Review

Role of Protein and Amino Acids in the Pathophysiology

and Treatment of Sarcopenia

Hans C. Dreyer, PhD, PT, Elena Volpi, MD, PhD

Departments of Rehabilitative Sciences (H.C.D.), Internal Medicine (E.V.), Sealy Center on Aging (H.C.D., E.V.), University of

Texas Medical Branch, Galveston, Texas

Key words: aging, skeletal muscle, dietary protein, metabolism, anabolism

Sarcopenia, the loss of skeletal muscle mass and function with aging, is a multifactorial condition that slowly

develops over decades and becomes a significant contributor to disability in the older population. Malnutrition

and alterations in the muscle anabolic response to nutritional stimuli have been identified as potentially

preventable factors that may significantly contribute to sarcopenia. Thus, nutritional interventions may be useful

for the prevention and treatment of sarcopenia.

Key teaching points:

* The ability of older muscle to mount a protein anabolic response following amino acid feeding.

* The effects of mixed nutrient feeding on muscle protein metabolism in aging.

 Protein requirements in aging.

Introduction

The current length of the human life span averages 75 to 78
years and may increase to 85 years within the next two decades
[1]. The projected increase in the number of older adults will
most likely result in an increase in the number of persons with
sarcopenia. Sarcopenia is the involuntary decline in lean mus-
cle mass, strength and function that occurs with aging [2—4].
Sarcopenia increases the risk of disability and loss of functional
capacity in the elderly [5], which is not necessarily the result of
disease but is very prevalent in aging adults, including master
athletes [6-9].

Skeletal muscle mass and strength generally peak between
20 and 35 years of age [10]. Thereafter, 3 to 8% of that muscle
mass may be lost per decade, and this loss rate accelerates after
the age of 60 [11-14]. Accompanying the muscle loss is a
reduction in voluntary strength between (about 30% between
50 and 70 years of age) [15]. The majority of strength loss may
be attributed to a preferential loss of Type II muscle fibers
[16,17], which are capable of producing four times the power
of Type I fibers [18], and may explain the reduced muscle

power production of older adults [19-22]. Muscle power has
been suggested to be a better predictor of physical function than
muscle strength in older adults [21]. Moreover, aging is asso-
ciated with declines in muscle quality [12,23]. As sarcopenia
progresses, activities of daily living and mobility are further
impaired, which may result in osteoporosis, falls, fractures,
thrombophlebitis, pulmonary embolism, isolation, depression,
and other adverse consequences. It is estimated that 14% of
persons between the age of 65 to 75 require assistance with
activities of daily living (ADL), and this figure increases to
45% for persons over 85 years of age [1].

Although the etiology of sarcopenia remains to be deter-
mined, several mechanisms have been proposed including:

* Declines in the number and conduction velocity of motor
neurons, specifically the largest diameter and fasted conducting
type II motor units [24,25],

* Muscle fiber alterations such as fiber type conversions favor-
ing slow oxidative fibers or permanent denervation resulting in
a loss of contact between nerve and muscle fiber [17],

* Diminished excitation-contraction coupling [24] which may
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be attributed to the decline in the number of dihydropyridine
receptors [26],

* Mitochondrial DNA deletion mutations subsequent to oxida-
tive damage [27],

* Changes in satellite cell activation/proliferation [28],

* Blunted gene expression [29,30],

* Altered endocrine function (e.g. changes in insulin, growth
factor, and/or cytokine release) and/or impaired tissue respon-
siveness to the hormonal stimuli [31-35],

* Changes in tissue response to nutrients and/or malnutrition
[36-38],

* Diminished physical activity [39].

Sarcopenia, likely results from a compilation of each of the
above factors, albeit in varying proportions depending on the
individual. It remains that skeletal muscle fiber atrophy, regard-
less of the underlying mechanisms, results from the imbalance
between muscle protein synthesis and breakdown.

