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Abstract
Loss of muscle mass and function
is inherent to aging. Severe muscle
loss is termed “sarcopenia.” Loss of
muscle strength and function not
only decreases mobility and quality
of life, but also is related to numer-
ous unfavorable health outcomes. Hormonal, exercise and
nutritional therapy can all play a role in lessening the rate 
of muscle loss with aging.

Introduction
Sarcopenia of aging refers to severe loss of muscle mass

associated with aging. A proposed definition of sarcopenia is
a reduction in lean body mass to less than two standard devi-
ations below the norm for young individuals of comparable
body mass index. A corresponding loss of muscle strength and
functional capacity is implicit in the definition of sarcopenia.
Most importantly, the loss of muscle mass and strength with
aging is a continuum, and it appears that, with rare exceptions,
no one is exempt from this response. A wide variety of studies
performed in healthy elderly subjects indicate losses in strength
of 30% or more by the seventh decade of life as compared to
young adult strength1 (Table 1). Maintenance of muscle mass,
strength and metabolic function is key to the quality of life with
advancing age, and recent evidence suggests that even morbidity
and mortality are related to the maintenance of these factors
at a reasonable level.

Is Adequate Muscle Mass and Strength 
Important for Health?

The role of muscle in performing activities of daily living,
as well as recreational activities, is well-known. The metabolic
role is much less appreciated. Muscle plays a central role in
whole body protein metabolism and is important in maintain-
ing normal plasma glucose concentrations.2

All body protein is in a constant state of turnover, i.e., synthe-
sis and breakdown. Thus, the extent of gain or loss of protein

in a tissue or organ at any point in
time is determined by the balance
between protein synthesis and break-
down. Amino acids from protein
breakdown can be reutilized within
a tissue for protein synthesis, but
only very unusual circumstances

would allow a sufficient reutilization of amino acids within a
tissue to enable complete balance between synthesis and break-
down. This is because there is generally a certain amount of
oxidation of amino acids within tissues and some efflux into
the blood where amino acids can transit to the liver for metab-
olism and excretion. 

A catabolic state results in any tissue when the synthesis
of protein is less than breakdown. A catabolic state will result
in loss of tissue protein at a rate dependent on the rate of protein
turnover and the extent of imbalance between protein synthesis
and breakdown. A catabolic response can be counted only by
sufficient uptake of amino acids from plasma to balance the amount
of amino acids lost from the intracellular pool, through either
oxidation or outward transport. However, in the fasted state
there is no absorption from the intestines to supply amino acids
to the blood. Consequently, amino acids must be released into
the blood from tissues that can afford a transient loss of protein
to provide necessary precursors for synthesis in other tissues
whose protein supply is indispensable. In the fasted state, muscle
is the only tissue in the body with adequate protein reserves
that tissue protein catabolism can be sustained for a significant
length of time without significantly affecting health.

Consequently, in fasted conditions there is a net breakdown
of muscle protein in order to provide amino acids to the blood
so that tissues whose protein content cannot be markedly labile,
such as skin, heart and brain, can derive precursors to maintain
protein balance even in the absence of food intake. The loss of
muscle protein in the fasted state is reversed in the fed state, so
that if adequate protein is eaten, there will be no net change in
muscle protein content over the course of the day. In contrast,
tissues that maintain their protein mass in the absence of food
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absorption usually do not require the deposition of excess
protein in the fed state.

The clinical and nutritional implications of the role of
muscle protein in overall whole body protein metabolism are
twofold. Adequate muscle mass is needed to maintain circu-
lating plasma amino acid concentrations to support protein
synthesis during periods when food is not being absorbed or
protein from vital tissues will be lost, and repletion of muscle
protein is the primary metabolic role of absorbed amino acids
resulting from the digestion of dietary protein. In stressed
states, such as the response to infection or inflammation, the
demand for amino acids from muscle protein breakdown is
increased because of increased requirements for protein syn-
thesis that may be required for enhanced immune function,
wound healing and other responses. 

At the same time, the response to stress that enhances the
rate of muscle protein breakdown desensitizes the muscle to
the normal anabolic effect of ingested protein.3 Consequently,
muscle degradation in stressed states can be quite rapid and
is termed “cachexia,” which is distinct from sarcopenia.4 An
elderly individual who has adequate muscle protein for normal

life may acutely lose enough
muscle protein in the cachectic
state that it is not possible to
maintain adequate fasting amino
acid levels, with catastrophic re-
sults as protein is lost from es-
sential tissues. For this reason,
clinical responses to the rapid
loss of muscle mass in elderly is
often manifested in a “threshold”
response, with little adverse ef-
fect noted until muscle mass be-
comes less than the necessary
threshold, at which point sur-
vival is directly affected.

