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m Abstract Sustaind dynamt exercise stimulatesamino acid oxidation chiefly of
the branched-chai amino acids and ammona production in proportian to exercise
intensity, if the exercig isinteng enoughthere is anet loss of musck proten (as a
resut of decreaseéproten synthesisincreasd breakawn, or both), soneof theamino
acids are oxidized asfuel, wherea the res provide substratefor gluconeogenesand
possiby for acid-basd regulation Proten balane is restorel after exercise but
no hypertroply occus with habitud dynamt exercise Resistane exercie causes
littte chang in amino acid oxidation but probaby depressg proten synthess and
elevates breakawn acutel. After exercise proten synthess rebound for <48 h, but
breakawn remairs elevated and net posiive balane is achieved only if amino acid
availability isincreased There is no evidence tha habituad exercise increass protein
requirementsindeal protein metabolisn may becone more efficient as aresut of
training.
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INTRODUCTION

There are several major reasons to study interactions between muscle protein
metabolism during and after exercise and nutrition. Muscle contains a large pro-
portion of the total protein in the adult body (40%) and accounts for between one
third and one half of all protein turnover in the body. Its total mass and cellular
and subcellular composition are markedly affected by the extent and type of its
habitual contractile activity; furthermore, muscle is important not only as a ma-
chine for the transduction of chemical energy into mechanical work, but it is also
engaged in the diurnal regulation of the ebb and flow of amino acids between the
center and the periphery with feeding and fasting, and muscle can be considered
to be a store of energy and nitrogen during starvation and disease and after injury.
The mechanical role of muscle impinges metabolically on all of these aspects,
as well as upon the regulation of glucose tolerance, the partition of the fat and
lean body masses, and the maintenance of the lean body mass throughout mid-
dle and old age. Finally, of course, there is a huge interest among amateur and
professional sports people and the military in the optimal type of nutrition for bet-
ter performance, whether it is to increase endurance or promote muscle size and
strength. As a result, there is still a large amount of wishful thinking concerning
the effects of food and food supplements on exercise performance and muscle
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building and the effects of exercise on protein requirements for physically active
people.

This review deals with basic metabolic and nutritional physiology as it affects
muscle and attempts to provide a framework for answering some of the important
practical questions concerning exercise and nutrition. It extends rather than revisits
most of the material covered in a recent comprehensive review written from a more
purely physiological perspective (87).

CHARACTERISTIC FEATURES OF MUSCLE
COMPOSITION AND FUNCTION RELATED
TO PROTEIN AND AMINO ACIDS

Actin and myosin are among the most abundant proteins in the mammalian body,
and they are chiefly found in muscle, accounting f@5% of the total muscle
protein. Thus their primary amino acid composition has a substantial effect on
the composition of the amino acids released from protein in muscle during protein
breakdown and withdrawn from the free pool during protein synthesis. Particu-
larly striking is the large proportion of the branched-chain amino acids (BCAAS),
leucine, valine, and isoleucine, which together account for 20% of the total amino
acids released from protein. Muscle contains all of the other essential amino acids,
which, of course, is why it is such a valuable food.

A useful concept in muscle protein metabolism is the relationship between the
amount of an amino acid in protein and that in the free muscle pool, which indicates
which amino acids might be limiting for protein synthesis, including the BCAAs
and possibly methionine and tyrosine.

Muscle as a tissue shows a number of important characteristics that influence its
metabolic behavior related to protein. First, once fully differentiated, the number
of muscle cells stays constant (within a few percent), so growth and wasting, with a
few exceptions, can occur only through hypertrophy or atrophy of existing muscle
cells. Second, the fiber type composition of muscle [i.e. the number of fibers of
types |, lla, and llb (see 101 for review)] appears to be genetically determined,
although the phylogenetic expression of muscle proteins is under the control of the
type and amount of contractile activity. Studies of the development and adaptation
of muscle to chronically altered activity, each of which requires modification of
the expression of a different array of cellular components, suggest that a common
suite of nuclear controllers is involved, with programmed responses turned on or
off by nuclear transcription factors (see 97 for review).

Muscle possesses all of the common apparatus for protein turnover, although not
necessarily in the forms expressed elsewhere. Skeletal muscle is a syncytium, with
nuclei shared between cells; its ribosomes are not found arrayed on endoplasmic
reticulum. It does not seem to possess morphologically well-defined lysosomes,
such as are seen in other tissues, but nevertheless there is a full complement of
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lysosomal (105) and extra-lysosomal proteolytic activities (e.g. the ATP-depen-
dent ubiquitin pathway) (3), which are important in degrading muscle protein.

In animal muscles, the slow-twitch, more oxidative muscle fibers have a greater
rate of protein turnover than the faster-twitch, less oxidative, more glycolytic fibers,
but it has not been determined definitively whether this is true for human muscle.
The current, very limited evidence suggests that it is not (75, 99).

AMINO ACID TRANSPORT, SYNTHESIS, AND
CATABOLISM IN SKELETAL MUSCLE

Transport

The size and composition of the free amino acid pool in muscle are net results
of inward and outward transport of amino acids, as well as their disappearance
into and appearance from protein (i.e. protein turnover) and the de novo synthesis
and catabolism of the amino acids. Muscle apparently has a full complement of
amino acid transporters, similar to those existing elsewhere in the body (106). The
kinetic characteristics and ionic and hormonal sensitivities of these transporters
have been well described and appear to offer little help in understanding regulation
of amino acid metabolism at rest or during and after exercise (87). Generally
speaking, because of the low affinity of the transporters concerned, amino acid
transport operates at rates that are directly proportional to the prevailing amino
acid concentrations inside and outside the sarcoplasmic membrane. The rates are
sufficiently high that the activities of other metabolic processes are notlimited, such
as protein synthesis or BCAA oxidation. There are some exceptions, such as the
transport of glutamate, which is saturated at low, near-plasma concentrations and
which has such a low maximum capacity that plasma and intramuscular-glutamine
pools are effectively separated. This has important implications for regulation of
glutamine synthesis and control of concentration of Krebs cycle intermediates,
both of which require intracellular glutamate.

Intermediary Metabolism

Intermediary metabolism of amino acids in muscle is somewhat limited. Glu-
tamate, alanine, and aspartate may be synthesized in the sarcoplasm from by-
products of carbohydrate catabolism with appropriate transamination; glutamine
is synthesized from glutamate and ammonia by glutamine synthetase. Most amino
acid catabolism (which is limited in scope compared with that occurring in liver or
kidney) is mitochondrial; the transamination and decarboxylation of the BCAAs

is overwhelmingly mitochondrial (102), as are glutaminase and glutamate dehy-
drogenase. The branched chain ketoacid dehydrogenase enzymes, which rapidly
decarboxylates the ketoacids to £&nd the appropriate hydroxy acid, resem-

ble pyruvate dehydrogenase in structure and regulation. They are stimulated by
C&t and their substrate, and they are inhibited by insulin, as a result of covalent
modification; phosphorylation diminishes the activity (42, 54).



EXERCISE AND PROTEIN METABOLISM 461

Methionine may be transaminated and is also subject to transulfuration in mus-
cle (98), but the pathway is quantitatively unimportant. No other amino acids are
subject to intermediary metabolism in muscle, although all may take partin protein
turnover.

Diurnal and Exercise Modulation of Amino Acid Metabolism

The size and composition of the muscle free amino acid pool depend upon the
body’s nutritional state, the plasma amino acid availability, and the hormonal
milieu. At rest, immediately after a mixed meal, the delivery of amino acids to
muscle exceeds its capacity to deposit them as protein. The intramuscular amino
acid pool is expanded (10) but not by as much as might be expected, because of
protein synthesis, the inhibition of breakdown, and the stimulation of the BCAA-
catabolizing enzymes, which are supply driven, given the high values ofkhsir

The BCAAs are rapidly transaminated, and, in the presence of ample pyruvate
(from blood glucose), synthesis of alanine is stimulated; glutamine production
also increases but not to the same extent. The net balance of other nonmetabolized
amino acids simply reflects the protein balance.

Asthe post-absorptive state progresses, protein synthesis turns down, and break-
down is accelerated; in these circumstances, in which glucose uptake into muscle
is minimized and glycogenolysis proceeds slowly, alanine production gives way
to glutamine production, with most of the nitrogen coming from BCAAs (as well
as alanine and glutamate) released from muscle protein breakdown. All of the de
novo-synthesized alanine carbon comes from pyruvate, and the carbon for glu-
tamine comes from-ketoglutarate via glutamate. In tuaketoglutarate comes
mainly from the carbon skeletons of valine and part of isoleucine, which can en-
ter the Krebs cycle at succinate. All three amino acids are decarboxylated, but
only leucine is completely oxidized in the Krebs cycle, because it is the only one
that gives rise to acetate. This may have important implications when anaplerotic
maintenance of tricarboxylic acid intermediates is limited during long-term exer-
cise or during excess availability of BCAAs. Some BCAA carbon (from valine
and isoleucine) may escape muscle as hydroxy acids, thereafter contributing to
gluconeogenesis (19).

