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Introduction
Over the past 10 to 12 years, the age-old debate regarding
protein and amino acid requirements for physically active
individuals has received considerable attention both in the
scientific and lay literature. Primarily, this has occurred for
two reasons. First, the current official recommendations
for protein and amino acid intake are based on data col-
lected on sedentary or, at best, moderately active individu-

als. Second, a growing body of information suggests that
those who engage in regular strenuous exercise may benefit
from greater protein intake. In fact, based on these recent
studies, recommended protein intakes for some athlete
populations are as high as 150% to 200% of official rec-
ommendations [1,2]. The greatest recommended intakes
are for strength athletes, and this should not be surprising
because it is well known that this type of exercise is an
extremely powerful anabolic stimulus [3]. For years, ath-
letes have chosen to consume quantities of dietary protein
at least equal to these recent recommendations and often
in even greater amounts. Perhaps these differing beliefs
about protein needs result from relying on different pieces
of evidence. Scientists have focused on traditional labora-
tory measures of requirements (primarily nitrogen bal-
ance), whereas athletes use event performance, body
composition changes, or other more subjective measures
of athletic success as their measuring stick. Of course, both
groups could be correct. That is, protein intakes exceeding
the quantity necessary for nitrogen balance could promote
adaptive responses that result in enhanced exercise perfor-
mance. Rather than discussing this debate or rehashing the
information available in several comprehensive reviews on
how exercise affects protein and amino acid metabolism
[2,4–6], we have chosen to focus on two specific topics
that have significant potential to affect positively both skel-
etal muscle development and exercise performance: pro-
tein type and the timing of supplement ingestion relative
to training sessions.

Timing of Intake
Although the exact mechanism or mechanisms of action
are still unclear, several factors are known to stimulate
muscle growth, including the chronic use of exercise
against an overload (strength training), as well as both
hormonal response and nutrient availability. Specifically,
strength exercise increases insulin secretion [7], perhaps
due to transient insulin resistance induced by the muscle
membrane damage caused by the eccentric component of
each contraction [8]. If so, the resulting hyperinsulinemia
could stimulate muscle protein synthesis or inhibit pro-
tein breakdown, leading to muscle growth. Interestingly,

Rather than the age-old debate regarding overall protein and 
amino acid needs of athletes, this paper focuses on the impor-
tance of timing and type of protein and amino acid ingestion rel-
ative to both muscle growth and exercise performance. 
Evidence discussed comes from definitive measurement tech-
niques including net protein balance determinations (for acute 
studies) or quantification of muscle size or strength (for chronic 
studies) First, recent data indicate that consuming a small meal 
of mixed macronutrient composition (or perhaps even a very 
small quantity of a few indispensable amino acids) immediately 
before or following strength exercise bouts can alter significantly 
net protein balance, resulting in greater gains in both muscle 
mass and strength than observed with training alone. With aer-
obic exercise, some evidence suggests immediate postexercise 
(but perhaps not pre-exercise) supplementation is also benefi-
cial. Second, protein type may also be important owing to vari-
able speeds of absorption and availability, differences in amino 
acid and peptide profiles, unique hormonal response, or positive 
effects on antioxidant defense. In addition to athletes, many oth-
ers who desire to regain, maintain, or enhance muscle mass or 
function, including those with muscle-wasting diseases, astro-
nauts, and all of us as we age, need to ensure that nutrient avail-
ability is sufficient during the apparently critical anabolic window 
of time associated with exercise training sessions. Future studies 
are needed to fine tune these recommendations.
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large increases in insulin resistance correlate well with the
positive net protein balance in muscle 24 to 48 hours post
exercise [9].

Over the past few years, it has become clear that acute
strength exercise stimulates both muscle, protein synthesis
and breakdown [9,10]. When protein synthesis exceeds
protein breakdown, as is typical with well-nourished
strength athletes, both muscle mass and strength increase.
Importantly, whether the chronic overall response (net bal-
ance) in muscle is anabolic or catabolic is likely deter-
mined by nutrient supply. Not surprisingly, net balance is
negative in the fasted state and positive with feeding. Per-
haps if all three factors (strength exercise, hyperinsuline-
mia, and appropriate nutrient supply) could be combined
together, muscle growth would be optimized. This possi-
bility has led to speculation that by providing the necessary
energy and nutrients, as well as a positive hormonal envi-
ronment (hyperinsulinemia), together with the powerful
anabolic stimulus of strength exercise, postexercise feeding
might be the best strategy to stimulate muscle growth.
Indeed, it appears that which nutrients and when they are
consumed relative to the exercise bout (following and per-
haps even before) may be critical to the overall response.