Over time, the age-associated bias towards skeletal muscle
catabolism leads to a net loss of muscle proteins and the
associated decline in muscle mass and force production. There-
fore, the study of skeletal muscle protein metabolism is a very
useful tool to assess the mechanism(s) that are involved in the
development of sarcopenia. This review focuses on the poten-
tial role nutrition plays in the pathophysiology and treatment of
sarcopenia as it relates to protein synthesis and breakdown.

Amino Acid Administration and Muscle Protein
Anabolism in Aging

The common classification of amino acids into the essential
amino acid (EAA) and non-essential amino acid (NEAA) cat-
egories, according the body’s ability to synthesize them
(NEAA) or not (EAA), is important not only to define the
amino acid synthesis site (endogenous or exogenous), but also
to characterize their effect on protein metabolism. Observations
made in younger subjects point to the EAA as being responsi-
ble for the amino acid induced stimulation of muscle protein
synthesis [40,41], primarily the branched-chain amino acids
[42,43], leucine in particular [44—46]. Whereas, NEAA failed
to elicit an anabolic response even at very high doses [40]. The
absence of EAA from the intracellular pool down-regulates
protein synthetic rates by inhibiting steps in translation [47]
while their presence is stimulatory, and may involve increased
formation of the eukaryotic initiation factor 4E complex, acti-
vation of ribosomal protein S6, and other mechanisms that need
yet to be elucidated [45,46].

Introduction of EAA in young men stimulates muscle pro-
tein synthesis by increasing the amino acid availability for the
muscle cytosol [48,49], although more recent data suggest that
the extracellular availability may be more important than the
intracellular concentration for the amino acid stimulation of
muscle protein synthesis [50,51]. We have shown previously in
older adults that the intravenous (I.V.) infusion of a mixture of
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amino acids directly into the blood stream increased the trans-
port of those amino acids into skeletal muscle [52]. Moreover,
the increased availability of the infused amino acids increased
the muscle protein synthesis rate while leaving protein break-
down unchanged [52].

Parenteral administration (infusion) of amino acids is, how-
ever, un-physiologic as this route circumvents both intestinal
absorption dynamics and first pass splanchnic processing. This
is important because it appears that orally administered protein
digestion rates differentially effect the anabolic response in
young and older adults such that slowly digested protein favors
anabolism in the young whereas proteins digested at a faster
rate favor anabolism in older individuals [53,54]. In addition,
the splanchnic tissues may use dietary amino acids for their
own metabolism [55]. Thus, a proportion of the ingested amino
acids will not be made available to muscle due to the splanch-
nic bed utilization (oxidation and protein synthesis and break-
down) and this first pass extraction may increase with age
[56,57]. Consequently, it appears that older adults extract more
amino acids from oral protein administration at the level of the
liver than do younger individuals.

We recently tested whether that greater amino acid extrac-
tion in older individuals may play a role in the age-associated
chronic imbalance in protein anabolism and catabolism. Using
stable isotope methodologies we measured the response of
splanchnic and muscle protein metabolism to the oral admin-
istration of mixed amino acids in young and older subjects. We
found that despite a higher first pass splanchnic phenylalanine
extraction in the elderly, the delivery of phenylalanine to the
leg and incorporation into final muscle protein, increased to the
same extent in the old as it did in the young [58]. In a follow-up
study we found that an amino acid load could stimulate muscle
protein anabolism in older subjects regardless of the adminis-
tration route (oral or intravenous), confirming that the splanch-
nic tissues are not a limiting factor for the amino acid stimu-
lation of muscle protein synthesis in older people [59].
Collectively, these studies demonstrate that despite a greater
first pass extraction by the gut and liver of orally administered
amino acids, the amino acid-induced muscle protein anabolism
in older subjects is not different from that of younger individ-
uals.