The fates of alanine and glutamine are mainly gluconeogenesis and ureagenesis
(29, 77). Atrest, in the post-absorptive state, muscle amino acids may account for
30% of total gluconeogenesis, and the amount rises during exercise, although gut-
derived amino acids may contribute substantially as exercise continues (117, 121).

During moderate to severe dynamic exercise, alanine and glutamine production
rises, as does the production of ammonia and BCAA oxidation. These phenomena
can be explained as the combination of increased delivery to working muscle of
plasma BCAAs, increased protein breakdown, increased availability of pyruvate,
and possibly increased activity of mitochondrial glutamate dehydrogenase. Cer-
tainly, intramuscular free-glutamate concentrations fall during dynamic exercise,
possibly as a result of increased transamination to alanine and glutamine synthesis,
but also because of increased glutamate dehydrogenase activity (94). This would
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tend to maintain the steady-state concentration of the Krebs cycle intermediates,
which would help maximize oxidative use of fuels.

The activity of the malate-aspartate shuttle, which transports reducing equiva-
lents into the mitochondria, is stimulated during exercise, but this has no net effect
on amino acid pools. The purine nucleotide cycle, which produces ammonia and
is potentially a net user of aspartate and thus possibly of N coming from BCAAs,
appears to be markedly active only after exercise (53).

Muscle tissue possesses the inducible form of nitric oxide synthase, which is
responsible for observed increases in NO production in muscle during exercise.
There is now good evidence that modulation of metabolism by the NO system
occurs, with most information being available concerning regulation of glucose
transport (5). However there seem to have been few investigations of possible
effects on amino acid transport or metabolism or protein turnover. Muscle soreness
associated with increased muscle damage (and stimulation of net loss of muscle
protein) due to eccentric contraction seems to be NO mediated (84). Also the
stimulatory effect of insulinlike growth factor-1 on protein synthesis is abolished
by an NO synthesis inhibitor, suggesting a role for the system in regulation of the
anabolic effect of insulinlike growth factor-1 (41).

Amino Acids and Fuel Metabolism in Muscle

The effects of bouts of resistance exercise upon muscle amino acid intermediary
metabolism have not been studied in detail, partly because the periods of work
are too short to result in more than bursts of increased rates of ATP utilization
and glycogenolysis, with little oxidative metabolism being involved; the meager
evidence available suggests that there is little excess amino acid oxidation (104).
In dynamic exercise such as sprinting or cycling at power outputs7if%
VO, and above, there is a substantial activation of glycogenolysis, glucose
transport, and the tricarboxylic acid cycle. The major fuels are pyruvate and fatty
acids, and the quantitative contribution of amino acids is small and proportional
to work load. Below we summarize current knowledge only to the extent that
it provides a framework for discussing new findings. Interested readers wanting
to read more about the subject are referred to previous reviews (50, 53, 87, 115).
Exercise enhances glutamate and BCAA uptake from the blood (1, 38), and alanine
and glutamine production increases almost linearly with aerobic power, whereas
ammonia production seems to show a more exponential relationship, like lactate
production (48, 49). Muscle amino acid concentrations show little change with
short-term exercise or exercise at power outputs below Y4, but there-
after the intramuscular concentration of glutamate falls sharply (59). In prolonged
exercise or exercise at high rates of power output, the normal post-absorptive net
negative amino acid balance is increased with increased production of amino acids
that are not metabolized in muscle (e.g. the aromatic amino acids, lysine, and thre-
onine) (16). Whether this is caused by increased protein breakdown, decreased
protein synthesis, or both is not completely resolved.
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Since the major review of this subject in 1996 by one of us (87), the most
interesting developments have concerned the further elucidation of the metabolism
of BCAAs in muscle (69, 112, 113), the possibility of alterations of the pool sizes
of the components of the Krebs cycle [i.e. anaplerotic replenishment (45, 46, 51)],
and the possible interrelationship between the two.

Because leucine transamination remowelsetoglutarate and the leucine car-
bon is completely oxidized to CQvithout any replenishment of the Krebs cycle
intermediates (unlike valine or half of isoleucine), and if pyruvate is limiting dur-
ing exercise, possibly as a result of decreased glycogen stores, Wagenmakers has
postulated that the Krebs cycle flux would be limited (114, 115). It seems to be
agreed that, at the beginning of exercise, the source of carbon for expansion of the
cycle intermediates is glutamate converted via the alanine aminotransferase reac-
tion, and, indeed, when pyruvate is diverted to acetyl coenzyme A formation, the
concentration of intermediates falls. Also it is agreed that availability of BCAAs
and exercise activates the branched-chain ketoacid dehydrogenase complex (112)
and, at rest at least, the complex is more activated under conditions of decreased
muscle glycogen availability. However, European and Canadian groups disagree
about the effects of exercise. The Europeans contend that the activation of the
dehydrogenase is maintained at a higher level in glycogen-depleted muscle, which
might result in a higher rate of leucine oxidation and a greater possible depletion
of Krebs cycle intermediates (115a). However, the Canadians are unable to detect
any greater stimulation on the branched-chain ketoacid dehydrogenase (55) and no
differential effect of availability of either glycogen or BCAAs on the concentration
of Krebs cycle intermediates (44).

Furthermore, it now seems certain from the weight of accumulated evidence that
ingestion of BCAAs does not lead to any marked effect on performance—either en-
hancement or diminution (68)—casting doubt on the hypothesis of Wagenmakers
et al (116) of increased use of BCAAs under conditions of low glycogen availabil-
ity. In fact there is no good published evidence of a beneficial effect of BCAAs
on exercise performance as a result of their use as a fuel, and we must conclude
that there is none.

There is some contention concerning the effects of training on BCAA meta-
bolism. It has been reported that, in endurance-trained rats, not only is the total
activity of the branched-chain ketoacid dehydrogenase enhanced but the enzyme
responsible for inactivation of the complex (a protein kinase) is less abundant,
explaining why the apparent activation response during exercise is greater (42).
Because training increases muscle mitochondrial density, increasing the total ca-
pacity of the branched-chain ketoacid dehydrogenase enzyme, the extent of leucine
oxidation during exercise at a given work rate (5899,,,,,,) iS greater in trained
than untrained human beings during exercise (62). However, when expressed per
lean body mass, the training effect disappears, suggesting a lesser activation of the
greater capacity for leucine oxidation at the same relative workload.

When glycogenolysis and lipolysis are preventeddgdrenergic blockade
(61), which reduced the availability of glucose and free fatty acids in blood during
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exercise, leucine oxidation was increased markedly, thus suggesting that, under
normal circumstances, leucine is not a favored fuel, and its use is suppressed by
other fuels, if available in sufficient amounts.

Extramuscular Metabolism

During exercise, blood flow is diverted to working muscle from other organs, but,
nevertheless, the diversion is not sufficient to shut down important metabolic pro-
cesses in gut, liver, and kidney. Indeed there is now good evidence that the gut
switches from absorbing nutrients to supplying amino acids to the periphery (121).
In dogs in the fasted state, net proteolysis in the liver and the gut both contribute
to whole-body availability of amino acids. However, during moderate treadmill
exercise, the amino acid production from liver diminishes, and that from the gut
increases. The fate of the amino acids released is likely to differ according to
their nature. Muscle will oxidize glutamate and the BCAAs, and the liver will
use the rest to produce ketone bodies and glucose according to type. Presumably,
given the close linkage between ureagenesis, gluconeogenesis, and ketogenesis,
all three processes are coordinately regulated during exercise. Some new infor-
mation about this regulation comes from studies in normal healthy men, in which
somatostatin was used to inhibit pancreatic hormone secretion, with replacement
on different occasions of insulin or glucagon or both together (64). The results
indicate that the activation of liver ureagenesis and gluconeogenesis by glucagon
must play a very important part in their exercise-induced stimulation. In the ab-
sence of glucagon, no increase at all occurred in hepatic glucose production or
gluconeogenesis. The absence of insulin in the presence of glucagon caused a
marked stimulation of hepatic glucose production and gluconeogenesis. The re-
sults strongly suggest that elevated delivery of amino acids alone (most likely from
increased gut and muscle protein breakdown) is not enough to stimulate gluconeo-
genesis. Furthermore, activation of the liver's catabolic potential for amino acids
may lower plasma amino acid concentrations sufficiently to stimulate net loss of
amino acids from muscle, through either a diminution of protein synthesis or a
rise in breakdown.

RESPONSE OF MUSCLE PROTEIN SYNTHESIS
TO AN ACUTE EXERCISE BOUT

It is now clear that an acute bout of exercise has a dramatic effect on the rate
of muscle protein synthesis. The size, direction, and timing of the effect seem to

depend on several factors, including the intensity, duration, and mode of exercise.
The proximate mechanical stimuli that lead to changes in muscle protein synthesis
are unknown, but they are likely to include tension (i.e. force generated), stress
(i.e. force per unit area of the muscle), and energy used (indicated by @4.

or mechanical work done (i.e. the force-time integral) and possibly combinations

of these (Figure 1). The cellular signals that transduce these factors remain to
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Figure 1 Hypothetical response of muscle protein synthesis to repeated workouts during a re-
sistance exercise training program.

be elucidated, although cell membrane stretch may be an important sensed vari-
able with cellular correlates such as increased focal adhesion kinase and paxcillin
activity (25, 26). A muscle-specific nonglycosylated variant of insulinlike growth
factor-1 also appearsto be importantin the remodeling responses to stretch in skele-
talmuscle (47). There has been a considerable amount of research over the last few
years to assess the response of muscle protein synthesis during and after exercise.

