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INTRODUCTION

changes in muscle size require a chronic imbalance favoring one
process over the other. Results using current methodologies
suggest that relative to muscle protein breakdown, the rate of
muscle protein synthesis is more dynamic and responsive, and,
therefore, changes in muscle protein synthesis largely have been
the focus of research examining the anabolic potential of a given
stimulus. In particular, nutrition and exercise have been identified as powerful stimulators of skeletal muscle protein synthesis
(2,11,16,18,25,37,39) and, thus, can be used acutely to tip the
biological processes within skeletal muscle in favor of protein
anabolism (i.e., net protein accretion). Over time, the summation of these acute increases in protein synthesis is thought to
provide the necessary stimulus to preserve, or increase, skeletal
muscle size and strength. Consequently, exercise and nutritional
strategies represent promising and practical approaches that
may be useful to slow or reverse the progression of sarcopenia.
However, a chronic inability for these anabolic stimuli to routinely stimulate muscle protein synthesis would facilitate a
gradual loss of skeletal muscle mass and function.
Although some discrepancies exist, the general consensus is
that the fractional synthesis and breakdown rate of muscle
protein under basal conditions are similar between young and
older adults (11,38), indicating that sarcopenia is not facilitated through age-induced impairments in basal muscle protein metabolism. Instead, one of the primary factors thought
to contribute to muscle loss with aging is an impaired ability
for skeletal muscle of older adults to ‘‘respond’’ to anabolic
stimuli, which commonly has been referred to as ‘‘anabolic
resistance.’’ Numerous studies have been conducted to determine how aging affects the ability of nutrition and exercise to
stimulate skeletal muscle protein synthesis and to identify

Aging is characterized by a gradual loss of skeletal muscle
mass (22). The time course of skeletal muscle loss with aging
was described eloquently in studies performed by Lexell et al.
(22) in which whole vastus lateralis muscle cross sections were
examined from cadavers across a broad age range. Lexell et al.
(22) identified that the onset of muscle atrophy may begin as
early as 25 to 30 yr of age and that the rate of muscle atrophy
accelerates with advancing age. Although the intrinsic contractile properties of skeletal muscle seem to be resistant to
aging (34), the gradual loss of muscle size does contribute to
reductions in strength and function at the whole muscle level,
which has debilitating consequences for older adults. Specifically, the collective loss of muscle mass and function with aging, commonly referred to as sarcopenia (5), is associated with
impaired physical function and a reduced ability to perform
activities of daily living, which substantially increases the risk
for falls, frailty, and dependence in older adults (5).
Changes in skeletal muscle size ultimately are governed by the
continuous and dynamic interplay between rates of muscle
protein synthesis and muscle protein breakdown. In particular,
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strategies to maximize the anabolic response of aging skeletal
muscle to these important stimuli. The purpose of this review
is to highlight the ability for nutrition and exercise to stimulate protein synthesis/anabolism in skeletal muscle acutely
and to discuss to what extent anabolic impairments occur in
aging skeletal muscle. We hypothesize that the strategic use of
targeted nutritional and exercise therapies can attenuate
protein synthesis impairments in aging skeletal muscle and
slow the progression of sarcopenia and muscle wasting that
occurs as a result of other clinical conditions (9,11,13).
PROTEIN ANABOLISM IN SKELETAL MUSCLE: EFFECTS
OF NUTRITION AND AGING
Protein and Amino Acids
Several metabolic processes within skeletal muscle are sensitive to nutrients, and in particular the ability for increased circulating levels of amino acids to stimulate muscle protein
synthesis is very well described (15,18). The precise mechanisms

through which increased amino acid availability stimulates
skeletal muscle protein synthesis have yet to be understood
completely; however, the stimulatory effect appears to require
activation of the mechanistic/mammalian target of rapamycin
complex 1 (mTORC1) signaling pathway (7). How amino acids
precisely activate mTORC1 signaling remains, at this time, a
very evolving area of research that requires further investigation
and is beyond the scope of this review. In Figure 1, we provide
an overview of how essential amino acids, insulin, and exercise
activate mTORC1 signaling and regulate skeletal muscle protein metabolism.
The progression of sarcopenia likely is a consequence of
multiple factors that together manifest in a gradual loss of
muscle mass and function (Fig. 2). One issue that has received
considerable attention as a contributing factor to the etiology
of sarcopenia is the potential for age-related changes in the
protein synthesis response to protein/amino acid ingestion.
Several investigations have examined the ability for protein/
amino acid ingestion to stimulate skeletal muscle protein
synthesis in young and older adults, and findings indicate that

