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Abstract

Sarcopenia is a loss of muscle protein mass and loss of muscle function. It occurs with increasing
age, being a major component in the development of frailty. Current knowledge on its assessment,
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etiology, pathogenesis, consequences and future perspectives are reported in the present review.
On-going and future clinical trials on sarcopenia may radically change our preventive and
therapeutic approaches of mobility disability in older people.

Introduction

The aging process involves humerous changes in body composition that affect health
amongst which sarcopenia is of clinical and functional significance. Irwin Rosenberg
defined sarcopenia in 1989 to describe a recognized age-related decline in muscle mass
among the elderly (1, 2). This large and supposedly involuntary loss of muscle tissue in the
elderly was considered responsible in part for the age related decline in functional capacity.
Since 1989, various definitions of sarcopenia have evolved as our understanding of the
aging process and the changes that occur therein progress along with improved body
composition measurement techniques and the availability of large representative data sets.
Despite this increasing knowledge and improved technology, a worldwide operational
definition of sarcopenia applicable across racial/ethnic groups and populations lacks
consensus.

One current definition of sarcopenia includes a loss of muscle strength and functional
quality in addition to the loss of muscle protein mass, but it is unclear whether a decline in
functional capacity results from the loss of muscle mass and/or the qualitative impairment of
the muscle tissue (3). For example, after 50 years of age, muscle mass is reported to decline
at an annual rate of approximately 1 to 2% (4), but strength declines at 1.5% per year and
accelerates to as much as 3% per year after age 60 (5-8). These rates are high in sedentary
individuals and twice as high in men as compared to women (9). However, men, on average,
have larger amounts of muscle mass and shorter survival than women which implies that
sarcopenia is potentially a greater public health concern among women than men (6). Thus,
men and women present different trajectories in the decline in skeletal muscle with aging.
Men have a gradual decline, while women tend to have a sudden drop in muscle mass and
function following menopause. The current prevalence of sarcopenia in populatoins varies
depending on the definition used, the limitations of past epidemiological and clinical data
from small samples and mixed information from the different measurement techniques
employed. For example, based upon Baumgartner et al.’s original definition and data from
the New Mexico Elder Health Survey, sarcopenia affects about 20% of men between age 70
and 75 years, about 50% of those over age 80 years, and between 25% and 40% of women
have sarcopenia in the same age ranges (10). However, Baumgartner later recognized that
these estimates, which were based on a bioelectric impedance equation, might be biased and
published revised prevalence estimates based on dual energy x-ray absorptiometry (DXA)
ranging from 8.8% in women and 13.5% men aged 60-69 years, and up to 16% in women
and 29% in men older than 80 years (11). In a healthy elderly community-dwelling
population 70 years of age and older in the French EPIDOS study, only 10 percent of the
women had sarcopenia (12) based on the Baumgartner’s index, but cutpoints derived from a
different reference group. Using a similar definition, Janssen reported, retrospectively, that
35% of the elderly in the population based NHANES I11 had a moderated degree of
sarcopenia and 10% a severe degree of sarcopenia (13). Findings from a separate study by
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Melton et al. using yet another definition suggests that sarcopenia affects 6 to 15% of
persons over the age of 65 years (14). It is important to note that these studies used different
measures of relative muscle mass, reference groups, and cutpoints, so it is difficult to
compare prevalence estimates among these study samples. These investigators also reported
significant inter-individual variability in the amount of muscle mass and decline in strength,
but Kallman et al. (15) reported that 15% of participants aged 60 years and older had no
strength decline during 9 years of follow-up.

Numerous epidemiological and clinical studies report that sarcopenia occurs with increasing
age, but knowledge of its real prevalence at and across age within and among populations is
clearly dependent on an accurate operational definition. In addition, the elderly are an
increasing proportion of the general population worldwide, and the impact of their health
problems and medical costs highlight the need for a better understanding of sarcopenia as an
important health problem for which increased epidemiological and clinical research is
warranted. The annual healthcare cost attributable to sarcopenia is estimated at $18 billion in
the United States alone (16).