Effects of Exercise During Ongoing Contraction

It is difficult to make measurements of protein turnover over short periods of time
with isotope tracers, because of problems in achieving and maintaining isotopic
steady states, getting sufficient incorporation for accurate measurement of enrich-
ment of protein, and knowing the labeling of the appropriate precursor pools, etc.
Thus, much of our information about changes in protein synthesis and breakdown
during exercise is only semiquantitative or is an interpretation of indirect indices.

It seems reasonable to predict, a priori, that if better methods were applied,
the results would show that, if exercise were intense enough and/or long enough,
muscle would show acutely a net negative protein balance. Extrapolating from
animals, the mechanisms would likely be a fall in protein synthesis and a rise
in protein breakdown. In the only study addressing this, Carraro and colleagues
did indeed see a fall in human muscle protein synthesis gutih of walking
(Figure 2) (24).
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Figure 2 Relative change of muscle protein synthesis from basal after high (H) and moderate
(M) intensity resistance and dynamic exercise.

In human muscle it is difficult to see any marked increase in net loss of amino
acids during dynamic exercise unless it is at high intensities, that is, probably
>70%V O,.(38, 109). Also, apart from the alterations in the pool sizes of those
amino acids metabolized in muscle, there are no marked alterations in muscle
free-amino-acid pools during moderate exercise, which suggests that little change
occurs in muscle protein turnover during this type of activity. However, when
one-legged exercise (which places a much bigger metabolic strain on muscle) is
performed, the net negative amino acid balance becomes more marked (16, 110).
Work in running rats suggests that a high intensity of exercise is needed to stimulate
net loss of amino acids and that myofibrillar protein breakdown is not necessarily
stimulated (34).

Changes After Exercise

Resistance Exercise Generally, the rate of mixed muscle protein synthesis is
increased after resistance exercise in both human beings and rats (13, 15, 36, 37, 39,
40,122). There are some reports of a lack of any response of muscle protein
synthesis to resistance exercise in human subjects (93, 108). However, the non-
responding subjects in both studies were already resistance exercise trained, and
what was observed might be expected of a successful biological adaptation to a
stress event. We postulate that whenever the stimulus is sufficient, that is, beyond
the current capacity of the subjects, contractile activity always stimulates muscle
protein synthesis. This occurred in the first ever reported study in human beings by
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Chesley and colleagues (27), who found a 50% increase in muscle protein synthesis
immediately after resistance exercise. The previously trained subjects in that study
performed 12 sets of isolated biceps brachialis exercise at 80% of one repetition
maximum (1RM), that is, more than their previous capacity. On the other hand,
subjects who performed a whole-body routine with only six sets of exercises
designed to work the deltoid at only 65% of 1RM showed no significant effect in
that muscle group (108). Nevertheless, intensity alone may not be enough. The
intensity of exercise performed by subjects in the study of the vastus lateralis by
Roy and colleagues (93) was high (85% 1RM), but these subjects performed only
four sets of an exercise involving the sampled muscle.

It is worth noting that in human muscle, when the response occurs, the increase
is usually large, thatisx50%. The effect seems to persist fo48 h before abating
(67, 80). Because the changes in muscle protein mass are always much less than
50%, it is obvious that muscle protein breakdown must be stimulated (see below).
This would be a reasonable adaptive biological response involving some cellular
remodeling.

Dynamic Exercise Dynamic exercise seems to have a different effect from resis-
tance exercise on muscle protein synthesis. In most studies of rats, muscle protein
synthesis was reduced below the resting rate after intense dynamic exercise [run-
ning at~75%—-85% 0fV O,nay fOr >2 h or swimming fren 1 h to ehaustion
(2,32,33,43)]. Furthermore, the longer or more intense the exercise bout, the
more protein synthesis fell. Thus, after running 28 m/min for 1 h, a subject’s gas-
trocnemius muscle protein synthesis fell by 30%, but after running to exhaustion,
the rate was reduced by 71% (32, 33). Rats running at a mild intensity showed no
significant decrease in muscle protein synthesis (6). It thus seems likely that dy-
namic exercise reduces mixed muscle protein synthesis in an intensity-dependent
fashion.

Muscle protein synthesis in human beings after dynamic exercise appears to
have been investigated in only two studies. Tipton and colleagues (108) could find
no significant increase in deltoid muscle protein synthesis after an intense 1.5-h
swimming workout, but on the other hand, Carraro and colleagues (24) found
a 25% increase in protein synthesis in the vastus lateralis 4fteof walking
at 40%V O, The discrepancy between the two studies is puzzling. Although
the walking exercise bout was prolonged, the intensity was relatively low, and
the vastus lateralis is not likely to have been stressed to the same extent as the
deltoids of the swimmers in the previous study. However, the swimmers were
highly trained, so they may have become adapted. There are no reports on studies
of the influence of training on the response to a bout of dynamic exercise in people.

Time Course of Effects

Resistance exercise seems to have an effect on human muscle protein synthesis for
<48 h (67, 80), but there is no information on the time course of the response to
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dynamic exercise. In rats, in which high-intensity, dynamic exercise had reduced
muscle protein synthesis below control rates immediately after exercise, the rates
returned to control values in a matter of hours, depending on the intensity and
duration of the exercise bout (2,32, 33,43). The more severe the exercise, the
slower the recovery of muscle protein synthesis.

RESPONSE OF MUSCLE PROTEIN BREAKDOWN
TO AN ACUTE EXERCISE BOUT

The response of muscle protein breakdown to exercise has not been extensively
studied. Some studies reported postexercise increases in the rates of muscle protein
breakdown, both in rats and in human beings (32, 33, 89), based on an increase
in the rate of excretion of 3-methylhistidine, an amino acid post-translationally
produced in actin and myosin and secreted largely unchanged after protein
breakdown. Others have reported different responses, that is, no change in (24, 82,
83) or decreased excretion of (74, 85) 3-methylhistidine in response to exercise.
This variability illustrates one of the practical problems associated with the use
of 3-methylhistidine as a marker of skeletal muscle actin and myosin break-
down. The other is the contribution from smooth muscle to whole body excretion
(90).

Only measurements of protein breakdown based on tracer dilution are likely
to be robust. Two such methods have been applied to measure muscle protein
breakdown in vivo in humans. One of these, a three-compartment model using
values of labeling and concentrations of amino acids in arterial and venous blood,
as well as the labeling of the tissue free tracee (11), has been used to quantify
muscle protein breakdown after a bout of heavy leg resistance exercise (13, 15).
Muscle protein breakdown was increased after resistance exercise, butto a smaller
extent than muscle protein synthesis. Another approach used a precursor product
method that determined the decay in enrichment of labeled phenylalanine in the
venous blood and the muscle intracellular free-amino-acid pool after cessation of
the infusion of tracer amino acids as a measure of the dilution of tracer by amino
acid from protein breakdown (127). When applied after intense knee extension
exercise, the rate of muscle protein breakdown was found to be increased by
~50% in untrained human subjects (Figure 3) (80, 81).

There are currently no reports of studies of direct measurement of muscle pro-
tein breakdown after dynamic exercise in human subjects. However, rat muscle
has been studied both in vivo (treadmill or swimming exercise) and in situ, and
the results suggest that muscle protein breakdown is increased. However, degra-
dation of myofibrillar proteins does not appear to contribute to the increase in
total muscle protein breakdown after dynamic exercise. Whereas the release of
3-methylhistidine, a marker of myofibrillar protein breakdown, in perfused rat
hindquarters was not different from controls, the release of tyrosine, a marker of
total muscle protein breakdown, was increased (57, 58).
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Figure 3 Relative change of muscle protein breakdown from basal after high (H) and moderate
(M) intensity resistance and dynamic exercise.

The stimulation of muscle protein breakdown, as for synthesis, is transient.
In rat muscle assayed in vitro, the stimulation of muscle protein breakdown after
exercise is observable for only 2—-3 h (30). In human beings, muscle protein break-
down was elevated after resistance exercise at 3 and 24 h postexercise, returning
to basal rates by 48 h afterwards (80).