Either carbohydrate or a small isoenergetic meal of
mixed composition (~ 66% carbohydrate, 12% fat, 22%
protein; 16.7 kJ/kg body mass) ingested immediately and
at 1 hour following a whole body strength training session
increase (P < 0.05) whole body protein synthesis when
compared with a nonnutritive placebo [11]. Assuming that
circulating amino acid content was not limiting in the car-
bohydrate treatment, increases in protein synthesis pre-
sumably caused by the insulin release following ingestion
of either supplement might explain these observations
[12]. If so, these data indicate that, for muscle growth,
postexercise energy intake is more important than nutrient
composition. However, this conclusion is likely too sim-
plistic because, as mentioned earlier, insulin-mediated

effects on muscle protein degradation could alter signifi-
cantly the net balance. In fact, it appears that, unlike the
resting state in which insulin is a potent stimulator of pro-
tein synthesis, during the immediate postexercise period,
hyperinsulinemia has little effect on synthesis but does
reduce degradation [13]. This finding is consistent with
other work demonstrating that the protein synthetic effects
of insulin diminish following development so that the
overall anabolic response of insulin after maturity is
thought to be related more to an inhibition of protein
breakdown than a stimulation of synthesis [14–16].
Clearly, in order to address questions of what nutrient or
nutrients to consume and when the optimal timing of
ingestion might be, both protein synthesis and degrada-
tion (net balance) must be measured. Fortunately, some
data are available.

Increasing the availability of amino acids (infusion of a
mixture of 15 amino acids; 0.15 g × kg-1× h-1) enhances (P <
0.05) net balance at rest and to an even greater extent if the
infusion occurs immediately following strength training [17].
More importantly from a practical standpoint, post exercise
(at least within the first 3 hours) ingestion of amino acids
with carbohydrate (to stimulate insulin release) also increases
net balance, only indispensable amino acids are necessary,
and very small quantities (about 3–6 g) are needed, at least in
young individuals [18•,19] (Fig. 1). With older subjects (72 ±
1 year), increased availability of amino acids also enhances
net protein balance, but the addition of glucose to the mixture
may be less effective because the increase in net balance is
only about 30% of the response observed in young people
[20]. Interestingly, the insulin response to certain amino acid
and protein combinations (leucine, phenylalanine, and argin-
ine or leucine, phenylalanine, and wheat protein hyrolysate)
is at least as great as the response to carbohydrate (50% mal-
todextrin and 50% glucose) [21]. This hyperinsulinemia cou-
pled with the increased supply of indispensable amino acids
could contribute to a more positive net protein balance in
muscle. Quantitatively, acute muscle protein synthesis is
increased by physiologic hyperinsulinemia (~ 50%), strength
exercise (~ 100%), amino acid availability (~ 150%), and
amino acid availability and strength exercise combined (~
200%) [9,12,13,17,18•,19]. Although these data indicate that
particular post exercise nutritional strategies show promise for
enhancing muscle gains with training, it is not necessarily so
because they are from acute determinations (over a few
hours) and, therefore, might be incomplete. Possible com-
pensatory changes in synthesis and degradation later in the
day or adaptations with training could negate these effects.

One recent study has tested the value of this optimized
anabolic environment hypothesis chronically, and the
results are consistent with the acute measures, indicating
that post exercise nutrient intake is likely critical to facili-
tate muscle growth [22•]. In this study, 13 men completed
a 12-week upper and lower body strength training program
(3 days per week) and ingested a 409-kJ meal (including 10
g protein [milk and soy], 7 g carbohydrate, 3.3 g fat) either

Figure 1. Ingestion of a 500-mL drink (686 kJ) of 35 g sucrose + 6 g of 
indispensable amino acids following strength exercise increases acute 
muscle protein synthesis (P < 0.05). (Adapted from Rasmussen et al. [18].)