Relation of Muscle Mass
to Health Outcomes 
in Elderly

Maintenance or enhancement
of muscle mass is important in
optimizing health outcomes in
aging individuals. Numerous 
examples have been provided in
recent literature.5-7 The relation
between thigh muscle cross-sec-
tional area and mortality in pa-
tients with chronic obstructive
pulmonary disease (COPD) is an
excellent example. In the study
by Marquis et al.,5 patients with

COPD were categorized according to severity of disease and
extent of muscle loss. There was minimal effect from the
severity of disease on the probability of surviving five years
in patients in whom muscle mass (as reflected by thigh muscle
cross-sectional area) was essentially maintained, but in indi-
viduals with severe disease the loss of muscle mass had a direct
impact on survival. Individuals with severe disease and a low
muscle mass had less than 40% probability of surviving five
years, whereas five-year survival was greater than 80% in 
individuals with the same classification of disease with minimal
muscle loss. 

The same pattern of response is observed in terms of the
amount of body protein and the recurrence of lung cancer.6

Relapse-free survival over a five-year follow-up was found to be
greater than 40% in individuals whose body protein increased
by more than 5%. Survival dropped to 30% after two years if
there was less than a 5% change in total body protein over that
time, and if total body protein dropped more than 5%, there
was no survival beyond one year. Similarly, the relative risk of
death in patients with end-stage renal disease has been reported
to be directly related to the amount of muscle mass.6
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Table 1. Age-Related Changes in Knee Extensor Strength1

% of Young 
Study Gender Age/Decade Testing Condition Adult Strength

Larsson et al. M 7th Isometric 75

Murray et al. M 8-9th Isometric 55

Murray et al.  F 8-9th Isometric 63

Young et al.  F 8th Isometric 65

Young et al.  M 7th Isometric 61

Overend et al.  M 7-8th Isometric 76

Ivey et al. M 7-8th Isometric 76

F 7-8th Isometric 75

Poulin et al. M 7-8th Isokinetic (90°/s)

Concentric 68

Eccentric 81

Isokinetic (180°/s)

Concentric 69

Eccentric 98

Vandervoort  F 7-8th Isokinetic (90°/s)

et al. Concentric 50

Eccentric 64

Lynch et al. M 8th Isokinetic (30°/s)

Concentric 65

Eccentric 67

F Concentric 69

Eccentric 73



It is impossible to know the extent to which the loss of
muscle mass directly contributed to death in these patient
groups, as opposed to the possibility that loss of muscle re-
flected the severity of the general stress state induced by the
disease. However, the relation between survival and muscle
mass in a variety of clinical situations is consistent with the
central role of muscle protein in overall whole body protein
metabolism discussed above.

Not only is muscle mass related to survival in a number of
clinical states that affect the elderly, muscle strength is also
related to health outcome measures. Regardless of the level of
cardiovascular fitness, muscular strength was found to be re-
lated to all-cause mortality in a study involving almost 9,000
men.7 In the same study, it was found that muscular strength
highly predicted all-cause mortality and especially the cancer
mortality rate in men over 60 years of age, but not in men
younger than 60.7 This result probably reflects the fact that
as men age, the loss of muscle mass and strength decline
closer to the critical threshold level, so there is less ability to
compensate for a cachectic state than would be the case in a
younger man.

Muscle and Diabetes
Muscle and liver are the principal sites of clearance of glu-

cose from the blood as a result of insulin action. Depending
on the increase in insulin concentration and the amount of
glucose available, the muscle may be the primary site of glu-
cose clearance. DeFronzo et al.8 measured the arterial-venous
balance of glucose during the euglycemic-hyperinsulinemic
clamp procedure in order to quantify the amount of muscle
glucose uptake in normal and diabetic subjects. They found
that the reduction in whole body glucose uptake in diabetics
could almost entirely be explained by reduced clearance of
glucose by muscle.8

This response is more reflective of the “quality” of the
muscle rather than the muscle mass per se. The difference in
muscle glucose uptake between groups persisted when nor-
malized for leg weight. Recent studies suggest the difference
in muscle quality between diabetics and normal individuals
is directly related to the accumulation of lipid in the muscle in
diabetics.9 The extent of lipid accumulation is also increased
in elderly,10 and increased muscle lipid probably explains the
high incidence of insulin resistance in this group of individuals.
The extent of insulin resistance is correlated to the amount of
intramuscular lipid in elderly.10

Muscle and Osteoporosis
Bone health is determined by a variety of factors. The me-

chanical force on bone is essential for optimal bone health.
Muscle contraction is essential for the generation of mechanical
force on bone. For that reason, it would be expected that there
would be a correlation between muscle mass or strength and

parameters of bone health. It is thus not surprising that grip
strength correlates with bone area, mineral density and min-
eral content of bone.11 Thus, exercise and diets that affect
muscle likely affect bone health in a corresponding, albeit 
indirect, manner.