CONNECTIVE TISSUE METABOLISM AND EXERCISE

Measurements of markers of collagen turnover (such as procollagen peptides as
anabolic indices, and C- and N-terminal telopeptides as catabolic indices) in ar-
terial and venous blood sampled across the human leg suggests that exercise is
acutely catabolic for collagen (18). This is consonant with a large body of work
on muscle collagen metabolism in rats, which demonstrates that running exercise,
especially downhill running, which causes eccentric contractions (i.e. stretching
of muscle during contraction), inhibits collagen synthesis at the time and markedly
enhances its breakdown, with opposite compensatory or adaptive changes occur-
ring in recovery (52). More detailed confirmation of this pattern in nonmuscle
connective tissue comes from elegant studies with microdialysis of the peritendi-
nous space of the Achilles tendon in runners before, immediately after, and 72 h
after 36 km of running (63). The pattern of changes of a depression of synthesis
and stimulation of catabolism during exercise and stimulation of both afterward,
with the anabolic process predominating, seems to be a common response shared
by muscle and connective tissue.
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RESPONSE OF MUSCLE PROTEIN METABOLISM
TO EXERCISE TRAINING

Exercise training of particular kinds clearly has a dramatic impact on muscle
morphology and function compared with the effects of weight lifting and distance
running on fiber type diameters and proportions or mitochondrial density. It is no
surprise that different modes of training, aimed at increasing the performance of
particular kinds of muscular activity (or, in bodybuilding, simply muscle mass)
have differential effects on muscle protein metabolism. Resistance exercise train-
ing is well known to resultin hypertrophy of the trained muscles (56, 66). Common
sense suggests that bodybuilders and athletes who wish to develop muscle mass
should lift weights rather than run long distances. From this, we can predict that
resistance exercise training should produce much more of a stimulatory effect on
net muscle protein balance than dynamic exercise training. However, the capacity
of dynamic exercise training to increase muscle strength and muscle fiber cross-
sectional area does exist (28, 60, 76, 95), depending on the relative intensity and
duration and the mix of the two modes used. Thus we might expect some stimula-
tion of net muscle protein accretion with dynamic exercise training of a sufficient
intensity.

The effects of exercise training on human muscle protein synthesis and break-
down have not been extensively studied, with relatively few reports on the phe-
nomenology and fewer still on mechanisms. Most of the data extant concerns the
response to resistance exercise training.

It must be true that muscle hypertrophy resulting from exercise training is caused
by an increase in muscle protein synthesis in the resting recovering muscle, but an
important question is the extent to which the basal rate of resting protein turnover is
elevated. Assuming that muscle protein synthesis responds to a repeated stimulus
of a constant size (e.g. applied in a square-wave pattern) as do other physiological
systems (e.g. maximal oxygen consumption capacity and so-called aerobic power)
VO,max then it is likely that a series of training stimuli will result in a series of
responses each of which is progressively reduced (Figure 1). Thus, after training,
an increased stimulus should, theoretically, be necessary to initiate a response
similar to that observed before training.

The results from a cross-sectional study in resistance-trained and untrained hu-
man volunteers are consistent with this idea. When the response of muscle protein
turnover was compared in trained vs untrained subjects (three males and females
per group), both at rest and after intense resistance exercise, protein turnover was
greater in the exercised than control leg, but the increase in both muscle protein
synthesis and breakdown in the trained subjects was reduds@4) compared
with that in the untrained subjects. There were no differences in the resting values.

The lack of a long-term stimulation of muscle protein turnover has also been
observed in elderly subjects, who have a reasonable response to single bouts of ex-
ercise, but nevertheless show no change of the rate of incorporatigpélicine
in the resting values after a substantial period of training (118).
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Further evidence of a down-regulatory adaptation comes from the work of
Farrell and colleagues (35), who reported that postexercise muscle protein syn-
thesis in rats that had been resistance trained for 8 weeks was actually reduced
compared with that in untrained rats. In addition, muscles from rats trained for 4
months by running on a treadmill (73) or swimming for 4 weeks (30, 31) showed
no increases in turnover.

Most results point toward training-induced muscle growth as a result of an
accumulated set of anabolic responses to each individual exercise training session,
rather than as a result of a change in the relationship of muscle protein synthesis
to breakdown at rest. However some reports do not fit this pattern. A series of
reports (123-125) concluded that resistance exercise training, even for as little as
2 weeks, increased resting muscle protein synthesis in both young and old humans.
It may be that, in the elderly, the basal rate of protein turnover is reduced by lack
of activity and that this is normalized by training, but the effects in the young
subjects are harder to understand. It is possible that the findings may have been
confounded by the fact that whereas the initial, pretraining measures were made
at rest, the final, post-training measures were made within 24 h after the last bout
of resistance exercise. Because the response of muscle protein synthesis to such
a bout of resistance exercise has been shown to last for 24—48 h (27, 80), it would
probably be difficult to differentiate the response of muscle to the chronic effect
of training from the response to the last acute exercise bout. In other words, any
post-training increase in basal muscle protein synthesis is likely to simply be a
hangover from the last workout bout, rather than the chronic effect of training.

INFLUENCE OF NUTRITIONAL SUBSTRATES ON
MUSCLE PROTEIN METABOLISM AFTER EXERCISE

When considering the consequences of exercise and exercise training on muscle,
it is important to bear in mind the interactions of contractile activity and feed-
ing. An acute bout of resistance exercise increases muscle protein synthesis more
than breakdown, so that net muscle protein balance is increased. However, in
the absence of food intake, the net response of muscle protein metabolism to
an acute bout of exercise remains negative; that is, breakdown exceeds synthe-
sis, and hypertrophy could occur only if feeding were to oce@d—48 h after
exercise.

Feeding a mixed meal causes an increase in the availability of substrates and
hormones. At resting condition, the major modulators of protein turnover are
amino acid availability (which has a large stimulatory effect on protein synthesis
and a small effect on breakdown) and insulin (which has a small effect on synthesis
and a large inhibitory effect on breakdown) (Figure 4) (7-9, 12).

Amino acid availability plays an important role in the control of muscle protein
metabolism. Hyperaminoacidemia at rest has an anabolic effect on muscle, pri-
marily by stimulating muscle protein synthesis (7—9). When Biolo and colleagues
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Figure 4 Relative change of muscle protein synthesis (PS), muscle protein breakdown (PB), and
net muscle protein balance (NB) after exercise, when subjects are fed amino acids (AA), amino

acids

plus carbohydrates (AA+CHO), or carbohydrates alone (CHO or insulin).

examined the effect of a mixed amino acid infusion after exercise, this resulted in
an enhanced rate of muscle protein synthesis compared with hyperaminoacidemia
at rest (14). Thus amino acids and exercise seem additive in effect. Furthermore,
during hyperaminoacidemia after exercise, muscle protein breakdown, which is
normally elevated, did not rise, thus promoting net anabolism.

Intravenous infusion of amino acids is not a practical method for delivering
amino acidsto free-living human beings. However, first-pass splanchnic extraction
of amino acids accounts for a large portion (20%—-90%) of ingested amino acids,
depending on the type (70, 71). Hence, it was not clear that oral delivery of amino
acids would result in an increase that was sufficient to stimulate muscle anabolism
to the same extent as an infusion. Also, because splanchnic protein breakdown is
increased during exercise (121), it is possible that splanchnic extraction of amino
acids is enhanced afterwards, as replacement. To resolve this, the response of
human muscle protein turnover to ingestion of mixed amino acids, in an amount
similar to that previously infused, was examined after resistance exercise (107).
Postexercise net muscle protein balance was negative with placebo ingestion, but
was positive during ingestion of amino acids, primarily through an increase in
muscle protein synthesis. Thus, oral amino acids are clearly effective at promoting
net muscle protein accretion. Any meal containing sufficient amino acids that is
consumed within 24 h of resistance exercise would result in net muscle protein
accumulation.
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In the elderly, although the basal rate of turnover is depressed, the capacity to
respond to exercise by increasing muscle protein synthesis is proportionately as
great as in the young (120); however, a convincing study of the effect of varying
the protein composition of meal suggests that the elderly cannot further increase
protein synthesis in response to a high-protein meal (119).

The effect of consuming carbohydrates or fats on postexercise muscle pro-
tein metabolism has received only limited study. Carbohydrates alone resulted in
no increase in muscle protein synthesis in rats after treadmill exercise (43). Also,
<2g/kg body weight of carbohydrates consumed immediately after exercise, caus-
ing a substantial increase in insulin secretion, did not significantly increase postex-
ercise muscle protein synthesis in human beings (93). Muscle protein breakdown
was not directly measured, but 3-methylhistidine excretion, an index [although
not a quantitatively accurate one (90)] of myofibrillar protein breakdown, was less
after carbohydrate than placebo ingestion. This finding is consistent with the idea
that the postexercise increase in muscle protein breakdown may have been reduced
by insulin (15), whose secretion was stimulated by the ingested carbohydrate.

The question of the role of insulin postexercise is difficult to resolve. Insulin
availability falls with dynamic exercise probably owing geadrenergic inhibi-
tion of secretion, but the effect is much less, if measurable at all, with resistance
exercise. During recovery, insulin secretion rebounds to above basal values. Al-
though glucose ingestion is a reasonable stimulator of insulin secretion, the amino
acids, in the dose sizes given after exercise in studies to date, are poor secretogogs.
Thus, it is likely that, unless a large carbohydrate-containing meal is taken after
exercise, insulin availability would be relatively low. There is good evidence of an
inhibition of muscle protein breakdown postexercise, but, as for protein synthesis
at rest, the demonstration of a stimulatory effect of insulin alone on postexercise
protein synthesis is difficult. The problem arises because of what appears to be
the acute sensitivity of protein synthesis to amino acid availability. Unless amino
acids are given concomitantly with insulin or insulin is infused very near the site
of its required action to reduce systemic effects, providing insulin reduces pro-
tein breakdown and inhibits protein synthesis via a fall in amino acid availability.
Thus, no further increase in protein synthesis could be observed postexercise when
insulin was given (15). One possible explanation is that insulin and contractile
activity ultimately use the same signaling pathway to stimulate synthesis and that
the stimulation was maximal.