216 Nutrition
within 5 minutes of completing each training session or 2
hours later. Several observations are noteworthy from this
study. First, both muscle hypertrophy (as assessed by mag-
netic resonance imaging and fiber cross-sectional area
from needle biopsy samples) and strength gains were
greater (P < 0.05) in the group that received the nutrients 5
minutes after training (Fig. 2). Second, the subjects were 74
± 1 year of age, indicating that availability of nutrients is
still an important factor in older muscle. This later point is
important clinically because it suggests that appropriate
postexercise nutritional intake is a very viable technique
for minimizing the ravages of sarcopenia. Finally, one
additional observation should be emphasized. The fact
that providing nutrients at 2 hours was significantly less
effective than immediately providing them postexercise
differs from the response in younger subjects, in whom the
benefits (with acute measures of balance) appear to be
similar for approximately 3 hours postexercise [18,19].
This could mean that any postexercise window of opportu-
nity to enhance muscle gains is somewhat shorter in older
individuals. This possibility needs to be confirmed with
future investigations.

In another human study, the advantage of immediate
postexercise supplementation on strength gains with train-
ing is less clear [23]. In this particular study, novice
strength trainers (two women and five men aged 19 to 41
years) trained alternate legs every other day (knee exten-
sion, 5 days per week for 10 weeks) isokinetically (four sets
[the first set at 75% and the next three sets at 100% 10-rep-
etition max] of 10 repetitions). Immediately after each
training bout, they ingested a 17.1-kJ/kg (500-mL) meal
(0.8 and 0.2 g/kg glucose and protein [17.1% glutamine,
11% leucine, 10.3% aspartic acid and < 10% of 15 other
amino acids], respectively) or a placebo (non-nutritive)
also on alternate days such that one leg always received the

supplement on its training day and the other the placebo.
Strength gains, whether assessed isometrically, isokineti-
cally, or isotonically (1 rep max), were not different
between legs; however, all three measurements were abso-
lutely greater in the supplemented leg by about 33%. It is
unclear why these results differed from the study con-
ducted by Esmarck et al. [22]; however, a type 2 statistical
error (failure to detect a real effect due to small subject
number and between subject variability) is a definite possi-
bility. Alternatively, the apparent failure of the supplement
to enhance the response might be related to the modest
training volume used.

Several studies with strength exercise training (squat,
15 rep/set at ~ 70% 1 rep max, 10 sets per day, 3 days per
week for 10 weeks) in male rodents also indicate advan-
tages of nutrient delivery immediately post exercise
[24,25•]. In these studies, a mixed meal fed immediately
following the training session produced both an increased
(P < 0.05) hind limb muscle mass and a decreased (P <
0.01) fat mass when compared with the same meal fed 4
hours after training. Despite increased circulating cortisol
and acute increases in insulin resistance, enhanced insulin
sensitivity over the training program might play a role here.
Other possibilities include increases in muscle but not adi-
pose lipoprotein lipase [26], and perhaps increases in rest-
ing metabolic rate due to the increased muscle mass [27],
promoting the response that most exercisers strive to
attain, that is, decreased fat mass and increased muscle
mass. Interestingly, bone mineral content and density of
the tibia were also increased (P < 0.05) in the group that
was fed immediately post exercise [24], suggesting timing
of nutrient supply could also be helpful in minimizing
osteoporosis. Additional studies are needed to confirm the
value of immediate postexercise nutrient delivery but the
results to date are exciting indeed.