Muscle and Energy Balance
Gains and losses of body mass are responses to imbalances

in energy expenditure and energy intake. Weight-loss programs
traditionally focus on modifying energy intake, but it is also
possible to modulate energy expenditure. The three major
components of energy expenditure, with their approximate
contribution to overall energy expenditure, are as follows:
physical activity (~20%), diet-induced thermogensis (~15%),
and resting energy expenditure (REE) (~65%). The physical
activity component can be modified with exercise programs,
but the practical difficulty in maintaining long-term changes
in energy expenditure by changes in voluntary physical activ-
ity is well documented. Furthermore, even if a good activity
program is followed, energy expenditure is elevated only
while the activity is being performed. Small changes in the
REE component, on the other hand, can have significant im-
pact because of the fact that changes would last 24 hours per
day. In this regard, muscle mass can affect energy balance.

Muscle protein is in a constant state of turnover, meaning
that the protein is constantly being synthesized and broken
down. There is an energy cost of protein synthesis in terms
of the amount of high-energy bonds in the form of adenosine
triphosphate (ATP) that is required for the synthesis of new
protein. The amount of energy required to maintain muscle
protein turnover is a significant component of REE that is di-
rectly related to the amount of muscle mass. The energy cost
of muscle protein synthesis in average elderly women is approx-
imately 400 kcal per day less than in young men (Figure 1),
based entirely on the difference in average muscle mass difference.2

This reflects the fact that every 10 kg in muscle mass equals
approximately 150 kcal per day in REE. Since 1 kg of fat stores
approximately 7,000 kcal, then every 10 kg of muscle translates
to +/- 7.1 kg fat mass per year, assuming everything else is
constant. A difference of 10 kg of muscle mass between young
and elderly is reasonable. Consequently, a decrease in muscle
mass can explain to some extent the lower resting energy ex-
penditure in elderly as compared to young individuals

Solutions to Muscle Loss
The principal causes of muscle loss with aging are malnu-

trition, inactivity and insulin resistance. The metabolic basis
for reversing these responses is a stimulation of muscle pro-
tein synthesis and/or slowing of muscle protein breakdown
(Figure 2). While either stimulating synthesis or slowing
breakdown can theoretically affect net gain or loss of muscle
protein equivalently, it appears that stimulating synthesis is

27



the most effective therapeutic approach. The reason that
stimulating synthesis is more beneficial than slowing break-
down is that stimulation of synthesis increases muscle func-
tion in addition to increasing mass. The reason that increased
synthesis improves muscle function is that newer muscle pro-
tein fibers contract more effectively at the single fiber level.12

This translates to a significant positive correlation between the
in vivo rate of muscle protein synthesis and muscle strength
in older individuals.13

Hormonal Therapy
The most common hormonal approach to maintaining or

increasing muscle mass is to administer testosterone and/or
growth hormone. Testosterone is a potent stimulator of net
muscle protein synthesis, and six months of testosterone
therapy in hypogonadal men resulted in significant increases
in total and leg lean body mass as well as the maximal amount

of weight that can be lifted by the leg.14 Whereas these results
are encouraging, one must always be concerned about poten-
tial long-term adverse of hormonal therapy, as exemplified by
the reports of problems stemming from long-term estrogen
replacement therapy.

Whereas the balance between the beneficial effects of
testosterone and potential (as-of-yet unidentified) negative
effects is still under review, studies of growth hormone ther-
apy in elderly have failed to show a beneficial effect in terms
of stimulating muscle protein synthesis.15 It seems likely that
by the time an individual has reached 65 years of age or older,
the normal physiological role of growth hormone has diminished
greatly, and therefore responsiveness to exogenous administra-
tion is minimal. It is not known if there are adverse effects of
chronic growth hormone administration.

The Role of Exercise
A number of studies have documented the role of exercise

for improving strength in elderly. Frontera et al. were at the
forefront in this area, with a study of the response to weightlift-
ing in men ranging from 60 to 72 years of age.16 They showed
that a 12-week training program could double strength.16

Numerous other studies have also shown that resistance exer-
cise can reverse the effects of sarcopenia, provided the intensity
is sufficient. The challenge with exercise is not determining if
it works, but how to get elderly individuals to perform high-
intensity resistance exercise on a regular basis for the rest of
their lives.