Insulin may also have played a permissive role at low concentrations in the
stimulation of muscle protein synthesis after exercise. The presence of physio-
logical levels of insulin is necessary for an increase in protein synthesis to occur
after resistance exercise in rats studied in situ (39, 40). Apparently, the concen-
tration of insulin required to allow the postexercise stimulation of muscle protein
synthesis to occur is relatively low and may be inversely dependent on exercise
intensity. Thus, when partially diabetic rats, able to produce only small residual
amounts of insulin, were studied after exercise, they had normally increased rates
of muscle protein synthesis some 16 h after exercise; it is interesting that, when
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the intensity of exercise was increased, this increased protein synthesis was not
observed (36).

Clearly, amino acids are necessary for net muscle anabolism after exercise
by stimulating muscle protein synthesis. The presence of insulin allows muscle
protein synthesis to proceed, whereas higher levels seem to diminish the postex-
ercise response of muscle protein breakdown (15). Thus, a combination of amino
acids and carbohydrates, to stimulate insulin release, may be the optimal postex-
ercise meal composition. Recently we examined the response of muscle protein
metabolism to ingestion of a bolus solutidirtay of essential amino acids and 35 g
of carbohydrates after an intense resistance exercise bout (86). After the amino
acid ingestion, arterial amino acid levels increasédfold, and insulin increased
~10- fold. Muscle protein synthesis was increased 3.5-fold, and the expected rise
in muscle protein breakdown was inhibited. Thus, a very small amount of amino
acids plus a substantial amount of carbohydrates consumed postexercise changed
net muscle protein balance from negative to positive, that is, from a catabolic state
to an anabolic state. Also, infusion of amino acids plus glucose resulted in a switch
from catabolism to anabolism in the muscles of dogs after treadmill exercise (78).

SUBCELLULAR MECHANISMS INVOLVED IN THE
RESPONSE OF MUSCLE PROTEIN SYNTHESIS TO
CONTRACTILE ACTIVITY

Effects of Exercise Alone

Changes in the accustomed level of physical activity will alter the composition of
muscle as a result of the differential expression of various genes (17, 47). However,
itis not known how such transcriptional changes are regulated by contractile events,
and, in any case, a major portion of the responses to exercise occur too rapidly for
gene transcription to be involved (e.g. acute alteration of protein turnover).
Increases in rates of muscle protein synthesis are most likely the result of
increased translational efficiency. The molecular mechanisms involved in the
responses to exercise have just begun to be examined. The proteins involved
are eukaryotic initiation factors (elF), particularly elF4E, which, when it forms
a complex with elF4G, promotes the initiation of protein synthesis. This is nor-
mally prevented when the available elF4E is bound to a phosphorylatable binding
protein, elF4-BP1, phosphorylation of which releases elF4F. In rats, when muscle
protein synthesis decreased 26% as a result of treadmill running, there was a four-
fold increase in the amount of elF4E in the inactive form (43). Additionally, elF4E
association with elFAG was decreased 71%. When rats were fed after exercise,
muscle protein synthesis was restored to control rates, and this was associated with
anincrease in the active form of elF4E and the elF4E-elF4G complex. The amount
of inactive elF4E was inversely correlated to the rate of muscle protein synthe-
sis, and the amounts of phosphorylated elF4BP-1 and of elF4E-elF4G complex
were positively correlated. After resistance exercise in rats, the increase in muscle
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protein synthesis was related to an increase in another protein, elF2B (35), which
is involved in the stimulation of general protein synthesis. In a study investigating
the effects of contraction on muscle protein synthesis in human quadriceps, 10 sets
of eight repititions at 80% of 1RM elicited a rise in the amount of elF4-BP1, which
correlates with the amount of elF4F in the free active form (92).

An important component of the hormone/nutrient sensing and signaling path-
ways that influences translation is P70S6 kinase, which stimulates initiation of
protein synthesis after phosphorylation of the ribosomal S6 protein and which
itself is the target of the mTOR (mammalian target of rapamycin) protein in the
P13 kinase signaling pathway. The involvement of this protein in the contraction-
stimulated response of protein synthesis was neatly described by a recent study,
which demonstrated a marked increase in its activity after lengthening contractions
of the soleus and anterior tibialis (4). Polyribosome profiles demonstrated that the
increase in protein synthesis was caused by increased translation; the increases in
P70S6K activity change6 h after the contractile stimulus correlated well with the
eventual extent of hypertrophy.

Effects of Exercise and Feeding

Rats refed leucine alone after severe treadmill exercise had muscle protein synthesis
that was greater than in fasted rats (2), demonstrating that a single amino acid may
stimulate the response of muscle protein synthesis. Leucine given in a bolus dose
can also stimulate protein synthesis (100) in human subjects at rest.

When the rats that had been subjected to a bout of treadmill exercise were refed a
mixed carbohydrate and amino acid meal, the expected increase in muscle protein
synthesis was associated with a decrease in inactive elF4E and an increase in
elF4E binding to elF4G (43). However, when rats were fed a solely carbohydrate
meal, isoenergetic with the mixed meal, there was neither an increase in muscle
protein synthesis nor any significant change in inactive elF4E or elF4G binding
with elF4G. Insulin availability was similar during the two meals. These data
suggest that amino acids from the mixed meal played a role in signaling translation
initiation for muscle protein synthesis, as they do at rest.

The stimulatory effect of amino acids appears to be enhanced by an enhancement
of elF4-BP1 phosphorylation after exercise in human subjects (92). The effect of
contractile activity stimulation was additive to that of amino acids and, because the
amino acid effect alone appeared to be maximal, the pathway by which contraction
is signaled may be distinct.

PROTEIN DIETARY REQUIREMENTS FOR
PHYSICALLY ACTIVE PEOPLE

The protein dietary requirements for physically active people is atopic that has been
reviewed on a number of occasions (21, 87, 88). The important question is, does
habitual physical activity involving dynamic exercise such as running, in which
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amino acids are oxidized, or resistance exercise, causing muscle hypertrophy,
increase dietary protein requirements? For reasons explained in detail by Millward
(72), itis very difficult to absolutely settle these questions, because of a number of
technical problems (e.g. the difficulty of studying subjects who were in a steady
state after a change from one test diet to another). None of the studies that led their
authors to conclude that there were additional protein requirements have overcome
these problems.

Dynamic Exercise

Exercise increases amino acid oxidation, particularly of the BCAAs, and most
workers in the field are willing to accept that amino acid oxidation leads to in-
creased ureagenesis and loss of nitrogen. People who have high habitual energy
expenditure must maintain energy balance or lose body mass. When intense phys-
ical activity is associated with insufficient input (e.g. owing to anorexia during
mountaineering at high altitude), wasting of lean-tissue mass is inevitable unless
an eating protocol is established (22). The controversial question concerns the
possibility that accustomed exercise will place, on physically active people, an ad-
ditional burden of eating more protein than they would otherwise do. Lemon (65),
Phillips et al (79), and Tarnopolsky et al (103) have concluded that this is the case,
butin our view the evidence is insufficient as well as biologically counter-intuitive.

As Butterfield has pointed out (21), most of the studies suggesting enhanced
protein requirements for physically active individuals were not done in conditions
in which training state, exercise intensity, or energy balance were sufficiently
steady to make robust observations of protein and amino acid metabolism. The
classic study by Butterfield & Calloway (23) demonstrated that an increased level
of physical activity actually increased the efficiency of protein utilization. Further-
more, most of the extra exercise-induced amino acid oxidation is BCAA oxidation,
and this is not greater in well-trained individuals (62) exercising at the same rel-
ative workload. It has been argued that the volume of training undertaken by
some athletes is sufficient to make it difficult for them to meet protein require-
ments. However, the evidence that elite touring cyclists (such as those competing
in the Tour de France) manage to maintain lean body mass adequately despite
energy expenditures of 25—-35 MJ/day (96) argues against this. Although touring
cyclists have some difficulty covering their energy requirements, when they do,
they achieve a nitrogen balance insignificantly different from zero (20).

Resistance Exercise

Weight training causes little or no effect on whole-body leucine oxidation (104),
suggesting that the use of protein as a fuel is not a consideration in this kind
of activity. Thus, the question becomes whether resistance exercise causes an
increased need for protein to allow remodeling of muscle. Because this kind of
exercise is anabolic acutely, but training results in adaptation (see above), the
conclusion is the same as that reached by Butterfield & Calloway; that is, exercise
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makes the use of protein more efficient, thus decreasing protein requirements, not
increasing them! In fact, eating more protein habitually leads to a rapid loss of
body protein if the accustomed diet is suddenly diminished (88), so mountaineers
and explorers should ideally accustom themselves to a low-protein diet before
venturing onto the heights or into the wilderness.

Recommendations for Requirements

As long as energy balance is achieved and food of a normal protein content (12%—
15% of total energy) is consumed, even athletes in training should not require

any further protein supplementation of their diet. As far as we can see from the

literature, there are no factors, such as age or gender, that modify this.