Figure 2. Ingestion of a small mixed macronutrient meal (409 kJ, 10 g carbohydrate, 7 g protein, 3.3 g fat; 41%; milk and soy protein) immedi-
ately following strength exercise vs 2 hours posttraining increases (P < 0.05) both muscle mass (A) and strength (B) over 12 weeks. (Adapted 
from Esmarck et al. [22].)
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Before ending the discussion of timing of nutrient
intake and strength exercise, one additional study needs to
be mentioned. Tipton et al. [28•] investigated whether
ingestion of a supplement (6 g indispensable amino acids
and 35 g sucrose) immediately before or after lower
extremity strength exercise altered the net protein balance
in muscle. Interestingly, they observed a greater increase in
net balance (P < 0.05) when the supplement was taken
before the strength session (Fig. 3). Apparently, the mecha-
nism of action was enhanced availability of amino acids
both during and for at least the first hour postexercise
owing to enhanced muscle blood flow. If so, the logical
next step would appear to be to examine the effect of inges-
tion both immediately pre– and poststrength exercise, and
perhaps even during to determine whether the response
can be enhanced even further. Some support for the poten-
tial benefits of repeated ingestion is available from Bohé et
al. [29], who noted the increase in muscle protein synthe-
sis with amino acid infusion is latent (about 30–60 min),
marked (~ 2.8-fold), and short-lived (~ 1.5 h). Additional
evidence is provided from Rennie [5], who studied a vari-
ety of infusion rates and reported that the response was
maximized at the lowest dose, indicating that a ceiling
effect is a definite possibility. Although no one has, as yet,
investigated all of these possibilities, Antonio et al. [30],
studied 19 young women (18–35 years of age) over a 6-
week training program that included whole body strength
training (3 days per week) and 20 minutes of aerobic exer-
cise (stationary bike, stair stepper, and treadmill). During
this particular training program, the women ingested
either an indispensable amino acid supplement (10 g total;
isoleucine 1.430 g, leucine 1.964 g, valine 1.657 g, lysine
1.429 g, methionine 0.699 g, phenylalanine, 1.289 g, thre-
onine 1.111 g, and tryptophan 0.368 g) or placebo (cellu-
lose) 20 minutes before and 20 minutes after each training
session. The group who received the supplement increased
their maximal treadmill time (3-minute stages at 4.2 mph,
starting at 0% grade and increasing 2.5% per stage) by 12%
vs 4% (P < 0.05) and strength gains (measured as total

mass lifted at the initial 12 rep max mass) by 20% vs -6%
(P > 0.05). These data suggest that something might be
happening, but the findings need confirmation with larger
sample sizes.

With aerobic exercise, muscle recovery is also influenced
by nutrient delivery but there may be a few differences rela-
tive to strength exercise. At least in rodents, following exhaus-
tive exercise (~ 2 hours running, 26 m/min, 1.5% grade),
ingestion of a small complete meal (5 mL [44 kJ] of Ensure;
Ross Labs, Columbus, OH) post, but not pre-exercise, com-
pletely reversed the normal depression (~ 30%) of muscle
protein synthesis within 1 hour [31,32,33•]. In contrast,
despite dramatic increases in both blood glucose and insu-
lin, postexercise isoenergetic carbohydrate ingestion did not
stimulate protein synthesis, suggesting that protein and
amino acid availability is critical (Table 1). In fact, small
quantities of protein (0.5 g) and even the amino acid leucine
alone (~ 0.3 g) produced similar increases in protein synthe-
sis as the complete meal. Moreover, adding carbohydrate to
the leucine ingestion did not enhance further the response,
indicating that for exhaustive aerobic exercise, hyperinsuline-
mia is likely not required to reverse the typical postexercise
depression in protein synthesis.

With more moderate aerobic exercise (eg, 60 minutes
cycling at 60% VO2max) in humans, ingestion of a small
meal (10 g protein [casein], 8 g carbohydrate [sugar], and 3
g fat [milk fat]) immediately following the exercise bout
has also been shown to be beneficial [34•]. Although mus-
cle protein degradation was similar whether the meal was
ingested immediately or 3 hours after the exercise bout, the
early ingestion increased muscle protein synthesis dramati-
cally (more than three times greater when compared with
3 hours postingestion) (Figure 4).

These recent data suggest that much like with glyco-
gen resynthesis, there is a window of opportunity associ-
ated with each exercise bout in which nutrient supply is
critical to net protein balance and, consequently, to sub-
sequent muscle growth and exercise performance. Clearly,
the details need to be worked out with future experi-

Figure 3. Ingestion of a 500-mL drink (686 kJ, 
35 g sucrose, 6 g indispensable amino acids) 
immediately before strength exercise increases 
(P < 0.05) net phenylalanine balance in mus-
cle vs ingestion immediately after strength 
exercise. (Adapted from Tipton et al. [28].)
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ments, but it appears that to maximize muscle growth,
ingestion of small mixed meals (perhaps only a small
quantity of a few indispensable amino acids are neces-
sary) should be encouraged immediately before (perhaps
during also) and following each strength training session.
For aerobic exercise, fewer data are available, but appar-
ently immediate postexercise ingestion of a small mixed
meal (or perhaps even just a small quantity of few amino
acids) is also good strategy.

