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Abstract

Sarcopenia, the age-related loss of muscle mass and strength, is a fundamental cause of frailty, functional decline and disability. In the
year 2000, $18.5 billion in health care costs were directly attributable to sarcopenia. This economic burden will increase dramatically as the
elderly population grows over the next decade. The primary causes of sarcopenia include a sedentary lifestyle and malnutrition. While
resistance training appears to be a promising intervention, older individuals exhibit a blunted hypertrophic response to exercise stimuli. It has
been posited that this decrement in regenerative capacity may be due to the loss of postprandial anabolism as well as an increase in reactive
oxygen species. As such, a combination of resistance training and nutritional interventions may be a promising candidate in combating
sarcopenia. Nevertheless, the mechanisms by which the manipulation of dietary variables may improve the sarcopenic condition are not well
understood. To address this gap in extant knowledge, this review will examine the effects of protein, amino acid and/or antioxidant intake on
sarcopenia both at rest and following resistance training exercise.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The human body undergoes remarkable changes during
the aging process. One significant alteration is the gradual
loss of skeletal muscle after the fifth decade of life, known as
sarcopenia [1]. Sarcopenia is a multifactorial age-related
disease associated with sedentary lifestyles [2], malnutrition
[3] and loss of anabolic and anticatabolic responsiveness to
changes in extracellular amino acid concentrations [4], as
well as an increase in abnormal reactive oxygen species
(ROS) [5]. Sarcopenia is characterized by selective atrophy
and loss of type II myofibers [6,7], which are associated
with a decrement in strength [8], a greater potential of
disability and functional impairment in activities of daily
living [2,9], insulin resistance [10], an increased incidence
of falls and hip fractures [11–13]. The functional limitations
and impairments due to sarcopenia reduce quality of life and
compromise functional independence throughout senes-
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cence [2]. As the number of individuals aged 65 years or
older increase from 13% of the United States population in
2000 to 20% in 2030 [14], a parallel increase of $2 to $6
billion in hip fracture expenditures is projected to occur [11].
Therefore, an understanding of the factors that may delay or
possibly reverse sarcopenia is critical for improving the
quality of life in elderly populations as well as for potentially
decreasing the estimated health care expenditures due to the
aging population.

While its etiology and underlying mechanisms are
complicated, the progression of sarcopenia may be primarily
driven by a failing compensatory effort within skeletal
muscles to stave off degenerative/deteriorative processes.
The catabolic alterations engendered by these degenerative
processes impair the myogenic mechanisms responsible for
maintenance of muscle mass and muscle protein turnover
[6,15,16]. It is well established that interventions, which
have increased physical activity through long-term resistance
exercise training (RET), are particularly effective in
combating sarcopenia through their capacity to enhance
strength, power and mobility [17,18], and induce varying
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degrees of skeletal muscle hypertrophy [6,7]. However, our
current research reveals blunted cellular and molecular
responses [19,20] of myofiber hypertrophy to RET in the
elderly as compared to the young. It is conceivable that the
decrement in the ability to combat catabolic processes and
the attenuated regenerative response to exercise evidenced in
the elderly may be indicative of a general lack of
compensation for the alterations in nutritional needs that
accompany advanced age. Fortunately, an extensive body of
research has begun to elucidate the nutritional mechanisms
that underlie sarcopenia. Therefore, the purpose of this
review was to enhance our understanding of possible dietary
alterations that may counter sarcopenia and the mechanisms
by which they are currently thought to operate. The paper is
divided into three main sections including (1) optimizing
protein and amino acid feedings in the elderly; (2) the effects
of amino acid intake on impaired regenerative capacity in
response to exercise; and (3) the role of oxidative stress in
age-related muscle loss and the possible therapeutic effects
of dietary supplements with antioxidant properties on
countering this phenomenon.
2. Optimizing protein and amino acid feedings in
the elderly

There is a substantial body of research suggesting that
over 80% of the stimulatory effect on protein synthesis
observed after a meal can be attributed to amino acids
[21–23]. In addition to their role in protein synthesis, amino
acids also play a role in the regulation of protein breakdown
[24–26]. Ultimately, these nutrients are provided by a
combination of total protein intake and supplementation of
individual amino acids. The following three subsections will
discuss possible nutritional mechanisms relative to protein
and amino acid consumption, which are posited to explain a
portion of the variance of sarcopenia. These include an
overall inadequate protein intake in aging populations,
resistance to protein synthesis following amino acid feedings
alone or in combination with carbohydrates and a blunted
ability to lower protein degradation after the consumption of
a meal.

2.1. Protein requirements in aging populations

A combined analysis of several key nitrogen balance
studies in aging populations (56–80 years of age) has
indicated greater protein needs for the elderly (1.14 g kg−1

day−1) relative to the young (0.8 g kg−1 day−1) [27]. This
research [27] provides critical information in terms of
inadequate protein intake as a possible mechanism underly-
ing sarcopenia, particularly because protein intake has been
reported as inversely proportional to age [28]. It is estimated
that 50% of the elderly consume less than 1.14 g kg−1 day−1

of protein, while 25% consume less than the recommended
daily allowance (RDA). Furthermore, older individuals
whose consumption levels approach the RDA are at greater
risk for disease than those consuming more than 1.2 g kg−1

day−1 of protein [28].
To date, the gold standard for assessing the effects of

RDA protein consumption on aging muscle is through the
‘adaptation’ and ‘accommodation’ paradigm. Contextually,
‘adaptation’ can be defined as a steady state following a
change in protein metabolism in response to a change in
protein intake, which may enhance or not compromise
physiological function [29]. In contrast, ‘accommodation’
takes place via non-steady-state metabolic changes in
response to a decreased protein intake that occurs to
conserve protein, but only through compromise or loss in
physiological function [29]. With the use of this paradigm
to assess the effects of consuming the RDA for protein in
older individuals, the results of a 14-week study [29]
indicated that nitrogen excretion continually decreased from
Weeks 2 to 14 (21%), suggesting that subjects had not yet
reached a steady state. These decrements in nitrogen
excretion (21%) were significantly correlated (r=0.83)
with decreased mid-thigh muscle cross-sectional area
(−1.7 cm2), suggesting that the RDA for protein leads to
metabolic accommodation. More recent research examining
the mechanisms explaining accommodation [30] suggests
that inadequate protein intake is associated with up-
regulation of transcripts related to the negative control of
proliferation and with down-regulation of transcripts
associated with muscle stem cell (i.e., satellite cell)
proliferation and myosin light and heavy chain formation.

