.35400 n.s.
Liver 1.35568 1.35333 1.35428 n.s
Kidney 1.35778 - 1.35971 n.s

SOURCE: Reprinted from Applied Radiation Isotopes, Volume 49, Pietrobelli et al., lean value for
DXA Two-component Soft-Tissue Model: Influence of Age and Tissue/Organ Type, Pages
743-744, Copyright 1998, with permission from Elsevier Science.

In Vivo Neutron Activation/Whole Body Counting

Skeletal muscle tissue has a relatively small extracellular fluid
compartment and large myofibrillar mass (Synder et al., 1975). As a result,
skeletal muscle is relatively rich in intracellular potassium when referenced to
other components such as total body protein (i.e., nitrogen). Anderson (1963)
and later Burkinshaw (1978) and their colleagues exploited this property of
muscle tissue to develop multicomponent models. Notably, Burkinshaw's
classic model was based on a known and constant ratio of potassium (K) to
nitrogen (N) in muscle (3.03 mmol/g) and non-muscle lean tissue (1.33 mmol/
g) (Figure 12-14). Burkinshaw, and later Cohn et al. (1980), developed their
models based on chemically analyzed tissue samples. A two-component model
can be developed:

skeletal muscle (kg) = [TBK (mmol) -1.33 xXTBN (g)] / 51.0
non-skeletal muscle (kg) = [3.03 xXTBN (g)-TBK (mmol)] / 61.2

Where TBK is total body potassium and TBN is total body nitrogen,
prompt-y neutron activation analysis is used to measure TBN, and whole-body
40K counting is used to measure TBK (Cohn et al., 1980).

Although the K:N model is of historic interest, there are a number of
problems now recognized with the method. First, the K:N ratio is probably not
constant in muscle and non muscle lean tissues but may change with age and
other factors such as physical activity level. As a result, large between-
individual differences most likely exist in the above model constants.
Accordingly, Wang et al. (1996) observed a significant correlation between total
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body skeletal muscle derived by the Burkinshaw-Cohn model and total body
skeletal muscle by CT in healthy men and men with acquired
immunodeficiency syndrome (AIDS) [SMpukinshaw = 0.990 XSM,, -6.4; r =
0.83, p = 0.0001, SEE = 4.4 kg, n = 25]. Compared with CT, the Burkinshaw
method underestimated skeletal muscle by a mean of 6.9 kg (20.1%, p =
0.0001) and 6.3 kg (23.2%, p = 0.01) in healthy men and men with AIDS,
respectively. The hypothesized cause of large between-individual differences in
estimated versus measured skeletal muscle (R? of 0.65 and SEE of 4.4 kg) and
observed bias is model errors (Wang et al., 1996b). Second, the method
involves radiation exposure, and alternative methods are available with little or
no radiation exposure and with equivalent or superior accuracy. Lastly, very
few centers have the necessary facilities for measuring TBN and TBK.

muscle non-muscle
lean mass

FIGURE 12-14 Muscle Mass: TBN-TBK Model. Main features of the neutron
activation-whole body counting method of estimating muscle and nonmuscle
lean tissue mass. TBK and TBN are total body potassium and nitrogen,
respectively. The applied model assumes stable TBK/TBN ratios of muscle
and nonmuscle lean mass components.

The potential exists to develop improved skeletal muscle mass formulas
based on TBN and TBK, and studies such as these should be carried out in the
future.

Monitoring Changes in Skeletal Muscle Mass Over Time

An important and inadequately studied topic is selection of a measurement
method for monitoring changes in skeletal muscle mass and composition over
time. The following is an overview of the potential role of each method in
evaluating skeletal muscle changes over time.
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Anthropometric and ultrasound methods quantify anatomic skeletal muscle
and are thus influenced by all muscle components. Observed temporal changes
can reflect, for example, alterations in intramuscular adipose tissue at the tissue
system level or in water and glycogen at the molecular level. A change in
anthropometrically- or ultrasound-derived muscle mass may therefore not
always reflect parallel changes in the main component of interest, muscle
proteins.