ACKNOWLEDGMENTS

This chapter was written during the tenure by MJR of a sabbatical at the Metabolism
Division, Department of Surgery, University of Texas Medical Branch (UTMB) in
Galveston. MJR s grateful to his colleagues at Dundee, especially Dr. lan Graham-
Bryce, and to Dr. Bob Wolfe of UTMB and Dr. David Herndon of Shriners Burns
Institute for making this possible.

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1. Ahlborg G, Felig P, Hagenfeldt L, Hendler6.
R, Wahren J. 1974. Substrate turnover dur-
ing prolonged exercise in mad. Clin. In-
vest.53:1080-90

Balon TW, Zorzano A, Treadway JL, Good-
man MN, Ruderman NB. 1990. Effect of in-
sulin on protein synthesis and degradation in
skeletal muscle after exerciském. J. Phys-

. Anthony JC, Anthony TG, Layman DK.
1999. Leucine supplementation enhances.
skeletal muscle recovery in rats following
exerciseJ. Nutr.129:1102-6

. Attaix D, Taillandier D, Temparis S, Lar-
baud D, Aurousseau E, et al. 1914. Regu-
lation of ATP- ubiquitin-dependent proteol-
ysis in muscle wastingReprod. Nutr. Dev.
34:583-97 8.
. Baar K, Esser K, Baar K, Esser K. 1999.
Phosphorylation of p70(S6k) correlates with
increased skeletal muscle mass following re-
sistance exercisém. J. Physiol276:C120—

27

. Balon TW. 1998. Role of nitric oxide in con- 9.
traction induced glucose transpdktv. Exp.
Med. Biol.441:87-95

iol. 258:E92-97

Bennet WM, Connacher AA, Scrimgeour
CM, Rennie MJ. 1990. The effect of amino
acid infusion on leg protein turnover as-
sessed by L-[1§]phenylalanine and L-[1-
13C]leucine exchangeEur. J. Clin. Invest.
20:41-50. Erratum. 199&ur. J. Clin. In-
vest.20(4):479

Bennet WM, Connacher AA, Scrimgeour
CM, Smith K, Rennie MJ. 1989. Increase
in anterior tibialis muscle protein synthesis
in healthy man during mixed amino acid in-
fusion: studies of incorporation of [13C]
leucine.Clin. Sci.76:447-54

Bennet WM, Rennie MJ. 1991. Protein an-
abolic actions of insulin in the human body.
Diabetic Med.8:199-207



478

RENNIE = TIPTON

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bergstrom J, Furst P, Vinnars E. 1990. Ef20.

fect of atest meal, withoutand with protein,
on muscle and plasma free amino acids.
Clin. Sci.79:331-37

Biolo G, Chinkes D, Zhang XJ, Wolfe RR.
1992. A new model to determine in vivo

the relationship between amino acid trans21.

membrane transport and protein kinetics in
muscle.J. Parenter. Enter. Nutrl6:305—
15

Biolo G, Fleming RYD, Wolfe RR. 1995.
Physiologic hyperinsulinemia stimulates

protein synthesis and enhances transpo2i3.

of selected amino acids in human skeletal
muscle.J. Clin. Invest95:811-19

Biolo G, Maggi SP, Williams BD, Tipton 24.

KD, Wolfe RR. 1995. Increased rates of
muscle protein-turnover and amino-acid-
transport after resistance exercise in hu-
mans.Am. J. Physiol.-Endocrinol. Metab.
31:E514-20

Biolo G, Tipton KD, Klein S, Wolfe RR.
1997. An abundant supply of amino acids
enhances the metabolic effect of exercise
on muscle proteinAm. J. Physiol. En-
docrinol. Metab273:E122-29

Biolo G, Williams BD, Fleming RYD,
Wolfe RR. 1999. Insulin action on muscle
protein kinetics and amino acid transport
during recovery after resistance exercise.
Diabetes48:949-57

Blomstrand E, Saltin B. 1999. Effect of27.

muscle glycogen on glucose, lactate and
amino acid metabolism during exercise and
recovery in human subjectd. Physiol.
London514:293-302

Booth FW, Tseng BS, Fluck M, Carson JA28.

1998. Molecular and cellular adaptation of
muscle in response to physical training.
Acta Physiol.Scand.62:343-50

Brahm H, Piehl-Aulin K, Ljunghall S.

1996. Biochemical markers of bone meta29.

bolism during distance running in healthy,
regularly exercising men and women.
Scand. J. Med. Sci. Spois26—30

Brosnan ME, Letto J. 1991. Interorgan me-
tabolism of valineAmino Acidsl:29-35

22.

25.

26.

30.

Brouns F, Saris WH, Stroecken J, Beckers
E, Thijssen R, et al. 1989. Eating, drink-
ing, and cycling. A controlled Tour de
France simulation study. Il. Effect of diet
manipulationint. J. Sports MedlO(Suppl.
1):S41-48

Butterfield GE. 1987. Whole-body protein
utilization in humansMed. Sci. Sports Ex-
erc.19:5157-S165

Butterfield GE. 1999. Nutrient require-
ments at high altitudeClin. Sports Med.
18:607-21

Butterfield GE, Calloway DH. 1984. Phys-
ical activity improves protein utilization in
young menBr. J. Nutr.51:171-84

Carraro F, Hartl WH, Stuart CA, Layman
DK, Jahoor F, Wolfe RR. 1990. Whole
body and plasma protein synthesis in exer-
cise and recovery in human subjecisn.

J. Physiol 258:E821-31

Carson JA, Booth FW. 1998. Effect of
serum and mechanical stretch on skele-
tal alpha-actin gene regulation in cul-
tured primary muscle cell&m. J. Physiol.
44:C1438-48

Carson JA, Booth FW. 1998. Myogenin
mRNA is elevated during rapid, slow, and
maintenance phases of stretch-induced hy-
pertrophy in chicken slow-tonic muscle.
Pfluegers Arch.-Eur. J. Physiod35:850—
58

Chesley A, MacDougall JD, Tarnopol-
sky MA, Atkinson SA, Smith K. 1992.
Changes in human muscle protein synthe-
sis after resistance exercise Appl. Phys-
iol. 73:1383-88

Coggan AR, Spina RJ, King DS, Rogers
MA, Brown M, etal. 1992. Skeletal muscle
adaptations to endurance training in 60- to
70-yr-old men and women. Appl. Phys-
iol. 72:1780-86

Consoli A, Nurjhan N, Reilly JJJ, Bier
DM, Gerich JE. 1990. Contribution of liver
and skeletal muscle to alanine and lac-
tate metabolism in human&m. J. Physiol.
259:E677-84

Davis TA, Karl IE. 1986. Response of



EXERCISE AND PROTEIN METABOLISM

479

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

muscle protein turnover to insulin after
acute exercise and trainin@iochem. J.
240:651-57

Davis TA, Karl IE, Tegtmeyer ED, Osborne
DF, Klahr S, Harter HR. 1985. Muscle
protein turnover: effects of exercise train-
ing and renal insufficiencyam. J. Physiol.
248:E337-45

Dohm GL, Kasperek GJ, Tapscott EBA42.

Beecher GR. 1980. Effect of exercise on
synthesis and degradation of muscle pro-
tein. Biochem. J188:255-62

Dohm GL, Tapscott EB, Barakat HA,
Kasperek GL. 1982. Measurement of in

Vivo protein synthesis in rats during an ex-43.

ercise boutBiochem. Med27:367-73
Dohm GL, Tapscott EB, Kasperek GJ.
1987. Protein degradation during en-
durance exercise and recoveled. Sci.
Sports Exercl19:5166-71

Farrell PA, Fedele MJ, Hernandez J44.

Fluckey JD, Miller JL IIl, et al. 1999. Hy-
pertrophy of skeletal muscle in diabetic rats
in response to chronic resistance exercise.
J. Appl. Physiol87:1075-82

Farrell PA, Fedele MJ, Vary TC, Kimball

SR, Jefferson LS. 1998. Effects of intensity45.

of acute-resistance exercise on rates of pro-
tein synthesis in moderately diabetic rats.
J. Appl. Physiol85:2291-97

Farrell PA, Fedele MJ, Vary TC, Kimball

SR, Lang CH, Jefferson LS. 1999. Regula46.

tion of protein synthesis after acute resis-
tance exercise in diabetic rafen. J. Phys-
iol. 276:E721-27

Felig P, Wahren J. 1971. Amino acid47.

metabolism in exercising mad. Clin. In-
vest.50:2703-9

Fluckey JD, Vary TC, Jefferson LS, Evans
WJ, Farrell PA. 1996. Insulin stimulation

of protein synthesis in rat skeletal muscle48.

following resistance exercise is maintained
with advancing ageJ. Gerontol. A Biol.
Sci. Med. Sci51:B323-30

Fluckey JD, Vary TC, Jefferson LS, Far-49.

rell PA. 1996. Augmented insulin action on
rates of protein synthesis after resistance

41.

exercise in ratsAm. J. Physiol270:E313—
19

Fryburg DA. 1996. NG-monomethyl-L-
arginine inhibits the blood flow but not
the insulin-like response of forearm mus-
cle to IGF- I: possible role of nitric oxide
in muscle protein synthesid. Clin. Invest.
97:1319-28

Fujii H, Shimomura Y, Murakami T, Nakai
N, Sato T, et al. 1998. Branched-chain
alpha-keto acid dehydrogenase kinase con-
tent in rat skeletal muscle is decreased by
endurance trainingBiochem. Mol. Biol.
Int. 44:1211-16

Gautsch TA, Anthony JC, Kimball SR,
Paul GL, Layman DK, Jefferson LS. 1998.
Availability of elF4E regulates skeletal
muscle protein synthesis during recovery
from exerciseAm. J. Physiol274:C406—
14

Gibala MJ, Lozej M, Tarnopolsky MA,
McLean C, Graham TE. 1999. Low glyco-
gen and branched-chain amino acid inges-
tion do not impair anaplerosis during exer-
cise in humansl. Appl. Physiol87:1662—
67

Gibala MJ, MacLean DA, Graham TE,
Saltin B. 1998. Tricarboxylic acid cycle in-
termediate pool size and estimated cycle
flux in human muscle during exercisem.