2.2. Anabolic resistance to amino acid feedings in the elderly

Skeletal muscle mass is relatively constant during young
to middle-aged adulthood [31], suggesting that the net
accretion of proteins during absorptive states (i.e., postpran-
dial, following feeding) is equally balanced by net
catabolism during fasting states [8]. However, in the elderly
sarcopenic population, changes in protein turnover result in a
net protein balance which favors a slow but continual state of
net breakdown [4,8,32,33]. The following subsections
address the mechanisms which underlie these age-related
changes in protein turnover.

2.2.1. Age-related changes in protein synthesis
No differences exist in protein balance in the elderly

relative to the young postabsorptive [8] or following
administration of either 30 g of beef protein or 15 g of
essential amino acids (EAAs) [34,35]. However, when given
roughly half this amount of EAAs (6.7 g), the overall protein
synthetic response is blunted in the elderly relative to the
young [4,33]. This anabolic resistance is currently thought to
result from a decrease in leucine sensitivity and may be
countered by increasing the proportion of this amino acid in
the diet [4]. For example, when a 6.7-g bolus of EAAs
enriched with leucine (46% leucine compared to the normal
26% leucine found in whey) is given to the elderly, protein
synthesis is fully restored [4].
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It appears that a number of factors are responsible for the
observed anabolic resistance (Fig. 1). Initially, the elderly
appear to demonstrate declines in both the capacity (RNA/
total protein) and efficiency (muscle protein synthesis/RNA)
for skeletal muscle protein synthesis [36].

Changes in the efficiency of protein synthesis are
thought to be mediated through impairments in mammalian
target of rapamycin (mTOR)-dependent increases in
translation initiation [37]. mTOR is regulated by Ras
homologue enriched in brain (RHEB) guanosine triphos-
phate phosphatase (GTPase), which is active when bound
to GTP [38]. It is suggested that RHEB binds directly to
mTOR, and the strength of this association is proportional
to mTOR's kinase activity [38]. RHEB is positively
regulated by amino acids, insulin-like growth factor-1
(IGF-1) and is inhibited by AMP-activated protein kinase
(AMPK) [4]. IGF-1 and AMPK are thought to control
RHEB by inhibiting and promoting the formation of
Fig. 1. Potential mechanisms by which nutritional interventions may influence prote
a decrease in factors that positively influence protein balance (italicized and highlig
apoptosis (red font). Positive regulators of protein synthesis include mechanical s
insulin (blue stars), both of which activate mTOR through phosphoinositol-3 kinas
inhibition of the formation of tuberous sclerosis complex (TSC) 1 and 2. mTOR in
factor binding protein 1 (eIF4E-BP1), thereby freeing up eIF-4E to initiate transla
Negative regulators of protein synthesis include adenosine monophosphate kina
endothelin-1 (ET-1), which antagonizes insulin-mediated increases in blood flow
substrate to be degraded with multiple Ub molecules via the successive action of U
The Ub pathway is positively influenced by tumor necrosis factor alpha (TNF-α), w
Negative regulators of protein breakdown include IGF-1Ea and C. Leucine has du
dependent increase in protein synthesis, as well as by potentially inhibiting Ub-pat
Apoptosis is positively affected by ROS-mediated activation of the caspase pathway
solid — well established; dashed — not well established) indicate stimulation, an
tuberous sclerosis complex 1 and 2 (TSC1/2), respectively
[39]. TSC2 is a GTPase-activating protein for RHEB,
functioning to lower its capacity to stimulate mTOR kinase
activity, while TSC1 prevents TSC2 ubiquitination.

Total mTOR and p70S6K concentrations in older
skeletal muscle were recently shown to be approximately
50% lower than those in the young [36]. Moreover, the
phosphorylative status of these kinases is blunted in the
elderly relative to the young for any given bolus of amino
acids. This phenomenon is thought to be at least partly
mediated by a fourfold greater concentration of the muscle-
wasting signaling protein nuclear factor kappa beta (NF-
κβ) [36] and a five-fold greater activity of AMPK in old vs.
young rats [40]. Additionally, both the circulating and
intramuscular levels of IGF-1 are depressed in elderly
relative to young participants [6].

In summary, anabolic resistance to amino acid feedings
appears to be explained by an assortment of factors,
in metabolism and apoptosis in sarcopenic muscles. The figure demonstrates
hted) and an increase in factors that negatively influence protein balance and
timuli, which increase IGF-1 Ea (blue stars) and Ec (green stars) as well as
e (PI3K), V-akt murine thymoma viral oncogene homolog (AKT)-dependent
creases protein synthesis through hyperphosphorylating eukaryotic initiation
tion, and by phosphorylating ribosomal protein S6 (rpS6) kinase (p70S6K).
se (AMPK), which enhances formation of the TSC1/TSC2 complex, and
. The ubiquitin (Ub) pathway increases protein degradation via tagging the
b-activating enzyme (E1), Ub-conjugating enzyme (E2) and Ub ligase (E3).
hich increases Ub-pathway expression via an NF-κβ-dependent mechanism.
al effects on protein balance via a Ras homologue enriched in brain (Rheb)-
hway expression via its conversion to β-hydroxy-β-methylbutyrate (HMB).
and is inhibited by both endogenous and exogenous antioxidants. Arrows (↑;
d blocked lines (Т) indicate inhibition.
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including a decreased capacity and efficiency for protein
synthesis, the latter of which is likely explained by decreased
mTOR and p70S6K, and a concomitant decrease and
increase in positive (e.g., IGF-1) and negative regulators
(e.g., AMPK) of this pathway, respectively (Fig. 1).