A second concern related to anthropometry and ultrasound is measurement
error, which is relatively large for both methods (e.g., within- and between-
observer technical errors in the range of “5-8%) (Nelson et al., 1996). Both
anthropometric and ultrasonic measurements are useful mainly in evaluating
large skeletal muscle mass changes over long time periods. The cost of these
methods is relatively low and the measurements can be made in field settings.

Urinary metabolites are markers of muscle cell mass, but as already
mentioned, there are non muscle sources of both creatinine and 3-
methylhistidine. These methods require careful urine collection protocols and
subject compliance on a meat-free diet. Even under well-controlled conditions,
the between-day coefficient of variation is relatively large (i.e., 4-8%). These
methods may therefore be useful in evaluating large muscle mass changes over
time or changes in groups of subjects. As creatinine is easy to measure, this
method may be applicable in settings without sophisticated analytical equipment.

Bioelectric impedance analysis requires strict attention to measurement
protocol (Nelson et al., 1996). Under carefully controlled conditions, the
between-measurement technical error of BIA is very small ("1-3%). Measured
impedance may, however, reflect changes in electrolyte concentrations, fluid
distribution, and adiposity that occur in patients followed over time. Because
BIA methods are inexpensive and simple, they have value in field settings.
More studies of the ability of BIA methods to quantify small changes in skeletal
muscle mass are needed.

Imaging methods have the most potential for quantifying small skeletal
muscle mass and composition changes. At present, the CT method is well suited
to measure adipose tissue-free muscle (Sjostrom et al., 1991; Heymsfield et al.,
1997b), and the same applies to MRI although lingering concerns remain.
Specifically, validated procedures for estimating adipose tissue content of
muscle by MRI have not yet been published. Both of these imaging methods
will record a change in muscle mass related to any one or more components
including protein, water, glycogen, and various fluid spaces. With this proviso,
the between-measurement technical errors for skeletal muscle areas and
volumes by CT and MRI are small (< 2%) (Sjostrom et al., 1991; Heymsfield et
al., 1997b; Wang et al., 1996a; Ross et al., 1995), particularly if repeated
measurements are made by the same observer. Hence, the likelihood of
detecting small muscle volume changes by CT and MRI is good. The
disadvantage of these methods is their relatively high cost and limited access.
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The DXA method has relatively low technical errors for appendicular
skeletal muscle mass measurements (e.g., 2.4 + 0.5% for leg). As DXA
measures total extremity lean mass, changes in mass may be brought about by
alterations in skeletal muscle water, fluid spaces, and glycogen. The relative
safety and increasing availability of DXA makes it a good choice for
longitudinal studies of skeletal muscle mass. However, some concerns are
arising on the validity of DXA body composition measurements carried out
over time, and more studies are needed to examine the validity of longitudinal
DXA skeletal muscle mass estimates.

The in vivo neutron activation method was used in longitudinal studies
prior to the development of the newer aforementioned methodologies. The
technical error of both TBN (i.e., 3.6%) and TBK (i.e., 3.2%) are high, and
method availability is limited. Therefore, this method cannot be recommended
for longitudinal studies of skeletal muscle mass.

CONCLUSIONS

Great strides have been made in quantifying skeletal muscle mass over the
past decade, and many studies are under way to refine further the many
available methods. Moreover, the important potential now exists to link muscle
mass with muscle metabolic processes and function using currently available
methodology. These advances should prove to be of value in studying issues of
importance to military operations.
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Alterations in Protein Metabolism Due to
the Stress of Injury and Infection

Robert R. Wolfe!

During severe injury or infection an overall metabolic response occurs that
results in a loss in lean body mass. However, each tissue has a specific response
that may be unique, and net protein synthesis may even be increased in some
tissues. Thus, protein synthesis is accelerated in the liver (for the production of
acute phase proteins), the immune system, and wound repair requires rapid
protein synthesis. The catabolic response largely occurs in the skeletal muscle.
Over a short period of time, the muscle has an adequate reserve of protein to
maintain normal function despite accelerated catabolism. However, when the
catabolic response is extended over several days or weeks, severe debilitation
can occur. This is reflected by the fact that currently only 50 percent of patients

I Robert R. Wolfe, Metabolism Unit, Shriners Bums Institute and University of Texas
Medical Branch, Galveston, TX 77550.
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discharged from an intensive care unit return to normal function, including
work, within 2 years (Bams and Miranda, 1985). The persistent disability
following severe burn injury is also well documented (Chang and Herzog,
1976). Although many factors may contribute to these statistics, loss of muscle
strength and function is central to the problem of rehabilitation. This chapter
interprets the goal of nutritional and metabolic support during acute
hospitalization following severe injury and the period immediately following
discharge to be a rapid return to normal physiological function. Therefore, the
focus here will be on the response of muscle.