Protein Type
A variety of whole protein foods (milk, meat, fish, egg,
and vegetables) exist, and a number of component pro-
tein powders (eg, casein, whey, soy) are readily available.
Moreover, how these protein powders are processed (ie,
isolated, concentrated, or hydrolyzed) during manufac-
turing can influence their availability to muscle [35–38].
As a result, in addition to timing of ingestion, the type
of protein consumed could potentially influence the
protein metabolic response and, therefore, likely affect
both skeletal muscle function and exercise performance.
As an example, Demling and DeSanti [39•] reported
that a 12-week period of dieting and strength training in
overweight men (28–40 years of age) produced greater
(P < 0.05) gains in lean mass and strength (daily protein
intake of 1.5 g/kg body mass) when the dietary protein
source was primarily casein versus whey. Both casein
and whey are high-quality proteins, so what might
explain the apparent greater anabolic effect of casein
when compared with whey?

One possibility could be that the physical or chemical
differences between these dietary proteins affect the speed
of digestion [40•,41], resulting in altered amino acid avail-
ability and ultimately in accumulated tissue protein. Whey
protein ingestion produces a rapid but transient (1 to 2
hours) peak in serum amino acids, whereas casein pro-
duces a more prolonged modest increase (over 7 hours). As
a result, these dietary proteins induce very different protein
metabolic responses. Although casein stimulates protein
synthesis to a lesser extent than whey, it appears to pro-
mote a greater net protein deposition by a greater inhibi-
tion of protein degradation relative to whey. Boirie et al.
[40•] have labeled these as fast (whey) and slow (casein)
proteins, analogous to high (fast) and low (slow) glycemic
carbohydrates. Further, Dangin et al. [42] have shown that
a free amino acid mixture mimicking the composition of
casein is metabolized much like whey (ie, fast protein),
whereas repeated ingestion of whey protein is metabolized
like casein (ie, slow protein). Together, these data indicate
clearly that variable digestion and absorption rates, not
protein composition, are responsible for the differences in
protein metabolism observed between whey and casein.
Assuming that there is little adaptation with chronic pro-
tein ingestion (the studies above measured the response to
a single meal only), these differences in rates of digestion
and absorption could be responsible for the enhanced
muscle growth observed in the Demling and DeSanti study
[39•]. Furthermore, faster appearance of amino acids in
the intestinal mucosal free pool, greater nitrogen excretion,
and lower mass gains (P < 0.05) in rodents adapted (over
10 days) to an amino acid mixture corresponding to casein
vs a casein diet suggest that these digestion and absorption
differences between protein types observed following a sin-
gle meal are likely representative of chronic ingestion [43].

Moreover, some recent evidence [29] demonstrates
that although large increases in amino acid availability
can result in a rapid and dramatic increase in muscle pro-
tein synthesis, this response is very short lived even when
the amino acid supply is nonlimiting. The rapid digestion
of whey protein results in a very high amino acid concen-
tration but this is brief and likely exceeds whatever meta-
bolic mechanism limits the protein synthetic response
leading to a modest overall effect on protein metabolism.
Consequently, inducing growth and development of mus-
cle is much more involved than consuming a protein
source that provides a large supply of amino acids rapidly,
such as whey.

A second factor that could be important relative to
muscle growth is how dietary protein type affects the pow-
erful anabolic hormone insulin (either release or tissue
sensitivity). In adults, as mentioned previously, the overall
response of insulin is anabolic, but this is thought to be
related more to an inhibition of protein breakdown than a
stimulation of protein synthesis [15]. Interestingly, the
observations of Boirie et al. [40•,42] appear to involve
decreases in protein degradation primarily; however, the

Table 1. Effect of pre- and postexercise nutrient 
intake on muscle protien synthesis following 
exhaustive aerobic exercise in rodents  

  Treatment
Protein synthesis, 

% of control*

Control (no exercise) 100
Exercise† 71
Mixed meal (5 mL Ensure‡ [43.9 kJ])
     12 h pre-exercise 72
     5 h pre-exercise 74
     1.5 h pre-exercise 74
     Immediately post exercise 98
CHO (5 mL of a 50% glucose 

and sucrose mix [43.9 kJ])
79

Protein (5 mL water 
with 0.5 g protein [8.4 kJ])

92

Leucine (5 mL water 
with 0.27 g leucine [4.5 kJ])

99

Leucine and CHO mix (5 mL of a 
CHO and 0.27 g leucine [43.9 kJ])

108

*3H-isoleucine incorporation into muscle 1 h after exercise.
†26 m/min, 1.5% grade for 2 h.
‡Abbott Laboratories, Abbott Park, IL.
CHO—carbohydrate.
(Adapted from Layman [33].)
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mechanism must involve more than just the effects of insu-
lin because in their whey versus casein studies, insulin con-
centrations were similar.