2.2.2. Age-related impairment in protein synthesis following
a mixed meal

Conditions which demonstrate impaired insulin action
(e.g., type II diabetes) or low insulin concentrations (e.g.,
type I diabetes) are associated with muscle wasting and
impaired protein metabolism [41]. The incidence of insulin
resistance increases with age, likely explaining, at least in
part, the changes in muscle tissue with age [42]. Insulin's
effects on protein synthesis are mediated in part by a nitric
oxide (NO)-dependent increase in skeletal muscle blood
flow [42]. Thus, young individuals increase skeletal muscle
protein synthesis following a meal containing both the
insulin secretagogue glucose and amino acids compared to
amino acids alone [32]. Paradoxically, the elderly demon-
strate decreases in both blood flow and protein synthesis
following the addition of glucose to amino acid feedings
[43]. Impaired vasodilatory responses in the elderly may be
explained by greater vascular endothelin-1 (ET-1) concen-
trations relative to younger subjects [42]. Moreover, this
powerful vasoconstrictor and antagonist of endothelial NO
synthase is inversely related to skeletal muscle blood flow
(r=0.7) following insulin administration [42].

One possible intervention to enhance protein synthesis in
the elderly is through incorporation of aerobic exercise,
which has been demonstrated to decrease ET-1 concentra-
tions independent of age [42]. Furthermore, 45 min of
moderate intensity treadmill running in the elderly (70 years)
was able to simultaneously decrease ET-1 and restore
insulin-induced increases in protein synthesis [42]. These
findings may indicate that the elderly can enhance their
capacity to utilize nutrients through aerobic exercise.

2.2.3. Age-related changes in protein breakdown
The elderly appear to have slightly elevated proteolysis in

a fasting state relative to the young [8]. The ubiquitin-
proteasome-proteolytic pathway (Ub pathway) appears to be
predominantly responsible for the degradation of skeletal
muscle proteins [44]. Briefly, the system is thought to work
through (a) activating Ub molecule(s) through the Ub-
activating enzyme (E1); (b) covalent attachment via Ub-
conjugating enzyme (E2) of the ubiquitin molecule(s) to the
protein targeted for termination; and (c) transfer by Ub-
protein ligase (E3) from E2 to a target proteasome complex
(26-proteasome complex) for degradation [45] (Fig. 1).
Recently, Combaret et al. [46] reported an inhibition of the
Ub pathway after feeding in young (8 months), but not older
(22-month), rats. These impairments in protein breakdown
were associated with increased mRNA expression of Ub, the
26s proteasome complex, E2 ligase and tumor necrosis
factor-α (TNF-α). The mechanisms of increased expression
of the Ub pathway appear to be due to the general increase in
TNF-α signaling [47] (Fig. 1) which activates NF-κβ after
binding to the type 1 TNF-α receptor [48]. This is important,
as nuclear accumulation of NF-κβ appears to be a critical
step in the transcription of components necessary for the Ub
pathway [49] (Fig. 1).

Short-term supplementation of meals with 5% leucine has
been demonstrated to completely reverse age-related
increases in proteasome activities and rates of substrate
ubiquitination, while chronic (10 days) supplementation
fully blunted the increased mRNA expression of the Ub
pathway seen in older rats [46]. Leucine's effects on
proteolysis are maximized at 10–20 times (5–10 mM L−1)
the concentration required for leucine to maximally stimulate
protein synthesis. Thus, it is probable that these effects are
partly mediated by leucine's conversion to β-hydroxy-β-
methylbutyrate (HMB) which has been demonstrated to
decrease total proteolysis and inhibit expression of NF-κβ
[44]. Moreover, Baier et al. [50] found that an HMB-
containing supplement compared to a placebo without
exercise increased limb circumference, grip strength, overall
protein balance and lean body mass (LBM) in 76 elderly men
and women (76 years).

Overall, there is evidence of slightly elevated proteol-
ysis at rest and an impaired ability to depress this process
following meal consumption in the elderly. It is likely that
these age-related changes are explained by greater
expression of the Ub pathway. Dietetic implications
include increasing the overall proportion of EAAs
(particularly leucine) in the diets of aging populations, as
well as potentially supplementing diets with the leucine
metabolite HMB.
3. Effects of amino acid intake on impaired regenerative
capacity in the elderly

3.1. Impaired regenerative capacity in aged muscle
following resistance training

Although RET is a promising strategy for countering
sarcopenia, our current research demonstrates that older
adults (60–75 years) exhibit blunted cellular and molecular
responses [19,20] of myofiber hypertrophy to RET, as
compared to young individuals (20–35 years). These results
may be partially explained by a greater susceptibility to
load-induced myofiber damage and/or an attenuated
regenerative capacity [51] in response to consecutive
resistance exercise bouts. Our findings are supported by
current evidence indicating limited myofiber plasticity at
the single-muscle fiber level in older males (N80 years) in
response to RET [52].