J. Physiol 275:E235-42

Gibala MJ, Saltin B. 1999. PDH activation
by dichloroacetate reduces TCA cycle in-
termediates at rest but not during exercise
in humansAm. J. Physiol277:E33—-38
Goldspink G. 1999. Changes in muscle
mass and phenotype and the expression of
autocrine and systemic growth factors by
muscle in response to stretch and overload.
J. Anat.194(3):323-34

Graham T, Bangsbo J, Saltin B. 1993.
Skeletal muscle ammonia production and
repeated, intense exercise in humaen.

J. Phys. Pharmacol71:484-90

Graham TE, Bangsbo J, Gollnick PD, Juel
C, Saltin B. 1990. Ammonia metabolism
during intense dynamic exercise and



480

RENNIE = TIPTON

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

recovery in humans.Am. J. Physiol.
259:170-76

Graham TE, MacLean DA. 1998. Ammo-
nia and amino acid metabolism in skeletal

muscle: human, rodent and canine model$€1.

Med. Sci. Sports Exer80:34-46

Graham TE, Saltin B. 1989. Estimation
of the mitochondrial redox state in human
skeletal muscle during exercisé. Appl.

Physiol.66:561-66 62.

Han XY, Wang W, Komulainen J, Koskinen
SO, KovanenV, et al. 1999. Increased mR-
NAs for procollagens and key regulating

enzymes in rat skeletal muscle following63.

downhill running.Pfluegers Arch.-Eur. J.
Physiol.437:857-64

Hood DA, Terjung RL. 1990. Amino acid
metabolism during exercise and following
endurance trainingports Med9:23-35

Hutson SM, Zapalowski C, Cree TC,64.

Harper AE. 1980. Regulation of leucine
and a-ketoisocaproic acid metabolism in
skeletal muscle: effects of starvation and
insulin.J. Biol. Chem255:2418-26

Jackman ML, Gibala MJ, Hultman E,

Graham TE. 1997. Nutritional status af-65.

fects branched-chain oxoacid dehydroge-
nase activity during exercise in humans.

Am. J. Physiol272:E233-38 66.

Jones DA, Rutherford OM. 1987. Human
muscle strength training: the effects of
three different regimes and the nature of
the resultant changed. Physiol. London

391:1-11 67.

Kasperek GJ, Snider RD. 1985. Increased
protein degradation after eccentric exer-
cise.Eur. J. Appl. Physiol54:30-34
Kasperek GJ, Snider RD. 1989. Total and
myofibrillar protein degradation in isolated

soleus muscles after exercigen. J. Phys- 68.

iol. 257:E1-5
Katz A, Broberg S, Sahlin K, Wahren J.
1986. Muscle ammonia and amino acid

metabolism during dynamic exercise in69.

man.Clin. Physiol.6:365-79
Kraemer WJ, Patton JF, Gordon SE, Har-
man EA, Deschenes MR, etal. 1995. Com-

patibility of high-intensity strength and en-
durance training on hormonal and skele-
tal muscle adaptationsl. Appl. Physiol.
78:976-89

Lamont LS, McCullough AJ, Kalhan SC.
1995. Beta-adrenergic-blockade heightens
the exercise-induced increase in leucine
oxidation. Am. J. Physiol.-Endocrinol.
Metab.31:E910-16

Lamont LS, McCullough AJ, Kalhan SC.
1999. Comparison of leucine kinetics in
endurance-trained and sedentary humans.
J. Appl. Physiol86:320-25

Langberg H, Skovgaard D, Petersen LJ,
Bulow J, Kjaer M. 1999. Type | collagen
synthesis and degradation in peritendinous
tissue after exercise determined by mi-
crodialysis in humansl. Physiol. London
521:299-306

Lavoie C, Ducros F, Bourque J, Langelier
H, Chiasson JL. 1997. Glucose metabolism
during exercise in man: the role of insulin
and glucagon in the regulation of hepatic
glucose production and gluconeogenesis.
Can. J. Physiol. Pharmacor5:26-35
Lemon PW. 1998. Effects of exercise on
dietary protein requirementit. J. Sport
Nutr. 8:426-47

Luthi JM, Howald H, Claasen H, Rosler
K, Vock P, Hoppeler H. 1986. Structural
changes in skeletal muscle tissue with
heavy resistance exercismt. J. Sports
Med.7:123-27

MacDougall JD, Gibala MJ, Tarnopol-
sky MA, MacDonald JR, Interisano SA,
Yarasheski KE. 1995. The time course for
elevated muscle protein synthesis follow-
ing heavy resistance exerci§tan. J. Appl.
Physiol.20:480-86

Maclean D, Vissing J, Vissing SF, Haller
RG. 1998. Oral branched-chain amino
acids do not improve exercise capacity in
McArdle diseaselNeurology51:1456-59
MacLean DA, Graham TE, Saltin B. 1996.
Stimulation of muscle ammonia produc-
tion during exercise following branched-
chain amino acid supplementation in



EXERCISE AND PROTEIN METABOLISM

481

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

humansJ. Physiol. Londo#93:909-22
Matthews DE, Marano MA, Campbell RG.
1993. Splanchnic bed utilization of leucine

and phenylalanine in humarsm. J. Phys- 80.

iol. 264:E109-18

Matthews DE, Marano MA, Campell RG.
1993. Splanchnic bed utilization of glu-
tamine and glutamic acid in humarsn. J.

Physiol. Endocrinol. Metat264:E848-54 81.

Millward DJ. 1999. Inherent difficulties in
defining amino acid requirements. Trne
Role of Protein and Amino Acids in Sus-
taining and Enhancing Performanced.

FaNBloM Committee on Military Nutri- 82.

tion Research, pp. 169-216. Washington,
DC: Natl. Acad. Press
Mosoni L, Valluy MC, Serrurier B, Prug-

nard J, Obled C, et al. 1995. Altered re-83.

sponse of protein synthesis to nutritional
state and endurance training in old r&ts.

J. Physiol.268:E328-35

Mussini E, Colombo L, DePonte G, Calzi
M, Marcucci F. 1985. Effect of swimming
on protein degradation: 3-methylhistidine
and creatinine excretiorBiochem. Med.
34:373-75

Nair KS, Halliday D, Griggs RC. 1988.

Leucine incorporation into mixed skeletal85.

protein muscle in humangém. J. Physiol.
254:E208-13
Nelson AG, Arnall DA, Loy SF, Silvester

LJ, Conlee RK. 1990. Consequences 086.

combining strength and endurance training
regimensPhys. Ther70:287-94

Nurjhan N, Bucci A, Perriello G, Stumvoll
M, Dailey G, et al. 1995. Glutamine: a
major gluconeogenic precursor and vehi-

cle for interorgan carbon transport in man87.

J. Clin. Invest95:272-77

Okamura K, Doi T, Hamada K, Sakurai
M, Matsumoto K, et al. 1997. Effect of
amino acid and glucose administration dur-

ing postexercise recovery on protein kinet88.

ics in dogs.Am. J. Physiol.-Endocrinol.
Metab.35:E1023-30

Phillips SM, Atkinson SA, Tarnopolsky
MA, MacDougall JD. 1993. Gender differ-

84.

ences in leucine kinetics and nitrogen bal-
ance in endurance athletes. Appl. Phys-
iol. 75:2134-41

Phillips SM, Tipton KD, Aarsland A, Wolf
SE, Wolfe RR. 1997. Mixed muscle protein
synthesis and breakdown following resis-
tance exercise in human&m. J. Physiol.
Endocrinol. Metab273:E99-107

Phillips SM, Tipton KD, Ferrando AA,
Wolfe RR. 1999. Resistance training re-
duces the acute exercise-induced increase
in muscle protein turnoveAm. J. Physiol.
276:E118-24

Plante PD, Houston ME. 1984. Effects of
concentric and eccentric exercise on pro-
tein catabolism in marint. J. Sports Med.
5:174-78

Plante RI, Houston ME. 1984. Exercise and
protein catabolism in womerAnn. Nutr.
Metab.28:123-29

Radak Z, Pucsok J, Mecseki S, Csont
T, Ferdinandy P. 1999. Muscle soreness-
induced reduction in force generationis ac-
companied by increased nitric oxide con-
tent and DNA damage in human skeletal
muscle.Free Radic. Biol. Med26:1059—
63

Radha E, Bessman SP. 1983. Effect of ex-
ercise on protein degradation: 3-methyl-
histidine and creatinine excretiormBio-
chem. Med29:96-100

Rasmussen BB, Tipton KD, Miller SL,
Wolf SE, Wolfe RE. 2000. An oral essential
amino acid-carbohydrate supplement en-
hances muscle protein anabolism after re-
sistance exercisé. Appl. Physiol88:386—

92

Rennie MJ. 1996. Influence of exercise
on protein and amino acid metabolism.
In Handbook of Physiology: Exercised.
RL Terjung, pp. 995-1035. Bethesda, MD:
Am. Physiol. Soc.

