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Advancing age is associated with reduced skeletal muscle

protein synthesis, altered expression of and chemical

modifications to muscle proteins, reduced muscle strength,

muscle strength per unit muscle mass and muscle power

(sarcopenia). These age-associated impairments in the quantity

and quality of contractile protein contribute to physical disability

and frailty, a loss of independent function, the risk of falling and

fractures, and escalating health-care costs. Progressive

resistance exercise training is a potent, non-pharmacologic,

efficacious therapy for the impairment in muscle quantity and

quality in middle age and physically frail adults. Evidence is

accumulating that dietary amino acid supplementation may also

improve muscle protein balance in the elderly. Several potential

cellular mechanisms for the loss of muscle protein and

resistance exercise-induced improvements in muscle quantity

and quality in elderly adults are reviewed. Curr Opin Clin Nutr Metab

Care 3:489±495. # 2000 Lippincott Williams & Wilkins.
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Introduction
Without exception, all organisms undergo senescence.
The pathogenesis of this involves genetic, behavioral,
hormonal, nutritional, neurologic, and metabolic altera-
tions and interactions. Undesirable aspects of human
senescence include: a decrease in skeletal muscle
protein mass, reduced contractile capabilities and muscle
quality, the altered expression of and chemical and
structural modi®cations to muscle proteins, and an
increase in the relative proportion of intramuscular
adipose and connective tissue [1±3]. Contractile protein
loss comprises the majority of the age-related loss of
mass, but neuromuscular alterations cannot be ignored.
Recent evidence indicates that muscle power and
muscle force relative to the amount of muscle protein
decline with age. Regulators of muscle quantity and
quality are particularly susceptible to the aging process.
These regulators and useful countermeasures (e.g.
nutrition and exercise) need to be identi®ed, tested,
and incorporated into successful aging programs.

Figure 1 [4] depicts the reduction in thigh muscle cross-
sectional area that occurs with advancing age and
physical inactivity. Most obvious is the reduction in
muscle area, the increase in subcutaneous and intramus-
cular adipose area, and the in®ltration of adipose and
connective tissue into the muscle with advancing age.
Table 1 lists the potential reasons for preserving muscle
protein mass and contractile function during the aging
process.

Aging alters muscle protein synthesis,
morphology, strength, power and quality
Several excellent reviews and commentaries on the
importance of reducing muscle protein loss and main-
taining muscle strength, power, quality, and physical
function in the elderly have appeared [1±9]. Our under-
standing of the factors that regulate contractile protein
properties, the synthesis and breakdown rates, and how to
modulate these factors in the elderly is still evolving.
Stable isotope tracer dilution methods combined with
mass spectrometric detection techniques have been
extremely useful for examining in-vivo muscle protein
kinetics. The incorporation rate of 2H-, 18O-, 13C-,
15N-amino acids into different muscle protein fractions
(myo®brillar, mitochondrial, sarcoplasmic, and enzymatic)
can be quantitated using gas chromatography-quadrupole
or magnetic sector gas isotope ratio mass spectrometry.
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This approach has contributed to our understanding of
age-, nutrition-, or exercise-induced alterations in muscle
amino acid balance [3,10±20,21..,22.,23].

As in all cachectic conditions, sarcopenia can be
explained by an imbalance between the rates of muscle
protein synthesis and muscle protein breakdown, in
which net muscle protein balance is negative [3,10±13].
When determined after an overnight fast, the in-vivo
rates of mixed muscle (myo®brillar + mitochondrial + sar-
coplasmic) and myosin heavy chain (MHC) protein
synthesis were reduced in 60±70-year-old and 78±92-
year-old men and women in comparison to 20±32-year-

old adults [11±14]. The potential artifact introduced by
measuring the `mixed' (rather than the speci®c) muscle
protein synthesis rate may be minor, because both mixed
and myo®brillar protein synthetic rates were found to be
approximately 30% lower in 60±70-year-old than in men
and women under 35 years of age [12±13].