Vegetarian diets have become increasingly popular for a
variety of health reasons; however, this dietary strategy may
be contraindicated for those interested in maximizing
muscle growth for several reasons. First, with the exception
of soy, the protein quality (protein digestibility–corrected
amino acid score) of vegetable proteins is substantially
lower than that of animal proteins due to the presence of a
limiting indispensable amino acid [44,45]. Second, the
amino acids in vegetable proteins are less available to mus-
cle because of lower absorption in the gastrointestinal tract
[46]. Third, chronic exclusive ingestion (15 weeks) of vege-
table (soy) versus casein protein causes postprandial
increases (P < 0.05) in cortisol, resulting in an upregula-
tion of muscle protein breakdown (increases in lysosomal
and adenosine triphosphate–dependent proteolytic
enzymes) in order to maintain necessary serum amino acid
concentration [47]. Interestingly, fish (cod) protein
appears to enhance (P < 0.05) insulin sensitivity relative to
casein (and perhaps soy), suggesting that it may be the
most anabolic protein source [48,49]. Although it is well
known that the omega 3 fatty acid content of some fish has
positive effects on insulin sensitivity and glucose tolerance,
the amino acid profile of cod is more likely responsible not
only because of its modest omega 3 content but also
because cod-derived amino acids show greater insulin-
stimulated in vitro glucose uptake vs those derived from
either casein or soy [49]. Regardless, these data suggest that
vegetable protein may be less anabolic than animal pro-
tein. Data from a 12-week strength training program in
men (aged 51 to 69 years of age) consuming a meat versus
a vegetarian diet are consistent with this possibility [50•].
In this study, those who consumed meat experienced
greater gains (P < 0.05) in whole body density, fat-free
mass, creatinine excretion (index of muscle mass), and
although nonsignificant, more than twice the increase

(16.2 ± 4.4 vs 7.3 ± 5.1%) in type II muscle fiber area
(from needle biopsy analysis).

From a muscular performance standpoint, there is
some evidence that chronic whey supplementation can be
beneficial as a result of its effects on antioxidant defense
[51•]. In this study, 18 young adults (nine men and nine
women) received 10 g of whey or casein twice daily for 3
months. Compared with baseline, the whey group
improved (P < 0.05) peak power and total work on a 30-
second cycle maximal effort test. They also experienced
increases (P < 0.05) in circulating lymphocyte glutathione
(a major intracellular antioxidant) (36 % vs -1%) and in
voluntary physical activity (14% vs 5%). It is unclear from
these data whether the improved antioxidant function
caused the enhanced performance or whether the
increased chronic activity was responsible, that is, a train-
ing effect. More study of this phenomenon is needed.

Taken together, these data suggest that the time course
and magnitude of amino acid delivery to muscle are
affected by protein type. Consequently, it is likely that
ingesting a combination of protein types would be the best
strategy to optimize both muscle growth and exercise per-
formance. Future study should examine this possibility.

Conclusions
Clearly, type and timing of protein and amino acid inges-
tion significantly affect both muscle growth and exercise
performance. Apparently, provision of these nutrients
immediately before and after (perhaps also during)
strength training sessions is critical to the net protein
response in muscle. With aerobic exercise, similar benefits
appear to exist, but more work is needed to determine if
post exercise ingestion is more important than pre-exercise
ingestion. It may be that only a few amino acids are impor-
tant (perhaps because they are limiting or because they act
as an intracellular signal) and surprisingly small quantities
are effective. Due to differences in amino acid composition

Figure 4. Ingestion of a small mixed macronu-
trient meal (414 kJ, 10 g protein, 8 g carbohy-
drate, 3 g fat; 40% protein, primarily casein) 
immediately post aerobic exercise vs 3 hours 
later increased (P < 0.05) the net gain of both 
leg and whole body protein. (Adapted from 
Levenhagen et al. [34].)
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digestion, or absorption rates, individual protein type can
also affect muscle growth through altered nutrient avail-
ability. Although the optimal type or mixture of protein
and precisely how much or even when it should be
ingested must await further study, it is apparent that both
muscle growth and exercise performance can be enhanced
substantially if protein and amino acids are ingested
closely associated with exercise training sessions.
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