3.1.1. Age-related attenuations in mitogenic and
myogenic capacity

The mechanisms of repair, regeneration and hypertrophy
of myofibers are largely dependent on activation of muscle
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stem cells (i.e., satellite cells) [6,53–55]. One of the
mechanisms by which satellite cells operate is to increase
myofiber nuclei [6]. According to the myonuclear domain
theory, each myonucleus is responsible for the transcrip-
tional regulation of a limited region of cytoplasm [6]. We
have expanded this concept by proposing a theoretical
myonuclear ceiling in which a myonuclear domain (fiber
area per myonucleus) can only expand to an area of
∼2000 μm2 prior to the requisite addition of nuclei for
continued growth [6]. In our previous human study,
employing the direct quantification of the myonuclear
domain and number of satellite cells in 26 young (27.0±1
years, 50% women) and 26 older (63.7±1 years, 50%
women) adults following 16-week RET, we found that
differences in myofiber hypertrophic responses between
young and older adults were partly driven by young men
who were able to increase nuclei per myofiber by 19%, with
no significant changes found in older men [20].

The ability of satellite cells to break quiescence is
dependent on Notch-1 signaling [53–56]. Following injury,
satellite cells in young skeletal muscle increase their
expression of both activated Notch-1 and its ligand, Delta-
1, leading to complete or nearly complete regeneration [53].
Notch-1 activation in aged muscle following injury is
blunted, and the regenerative process either fails or is
incomplete [53–56]. This blunted response is stimulated
when Notch-1 activation is inhibited in young mice, while
forced activation of Notch-1 in old mice restores recovery to
youthful levels [53]. Notch-1 appears to signal satellite cell
proliferation by decreasing the expression of the cyclic-
dependent kinase inhibitors (CDKs) p15, p16, p21 and p27
in satellite cells by inhibiting the binding of pSmad3 to their
promoter regions [56]. In aging muscle, at least one of these
CDKs is generally elevated following injury over a 5-day
sampling period, as is the association of pSmad-3 with their
promoter regions. Moreover, these responses are inhibited by
activation of the Notch-1 signaling pathway [56]. Thus, it
appears that impaired regenerative drive in old muscle is at
least partly explained by an imbalance between Notch-1
(decreased in aged muscle) and pSmad-3 (elevated in aged
muscle) signaling [56].

The activation and incorporation of satellite cells are also
modulated by endogenous anabolic factors such as myogenic
regulatory factors (MRFs: MyoD, myf-5, MRF4 and
myogenin) and locally expressed autocrine/paracrine growth
factors (e.g., IGF-1Ea and Ec) [20]. Sarcopenic muscle
appears to exert a failing compensatory effort during
gradually progressive degeneration and denervation pro-
cesses [20]. We have provided support for a diminished
compensatory capability by demonstrating higher basal
mRNA expression of stress-sensitive MRFs in older
individuals [20]. At rest, myogenin protein expression was
44% higher in older compared with young adults, and MRF4
tended to be higher in older compared to young women
[7,19,20]. However, there was a greater increase in
myogenin mRNA in young compared to older participants
following RET. In summary, aging muscle appears to
attempt to compensate for deteriorative processes by
increasing the expression of factors associated with regen-
eration at rest. Following an actual muscle damaging
stimulus, compared to the young, the elderly display a
blunted capacity to effectively elevate these factors to
optimize the regenerative response.

Our findings have also demonstrated a load-induced
increase in expression of the muscle IGF-1 isoforms
including IGF-1Ea (systemic) and IGF-1Ec (muscle specif-
ic). IGF-1Ec, also known as mechano-growth factor (MGF),
is locally expressed in skeletal muscles in response to the
mechanical load and is known to be a major player in
signaling pathways leading to satellite cell activation for
initiation of the regeneration process of damaged myofibers
[20]. Concurrent with a blunted RET-induced myofiber
hypertrophic response in aged human muscles, we also
observed an attenuated MGF mRNA response in aged
muscles following acute and chronic RET (Fig. 1).

Myostatin, a member of the transforming growth factor-
beta (TGF-β) superfamily, is considered an inhibitor of
satellite cell proliferation and differentiation and thus impairs
muscle regeneration and growth [57,58]. It has been
hypothesized that it is related to sarcopenic processes due
to its roles in skeletal muscle. Although the underlying
mechanisms are not well understood, myostatin has been
shown to interact with Smad2 and Smad3, and it is thought
that this signaling pathway modulates the expression of
MyoD [58]. Moreover, a recent study suggested that
Forkhead Box O1 (FoxO1) and Smad2 transcription factors
control the differentiation of C2C12 myoblasts by regulating
myostatin mRNA and its promoters [58], while a similar
model found that stimulation of myostatin increased cyclin
D1 degradation, inducing cell-cycle arrest [59]. Although
our previous research did not demonstrate any direct
interaction between myostatin and the regulators of cell-
cycle progression in young and aged muscles, we did
observe a decrease in myostatin and p27kip with a
concomitant increase in IGF-1 isoforms and cyclin D1
mRNA expression following RET [5,19]. Interestingly,
following an acute loading bout, older individuals experi-
enced a blunted response to lower myostatin mRNA levels,
while cyclin B1, the positive cell-cycle regulator, increased
only in young participants, which may at least partially
explain the impaired regenerative capacity observed in
untrained aged muscles compared to young muscles [19].
Intriguingly, however, long-term RET has ameliorated some
of these age-related attenuations [5].

3.1.2. Age-related attenuations in load-induced protein
synthesis/breakdown

Our data (under review) and others also clearly
demonstrate a blunted protein synthetic response following
muscle overload in the elderly [60], while greater muscle
tissue damage leads to a prolonged period of muscle protein
degradation relative to the young [40]. Diminished load-
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mediated anabolic responses, including reduced responses in
activation of downstream targets of Akt/mTOR signaling
and phosphorylation of extracellular signal-regulated kinase
in aged muscles to an acute external mechanical stimulus,
have been demonstrated [61]. These blunted protein
synthetic responses appear to be involved in the greater
activity of phosphorylated AMPK in the elderly [40], while
increased proteolytic activity in this context would relate to a
loss of membrane integrity and/or increased levels of
circulating inflammatory and catabolic cytokines (e.g.,
TNF-α) [62].