MHC proteins (all isoforms combined) have been
isolated from the myo®brillar protein fraction and the
rate of MHC protein synthesis was reduced in 52+1-
year-old, 77+2-year-old [3,10] and 78±84-year-old men
and women [14]. The mitochondrial protein synthesis
rate declined in a similar pattern [11]. The sarcoplasmic
protein synthetic rate was not reduced from young to
middle or old age [10]. This suggests that the synthetic
rates of contractile and mitochondrial proteins are
especially susceptible to increasing age, while the
synthesis of soluble cytosolic proteins does not appear
to be altered.

The age-associated reduction in the MHC synthetic rate
suggests an impaired ability to remodel key contractile
proteins, which may contribute to impaired muscle
contractile function or muscle quality, while reducing
the quantity of skeletal muscle protein [10]. A positive
correlation (r = 0.41±0.58) between the vastus lateralis
MHC synthetic rate and the lower extremity isokinetic or
concentric muscle strength per unit thigh muscle mass
[10] supports a link between muscle biochemistry and
function with advancing age. An altered expression of
MHC isoforms probably explains the age-associated
reduction in type II muscle ®ber percentage and size
[4], but whether this is mediated by endocrine, neuro-
muscular, metabolic, or contractile actions is not clear.

Based on the cross-sectional studies of Hurley et al.
[7,8,25 ..,26,27 .,28..], it is clear that the maximum
voluntary isometric, concentric, and eccentric muscle
force of the knee extensors declines with advancing age
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Figure 1. Axial T1-weighted 1H-MRI images of the thighs of four
people of different ages

With advancing age, thigh muscle cross-sectional area is less,
subcutaneous and intramuscular adipose tissue content is greater,
and adipose and connective tissue infiltration into the muscle is greater
[4].

31 yr male

66 yr male

73 yr female

85 yr female

Table 1. Importance of preserving muscle quantity and quality in old
age

(1) Maintain physical function
(2) Continue recreational and occupational pursuits
(3) Maintain independence in routine and instrumental activities of

daily living
(4) Avoid disability and physical frailty
(5) Maintain self-worth and satisfaction
(6) Provide amino acids for hepatic gluconeogenesis, for splanchnic

protein synthesis, and perhaps as substrates for lymphocytes and
macrophages

(7) Is primary site for glucose disposal and storage. Compensate for
age-associated reduction in carbohydrate tolerance and diabetes
[24,53]

(8) Maintain muscle strength, balance, gait, and walking speed
(9) Reduce risk of falls [45.,54] and subsequent hospitalization and

mortality
(10) Maintain bone health [55]. Reduce risk for osteoporotic fracture



(from 20 to 93 years) in a similar fashion in both men and
women [25..,26]. Maximum voluntary concentric and
eccentric muscle force per unit muscle area also declines
with age (muscle quality) [25..,26]. There is a difference
in the rate and extent of the decline in muscle quality
depending on gender, arm versus leg muscles, and
concentric versus eccentric measures of peak force
production.

Recent reports suggest that muscular power, the ability to
produce force rapidly, is another muscle quality that
declines with advancing age (even more so than muscle
strength) [29±32]. The loss of muscle power contributes
to age-associated impairments in physical function [32 .],
can be improved with progressive resistance exercise
training [33 .], and may be linked to the age-related
decrease in type II muscle ®ber percentage and size [5].
Power-speci®c muscle contractions and exercises might
need to be incorporated into progressive resistance
exercise training programs for the elderly [6,33.].

Sarcopenia is characterized by a loss of muscle protein
mass, strength, power, and quality that combine to impair
physical function. More longitudinal studies are needed
to con®rm the decrements in muscle protein synthesis,
mass, strength, power, and quality derived from cross-
sectional studies of women and men across different ages.
A mass spectrometric analysis of protein modi®cations
and alterations in protein structure, as well as synthetic
and proteolytic rates, will enhance our understanding of
the age-associated alteration in the regulators of muscle
protein quantity and quality. Novel isolation and mass
spectrometric measurement techniques will be devel-
oped for important targets such as myosin heavy and light
chain isoforms, actin, troponin, the DNA proliferation rate
[34], the expression of autocrine growth factors (insulin-
like growth factor-1 and transforming growth factor-b)
[35], proteolytic processes and enzymes (ubiquitin±
proteasome, caspases, calpains, cathepsins, and lysosomal
enzymes) [36,37] and speci®c enzymes of energy
transduction (e.g. ATPase and cytochrome oxidase) in
muscle samples acquired from ageing men and women.