Figure 1. Simplified schematic diagram of the proposed cellular mechanisms regulating skeletal muscle protein synthesis in response to amino acids,
insulin, and exercise. 4E-BP1, 4E binding protein 1; Akt, protein kinase B; BCAA, branch chain amino acids; eEF2, eukaryotic elongation factor 2; eIF4F,
eukaryotic initiation factor 4F; Gln, glutamine; IRS-1, insulin receptor substrate 1; LAT1, L-type amino acid transporter 1; mTORC1, mammalian target of
rapamycin complex 1; PA, phosphatidic acid; Rag, Ras-related GTPase; rpS6, ribosomal protein S6; S6K1, p70 ribosomal S6 kinase 1; SNAT2, sodiumcoupled neutral amino acid transporter 2.
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Figure 2. Schematic diagram representing many key factors thought to contribute to sarcopenia. These factors include anabolic resistance (i.e., impairments in muscle protein synthesis), inactivity, insulin resistance, the loss of motor units, injury and illness (i.e., hospitalization), chronic inflammation,
DNA damage, increased oxidative stress, changes in hormonal milieu, and a reduction in satellite cells. We hypothesize that strategic exercise and nutritional
interventions can slow the progression of sarcopenia because of their ability to overcome anabolic impairments and attenuate the impact of several other
contributing factors. Furthermore, it is likely that sarcopenia itself contributes to, and/or accelerates, the impact of these factors on skeletal muscle mass and
function (represented by the double arrows).

an intricate interplay exists among amino acid availability,
skeletal muscle protein synthesis, and aging. For instance,
ingesting relatively small quantities of essential amino acids
(È7 to 10 g) is capable of stimulating skeletal muscle protein
synthesis in young individuals, whereas in older adults, this
response is not observed (6,18), indicating an impaired ability
for relatively small quantities of amino acids to stimulate
muscle protein synthesis in older adults. However, ingesting
larger quantities of essential amino acids is able to stimulate
skeletal muscle protein synthesis to a similar degree in young
and older adults (37). Accordingly, although the sensitivity of
skeletal muscle to amino acid availability seems to be reduced
with age, at least when small quantities are ingested, the capacity for amino acid ingestion to stimulate skeletal muscle
protein synthesis remains intact. Collectively, these data indicate that the ‘‘threshold’’ at which it is necessary for amino
acids to stimulate skeletal muscle protein synthesis is increased
with aging, and that any impaired muscle protein synthesis
response of older adults to protein/amino acid ingestion can
be overcome by ingesting proper quantities.
The inability for relatively small amounts of protein/amino
acids to stimulate protein synthesis in the skeletal muscle of
older adults may be attributed to changes in the sensitivity of
skeletal muscle to branched-chain amino acids. In particular,
leucine has been characterized as a potent stimulator of skeletal muscle protein synthesis, and aging seems to reduce the
sensitivity of skeletal muscle to leucine. For instance, in
young individuals, muscle protein synthesis is stimulated to a
similar extent after the ingestion of a 10-g iso-nitrogenous
essential amino acid mixture containing different quantities
of leucine (1.8 vs 3.5 g of leucine) (15). In contrast, skeletal
muscle protein synthesis in older adults seems unresponsive
to ingesting approximately 7 g of essential amino acids containing about 1.7 g of leucine, whereas increasing the leucine
content to approximately 2.8 g in the same 7-g mixture restored the protein synthesis response of aging skeletal muscle,
which was similar to that observed in younger individuals
218 Exercise and Sport Sciences Reviews