These findings clearly demonstrate that myofiber regen-
erative capacity is compromised in aged muscles. However,
current data suggest that certain nutritional interventions
such as high-protein intake or an increased intake of the
branched chain amino acid (BCAA) leucine with RET may
help to reverse impaired regenerative drive in sarcopenic
muscle by enhancing anabolic pathways and inhibiting
catabolic pathways [63]. In general, milk-based products
range from a 10% (milk isolate, casein) to 12% (whey)
leucine content, while meat and egg-based products contain
approximately 8–9% leucine [64]. In contrast, plant-based
products such as wheat protein fall below 8% leucine,
suggesting they are not optimal for stimulation of skeletal
muscle protein synthesis. Furthermore, if any nutrients
possess the capacity to provide protective effects that sustain
sarcolemmal integrity [65], they would be expected to
partially or completely reverse the observed age-related
deficits in net anabolism following RET. It has been
documented that oral postexercise amino acid supplementa-
tion induces a synergistic effect on the contraction-induced
escalation of muscle protein synthesis following an acute
resistance exercise bout [66] and ultimately enhances
hypertrophy in response to RET [67,68].

3.2. The importance of adequate energy intake in the elderly
during RET

As previously stated, older individuals have to fight
against an impaired sensitivity towards stimulating protein
synthesis from nutritional intake, as well as a reduced
response with regard to protein turnover following exercise
[69]. It is possible that inadequate substrate to support full
regeneration underlies age-related impairments in hypertro-
phy. A foundational work by Singh et al. [70] demonstrated
the importance of adequate energy intake in frail elderly
during RET. This research group investigated the effects of a
360-cal nutritional supplement composed of 60% carbohy-
drates, 17% soy protein and 23% fat alone or with a 10-week,
3 days week−1 RET program in 100 frail elderly men and
women (72–98 years) who consumed slightly less than the
RDA in energy intake. They found that the RET plus
supplement group gained more than double the strength as
compared to the RET-only group. Only the RET plus
supplement group showed an increase in type II fiber area
(10.1±9.0%). Furthermore, the changes in strength were
associated with alterations in caloric consumption following
supplementation (r=0.67), while changes in type II fiber area
were correlated with baseline energy intake (r=0.64). Thus, it
appears that a nutritional supplement (i.e., increased caloric
intake) can enhance strength and muscle tissue growth in
hypocaloric aging populations. Interestingly, the additional
caloric intake did not alter the levels of RET-mediated
muscle IGF-1 and myosin expression, suggesting no
synergetic effects of the additional caloric intake on
regenerative muscle capacity in the frail elderly during
RET [70]. Further research suggests that undernourished
frail elderly men and women who are not engaged in RET
lower their daily caloric intake subsequent to a 360-cal
supplement, resulting in no change in net caloric intake
[71,72]. However, when supplementation is combined with
RET, total caloric intake and weight increase [71,72],
suggesting that RET may change satiation and appetite
dynamics in the elderly. Finally, it is noteworthy that the
addition of a high-protein supplement can increase muscle
size and strength during RET [3] in frail elderly when a
baseline diet providing the RDA in energy and protein intake
is clamped.

3.2.1. The ability of increased protein supplementation to
increase regeneration during RET in the elderly

A number of investigations have evaluated the effects of
high-protein supplementation with and without RET on
healthy and frail elderly populations [3,73,74]. For example,
a 560-cal high-protein supplement increased mid-thigh
muscle cross-sectional area to a greater extent than a
nonsupplemented group when combined with RET in a
population of healthy elderly men (61 to 72 years) [73]. The
supplemented group consumed an average of 118±10 vs.
72±11 g of protein compared to the nonsupplemented group.
Changes in mid-thigh muscle area were correlated with both
a change in energy (r=0.7) and protein (r=0.63) intake during
the 12-week program, suggesting that a high-protein
supplement can enhance muscle tissue accretion in healthy
participants consuming near the RDA in energy and protein.
In addition, Bos et al. [3] investigated the effects of a drink
containing 30 g of protein and 50 g of carbohydrate in frail
undernourished elderly participant's ability to regenerate
following admission to the hospital with a reported minimum
of 5% bodyweight lost. Their findings suggested that raising
protein intake to a moderately high range while in a eucaloric
state via the use of a supplement in elderly patients was able
to increase fat-free mass by 1.3 kg compared to 0.1 kg in the
nonsupplemented group. Moreover, these changes were
explained by an increase in fasting protein synthesis, of
which 46% of the variance was explained by increased
protein intake following supplementation.

The ability of EAA supplementation to reverse the
blunted protein synthetic response to RET in the elderly was
demonstrated by comparing RET with and without EAA
supplementation. When analyzing the effects of RET alone,
it was recently found that while the elderly were able to
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increase protein synthesis in a dose-dependent manner to
rising training intensities, these responses were blunted
relative to the young [75]. The elderly are also resistant to
the anabolic properties of amino acids in small boluses
[4,33]. However, when large boluses of amino acids are
consumed (15 g), the elderly are able to stimulate protein
synthesis similar to the young [34]. A recent study found
that a similar 15-g bolus of EAAs administered 1 h after
RET performed at 70% of the 1 RM (repetition maximum)
was able to equalize protein synthesis over a 5-h period in
young and elderly participants [69]. Moreover, unlike RET
alone, the phosphorylative status of all indices of the mTOR
pathway increased from 1 to 6 h, with no differences
observed between groups. Interestingly, however, the
kinetics of protein metabolism were altered as the young
increased protein synthesis from 1 to 3 h, with no apparent
response in the elderly, while at 3–6 h protein synthesis had
surpassed the young, equalizing the overall accretion of
muscle protein. This latter result is most likely explained by
a significant increase in AMPK phosphorylation status in
the old at 1 and 3 h, but not in the young.