Effect of acute and prolonged resistance
exercise on muscle protein synthesis and
strength
Following an acute resistance exercise session, the
vastus lateralis muscle protein fractional synthesis and
breakdown rates are increased in healthy young subjects
[11±14,18,19].

Time course studies have found that the rate of mixed
muscle protein synthesis is elevated for 36±48 h after a
bout of resistance exercise [18,19]. In one study, the
acute exercise-induced increase in mixed muscle
protein synthetic rate was mediated through post-

transcriptional events [16], probably due to an improved
ef®ciency of mRNA translation after resistance exercise
[22.].

The rate of vastus lateralis muscle proteolysis was
elevated for up to 24 h following eight sets of eight
repetitions at 80% of one-repetition maximum resistance
exercise and returned to baseline by 48 h in young
women and men [19]. In the same study, the mixed
muscle protein synthesis rate was elevated at 4, 24, and
48 h following resistance exercise. Both rates were
augmented in the immediate postexercise period, but
the time frames differed. Net muscle protein balance
was more positive for 2 days following the acute bout of
resistance exercise. This contributes to the protein
accretion that occurs when resistance exercise sessions
are chronically repeated (during training).

Several potential translational regulators of and intracel-
lular signaling pathways for rodent gastrocnemius muscle
protein synthesis are altered hours after a resistance
exercise session [38,39 .]. Between 12 and 24 h after
resistance exercise, muscle protein synthesis was ele-
vated, and muscle phosphatidylinositol 3-kinase, p70S6k,
eukaryotic initiation factor-2B, and to a lesser extent
4E.4G complex (eIF2B, eIF4E.eIF4G) phosphoryla-
tion and activity were elevated during this time frame.
These ®ndings implicate speci®c steps in the phosphor-
ylation signaling pathways, the regulation of mRNA
translation initiation, and the formation of polyribosomes
for mRNA translation by peptide chain initiation factors
as important rate-limiting steps in the acute activation of
protein synthesis following resistance exercise. Probing
these pathways in aging human muscle before and after
exercise should be an important initiative.

In summary, progressive resistance exercise training
increases muscle protein mass and strength in young
men and women. The increase in muscle protein mass is
attributable to an acute and chronic increment in muscle
protein turnover such that the rate of muscle protein
synthesis exceeds muscle proteolysis [19,41]. Coincident
with the increase in muscle protein are increases in
maximum voluntary muscle strength and muscle ®ber
hypertrophy.

Effect of resistance training on protein
synthesis, muscle morphology, strength,
power, and quality in the elderly
The magnitude of the acute exercise-induced in-
crease in mixed and MHC protein synthesis was
similar in 23±32-year-old, 63±66-year-old, and 78±83-
year-old men and women [12±14], suggesting that the
capacity of the muscle protein synthetic machinery to
respond to resistance exercise is preserved until very
old age.
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When older adults adhere to an optimally designed
resistance exercise training program, the rate of mixed
muscle protein synthesis increases, muscle strength
increases, muscle protein mass increases, muscle quality
and power increase, and physical function improves [5±
9,12±14,23,25..,28..,29,33 .,42±44,45.,46±50,56]. Several
of these studies are summarized in Table 2.

Evidence indicates that resistance exercise training
induces muscle hypertrophy and increases the rate of
muscle protein synthesis in middle-aged, elderly, and
physically frail adults. The vastus lateralis mixed muscle
protein synthetic rate increased after just 2 weeks of whole-
body resistance exercise (5 days per week of 2±4 sets each
of 4±10 repetitions at 60±90% of one-repetition maximum)
in healthy 24-year-old and 63±66-year-old men and women
[13]. The baseline mixed muscle protein synthesis rate was
lower in the elderly than in the young. Following
resistance exercise, mixed muscle protein synthesis
increased similarly in the young and elderly subjects.