Rennie MJ. 1999. Physical exertion, amino
acid and protein metabolism and protein
requirements. II”mhe Role of Protein and
Amino Acids in Sustaining and Enhancing
Performanceed. FaNBloM Committee on



482

RENNIE = TIPTON

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

Military Nutrition Research, pp. 243-53. 100.

Washington, DC: Natl. Acad. Press
Rennie MJ, Edwards RH, Krywawych S,
Davies CT, Halliday D, et al. 1981. Ef-
fect of exercise on protein turnover in man.
Clin. Sci.61:627-39

Rennie MJ, Millward DJ. 1983. 3-Meth-
ylhistidine excretion and the urinary 3-
methylhistidine/creatinine ratio are poor

indicators of skeletal muscle protein break-102.

down.Clin. Sci.65:217-25

Deleted in proof

Rennie M, Wang L, Proud C, Downie
S, Leese G, Watt PW. 1999. Physiol.
520P:58P (Abstr.)

Roy BD, Tarnopolsky MA, MacDougall
JD, Fowles J, Yarasheski KE. 1998. Ef-
fect of glucose supplement timing on pro-
tein metabolism after resistance exercise.
J. Appl. Physiol82:1882—-88

Sahlin K, Katz A, Broberg S. 1990. Tricar-
boxylic acid cycle intermediates in human
muscle during prolonged exerciseém. J.
Physiol.259:C834-41

Sale DG, Jacobs |, MacDougall JD, Gar-

ner S. 1990. Comparison of two regimensl05.

of concurrent strength and endurance train-
ing. Med. Sci. Sports Exer22:348-56
Saris WH, Erp-Baart MA, Brouns F, West-
erterp KR, ten Hoor F. 1989. Study on

food intake and energy expenditure dur106.

ing extreme sustained exercise: the Tour
de Francelnt. J. Sports Med10(Suppl.
1):S26-S31

Sartorelli V, Kurabayashi M, Kedes L.107.

1993. Muscle-specific gene expression: a
comparison of cardiac and skeletal muscle
transcription strategie€irc. Res.72:925—

31

Scislowski PWD, Hokland BM, Davis-van 108.

Thienen WIA, Bremer J, Davis EJ. 1987.
Methionine metabolism by rat muscle and
other tissuesBiochem. J247:35-40

Smith K, Rennie MJ. 1990. Protein turn-
over and amino acid metabolism in hu-
man skeletal muscleBaillieres Clin. En-
docrinol. Metab4:461-98

101.

103.

104.

1009.

Smith K, Reynolds N, Downie S, Patel
A, Rennie MJ. 1998. Effects of flooding
amino acids on incorporation of labeled
amino acids into human muscle protein.
Am. J. Physiol275:E73-78

Staron RS. 1997. Human skeletal mus-
cle fiber types: delineation, development,
and distribution.Can. J. Appl. Physiol.
22:307-27

Suryawan A, Hawes JW, Harris RA, Shi-
momura Y, Jenkins AE, Hutson SM.
1998. A molecular model of human
branched-chain amino acid metabolism.
Am. J. Clin. Nutr68:72-81

Tarnopolsky MA, Atkinson SA, Mac-
Dougall JD, Chesley A, Phillips S,
Schwarcz HP. 1992. Evaluation of protein
requirements for trained strength athletes.
J. Appl. Physiol73:1986-95

Tarnopolsky MA, Atkinson SA, Mac-
Dougall JD, Senor BB, Lemon PW,
Schwarcz H. 1991. Whole body leucine
metabolism during and after resistance
exercise in fed humansled. Sci. Sports
Exerc.23:326-33

Tawa NEJ, Kettelhut IC, Goldberg AL.
1992. Dietary protein deficiency re-
duces lysosomal and nonlysosomal ATP-
dependent proteolysis in musciem. J.
Physiol.263:E326—-34

Taylor PM, Rennie MJ, Low SY. 1999.
Biomembrane Transport and Inter-organ
Nutrient Flows: the Amino AciddNew
York: Academic

Tipton KD, Ferrando AA, Phillips SM,
Doyle D Jr, Wolfe RR. 1999. Postexer-
cise net protein synthesis in human mus-
cle from orally administered amino acids.
Am. J. Physiol276:E628-34

Tipton KD, Ferrando AA, Williams
BD, Wolfe RR. 1996. Muscle protein
metabolism in female swimmers after a
combination of resistance and endurance
exercise. J. Appl. Physiol. 81:2034—
38

van Hall G, Saltin B, Wagenmakers AJ.
1999. Muscle protein degradation and



EXERCISE AND PROTEIN METABOLISM

483

110.

111.
112.

113.

114.

115.

115a.

116.

117.

amino acid metabolism during pro-
longed knee-extensor exercise in hu-
mans.Clin. Sci.97:557-67
van Hall G, van der Vusse GJ, Soder-
lund K, Wagenmakers AJ. 1995. Deam-
ination of amino acids as a source for
ammonia production in human skele-

tal muscle during prolonged exercise. 119.

Physiol. Londor489:251-61

Deleted in proof

van Hall G, MacLean DA, Saltin B,
Wagenmakers AJM. 1996. Mechanisms

of activation of muscle branched-chain120.

alpha-keto acid dehydrogenase during
exercise in manJ. Physiol. London
494:899-905

vanHall
GJ, Soderlund K, Wagenmakers AJM.
1995. Deamination of amino-acids as a
source for ammonia production in hu-

man skeletal-muscle during prolongedl22.

exerciseJ. Physiol. LondoAd89:251-61
Wagenmakers AJ. 1992. Amino acid
metabolism, muscular fatigue and mus-
cle wasting:
tions at high altitudent. J. Sports. Med.
13(Suppl. 1):S110-13

Wagenmakers AJM. 1998. Muscle
amino acid metabolism at rest and dur-

ing exercise: role in human physiology124.

and metabolismExerc. Sport Sci. Rev.
26:287-314

Wagenmakers AJM, Beckers EJ, Brouns
F, Kuipers H, Soeters PB, et al.
1991. Carbohydrate supplementation,

glycogen depletion, and amino-acid-125.

metabolism during exerciseAm. J.
Physiol.260:E883-90

Wagenmakers AJM, Coakley JH,
Edwards RHT. 1990. Metabolism of
branched-chain amino acids and

ammonia during exercise: clues from126.
McArdle’s diseaselnt. J. Sports Med. 127.

11:101-13

Wasserman DH, Geer RJ, Williams
PE, Becker T, Lacy DB, Abumrad
NN. 1991. Interaction of gut and liver

118.

G, Saltin B, Vandervussel?l.

speculations on adaptai23.

in nitrogen metabolism during exercise.
Metabolism40:307-14

Welle S, Thornton C, Statt M. 1995. My-
ofibrillar protein synthesis in young and
old human subjects after three months
of resistance trainingAm. J. Physiol.
268:E422-27

Welle S, Thornton CA. 1998. High-
protein meals do not enhance myaofibrillar
synthesis after resistance exercise in 62 to
75-yr-old men and womemlm. J. Phys-
iol. 274:E677-83

Welle S, Totterman S, Thornton C. 1996.
Effect of age on muscle hypertrophy in-
duced by resistance training. Gerontol.

A Biol. Sci. Med. Scb1:M270-75
Williams BD, Wolfe RR, Bracy DP,
Wasserman DH. 1996. Gut proteolysis
contributes essential amino acids during
exerciseAm. J. Physiol270:E85-90
Wong TS, Booth FW. 1990. Protein
metabolism in rat gastrocnemius muscle
after stimulated chronic concentric exer-
cise.J. Appl. Physiol69:1709-17
Yarasheski KE, Campbell JA, Smith K,
Rennie MJ, Holloszy JO, Bier DM. 1992.
Effect of growth hormone and resistance
exercise on muscle growth in young men.
Am. J. Physiol262:E261-67

Yarasheski KE, Pak-Loduca J, Hasten
DL, Obert KA, Brown MB, Sinacore
DR. 1999. Resistance exercise training in-
creases mixed muscle protein synthesis
rate in frail women and mer76 yr old.
Am. J. Physiol277:E118-25

Yarasheski KE, Zachwieja JJ, Campbell
JA, Bier DM. 1995. Effect of growth-
hormone and resistance exercise on mus-
cle growth and strength in older mefm.

J. Physiol.-Endocrinol. Metal®1:E268—
76

Deleted in proof

Zhang XJ, Chinkes DL, Sakurai Y, Wolfe
RR. 1996. An isotopic method for mea-
surement of muscle protein fractional
breakdown rate in vivoAm. J. Physiol.
270:E759-67