Intriguingly, a number of studies have not found benefits
from protein supplementation [74,76,77]. For example, 12 g
of EAAs combined with 70 g of dextrose administered
immediately following RET did not affect muscle strength or
size in elderly men in a 12-week program [76], and Welle et
al. [77] found that a high-carbohydrate meal containing 10–
15% protein did not enhance adaptations to a chronic RET
program either. As discussed previously, in contrast to young
individuals, the elderly appear to display a blunted protein
synthetic response when insulin is greatly increased, most
likely as a factor of impaired blood flow [42]. Thus, it is
conceivable that meals containing high glycemic index
carbohydrates such as the 70 g of dextrose discussed above
resulted in large increases in insulin levels, subsequently
decreasing skeletal muscle hypertrophy. This contention is
supported by a study conducted by Esmarck et al. [67], who
found that a protein supplement with only 7 g of
carbohydrates administered immediately following RET
was able to enhance the mean fiber area and cross-sectional
area of the vastus lateralis and quadriceps femoris in a
population of elderly adults.

3.3. Protein quality and its effect on skeletal muscle
regeneration in the elderly following RET

The quality of a protein is generally defined as the capacity
of the protein source to deliver EAAs to the individual [78]. In
general, meat-based products contain higher EAAs than
vegetable-based proteins. In this context, Campbell et al. [78]
investigated the effects of an omnivorous diet compared to a
lacto-ovo vegetarian diet on muscle strength and size in
elderly males (51–69 years) participating in a 12-week RET
program. The omnivorous diet increased LBM by 2.4 kg and
decreased body fat by 1.4%. In contrast, the lacto-ovo-
vegetarian diet resulted in a slight loss of LBM (−1.2 kg) and
an increase in 1% body fat. These findings are in agreement
with results obtained by Pannemans et al. [79], who reported
that elderly women experienced a greater inhibition of protein
degradation and had a higher net protein balance when
consuming a diet high in animal protein (15.1% of energy;
5.0% from animal protein), as compared to those consuming
a diet high in vegetable protein (14.5% of energy; 5.1% from
vegetable protein).

There are a number of possible explanations for these
results. First, the evidence clearly demonstrates that net
protein balance increases proportionally to extracellular
levels of EAAs [80]. Therefore, diets higher in EAA content
would be predicted to elicit an overall greater stimulus on
protein balance. A second explanation concerns the
efficiency of EAA uptake by splanchnic tissue relative to
the nonessential amino acids. Splanchnic uptake accounts for
up to a 90% extraction rate of individual amino acids [80],
effectively reducing their availability in peripheral tissues.
BCAAs are unique in their ability to escape splanchnic
uptake. As an illustration, after consumption of beef, more
than half of the amino acids released from splanchnic tissues
are BCAAs, even though beef is composed of only 20%
BCAAs [81]. A further analysis of the total activity of
branched-chain aminotransferase and branched-chain alpha-
keto acid dehydrogenase, the enzymes responsible for the
first two steps in BCAA degradation, indicates that more
than 50% of the capacity to degrade BCAAs lies within the
skeletal muscle tissue, with the liver accounting for only
20% of the degradation capacity. These findings suggest
that, of the 20 amino acids, BCAAs have the greatest
opportunity to interact with peripheral tissues, making them
candidates for the regulation of both the structure and
function of skeletal muscle tissue. Therefore, protein sources
with lower EAA and particularly BCAA content will likely
be taken up by splanchnic tissues with greater efficiency than
protein with a higher content of these amino acids. For
example, Martinez et al. [82] found that a legume-based diet
caused severe atrophy of the gastrocnemius muscle com-
pared to a casein-based diet in rats. These findings were
attributed to lowered muscular protein synthesis in the
legume-based condition, with a subsequent higher rate of
liver protein synthesis.

As discussed, a growing body of evidence suggests that
the EAA content of a diet affects protein accretion in elderly
men and women. Because meat-based diets are higher in
EAA content, the elderly are suggested to consume a diet
rich in lean sources of meat-based products or to consume
EAA supplements in combination with RET.

3.4. Effects of the leucine metabolite, HMB, on sarcopenic
muscle during RET

Within the last decade, the importance of long-term EAA
intake has been recognized as an important component in the
prevention and treatment of sarcopenia [4,46,83–86].
Exogenous amino acids can stimulate net muscle protein
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synthesis in sarcopenic muscle simply by increasing amino
acid availability [86]. As previously explained among the
EAAs, leucine has been found to be a crucial component
within an amino acid complex to combat sarcopenia. The
underlying mechanisms of leucine's effects can be explained
by recent evidence by Han et al. [63], who demonstrated that
a 30-min leucine treatment of primary myogenic muscle
stem cells (satellite cells) resulted in favorable responses
related to protein synthesis and myogenesis, such as
increases in the phosphorylation of mTOR (+83%),
p70S6K (+191%) and 4EBP-1. Interestingly, the effects of
leucine treatment were similar to those of IGF-1 treatment
[63], which is one of the well-known stimulators of skeletal
muscle growth and satellite cell proliferation.