In a recent report, Paddon-Jones and colleagues have shown
that the muscle protein synthetic rates of young and older men
and women were similarly stimulated by the bolus oral admin-
istration of 15 g of EAA [60], which is consistent with our
previous results using the continuous oral or intravenous ad-
ministration [52,58]. Nonetheless, although the muscle protein
synthetic rate increased significantly and similarly in both
young and older individuals 4 hours after the EAA meal [60],
the peak of net phenylalanine uptake by the leg, an index of net
muscle protein anabolism, was delayed and blunted in the older
subjects as compared to the young [60] (Fig. 1). Yet, the
integrated anabolic response over the entire experimental pe-
riod was slightly better in the older subjects. In both young and
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Fig. 1. Effect of an oral essential amino acid bolus on net muscle
phenylalanine balance, an index of net muscle protein anabolism.

older subjects, the net phenylalanine uptake by the leg closely
followed the response of the phenylalanine arterial concentra-
tion to the amino acid bolus, which was sharp and rapid in the
young, blunted and slower in the older subjects. This was
possibly due to either a delay in gastric emptying, which is
often observed in older adults [61], and/or greater uptake at first
pass by the splanchnic tissues with subsequent slower release
of the alimentary amino acids [56,58].

Overall these data indicate that despite some changes in the
splanchnic handling of the alimentary amino acids, the general
response of muscle proteins to amino acids is not significantly
impaired with aging.

Mixed Nutrient Feeding and Muscle Protein
Anabolism in Aging

Despite these findings, prior attempts to attenuate muscle
loss in older adults utilizing nutritional supplements have
proven unsuccessful in humans [62—-64] and in a rat model
[37]. In a study of frail adults, resistance exercise resulted in
increased muscle strength and mass whereas nutritional sup-
plementation alone failed to increase either muscle mass or
strength [63]. However, in that experiment the nutritional sup-
plementation was counterbalanced by reducing energy intake
so that subjects in the supplement group did not increase their
caloric intake [63]. Moreover, the addition of nutritional sup-
plementation to resistance exercise did not increase muscle
mass, strength, and/or muscle protein synthesis above the level
achieved with resistive exercise alone [62—64]. Nonetheless, in
a follow up study, it was found that increasing energy intake
was associated with positive changes in strength and type 1I
fiber size [65].

These reports may appear in conflict with our data indicat-
ing that amino acids supplementation can acutely stimulate
muscle protein anabolism in both young and older subjects
[58,60]. However, our positive data were obtained using a
mixture of amino acids alone, while the studies demonstrating
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no benefit [62—64] or some benefit [65] from nutritional sup-
plements in older adults utilized a balanced meal consisting of
protein, fat, and carbohydrate [62—64]. Thus, the differences in
the makeup of the nutritional supplements could have been
responsible for the disparity between studies.

Consequently, we hypothesized that the protein synthetic
response to feeding may be impaired in aging under certain
circumstances, namely the composition of the nutritional stim-
ulus. Therefore, we have recently completed a set of experi-
ments designed to assess the response of muscle protein syn-
thesis, breakdown and net balance to the ingestion of a mixture
of amino acids combined with glucose in healthy older subjects
as compared to younger controls. Our results demonstrate that
phenylalanine net balance became positive in both age groups,
which indicates that phenylalanine was being retained in the
muscle tissue for protein synthesis, because it is not oxidized in
the muscle. However, the increase was significantly blunted in
the elderly [38] (Fig. 2). Moreover, in the older group protein
synthesis was completely unresponsive to this mixed meal
while protein breakdown was reduced, resulting in a net posi-
tive phenylalanine balance. However, since the increase in net
balance was due almost entirely to a decrease in protein break-
down with no change in protein synthesis, amino acid and
glucose intake overall decreased muscle protein turnover in the
older subjects. Thus, despite its overall anabolic effect, this
combination of nutrients does not appear to be as beneficial for
muscle as amino acids alone because it may reduce muscle
tissue remodeling. These results have been recently confirmed
by another group [66] mimicking the postprandial state using
the hyperinsulinemic, hyperaminoacidemic clamp technique
and point to an impaired activation of the 70 kDa ribosomal
protein S6 kinase (S6K1) as a potential mechanism for the
attenuated protein synthetic response in the elderly.