The net synthesis or catabolism of muscle protein depends on the balance
between the rate of protein synthesis and breakdown. The precursors for protein
synthesis are derived from either protein breakdown or from transmembrane
transport from the plasma. The amine acids resulting from protein breakdown
can either be re-incorporated into protein or released into plasma. Exogenous
amine acids given in nutrition can only be incorporated into protein after being
transported into the muscle cells from the blood. Thus, the processes of protein
synthesis, breakdown, and transmembrane amine acid transport are linked, and
it is necessary to evaluate the response to stress by quantifying these three
related processes. Consequently, results will be presented from a technique
involving the infusion of tracer amounts of amine acids labeled with heavy
stable isotopes of carbon (13C) or hydrogen (?H) and sampling from the femoral
artery and vein and from the intramuscular pool of the vastus lateralis (obtained
by biopsy) (Biolo et al., 1995a). This approach allows quantification of
transmembrane transport rate of various amine acids, as well as the rates of
muscle protein synthesis and breakdown.

The negative protein balance caused by severe injury results from a large
increase in the rate of protein breakdown. Although synthesis is also increased,
the increase is insufficient to offset the increased rate of breakdown. The
increase in muscle protein breakdown is coupled with an increase in the
outward transport of amine acids, which is consistent with the role of the
muscle to provide amine acid precursors for synthesis elsewhere in the body.
The negative amine acid balance persists across the muscle even for a person in
the fed state. Furthermore, increasing the amount of protein intake has no effect
on the rate of muscle protein synthesis.

The alteration in transport kinetics across the muscle cell membrane may
be central in the altered muscle protein kinetics. The inward transport of
phenylalanine and leucine in severely burned patients is less than half the
normal rate. This explains the inefficiency of amine acid or protein intake in
stimulating synthesis, because the exogenous amine acids must enter the cells
before they can be incorporated into protein. This point can be seen clearly in
the case of glutamine. The intramuscular glutamine concentration is decreased
in severely burned patients to about one-third its normal value. This is in large
part due to an accelerated rate of outward transport, as the intracellular
appearance from protein breakdown is double the normal rate and de novo
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synthesis is not markedly suppressed. Nonetheless, the infusion of glutamine
directly into the femoral artery of adult burn patients did not increase the
intramuscular concentration of glutamine, despite a three-fold increase in the
femoral venous concentration of glutamine.

Because of the altered amino acid transmembrane kinetics, it is clear that
greater-than-normal protein intake is not effective in curtailing the catabolic
response of muscle (Patterson et al, 1997). Therefore, there is no reason to
believe that more than 100 g/d of protein will provide any additional benefit.
However, with regard to the question of whether protein requirements increase
with military operational stressors and what is the optimum protein intake, it is
nevertheless clear that protein requirements have increased. This is because
normal protein intake is insufficient to alleviate catabolism. Further, it is
possible that an optimal formulation of amino acids would be beneficial
(Sakurai et al, 1995). However, given the deficiencies in inward transport, it is
unlikely any amount or particular mix of amino acids would make any
difference without concurrent manipulation of the metabolic state of the tissue.
In this author's experience, these observations apply equally to men and women.
However, it is possible that metabolic manipulation with hormone therapy
could make the muscle more responsive to the stimulatory effect of amino acids
on protein synthesis, thereby providing a rationale for increasing protein intake
and optimizing the formulation of an amino acid mixture.