Sarcopenia is different from starvation and cachexia that are also associated with loss of
muscle mass but for which the causes and therapeutic approaches are different. During
starvation, protein-energy deficiency results in a loss of fat and muscle mass (17, 18), but
they are reversible with replenishment. Cachexia results in both fat and muscle mass loss,
but it accompanies chronic diseases such as cancer, AIDS or rheumatoid arthritis (17, 19).
Sarcopenia is thought to reflect mainly an age-related decreased in the synthesis of muscle
protein rather than an excess catabolic process associated with disease or from a reduced
caloric intake, although some have hypothesized that low grade, chronic inflammation with
increased protein degradation may contribute (20-22). Sarcopenia is assumed to be a major
component in the development of frailty (23, 24), but that assumption depends on the
operational definition used.

Operational definition of sarcopenia

Recognition of the need for a consensus operational definition of sarcopenia occurred in
1995 (25), but an operational definition requires the availability of accurate and valid
measurements of specific body compositional criteria that can be collected easily in large
epidemiological and clinical studies. One reason for the divergent prevalence of sarcopenia
within and between groups of elderly is due in part to the practical difficulties and changes
in assessing muscle mass that have occurred over the past 20 years. In 1989, the primary
method for measuring body composition was underwater weighing or hydrodensitometry
which was not accommaodating for many of the elderly (26, 27). Unlike osteoporosis for
which there is consensus regarding clinical symptoms and measurement methodology using
DXA, body composition methodology has changed considerably during the past two
decades from underwater weighing to the availability of fan-beam DXA machines that can
quantify muscle, (bone and fat) mass in a few minutes. This twenty years period has also
seen the introduction of very precise body tissue measurement methods such as magnetic
resonance imaging and less valid predictive techniques such as bioelectrical impedance. In
addition, the size, characteristics and demographics of the world’s elderly population have
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changed considerably. Many published studies of sarcopenia over the last twenty years have
used different samples of convenience of varying size and numerous measurement methods
based on differing underlying assumptions and criteria, so that some studies were
comparable and others only informative. Thus, despite relative agreement among clinicians
and epidemiologists on a theoretical definition of sarcopenia, development of a consensus
operational definition useful across clinics, studies and populations has not occurred (28).

Baumgartner et al. (10) as suggested by Heymsfield (29) summed the muscle mass of the
four limbs from a DXA scan as appendicular skeletal muscle mass (ASM), and defined a
skeletal muscle mass index (SMI) as ASM/height? (as kg/m2). Individuals with a SMI two
standard deviations below the mean SMI of a middle-age reference male and female
population from the Rosetta study (9) were defined as gender-specific cutpoints for
sarcopenia. This definition has been used by several authors (10, 12, 14), but a limitation
may be the ability of DXA to distinguish water retention or fat tissue infiltration within
muscle or soft tissue. There are few published data to date, however, for the impact of
variation in these on sarcopenia prevalence estimates. Chen et al. (30), and others (31),
report strong correlations (r > 0.94) between DXA and MRI measures of skeletal muscle
mass, indicating that this increasingly available method is useful for cross-sectional studies
and screening. Kim et al. estimated that fatty infiltration of muscle can inflate skeletal
muscle mass estimates from DXA by 1 to 8% (31). This amount of measurement error
probably translates to only a small error in misclassification of individuals in a population as
sarcopenic. It is likely that the use of different measures of muscle mass (e.g. total vs
appendicular skeletal muscle), reference populations, and cutpoints have larger effects.
Another potential limitation is that this approach does not account for the joint effects of fat
mass or body weight. Most obese adults have increased muscle mass in addition to a high fat
mass but a low muscle mass in relation to their total body weight (32); while thin elderly
have a high proportion of muscle mass in relation to their total body weight. Thus, the SMI
potentially misclassifies the obese elderly with a high SMI and mobility and functional
limitations and the thin elderly with a low SMI and none or a few mobility or functional
limitations. Thus, Baumgartner’s original estimates for the association of SMI with
functional outcomes in the New Mexico Elderly Health Survey were adjusted for body
fatness (10). Some investigators have taken a different approach, and tried to build control
for fat mass or body weight into the index, rather than adjusting statistically for these when
analyzing associations with other variables. For example, Janssen et al. used muscle mass
relative to weight rather than stature (33). To address these limitations, others have
recommended that fat mass be considered in operational definitions of sarcopenia. In a later
study, Baumgartner cross-classified subjects by SMI and percent body fat and reported that
associated disability was strongest in those who were both sarcopenic and obese (11).
Newman et al. used a residual method, to adjust muscle mass for fat mass in addition to
height (32), and found that this index had stronger associations with lower extremity
functional limitation (32) and disability than sarcopenia defined by the SMI alone (34).
From a statistical point of view, it makes little difference when studying associations of
sarcopenia with other outcomes whether adjustment for fat mass or body weight is made
through an a priori adjustment to the index, or by regression adjustment during analysis. The
approach taken by Baumgartner (11) in cross-classifying subjects by SMI and a measure of
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adiposity, however, is distinctly different in that it combines the joint effects of sarcopenia
and obesity in a single categorical variable.