(18). This finding indicates that, although the sensitivity
to leucine is suppressed with age, increasing the content of
leucine in a given meal may serve as a strategy to promote
muscle protein synthesis in older adults (3). In particular,
increasing leucine availability may be an effective treatment
in those older adults who routinely may not ingest enough
protein to reach the required ‘‘threshold’’ to stimulate skeletal
muscle protein synthesis.
Collectively, these studies indicate that there may exist an
age-related resistance of skeletal muscle protein synthesis
when ‘‘small’’ quantities of protein/amino acids are ingested.
This impaired response to small doses may contribute to the
etiology of sarcopenia and, in particular, may accelerate the
rate of sarcopenia in older adults who routinely consume small
portions of protein. However, studies indicate that ingesting
25 to 30 g of high-quality protein (24) or greater than 2 g of
leucine (18) can overcome this impairment to amino acid
availability and stimulate skeletal muscle protein synthesis in
older adults to a similar degree as young individuals. These
observations support the notion that, although the sensitivity
to amino acids may be reduced with age, the capacity for
skeletal muscle of older adults to respond to amino acids is
preserved. In addition, it is important to note that aging is
associated with reduced physical activity levels, and thus a
common concern when performing cross-sectional aging
studies is whether the findings are related to aging or inactivity. Indeed, immobilization has been shown to reduce the
response of skeletal muscle protein synthesis to an amino acid
infusion in young individuals (14), and 7 d of controlled inactivity (e.g., bed rest) in older adults substantially reduce the
ability for essential amino acids to stimulate skeletal muscle
protein synthesis (8). In contrast, in a recent study of healthy
volunteers in the Netherlands, age-related muscle protein
synthesis impairments were not observed after ingesting 20 g
of casein (25). Thus, it is interesting to speculate that perhaps
societal discrepancies in daily physical activity and lifestyle
between different cultures/countries could play a role in the
www.acsm-essr.org
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development of muscle protein synthesis impairments to protein ingestion in the elderly. Nevertheless, although we cannot
argue against the fact that aging is associated with a change in
the ability for protein/amino acid ingestion to stimulate protein
synthesis in skeletal muscle, more work is needed to better
delineate between whether the observed changes in skeletal
muscle protein synthesis in response to protein/amino acids
observed with aging is truly a consequence of advancing age or
rather an artifact from reduced physical activity.
The Role of Insulin
As previously discussed, considerable attention has been given
to whether age-related alterations in the metabolic response
to protein/amino acid ingestion contribute to sarcopenia. This
level of investigation is very logical given the robust anabolic
stimulus that amino acid availability presents to skeletal muscle.
However, from a practical standpoint, many meals ingested
throughout the day typically consist of a mixture of macronutrients. The physiological response to the ingestion of multiple
macronutrients presents a very different stimulus to the muscle
in part by exposing skeletal muscle to increasing circulating
levels of anabolic hormones (i.e., insulin) and other metabolic
substrates (i.e., glucose, fatty acids). Interestingly, we have
found that the physiological response elicited by ingesting a
mixed meal interferes with the ability of nutrients to trigger a
protein anabolic response in the skeletal muscle of older adults
(36). Specifically, we have shown that the addition of carbohydrates (40-g glucose) to a mixture of amino acids (40 g)
results in a blunted protein anabolic response in older adults.
This blunted response in older adults seems to be the consequence of the inability for the mixed meal to stimulate skeletal
muscle protein synthesis, as muscle protein breakdown was
reduced similarly in both age groups. These discrepancies in
protein metabolism between age groups occurred despite similar levels of circulating essential amino acids and insulin and
a similar increase in glucose uptake. Furthermore, this agerelated protein anabolic impairment to a mixed meal occurred
even in the presence of a relatively large dose of amino acids
that, when ingested by itself, stimulates skeletal muscle protein
synthesis to a similar degree in young and older adults (37).
Therefore, these data indicate that aging may be associated
with a blunted protein anabolic response to a mixed meal
and that this impairment primarily is caused by a resistance
of skeletal muscle protein synthesis because we did not observe
a differential age response in the ability for the mixed meal to
reduce muscle protein breakdown. The chronic inability for a
mixed meal to stimulate skeletal muscle protein synthesis in
older adults may contribute to the etiology of sarcopenia.
It is well understood that the addition of carbohydrates to
a meal stimulates an increase in circulating insulin. Given
the role of insulin as an anabolic agent for skeletal muscle, we
have performed a variety of studies to determine how aging
affects the response of skeletal muscle to insulin (Fig. 3). For
instance, using a local insulin infusion, in conjunction with
a hyperinsulinemic-euglycemic clamp, we have shown that
postprandial insulin levels are capable of stimulating skeletal muscle protein synthesis in younger individuals, whereas
in otherwise glucose-tolerant older adults, skeletal muscle protein synthesis is not increased in response to postprandial insulin (27). Alternately, we have shown that skeletal muscle
Volume 41 & Number 4 & October 2013