ANABOLIC HORMONES

The anabolic action of growth hormone on muscle in children is well
established. The acute, intravenous infusion of growth hormone in burned
children has been shown to increase muscle protein synthesis to the same extent
as a pharmacological dose of insulin, but the effect of the two hormones was
not additive (Gore et al., 1991). The effect of growth hormone on adult muscle
protein metabolism is less clear. It has been recently shown that growth
hormone replacement in growth hormone-deficient adults increased lean body
mass after six months, but not after 1 month, of growth hormone
supplementation (Solomon et al., 1989). However, it is not clear that this
response reflected increased muscle mass, and in fact it could have been due to
water retention. In contrast, a period of 5 days of growth hormone treatment in
normal volunteers receiving a diet containing only 50 percent of caloric
requirement induced a switch from a negative, whole-body N balance to a
positive, whole body N balance (Manson and Wilmore, 1986). Furthermore, N
balance improved in some (e.g., Wilmore et al., 1974), but not all (e.g., Belcher
et al., 1989) studies in which growth hormone was administered to burn
patients. However, none of these studies assessed the effect of growth hormone
on muscle per se. The only studies in which muscle protein synthesis was
directly measured failed to show an effect of growth hormone either in normal
(Yarasheski et al., 1993b) or elderly volunteers (Yarasheski et al., 1995).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/9620.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

jn Sustaining and Enhancing Performance
EIN METABOLISM DUE TO THE STRESS OF INJURY AND 282

INFECTION

Insulin is the most important anabolic hormone on an hour-to-hour basis in
normal human physiology. Local hyperinsulinemia to an extent comparable to
that achieved during a normal meal caused a significant increase in muscle
protein synthesis and inward transmembrane transport of phenylalanine
(Sakurai et al., 1995). To extend this observation to the clinical setting, severely
burned adults were infused for 7 days at a rate high enough to maintain plasma
insulin concentrations of approximately 500 pU/ml. Additional glucose was
given as needed to maintain euglycemia. Patients were studied according to a
crossover design, with half of the patients receiving the insulin therapy in the
fast week, and half receiving the insulin therapy in the second week. Patients
were used as their own controls and were studied in the fed state. Insulin
therapy reversed the negative amine acid balance across the muscle, primarily
by stimulating muscle protein synthesis. Paradoxically, protein breakdown also
increased, thereby blunting the net anabolic effect of insulin. It is possible that
the stimulation of protein synthesis exceeded the availability of intracellular
amine acids, leading to an acceleration of protein breakdown in order to
maintain the intracellular pools. If this was the case, it may be that in severely
burned patients, an increased intake of amine acids might be more effective
during insulin therapy than when insulin is not given, particularly since insulin
greatly stimulated the rate of inward amine acid transport. However, the
interaction of insulin therapy and the amount of amine acid or protein intake has
not been investigated.

In patients given the control diet the first week and insulin therapy the
second week, growth hormone was given throughout the third week, without
interruption of the insulin. No additional effect of growth hormone beyond that
elicited by insulin was observed (Sakurai et al., 1995).

Testosterone is well known for its ability to stimulate muscle anabolism in
normal subjects when taken in large doses. However, testosterone is also
effective in stimulating muscle protein synthesis when given to normal
volunteers in an amount sufficient to increase the plasma concentration to the
high-normal range. The effect of testosterone is likely to be exerted on the
transcription of mRNA, as suggested by the observations of a significant
increase in muscle protein synthesis observed 5 days after the intramuscular
injection of 200 mg, while no effect was observed during the intravenous
infusion of the same amount of testosterone over 5 hours (Ferrando, et al,
1998). Transcriptional effects are likely to take days to be effective. The
effectiveness of testosterone in critically ill or rehabilitating patients is
unknown, but it is pertinent that in adult male burn patients the serum
concentration of testosterone is reduced more than 80 percent below the normal
control value. Further, it is possible that an interactive effect between
testosterone and insulin might be anticipated, since they appear to operate via
different mechanisms. However, this possibility remains unexplored.
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AUTHOR'S CONCLUSIONS AND RECOMMENDATIONS

The catabolic response of muscle is characterized by an outward efflux of
amino acids from muscle that minimizes the effectiveness of any nutritional
protocol. It is therefore reasonable to explore the interaction of hormonal and
nutritional therapy. In adult patients, only insulin therapy has been shown to
stimulate muscle protein synthesis, but results from normal volunteers given
testosterone are quite promising. Future areas of investigation should involve
quantification of hormonal effects on muscle, and interactive effects between
hormones and diet. Thus, it is possible that whereas a higher than normal
protein intake in injured patients normally doesn't provide an added benefit
beyond that achieved with a normal intake, a higher protein intake becomes
beneficial when the system is "primed" by testosterone and/or insulin therapy.