Using a similar protocol, 2 weeks of resistance exercise
increased the myosin heavy chain (105%) and mixed
muscle protein synthetic rates (182%) in 78±83-year-old
men and women [14]. The skeletal muscles of middle-
aged (63±66-year) and very old (476-year) men and
women retain the ability to rapidly respond to a

resistance exercise session and activate the protein
synthetic machinery. This is similar to what occurs
following acute resistance exercise in the muscles of
young, healthy men and women.

The exercise-induced stimulation of muscle protein
synthesis in the elderly and in the young appears to be
mediated via a similar mechanism. Three sessions of
resistance exercise increased vastus lateralis myo®brillar
protein synthesis (30%) in 62±75-year-old men and
women without a compensatory increase in total RNA,
actin, or MHC mRNA [22 .]. This suggests that the acute
exercise-induced stimulation of muscle protein synthesis
in the elderly is mediated through post-transcriptional
mechanisms.

Prolonged periods of progressive resistance exercise
training increase the rate of mixed muscle protein
synthesis in mild-to-moderate physically frail 76±92-
year-old men and women [23]. Physical frailty was
assessed using a physical performance test and
questionnaires that evaluated dif®culties with activities
of daily living. Following 3 months of supervised
progressive resistance exercise training (65±100% of
the initial one-repetition maximum), the vastus
lateralis mixed muscle protein synthetic rate increased
in men and women. Whole-body muscle mass
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Table 2. Resistance exercise- or nutrition-induced alterations in muscle protein kinetics, mass, and strength in the elderly

Muscle Muscle
Age protein protein Muscle Muscle

Intervention Ref. Protocol (years) synthesis breakdown mass strength

Acute resistance exercise [14] 2 weeks, 2±3 78±84 : ? ND ND
sets, 8±12 reps,
60±90% 1RM

Acute resistance exercise [13] 2 weeks, 2±4 63±66 : ? ? ND
sets, 4±10 reps,
60±90% 1RM

Resistance exercise training [23] 12 weeks, 3 sets, 76±92 : ? : :
8±12 reps, 65±

100% 1RM
Resistance exercise training [56] 12 weeks, 3 sets, 62±72 ? ? ? :

8 reps, 80%±
3RM

Resistance exercise training [28..] 9 weeks, 3 sets, 65±75 ND ND : :
5±10 reps, 5± Men Muscle

10RM±unilateral only quality
leg training

Resistance exercise training [48.,49] 16 weeks, 3 sets, 60±75 Nuclei/muscle cell ? Type I, :
6±8 reps, 85± Nuclei/mm fiber length ? IIA, IIB areas :

90% 1RM
Acute resistance exercise [51] 3 days, 4±5 sets, 62±72 : ND ND ND
+ 0.6±2.4 g protein/kg/day 10 reps, 80% 1RM No additional

increase with
higher protein

intake
Intravenous amino acid [20] 148.5 mg 71+2 : ? ND ND

supplements amino acids/kg
at rest

Oral amino acid [21..] 40 g amino 71+2 : ? ND ND
supplements acids at rest

ND = not determined in this study. 1RM = 1-repetition maximum. := increase, ;= decrease, ?= no change.



increased in both women (1.0 kg) and men (2.2 kg).
The maximum voluntary isokinetic torque production
(60%) increased in the women (10%) and in the men
(23%).

This suggests that chronic resistance exercise training
increases the rate of mixed muscle protein synthesis in
physically frail men and women. The magnitude is less
than that observed following an acute (2-week) exposure
to resistance exercise, implying that the initial increase
in the rate of muscle protein synthesis is attenuated
when the resistance exercise sessions continue for
several weeks. Phillips et al. [41] reached a similar
conclusion. They reported that resistance exercise
training reduced the acute exercise-induced increase in
muscle protein synthesis in 25+3-year-old women and
men. These ®ndings also suggest that the age-associated
loss in muscle protein mass can be restrained with
regular resistance exercise training.

The functional bene®ts of resistance exercise training
were evaluated in a large-scale trial of 72±98-year-old
physically frail nursing home residents [44]. Lower
extremity resistance exercise training increased muscle
strength (113%), gait velocity (12%), stair-climbing
power (28%), level of spontaneous physical activity,
and thigh muscle cross-sectional area (2.7%).