Figure 3. The relationship between skeletal muscle protein synthesis
(A) and blood flow (B) during a local insulin infusion. The ability for insulin
to stimulate skeletal muscle protein synthesis requires an increase in
muscle blood flow. The resistance of muscle protein synthesis to the anabolic actions of insulin in the elderly may be caused by the inability for
insulin to increase blood flow. This resistance to insulin in older adults can
be overcome with previous aerobic exercise. Basal, fasted state (27); Insulin, postprandial insulin levels (27); Supra Insulin, supraphysiological
insulin levels (12); Insulin + NG-monomethyl-l-arginine (L-NMMA), simultaneous infusion of L-NMMA and insulin to inhibit the increase in blood
flow (32); Insulin + sodium nitroprusside (SNP), simultaneous infusion of
SNP and insulin to increase blood flow (33); Aer Ex + Insulin, aerobic exercise performed the night before an insulin infusion (postprandial level)
(13). *Different from basal in respective study, P G 0.05.

protein synthesis can be stimulated in older adults with supraphysiological levels of insulin (12). These data suggest that
insulin is capable of triggering a protein synthesis response
in the skeletal muscle of older adults; however, there seems to
exist an age-related resistance of muscle protein synthesis to
physiological levels of insulin. The resistance of skeletal muscle
protein synthesis to the anabolic actions of insulin likely represents a key contributor to the inability for a mixed meal to
stimulate muscle protein synthesis in older adults.
In addition to its many roles, insulin is a well-described vasodilator through the activation of nitric oxide synthase (35).
However, in older adults, the ability for insulin to stimulate
vasodilatation and increase muscle blood flow seems to be impaired (27), which may represent a mechanism to explain the
resistance of muscle protein synthesis to insulin in older adults.
To test this theory, we performed studies in which we pharmacologically manipulated the muscle blood flow response in
young and older adults during a hyperinsulinemic-euglycemic
clamp (Fig. 3). Specifically, during these clamp studies, we simultaneously infused young individuals with a pharmacological agent (NG-monomethyl-l-arginine) to inhibit the typical
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increase in muscle blood flow (32), whereas older adults were
infused with a pharmacological agent (sodium nitroprusside)
simultaneously to increase muscle blood flow (33). Practically
speaking, these models were used to ‘‘make the young subjects
look old and the old subjects look young’’ with respect to the
typical blood flow response to exogenously produced postprandial insulin levels. Under these circumstances, inhibiting
the typical increase in muscle blood flow in younger individuals blocked the increase in skeletal muscle protein synthesis.
Additionally, elevating muscle blood flow, typical of the response of a younger individual, stimulated skeletal muscle protein synthesis in older adults. Furthermore, the increase in
skeletal muscle protein synthesis was similar to that observed in
the young, indicating that the inability for insulin to stimulate
an increase in muscle blood flow and associated nutrient delivery
to the muscle represents a key mechanism contributing to the
resistance of muscle protein synthesis to insulin in older adults.
These studies highlight that aging is associated with a resistance of skeletal muscle protein synthesis to insulin, which
could represent a key contributor to the etiology of sarcopenia.
This resistance to insulin is not only apparent when exogenous
insulin is introduced to simulate postprandial levels of insulin,
but this resistance also manifests in the presence of elevated
endogenous insulin and circulating amino acids that occur in
response to ingesting a mixed meal. The inability for older
adults to increase muscle blood flow in response to insulin
likely represents an important mechanism contributing to the
resistance of muscle protein synthesis to insulin in older adults
(Fig. 3). Future studies are needed to uncover the mechanisms
that contribute to this age-related resistance of skeletal muscle
protein synthesis to insulin more precisely and to identify
strategies to improve the ability for older adults to increase
muscle blood flow in response to increased circulating insulin.
PROTEIN ANABOLISM IN SKELETAL MUSCLE: EFFECTS
OF EXERCISE AND AGING
Resistance Exercise
Numerous laboratories have studied the impact of resistance
exercise on skeletal muscle protein synthesis, and our understanding of this topic has grown tremendously during the past
20 years or so. It is well accepted that resistance exercise
stimulates skeletal muscle protein synthesis in young individuals; however, an acute bout of resistance exercise does
not seem to elicit the same response in the skeletal muscle of
older adults. For instance, we monitored rates of muscle protein
synthesis for 24 h after a bout of resistance exercise (eight sets
of 10, È70% 1RM) in a relatively large cohort of young and
older adults (11). Protein synthesis was significantly elevated
above resting levels only in the young individuals during the
24-h time course (Fig. 4). The impaired response in older
adults may have been related to the inability of resistance exercise to substantially increase mTORC1 signaling (11), which
is a key component regulating the increase in human skeletal
muscle protein synthesis after resistance exercise (10). Similarly, an age-related impairment in the ability for resistance
exercise to stimulate muscle protein synthesis also has been
observed over a range of exercise intensities (i.e., %1RM)
(20), providing further support that protein synthesis in the
220 Exercise and Sport Sciences Reviews