Can Optimal Nutrition Improve Muscle Mass
and Function in Elderly?

Approaching the treatment of muscle loss with aging through
nutrition has the appeal that physician supervision is not re-
quired (unlike hormonal therapy), and in contrast to the per-
formance of exercise, people are driven to eat every day. However,
controversy persists on the optimal approach to nutrition in
elderly. In this regard, it is not possible to rely on national
guidelines such as the National Academy of Sciences Dietary
Recommended Intakes (DRIs), USDA dietary guidelines, and
derivatives such as the “food pyramid” when determining
optimal intake for elderly. 

The guidelines for macronutrients are based on data from
young, healthy individuals and does not account for possible
changes that may occur with advancing age. Further, “require-
ments” are just that, generally defined based on avoiding de-
ficiencies. In the case of elderly, it is important to identify the
optimal intake of macronutrients, rather than an amount
necessary to avoid deficiencies. Nutritional studies, as well as
national guidelines, have generally not targeted the identifi-
cation of optimal levels of macronutrient intake.

Within the limitations discussed above, it is possible to
identify dietary approaches to minimize muscle loss with
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Figure 1

Calculated energy expenditure due to maintenance of the basal
rate of muscle protein synthesis in active elderly women versus
young, health men. The difference in energy expenditure is due 
to the greater muscle mass in young men.2

Figure 2

Principal causes of net muscle protein breakdown with aging, and
potential categories of solutions.
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aging. Dietary protein is the most important dietary nutrient
with regard to muscle protein. It is clear from a number of
studies that increasing the dietary intake of protein above the
recommended dietary allowance (RDA) of 0.8 g protein/kg/day
increases muscle mass and strength in older individuals.17

However, protein intake generally drops with advancing age.
Over 30% of Americans over the age of 65 years eat less than
0.8 g/kg/day. Reasons for decreased protein intake in the elderly
can include decreased appetite, difficulty chewing, altered taste,
and the generally higher cost of foods rich in protein. Conse-
quently, it may be most advantageous to specifically target muscle
with the key dietary components that stimulate muscle pro-
tein synthesis.

An increase in circulating amino acid levels is a potent
stimulator of muscle protein synthesis. The magnitude and
duration of stimulation of muscle protein synthesis by amino
acids is dependent on the extent of increase in amino acid
levels and the profile of the plasma amino acids. In particu-
lar, it is the amount and profile of essential amino acids that
determine the amount of stimulation of muscle protein syn-
thesis.18 In the correct formulation and amount, a dietary
supplement of essential amino acids can acutely stimulate
muscle protein synthesis sufficiently so that repeated doses
over a period of time will translate to improved muscle mass
and function. For example, elderly individuals were main-
tained at complete bed rest for 10 days. All food intakes were
tightly controlled, and activity was controlled by strict bed rest.
Subjects were given capsules containing either a placebo or a
mixture of essential amino acids in a double blind, randomized
fashion. Supplementation with essential amino acids prevented
the drop in the rate of muscle protein synthesis that normally
occurred with bed rest. Correspondingly, the reductions in
strength and muscular function that normally occurred with
bed rest were also prevented by supplementation.19

Nutrition and Exercise
In the postabsorptive state, there is a net breakdown of

muscle protein that supplies amino acid precursors for proteins
to be produced elsewhere in the body. Resistance exercise alone
causes an acceleration of protein turnover, meaning that both
rates of synthesis and breakdown occur, but the net balance of
protein in muscle remains negative. Ingestion of amino acids
causes a stimulation of muscle protein synthesis that puts the
muscle into an anabolic state, meaning that the rate of synthesis
exceeds the rate of breakdown and muscle mass increases. 

When amino acids are given in conjunction with exercise,
the anabolic action of amino acids and exercise is synergistic,
meaning that the response to amino acids plus exercise is greater
than the sum of the response to both individual treatments
(Figure 3). These results highlight the importance of optimal
nutrition in amplifying the beneficial effect of other therapies.
In the case of exercise, it appears that exercise “primes” the

muscle to respond to the anabolic action of amino acids. 
Expressed differently, once the muscle is activated to increase
the rate of synthesis, there must be adequate precursors
available for that activation to be reflected in an actual increase
in the amount of protein produced. This same rationale explains
the interaction between hormonal stimulation of muscle protein
synthesis and the extent of increased protein actually produced.20

Summary and Conclusions
1. Loss of muscle mass and function is inherent to aging.
2. Severe muscle loss is termed sarcopenia.
3. Loss of muscle strength and function not only decreases

mobility and quality of life, but also is related to numer-
ous unfavorable health outcomes.