Resistance exercise training induces an alteration in
myosin isoform expression in elderly muscles. Twelve
weeks of resistance exercise training increased type II
muscle ®ber area (12±27%) in the vastus lateralis of 65±
72-year-old men [47], reduced type IIB (79%) and
increased type IIA (+5%) ®ber percentages, increased
the cross-sectional area of all ®ber types (34±52%), and
increased the maximum voluntary strength 50±84%
[48 .,49]. Similarly, 12 weeks of unilateral resistance
exercise training for the elbow ¯exors increased type II
muscle ®ber area (30%) and one-repetition maximum
strength (48%) in 60±70-year-old men [50].

Resistance exercise training-induced increases in muscle
protein synthesis, mass, and strength in the elderly are
well documented. Recent studies have reported that
resistance exercise training improves muscular power
and the maximum voluntary muscle force generated per
amount of muscle tissue (muscle quality) in the elderly
[25 ..,28..,33.]. It is clear that novel exercise therapies
for geriatric patients should focus not just on increasing
muscle mass and strength, but also on improving muscle
power and quality [6,8,9]. These latter properties of
muscle integrate alterations in neural innervation, speed
of movement, and differences in contractile and non-
contractile protein composition in the muscles of elderly
adults, and may provide more information about
mechanisms causing sarcopenia.

Amino acid supplementation with or without
exercise increases muscle protein synthesis
in the elderly
Recent evidence suggests that providing more amino
acids to muscle, especially during the post-resistance
exercise period, may augment the exercise-induced
increase in muscle protein synthesis. Most of this work
has been done on healthy young subjects. Welle et al.
[51] reported that high protein meals (0.6±2.4 g protein/
kg per day) did not enhance the myo®brillar protein
synthesis rate following three sessions of resistance
exercise in 62±75-year-old men and women. Conversely,
Volpi et al. [20] reported that an intravenous infusion of
amino acids (10% Travasol + glutamine) increased the
rate of mixed muscle protein synthesis (100%) in healthy
71+2-year-old men. Oral supplementation with essen-
tial amino acids increased the rate of mixed muscle
protein synthesis by 70% in 71+2-year-old men and
women [21 ..].

In sedentary young men, the intravenous infusion of a
balanced amino acid mixture increased (by 141%) the
resting rate of muscle protein synthesis [52]. When this
amino acid mixture was administered following a bout of
leg resistance exercise, the rate of muscle protein
synthesis was increased still further (by 241%) [52].
These observations suggest that exogenous amino acid
supplementation following resistance exercise may aug-
ment the stimulatory effect of exercise on muscle
protein synthesis rate. Whether this effect persists with
repeated exposure and further improves muscle quantity
and quality in the elderly remains to be determined.

Conclusion
Contractile protein synthesis rates, mass, strength,
power, and force production per unit area of muscle
decrease with advancing age. Many factors interact to
cause these decrements. Evidence favors prescribing
resistance exercise training to older adults without any
contraindication to regular exercise. Muscle proteins in
older adults maintain the ability to respond to acute and
chronic resistance exercise by activating the rate of
mixed muscle and MHC protein synthesis, increasing
muscle mass, muscle power, and muscle quality, much
the same as exercise activates these processes in young
men and women.

Research should focus on identifying and quantifying
the signals and biochemical processes that regulate the
balance between contractile protein synthetic and
proteolytic processes in the muscles of older adults.
Interventions should focus on increasing muscle protein
quantity, strength, and muscular power, improving the
quality of muscle proteins and their contractile char-
acteristics, and maintaining independent physical func-
tion in the elderly. Resistance exercise training may not
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be feasible in all elders and may not extend life span, but
it may extend the years of independent living and
improve quality of life in advancing age.

The sequencing of the human genome has helped to
identify genes that might contribute to the senescent
process, but the current proteomics era will exponen-
tially increase our understanding of the pathogenesis of
advancing age, the age-associated alterations in skeletal
muscle protein expression, function, structure, and
chemical modi®cations that might explain pathogenesis,
and potential therapeutic targets that might amend the
senescent protein (especially muscle) phenotype.
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