Figure 4. The response of skeletal muscle protein synthesis to resistance exercise without nutrition (RE Only) (11) and resistance exercise
followed by essential amino acid (RE + EAA) ingestion 1 h after exercise (9)
in young and older adults. Aging is associated with an impaired skeletal
muscle protein synthesis response to RE only; however, this impairment is
overcome with postexercise nutrient ingesting. Furthermore, nutrient ingestion after resistance exercise produces an additive increase in skeletal
muscle protein synthesis in both young and older adults. *Different from
basal in respective study, P G 0.05. #Different from older in respective
study, P G 0.05.

skeletal muscle of older adults may be impaired in response to
resistance exercise.
Does this impaired protein synthesis response to an acute
bout of resistance exercise imply that resistance exercise is not
beneficial as a strategy to slow, or even counter, sarcopenia?
Resistance exercise certainly is capable of increasing muscle
size and strength in older adults (26) and, thus, does represent a
strategy that, at the very least, can be used to slow the trajectory of muscle loss with aging. Although a recent meta-analysis
did identify a negative association between age and gains in
lean body mass with resistance exercise training (26), conclusions from resistance exercise training studies seem equivocal
with respect to age-related impairments in whole-muscle size
and strength gains. However, a blunted response to resistance
exercise training does seem evident in older adults when
changes in muscle fiber size are examined (19,23). Furthermore, the existence of age-related impairments in skeletal
muscle adaptation at the whole-muscle level does seem to become more apparent in advanced age. In particular, adults
older than 80 yr show only modest improvements in wholemuscle size and strength after resistance exercise training and
almost no change in the size and contractile properties of slowand fast-twitch muscle fibers (28,31). This observation indicates that the modest gains in whole-muscle size and strength
in this age group likely were the product of neural adaptations
rather than substantial adaptive changes in muscle protein(s).
Nevertheless, resistance exercise represents a promising strategy
to improve muscle size and function in older adults; however,
more work may be required to maximize the response of older
adults and clinical populations, in particular those who may
not be able to perform traditional resistance exercise.
Aerobic Exercise
Relative to the breadth of studies available investigating
the ability for resistance exercise to stimulate skeletal muscle
www.acsm-essr.org
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protein synthesis, the effect of aerobic exercise on muscle
protein metabolism has received considerably less attention,
although more focus has been given to this area in recent years.
Indeed, acute aerobic exercise has been shown to stimulate
skeletal muscle protein synthesis in the immediate hours after exercise in young individuals (2,16). However, there are
very limited data available on the effects of higher intensity
aerobic exercise in older adults. Aerobic exercise historically
has not received tremendous support as a countermeasure to
sarcopenia, which likely is related to the general idea that
aerobic exercise is thought to produce metabolic adaptations
in muscle primarily rather than increasing muscle size and
strength. However, recent work has highlighted a potential role
for aerobic exercise training as a strategy to slow sarcopenia. In
particular, 12 wk of cycling has been shown to promote similar
increases in muscle size and strength in young and older men
(17). The ability for aerobic exercise to increase muscle size
and strength, especially in older adults, may be manifested
through increasing resting muscle protein synthesis rates (30) or
through increasing the sensitivity of skeletal muscle to insulin or
a subsequent meal (13). With respect to the latter, we have
shown that previous aerobic exercise can overcome the agerelated resistance of muscle protein synthesis to insulin and restore the ability for insulin to stimulate muscle protein synthesis
in older adults (13), highlighting that routine aerobic exercise
may represent a strategy to overcome the resistance of muscle
protein synthesis to insulin with aging. Furthermore, the ability
for aerobic exercise to increase muscle size and strength in older
adults also may work through indirect mechanisms. For instance,
routine aerobic exercise has been shown to promote favorable
effects on mitochondrial function and insulin sensitivity (21).
These favorable adaptations are not only beneficial to metabolic
health, but dysfunction of these metabolic processes also is associated with aging and muscle wasting. Collectively, routine
aerobic exercise may represent a very promising and practical
strategy to overcome the age-related protein anabolic resistance
to a mixed meal and preserve and/or improve muscle health
and function in older adults. However, further work is needed to
more thoroughly identify and understand the ability for various
modes of aerobic exercise to promote protein anabolism in the
skeletal muscle of older adults.
CAN NUTRITIONAL STRATEGIES OVERCOME
PROTEIN SYNTHESIS IMPAIRMENTS TO EXERCISE IN
AGING MUSCLE?
Numerous studies have demonstrated that ingesting nutrients, particularly protein/amino acids, after a bout of resistance
exercise produces an enhanced rate of muscle protein synthesis
and a net protein anabolic environment within the exercised
muscle. Consequently, extensive effort has been made to determine whether coupling exercise with nutritional strategies
may serve as a means to overcome the protein synthesis impairments of aging skeletal muscle, particularly to resistance
exercise. For instance, we have shown, in both younger and
older adults, that ingesting 20 g of essential amino acids shortly
after a bout of resistance exercise stimulates skeletal muscle
protein synthesis to a much greater degree than resistance exercise performed in the absence of nutrient ingestion (Fig. 4)
(9,11). Furthermore, the overall stimulation of muscle protein
Volume 41 & Number 4 & October 2013