In the young, on the other hand, the protein synthetic rate
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Fig. 2. Effects of continuous oral administration of balanced amino
acids alone or combined with glucose in young and older adults. *p <
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increased significantly while breakdown was unchanged. Since
our prior work indicated that young and older individuals
responded equally to amino acids and that this response was
due to increased protein synthesis [52,58], these results suggest
that the addition of glucose may abolish the anabolic effects of
amino acids in older adults, probably due to the glucose stim-
ulation of insulin secretion [38]. It is in fact unlikely that
glucose per se impaired muscle protein synthesis, since protein
synthesis is an energy consuming process [67], which may be
limited by lack of energy. Because glucose is the main source
of energy for the muscle during meals and exercise [68], an
increase in glucose availability, as we achieved in our study,
provides additional energy for the muscle cells, thus facilitat-
ing, rather than impeding, the anabolic processes including
protein synthesis.

Protein Requirements in Aging

To compound the muscle metabolic changes with aging
mentioned above, food and energy intake appear to be reduced
in older adults [69], possibly due to a combination of changes
in the taste sensation, alterations in dentition, social isolation
and depression [36]. In addition to the less than optimal food
intake, older individuals appear to substitute protein in prefer-
ence to fat and carbohydrate rich meals, which may again
reflect changes in taste [36].

A recent report from the Institute of Medicine has extended
the protein dietary reference intake (DRI) for adults 55 years
and younger (0.8 g/kg/day) [70] to individuals older than 55
years. However, this recommendation may fall short of the
protein needs of older adults. For example, it has recently been
proposed that protein requirements for older individuals may be
higher than the most recent DRI, and potentially greater than
1.0 g/kg/day [71,72]. Campbell and colleagues (2001) placed
10 healthy older men and women (55-77 years of age) on a
14-week eucaloric diet that contained 0.8 g/kg/day of protein
under controlled conditions. They observed no change over
time in protein turnover, oxidation, incorporation into muscle
proteins (i.e., protein synthesis), or muscle protein breakdown
[71]. However, nitrogen excretion declined, suggesting adap-
tation to a lower intake, and the mid-thigh muscle cross-
sectional area decreased significantly as determined by com-
puterized tomography [71]. These findings are consistent with
our observation of a blunting in the acute response of muscle
protein anabolism to a mixed meal, a defect that when repeated
over time at each meal may result in a net muscle loss. These
data from Campbell and colleagues thus suggest that the DRI
for protein in older men and women may be set too low to
afford preservation of muscle protein mass in these individuals.
Nonetheless, further studies are necessary to exactly define the
protein DRI for older subjects, possibly focusing on various
older age ranges (young-old, middle age-old, and old-old), as
well as on health status, as it is likely that the protein DRI
changes as people grow older and with the development of
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chronic illnesses, most prevalent in the oldest segments of the
population.

Conclusions

The ability of amino acids to stimulate skeletal muscle
protein anabolism appears to be preserved in older subjects,
despite an increased splanchnic amino acid turnover. Nonethe-
less, the combination of carbohydrate with amino acids, which
is more anabolic in younger people, may potentially abrogate
the desired anabolic effects known to occur with amino acids
alone in older adults. This differential response of young and
older muscle to amino acids and carbohydrate combinations
may be due to an age-associated disregulation in the response
of muscle proteins to insulin. Undernutrition and a tendency for
protein to be underrepresented in the daily diet of older indi-
viduals complicate the underlying dynamics of aging muscle. It
appears that eliminating carbohydrate from protein meals for
older adults might be useful in order to maximize the anabolic
effects of the protein is a necessary step to combat sarcopenia.
However, before recommending such a drastic dietary inter-
vention, long term studies are necessary to determine its safety
and efficacy. Further, additional studies are needed to assess
the protein DRIs for the various age and health cohorts of older
subjects, the effects of the incorporation of exercise (endurance
and resistive) to nutritional interventions and the nutritional
timing relative to the exercise bout, the combination of hor-
monal and nutritional interventions, and the optimal interac-
tions therein, in order to better understand and positively im-
pact muscle mass and strength in older adults.
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