Based on currently available data, a diet is recommended for severely
injured patients of 1.5 g protein/kg day, with carbohydrate given at a rate that
supplies approximately the caloric equivalent of the resting energy expenditure.
Fat should be given only as needed to avoid fatty acid deficiency
(approximately 2 percent of daily caloric intake). Exogenous insulin should be
given to maintain euglycemia. Men and women should be given the same
treatment, and it is unlikely the particular source of protein is important
provided that it has a reasonable balance of essential amino acids.
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I
DISCUSSION

ROBERT NESHEIM: I'd like to open this up now for discussion. Dr.
Rennie, how would you respond to the questions posed by the Army?

MICHAEL RENNIE: Regarding whether active people need more protein,
I think that looking at people who live under circumstances of low protein
intake gives us a lot of the answers. If you look at the protein intakes of Kenyan
runners, they eat something like 0.6 to 0.7 grams of protein per kilogram per
day, and they outperform all of the Western middle- and long-distance runners,
right?

So there are natural experiments that suggest that you don't need to eat
very much protein to do well in certain kinds of physical performance. Of
course, I don't know how well they would do as weight lifters.

I don't want to steal the thunder of Anton Wagenmakers, but it strikes me
that all of the studies that have been done by giving individual mixtures of
amino acids, either branched-chain amino acids, glutamine, or glutamate, have,
without exception, shown no effect on physical performance.
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I don't want to steal Harris Lieberman's thunder, either, but I strongly
suspect that unless there are kinds of cognitive function that we cannot measure
easily, you will not see much in the way of any effect on cognitive performance.

Finally, I think that there are just insufficient data to talk about gender
differences so far.

HARRIS LIEBERMAN: I just want to make a comment. With regard to
formulating a recommendation, remember that the soldiers who come into the
Army are eating an American diet and have eaten an American diet their whole
lives, so that a suggestion that I make is not to recommend a change in the
American diet or even a change in the soldier's diet in garrison, because we
really cannot change diets that drastically; we simply want recommendations on
what we are going to feed in those times when we go out into the field, and
particularly when we go into combat. What we really need is a recommendation
for a combat ration.

ROBERT NESHEIM: Dr. Butterfield?

GAIL BUTTERFIELD: Let me ask my usual question of the speakers.
One of the problems with military troops in the field is that their energy intake
is dramatically reduced. How do you think that reduction will affect these
various factors?

MICHAEL RENNIE: Well, there is some dramatic evidence from Stroud
and Fiennes' trans-Antarctic walk, in which they expended huge amounts of
energy, greater amounts of energy than Tour do France cyclists expend, and yet
their energy intakes were certainly less than that, and they lost very large
amounts of weight.

What is quite interesting is that in the study that Stroud and Alan Jackson
and John Waterlow published in the British Journal of Nutrition , although it
cannot really be described as a scientific study, given the way the controls were
performed after the event, nevertheless, it is quite interesting that whole body
protein turnover did not appear to be markedly depressed, despite the fact that
these people were in marked energy deficits, (much more than I imagine any
scientist would ever get permission to induce under these circumstances).
Presumably, protein balance was maintained because the subjects were taking
in a fair amount of nitrogen; I cannot remember exactly how much. But they
were also exercising at these very high rates.

So the idea that exercise was somehow making protein utilization more
efficient, I think, is borne out by that kind of study.
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ROBERT NESHEIM: Yes, Nancy?

NANCY BUTTE: Another question we have been asked to address is the
potentially detrimental effect, of high protein intake or supplementation of a
single amino acid on a woman who is pregnant.

In the military now at any one time, 8 to 9 percent of active duty women
are pregnant. Many of these pregnancies are unplanned, so there is a period
where a woman may not be aware she is pregnant. Could some of our experts in
protein comment on a possible detrimental effect of either a high protein intake,
high protein-to-energy ratio, or a single amino acid supplementation?