synthesis in the immediate hours after this combination was
similar between young and older adults (9). It seems that this
improved muscle protein synthesis response could be the result
of an enhanced ability for the combination of resistance exercise and essential amino acid ingestion to stimulate skeletal
muscle mTORC1 signaling (9,11). These data support the
notion that the age-related resistance of muscle protein synthesis to an acute bout of resistance exercise can be overcome
with the ingestion of postexercise nutrients. However, recent
data indicate that, relative to younger individuals, older adults
may require a larger quantity of protein/amino acids after resistance exercise to stimulate skeletal muscle protein synthesis
maximally (39). This latter finding suggests that the elevated
threshold for protein/amino acids to stimulate muscle protein
synthesis in older adults also is present even when preceded by
exercise, and that aging may require subtle alterations to exercise and nutritional strategies to maximize muscle growth and
the ensuing improvements in muscle function.
A significant amount of work has been conducted by several laboratories to better understand the interaction among
exercise, nutrition, and protein synthesis in skeletal muscle.
Although it is well outside the scope of this review to summarize all this literature, many of these efforts recently have
focused on optimizing postexercise nutritional strategies to
maximize the protein synthesis response of skeletal muscle
and, in particular, examining differences among varying amino
acid compositions (i.e., leucine content) and/or among various
protein sources (i.e., whey, casein, soy) that contain different
intrinsic properties related to the stimulation of skeletal muscle
protein synthesis. For example, in young individuals, we recently examined whether or not ingesting a blend of whey,
casein, and soy protein after a bout of resistance exercise differentially affected the protein synthesis response of skeletal
muscle compared with the postexercise ingestion of isolated
whey protein matched for leucine content (29). Although
skeletal muscle protein synthesis was stimulated by the postexercise ingestion of both the protein blend and isolated whey
protein, ingestion of the protein blend prolonged the increase
in circulating amino acids, mTORC1 signaling, and skeletal
muscle protein synthesis (29). These data suggest that postexercise ingestion of a protein blend may take advantage of
the intrinsic characteristics of each protein source (i.e., absorption rate, leucine content) and promote a longer lasting
anabolic environment for skeletal muscle. How this prolonged response may translate into muscle mass and strength
gains when performed chronically and if similar findings
would be observed in older adults require further investigation.
Despite the overwhelming amount of data supporting the
benefits of postexercise nutrient ingestion to restore muscle
protein synthesis after acute exercise in older adults, there is an
extremely limited number of studies that have determined an
added benefit of coupling protein/amino acid ingesting with
resistance exercise training on muscle size and strength gains in
older adults. However, several factors can influence the overall
muscle protein anabolic response to exercise and nutrition, and
these factors should be considered when examining the findings in current literature. For instance, is the quantity of protein or leucine content ingested after exercise meeting the
specific age-related threshold (18,39); is the daily distribution
of protein or protein supplements being distributed properly
Aging and Muscle Protein Anabolism
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to maximize the daily protein anabolic response (24) or the
response to exercise (1); are the experimental and placebo
groups already ingesting enough daily protein such that additional protein ingestion does not augment the response to exercise (24); and is the study duration long enough to detect an
augmented growth and/or strength response to the training?
These factors likely are important for determining muscle mass
and strength gains with exercise training across a wide spectrum of ages; however, the relevance of each of these factors
may become even more important for controlling the adaptation of muscle to exercise training in older adults.
To gain a broader perspective as to whether or not protein
supplementation during resistance exercise training is beneficial for skeletal muscle size and strength adaptations, a
recent meta-analysis was performed (4). The findings of this
meta-analysis suggested that protein supplementation during
resistance exercise training is indeed associated with greater
increases in muscle strength (1RM) and lean body mass in both
young and older adults. Although this type of analysis cannot
confer cause and effect, the results further highlight the need
for larger randomized controlled trials to determine whether
concurrent protein supplementation can amplify the gains
in muscle size and strength in older adults during resistance
exercise. Of particular interest is if protein supplementation
during exercise and/or rehabilitation can improve anabolic
outcomes particularly in older populations not ingesting proper
quantities of daily protein or older adults not properly distributing
protein throughout the day (24). Similarly, it is intriguing to
speculate that the therapeutic potential for exercise and protein
supplementation may become even more critical for clinical
populations and/or frail undernourished older adults. There certainly is a need for more research to determine the translational
capacity of this treatment strategy for use in clinical practice.