In addition, leucine appears to decrease muscle wasting in
a number of conditions, and it mediates these effects via its
conversion to HMB, as previously indicated [87]. The
mechanisms of HMB activity appear to be important for
aging populations that demonstrate greater load-induced
myofiber damage [88], protein degradation and an attenu-
ation of protein synthesis following exercise relative to the
young [88]. Upon more detailed investigation, intramuscular
HMB concentrations were suggested to provide readily
available substrate for the synthesis of cholesterol, facilitat-
ing formation and stabilization of the sarcolemma [87,89].
This is thought to occur via HMB's conversion to 3-
hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA),
which increases cholesterol formation by raising the activity
of its rate-limiting enzyme HMG-CoA reductase. Aside from
its structural properties, HMB has been demonstrated to
signal the simultaneous increase and decrease in protein
synthesis and proteolysis in both aging [50] and clinically
cachexic conditions [44]. As previously discussed, HMB
appears to at least partly exert its effects on proteolysis via
depressing NF-κβ expression, while its effects on protein
synthesis are mTOR dependent, the latter of which occurs
through either direct stimulation of the mTOR pathway or
through HMB's capacity to increase the expression of
growth factors (e.g., IGF-1) [37,90].

Given its protective effects on the sarcolemma [65] and
capacity to subsequently enhance and depress anabolic and
catabolic pathways [91], HMB would be a good candidate as
a dietary supplement to partially reverse deficits in net
anabolism in sarcopenic muscle following RET. This is
supported by data demonstrating that HMB combined with
resistance training in an elderly group led to larger gains in
lower (13% vs. 7%) and upper (13% vs. 11%) body strength
than supplementation with a placebo. However, further
studies are necessary to determine its optimal dosage and
duration in the elderly population with and without RET.
4. The role of oxidative stress in age-related muscle loss

It is currently thought that sarcopenia is at least partly
explained by the up-regulation of oxidative metabolism and
the ensuing increase in abnormal ROS [92]. Accumulation of
ROS can induce higher rates of cellular damage to important
substances such as deoxyribonucleic acid (DNA), proteins
and lipid-containing structures [93–95].

Mitochondria are the center of aerobic metabolism and
are consequently a major source of ROS production [96]. As
such, these structures are a target for oxidative damage.
During the aging process, increased oxidative stress leads to
the modification of mitochondrial DNA (mtDNA), which
can prevent protein synthesis and ATP production, and result
in increases in necrosis and apoptosis [97,98]. The
mitochondria can induce apoptosis via cysteine-dependent
aspartate-specific protease (caspase) activation [99]. More-
over, it was demonstrated that the progressive decline in
muscle weight with advancing age was associated with a
simultaneous increase in apoptotic DNA fragmentation,
which was correlated to rising levels of cytosolic and nuclear
levels of active caspase-9 in old and senescent rats [100]. In
addition to mediating apoptotic processes, ROS production
may affect skeletal muscle morphology and function.
Specifically, the sarcopenic phenotype is characterized by
chronic low-grade inflammation, resting muscle damage
(e.g., extensive Z-band streaming, or zigzagging) and, in
some cases, complete disarray of the myofibril architecture
[70]. The mechanism may be tied to increased ROS
production in aging muscle, which appears to be related to
muscle damage.

ROS have been reported to be related to muscle damage
and appear to modulate skeletal muscle contraction by acting
on the functional status of Ca2+ channels [62]. Calcium is
one of the major factors involved in the increase of ROS
production in the mitochondria. In fact, Ca2+ uptake by the
sarcoplasmic reticulum is reduced during aging, and this
reduction serves to increase both intracellular and mitochon-
drial Ca2+, leading to ROS generation, muscle protein
oxidation and necrosis. Accumulation of Ca2+ in the
mitochondria can serve as an impetus for opening of the
permeability transition pore (PTP), which plays a critical role
in mediating cell death [101]. In particular, the opening of
PTP leads to damage of the outer mitochondrial membrane
by increasing solutes in the mitochondrial matrix and
intermembrane space [102]. The resultant dysfunctional
mitochondria accelerate ROS production, eventually leading
to myofiber death [99]. The impaired integrity of the outer
membrane may also be explained by an increase in the ratio
of pro-apoptotic (e.g., Bax, Bid) to anti-apoptotic (e.g., Bcl-
2) members of the BcL-2 family. An increase in oxidative
stress or other apoptotic stimuli triggers Bid to stimulate a
conformational change in Bax, permitting its entry into the
outer mitochondrial membrane and thereby increasing
mitochondrial permeability to apoptotic factors [100,103–
105]. However, this process is inhibited by BcL-2. A number
of studies suggest an increase in the ratio of Bax and Bid
with age in both resting and overloaded muscles [103–105].
Moreover, both the increase in Bax and Bid were associated
with an increase in oxidative stress.
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An additional and plausible theory for age-related
impairments in muscle tissue considers the oxidative stress
of satellite cells. Renault et al. [106] reported that a single
bout of oxidative stress induced a loss of viability, a shorter
lifespan and a substantial decrease in the proliferative
capacity of satellite cells. They also demonstrated a
significant decrease in the number of satellite cells in aging
muscle, making it plausible that a reduction in myofiber
number with age is a factor of an impaired ability to
regenerate when the need arises. The increase in ROS
production with age is compounded by the finding that
satellite cell antioxidant capacity decreases during later years
of life.

4.1. Effects of antioxidant supplementation on antioxidant
systems in aged muscle

The human body is equipped with intricate antioxidant
defense systems that continually manage oxidative stress.
Antioxidant systems are supported by enzymatic and
nonenzymatic antioxidants that work in concert to counteract
ROS [107]. The major enzymatic antioxidants include
superoxide dismutase [108], glutathione peroxidase (GPx),
catalase (CAT) and glutathione reductase [109]. These
enzymes work to improve or maintain an antioxidant
balance, and to prevent oxidative damage by scavenging or
preventing transformation of ROS to intracellular molecules
and inhibiting their conversion to more deleterious forms.
Manganese SOD located in the mitochondria and cytosolic
SOD can catalyze the conversion of superoxide anions into
hydrogen peroxide [110]. GPx is located in the same area as
SOD isoforms, while superoxide dismutase and CAT are
located in the cytosol and mitochondria of the heart where
they work to convert hydrogen peroxide and organic
hydroperoxide into water. However, ROS overwhelms the
endogenous antioxidant defense system during the aging
process, causing detrimental modifications of myofiber
cellular proteins, lipids and DNA [93,111,112].