D. JOE MILLWARD: I don't know of any evidence to suggest that there is
a problem. I mean, I cannot ever remember reading any detailed consideration
of that question at all, and it is difficult to really identify one off the top of my
head.

ROBERT WOLFE: I wanted to just follow up and ask Mike Rennie his
opinion. I think that one of the problems with this whole issue of exercise and
amino acid requirements, is that because of the limitations of methodologies,
where we are limited to certain types of exercise (such as moderate aerobic
exercise) that have been studied, these may not always have a parallel in troops
sent into combat.

Mike referred very briefly to the situation of overtraining, and it is
certainly clear, with overtraining, for example, that you get disruption of normal
amino acid concentrations in the muscle and that maybe in this circumstance,
the protein requirements are different than for someone who is just doing
moderate exercise at a very easy level. But someone who is thrust into repetitive
and high-intensity exercise clearly ends up with a different response in their
muscles, and this difference is something that we should think a little bit about.
Even in more general terms. We need to think about the difference between
resistance exercise and aerobic exercise. We tend to move back and forth
between the two, but I don't know that that is really justified, and if the goal is
to build up strength, then simple maintenance of nitrogen balance may not
really be the end goal.

MICHAEL RENNIE: I agree with all of those points.

D. JOE MILLWARD: Can I comment on that? I think part of the difficulty
that I see here is that if the ultimate objective is the overall performance of the
individual, then one has to avoid thinking about one system in particular.

For example, we know that individuals involved in large amounts of
exercise, like marathon runners and certainly overtrained individuals, tend to
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have a reduced immune function. The research that has shown glutamine
supplementation to be effective has been under circumstances where the
glutamine is protective against the consequences of reduced immune function,
like preventing bacterial translocation across the gut and those sorts of things.

Now, the link [between the immune system and physical activity] would
be the problems promoted by leakage of muscle enzymes as a consequence of
large amounts of physical activity, which promote an acute phase response,
coupled with loss of muscle glutamine and the consequences of that loss.

And so, if you need to think about whether glutamine supplementation
would be important in those circumstances, although we think of muscle as the
main store of glutamine, you actually have to think of the function of glutamine,
which is really on the gut and on the immune function. Thus, unless you
actually think about the whole picture, I think you are going to miss some of the
outcomes. That is why, ultimately, the studies that must be done must define as
many different parameters as possible in terms of performance and include
those parameters. So far, we have attacked little bits of the problem with
individual studies, and that is why I think it is so hard to put the whole lot
together and come up with a sensible answer.

ROBERT NESHEIM: I think that brings us to the next set of presentations,
which have to do with cognitive performance, stress, and brain function.
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Amino Acid and Protein Requirements:
Cognitive Performance, Stress, and Brain
Function

Harris R. Lieberman’

INTRODUCTION

This chapter addresses amino acid and protein requirements and brain
function. A particular focus will be the possibility that central demands for
amino acids may modify nutritional requirements when individuals are exposed
to extreme environments and other stressors associated with combat and high-
intensity military or civilian occupations.

To function adequately, the central nervous system (CNS) requires a
number of amino acids found in protein foods. Amino acids such as tryptophan,
tyrosine, histidine, and arginine are used by the brain for the synthesis of
various neurotransmitters and neuromodulators (Betz et al., 1994). To date,
CNS requirements for specific amino acids have not been systematically
investigated, perhaps because it has been assumed that brain requirements for
precursor amino acids were not critical. Furthermore, appropriate methods of
determining

! Harris R. Lieberman, U.S. Army Research Institute of Environmental Medicine,
Natick, MA 01760.
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whether adequate levels of particular precursors are provided to the CNS by the
diet do not exist. Although little information on CNS requirements of specific
amine acids is available, results from several lines of related research suggest
that the peripheral concentration of particular amine acids can be a factor in the
regulation of central neurotransmission, cognitive performance, and mood state.
For example, if the amine acid tryptophan is either artificially elevated or
lowered, changes in brain function and behavior can occur (Young, 1996). Even
in normal humans, acute tryptophan depletion produces transient alterations in
mood state (presumably by reducing the CNS concentration of serotonin), in
particular increased subjective depression and increased aggression (Young,
1996). In contrast, administration of single doses of pure tryptophan to humans
increases sleepiness and may reduce pain sensitivity (Hartmann, 1986;
Lieberman et al., 1985). These changes are consistent with the various functions
attributed to serotonin in the CNS.