4. Hormonal, exercise and nutritional therapy can all play a
role in lessening the rate of muscle loss with exercise.
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Figure 3

Principal causes of net muscle protein breakdown with aging, and
potential categories of solutions.
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Q: Dr. Joe Wakshlag, Cornell University: There’s been a lot
of debate about timing of the amino acids supplementation,
whether it’s best with a meal or between meals. Can you
comment on this from your experience?

A: Dr. Wolfe: The composition affects the response. There is
a threshold of the amount of leucine necessary to stimulate
an anabolic response. If there is not enough protein in the
meal to achieve a great enough increase in leucine, then one
would expect a very modest response of muscle protein syn-
thesis. In fact, traditional meal replacement elicits a minimal
response of muscle protein synthesis in the elderly. This explains

why traditional supplementation has minimal effect in the
elderly. Providing a supplement between meals is theoretically
the optimal approach because this should minimize the time
muscle is in a catabolic state, which occurs in the post-absorptive
state. However, a controlled study done over a prolonged period
of time assessing whether a supplement is more effective when
provided with meals or between meals has not been done.

Q: Dr. Jane Armstrong, University of Minnesota: I think
you can appreciate that measuring muscle strength in dogs
and cats is a challenge.  I wondered, other than grip strength,
if you have any suggestions or experience from perhaps muscle
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strength evaluations in individuals who are not necessarily
cooperative, such as dementia patients, pediatrics, anything
along that line.

A: Dr. Wolfe: There actually is a test in humans where the
ulnar nerve is stimulated and the strength of the contraction
of the thumb is quantified. This has been used in the intensive
care unit for people who are unconscious and has been shown
to be a useful predictor of nutritional status. It may be possible
to use a similar approach in animals. Gerontologists have 
developed functional tests in elderly that translate to activities
of daily living that are apparently reliable predictors of func-
tional outcomes. Perhaps functional tests, even if just obser-
vational, might be developed for animals that would be able
to predict outcome.

Q: Dr. Margarethe Hoenig, University of Illinois: You
talked about hormonal therapies for men, but you did not
present any studies on women. Is there any evidence that
hormonal therapy has any influence?

A: Dr. Wolfe: Studies with estrogen therapy have been lim-
ited by the NIH. There is a synthetic steroid called oxan-
drolone that theoretically has none of the androgenizing
effects of testosterone, which we found to be quite useful in
promoting muscle protein synthesis in both boys and girls,
without apparent adverse effects. I am not aware of a compa-
rable hormonal treatment study in older women.

Q: Dr. Joe Millward, University of Surrey: Can I ask you
about the relationship between muscle mass and strength?
We have information showing that individuals can maintain
quite high VO2 maxes, but nevertheless still lose absolute
strength because of a loss of absolute muscle mass. So clearly
there are very big differences in the quality of muscle in terms
of the vascularization, the ability to deliver oxygen to get aerobic

work done in muscle. But things like grip strength and all of
these are to do with anaerobic force transduction. My question
refers to your statement that there is a disconnect between
the loss of muscle mass measured with DEXA (dual energy
X-ray absorptiometry) and called sarcopenia, and actual
functional impairment. How much do we know about that?
Are there measurements that you can make with imaging, for
example, that inform on the likely muscle strength?

A: Dr. Wolfe: On the one hand we know there is a relation
between strength and muscle mass. Certainly in competitive
weight lifting, heavyweights lift the most weight. The relation-
ship between muscle mass and strength may not be as great
in the elderly. Several studies have shown that strength per
muscle mass decreases with advancing age. Further, with nu-
tritional supplementation studies during bed rest, we observed
functional changes in the absence of measurable changes in
mass. Also, neural innervation of the muscle fibers is decreased
with inactivity, which is common in the elderly. This may be
a factor in muscle recruitment to perform a task, irrespective
of muscle mass. The possibility that the rate of muscle protein
turnover itself is a factor is appealing. For example, in our bed
rest study, the improved muscle fiber function at the single
fiber level with EAA supplementation corresponded with the
higher 24-hour protein turnover rate. Of course, we do not
know that the accelerated rate of protein turnover was the cause
of the improved muscle fiber function. It is possible that acceler-
ated turnover involves selective breakdown of defective fibers,
meaning that a high turnover rate would result in better
functioning muscle fibers, irrespective of size. In addition,
with the elderly population there are further factors affecting
function, including balance and joint pain. So, clearly, function
and muscle mass have some relation, but they’re not necessarily
directly related, particularly in the elderly. The point that I wanted
to make was that in the elderly you can see changes in function-
ality that don’t correspond to changes in muscle mass.
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