Endogenous nonenzymatic antioxidants that enhance
antioxidant systems include vitamin C, E, glutathione,
carotenoids, flavonoids and ubiquinones. Moreover, several
trace minerals exist, including copper, iron, manganese,
selenium and zinc [113–116]. These components play
important roles by contributing to the antioxidant system as
cofactors for antioxidant enzymes. Nunes et al. [117]
reported significantly increased caspase-like activation in
chicks fed a vitamin E and selenium-deficient diet. They
also demonstrated that caspase-like activation and cell
death in skeletal muscle are induced by oxidative stress or
an antioxidant-deficient diet. Rafique et al. [118] accumu-
lated data during a 48-week vitamin E-deficient diet in 21-
day-old rats. They found significantly elevated lipid
peroxidation levels, decreased cytochrome oxidase activity
and an age-related decreased rate of reduced nicotinamide
adenine dinucleotide coenzyme Q1 reductase activity in the
gastrocnemius muscle.
The antioxidant defense system can be augmented with
appropriate dietary levels of antioxidants and/or supple-
mentation. A number of studies have been conducted in an
attempt to improve antioxidant systems via exogenous
administration of antioxidant supplementation [119–123].
Rebrin et al. [124] investigated the effects of supplemen-
tation with a combination of antioxidants on oxidative stress
in skeletal muscle tissue homogenates and mitochondria in
senescence-accelerated mice. Mice were fed vitamin E and
C as well as a blend of bioflavonoids, polyphenols and
carotenoids for 10 months. Antioxidant supplementation
resulted in significantly elevated activities of glutathione
and a reductive shift in the glutathione redox state in muscle
homogenates and mitochondria compared to the control
group. However, Sumien et al. [125] found that increasing
skeletal muscle mitochondria α-tochopherol concentrations
by 100% after supplementing 21-month-old mice with α-
tocopheryl acetate for 13 weeks only tended to reduce
oxidative stress. As the above findings were not statistically
significant, it is possible that antioxidant supplementation
can be optimized by a combination of exogenous
antioxidants. For example, glutathione supplementation
lowered mitochondrial DNA damage when combined with
either vitamin C or E, but not when it was administered
alone [126].

In addition to improving the indices of oxidative stress, a
very recent paper [127] indicated that antioxidant supple-
mentation could reverse the classic anabolic resistance to
leucine discussed previously. In particular, supplementation
with a mixture containing rutin, vitamin E, vitamin A, zinc
and selenium in 20-month-old rats restored their reduced
ability to stimulate protein synthesis following leucine
administration. The mechanism behind these changes
remains to be found as it was independent of changes in
oxidative damage to p70S6K. However, it is conceivable
that 7 weeks of antioxidant supplementation lowered
inflammation or improved the energetic state of the cells,
which would subsequently lower AMPK activity. Alto-
gether, the above studies suggest that a diet supplemented
with a combination of antioxidants can increase antioxidant
defense, lower oxidative damage and improve protein
balance during senescence.

Antioxidants are found in varying amounts in foods such
as vegetables, fruits, nuts and spices. Vegetables richest in
antioxidants include beans, artichokes and russet potatoes.
Fruits richest in antioxidants are cranberries, blueberries and
blackberries [128]. Nuts highest in antioxidants include
pecans, walnuts and hazelnuts, while ground cloves,
cinnamon and oregano appear to contain the greatest
antioxidant status among spices [128].
5. Summary and conclusions

The purpose of this manuscript was to review plausible
dietary mechanisms that may underlie the sarcopenic
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phenotype. Evidence was presented that the elderly demon-
strate a progressive loss of lean mass when consuming the
RDA for protein (0.8 g kg−1 day−1) and appear to ultimately
require greater protein, particularly BCAA intake, per meal
and per day relative to the young to achieve nitrogen balance.
The elderly appear to lack the ability to increase protein
synthesis and inhibit degradation following a standard RDA
meal. However, these decrements in protein turnover are
apparently restored after supplementation with leucine, an
effect thought to be partly mediated by the amino acid's
conversion to HMB.

While RET has been demonstrated to increase skeletal
muscle mass in the elderly, our research strongly suggests
that these responses are blunted relative to the young. The
lack of responsiveness to changes in mechanical load is
likely explained by impaired sarcolemmal integrity, a
heightened susceptibility to muscle damage and subsequent
protein breakdown, as well as a decrease in the ability to
elevate protein synthesis following exercise. Increasing
one's intake of high-quality protein (animal-derived pro-
ducts) may enhance the regenerative drive in aging muscle
by concomitantly increasing protein synthesis and lowering
protein degradation. Moreover, the leucine metabolite HMB
was implicated as a possible derivative capable of lowering
muscle damage and speeding reparative processes.

The final topic discussed was the role played by ROS in
apoptosis and protein balance. An increase in ROS and a
decrease in endogenous antioxidant defense mechanisms are
observed with age. Data were presented that an increase in
the administration of antioxidants lowered the indices of
oxidative damage and apoptosis in aging populations.
Moreover, recent research suggests that antioxidant admin-
istration may also reverse anabolic resistance to leucine
feedings by an unknown mechanism.

In conclusion, sarcopenia appears to be mediated by a
number of factors that seem to indicate changing nutritional
needs with age. These changing requirements suggest the
need to increase the proportion of high-quality proteins and
the importance of consuming a diet rich in antioxidants.
Although the importance of exercise was not the emphasis
of this review, dietary interventions combined with a
proper RET regimen may be the most efficient means of
combating sarcopenia.
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