SUMMARY AND CONCLUSIONS
Aging is associated with a gradual reduction in skeletal
muscle size and function termed ‘‘sarcopenia.’’ Although the
precise mechanisms remain to be fully understood, one of
the underlying factors currently thought to contribute to
sarcopenia is an age-related alteration in the ability for stimuli
such as protein/amino acids, insulin, and exercise to substantially increase skeletal muscle protein synthesis in older adults.
Indeed, we cannot deny there is ample support to indicate
that metabolic impairments are present in the skeletal muscle
of older adults and these impairments in protein synthesis to
anabolic stimuli, when sustained over time, likely contribute
to, and may even accelerate, the loss of muscle size and function. However, we argue that the capacity to stimulate skeletal
muscle protein synthesis is preserved with age and when appropriate and targeted strategies are used, nutrition and exercise
are capable catalysts for muscle protein anabolism in older adults
and can serve to preserve/improve muscle size and function.
In addition, distributing appropriate quantities of ingested protein throughout a given day and performing routine exercise
may preserve the protein synthesis response of skeletal muscle
and slow the progression of muscle atrophy. In particular, routine exercise serves to improve insulin sensitivity and the protein anabolic actions of insulin on skeletal muscle. Finally, the
222 Exercise and Sport Sciences Reviews

strategic coupling of exercise and nutrition also represents a
practical strategy that has promise for restoring skeletal muscle
size and function in those older adults who may already be at
risk for the deleterious effects of sarcopenia, and this combination may be even more useful as a strategy to recover physical function in clinical aging populations.
Before exercise and nutritional strategies to slow or reverse
the progression of sarcopenia can be maximized, there are
several areas of research that still require further investigation.
For instance, a better understanding of the precise cellular
mechanisms (Fig. 1) that contribute to sarcopenia and the
observed age-related changes in the protein synthesis response
of skeletal muscle would provide a basis to develop more
promising therapeutic strategies and, in particular, there is an
overwhelming need for in vivo human studies in this area.
Similarly, studies are needed to better differentiate between
the effects of aging and those of inactivity on the progression
of sarcopenia and in the ability for nutrition and exercise
to stimulate skeletal muscle protein metabolism. There also
is a definite need for well-controlled longitudinal studies in
both healthy and clinical older populations to thoroughly
examine the effectiveness of nutrition- and exercise- based
strategies to preserve and/or recover muscle strength and
function. Finally, given the overlap among various factors
that are thought to contribute to sarcopenia (Fig. 2), studies
are needed to define the precise role of muscle protein synthesis impairments on the etiology of sarcopenia relative to
other contributing factors better. These collective research
areas will provide a more thorough understanding of the factors that contribute to the progression of sarcopenia and how
aging may affect protein anabolism, and its regulation, in
skeletal muscle. Consequently, these research areas will provide critical information necessary to maximize the effectiveness of strategies to protect and/or recover muscle size and
function and ultimately preserve independence and improve
quality of life in the expanding aging population.
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