CNS requirements for specific amine acids during periods of
undernutrition or when individuals are exposed to highly stressful conditions
may be particularly critical. For example, among moderately undernourished,
but not highly stressed soldiers participating in a field test of an energy deficient
ration, decrements in tryptophan were associated with impaired cognitive
performance (Lieberman et al., 1997). Furthermore, a series of studies suggests
that supplemental administration of tyrosine increases brain catecholaminergic
neurotransmission and has beneficial effects on various behavioral parameters
associated with resistance to stress (for a recent review, see Lieberman, 1994).
Tyrosine is one of the dietary precursors for the synthesis of the
catecholamines, dopamine and norepinephrine. The beneficial neurochemical
and behavioral consequences of supplemental tyrosine administration are most
readily observed when humans and other animals are exposed to various
environmental and psychological stressors (Wurtman et al., 1981).

The Blood-Brain Barrier: A Key Determinant of Brain
Nutritional Status

Unlike most other organs, the brain is isolated from the general circulation
by the blood-brain barrier (BBB). The nature of the barrier is determined by the
special properties of the cerebral vasculature, specifically the epithelial cells of
the brain capillaries, which selectively prevent the transport of various
substances into the brain (Betz et al., 1994 Pardridge 1977). In general,
lipophilic compounds typically can passively cross the BBB, but water soluble
compounds, such as amine acids, cannot. The BBB, therefore, must contain
special mechanisms for selectively transporting key water soluble compounds,
such as essential amine acids, into the brain (Pardridge, 1977; Betz et al., 1994).
The special status of the brain with regard to its accessibility to nutritional and
other systemic metabolic factors has profound implications for the
determination of the nutritional requirements of the CNS. For example, in the
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periphery, a variety of substances can be used as energy substrates, but the brain
must rely almost exclusively on glucose (Pardridge, 1977). In examining the
brain's requirements for protein and amino acids, it is essential to keep in mind
that many substrates available to other organ systems are not available to the
brain as a consequence of the BBB's "protection" of the brain. The protected
status of the brain could have important implications under conditions of
metabolic stress induced by undernutrition, exposure to adverse environmental
conditions, or severe physical stress. It is possible that under such conditions,
brain nutrient requirements relative to other organ systems may be
proportionally much greater.

Although the brain is protected by the BBB, it still requires a number of
substrates for adequate function. The importance of various amino acids as
precursors for key brain neurotransmitters is well established, and transport
mechanisms exist to provide these to the brain. At least three active transport
mechanisms convey amino acids into the brain (Betz et al., 1994). Separate
mechanisms exist for transport of the large neutral amino acids (LNAA), basic,
and acidic amino acids across the BBB. However, small neutral amino acids
like glycine and alanine appear to be actively pumped out of the brain (Betz et
al., 1994). These three mechanisms and some of the amino acids that they
transport are presented in Table 14-1.

Because whole classes of amino acids are actively transported by amino
acid-specific carrier mechanisms, compounds from the same class of amino
acids actually compete for transport into the brain (Pardridge, 1977). The
functional implication of this unique characteristic of the BBB is that the amino
acid composition of food is of greater consequence to the brain than perhaps
any other organ system. Unlike other organ systems, the brain cannot simply
absorb the nutrients it requires from the general circulation but rather only
receives those nutrients that are transported across the BBB.

Several of the amino acids that are transported across the BBB and, in
some instances, compete for access to the brain, are precursors of important
brain neurotransmitters as shown in Table 14-2. There is evidence that most of
the

TABLE 14-1 CNS Amino Acid Transport Mechanisms

Large Neutral Basic Acidic
Leucine Lysine Glutamate
Phenylalanine Arginine Aspartate
Trytophan Ornithine

Valine

Isoleucine
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