All definitions of sarcopenia are arbitrary and open to criticism. An operational definition
needs to differentiate those with sarcopenia from those not affected, needs to define
standards and be applicable across populations. Some have argued, on the other hand, that
the lack of association between the SMI definition of sarcopenia and disability suggests that
population-specific thresholds are needed (12), and that ethnicity along with age or frailty
should be considered when setting a cutpoint for sarcopenia. The use of a country-specific
reference group such as the middle-age population from the Rosetta study (9) is questionable
for world-wide application. The best reference data set should include the measurements that
are correlated with and can discriminate sarcopenia and have a broad ethnic, racial and age
representation. Recently, Janssen et al. used data from the National Health and Nutrition
Survey Il to try to improve prevalence estimates in the United States. In addition, receiver
operating curves were used to determine the sex-specific skeletal mass cutpoint below which
the risk of physical disability significantly increased (13). Women who’s SMI was below
5.75 kg/m? muscle mass had an increased risk for physical disability (OR=3.31, 95%ClI;
1.91-5.73) and men who’s SMI was below 8.50 kg/m? had an increased risk for physical
disability of (OR=4.71, 95%CIl; 2.28-9.74). It is important to note that in this study total
skeletal muscle mass was predicted using a bioelectric impedance equation. However, these
new cut points were closely similar to those first proposed by Baumgartner et al. (10). It is
important to stress here that consideration additionally needs to be given the method used to
measure the function outcome. Differences among studies in the strength of association of
various definitions of sarcopenia with functional status are a function of the methods used to
define functional status or disability and their sensitivity and precision.

As note earlier, a limitation of current methods of measuring muscle mass in defining
sarcopenia is systematic errors introduced by the age-related increase in fatty infiltration of
muscle tissue. Intra-muscular adipose tissue infiltration, measured by magnetic resonance
imaging (MRI) (35) and computed tomography (CT), improves our understanding of fat
infiltration and muscle tissue impairment, but they are costly and often inaccessible (36).
Kim et al. published methods for correcting DXA muscle mass for fatty infiltration as
measured by MRI, but these remain to be validated in other populations (31). Ultrasound
can accurately measure cross-sectional thicknesses and areas in subcutaneous adipose and
muscles tissues (37, 38), and bioelectrical impedance can provide estimates of muscle mass,
but these can have large errors and are sample and population specific (39-42). These
measurement techniques can not actually be used as screening tools in ambulatory clinical
settings. An advantage of ultrasound is that it can also measure changes in tendon insertion
angle (angle of pannation) (43). Tendons play a major role in the development of muscle
strength. Anthropometry has been used with limited success to detect sarcopenia in
ambulatory settings (12, 44, 45). Changes in body weight loss are insufficient because an
increase in fat mass can obscure a loss in muscle tissue leading to the condition referred to
as “sarcopenic obesity” (10), and nearly 30% of men and 10% of women older than 80 years
in the U.S. are reported to have sarcopenic-obesity (11, 28, 46). Calf circumference is
significantly correlated to muscle mass, but this correlation is low and explains only a small
part of the variance (12). Calf circumference has been related to activity levels and can
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indicate decreases in muscle in the legs, especially those muscles used in balance, but it is
more representative of muscle mass in very ill, frail or dying elderly patients than in healthy
or obese elderly (44). Moreover, calf circumference can be confounded by subcutaneous fat
and in the general healthy or obese community-dwelling elderly (25, 47), thus due to this
low sensitivity, calf circumference is a poor screening tool for sarcopenia (12).

The main effect from a loss of muscle mass is reduced muscle strength, which is an
important factor to consider in defining sarcopenia. Muscle strength is measured with simple
and complex equipment. Grip strength is a simple estimator of total muscle strength (48) but
is not useful in those with hand arthritis. Leg muscle strength, assessed as maximal lower
extremity muscle strength or power is a good measure of functional status, but it is properly
measured with a dynamometer (e.g. Biodex or Kin Com) by a trained technician and is
strongly associated with measures of mobility (49). Including a measure of muscle strength
in an operational definition is logical as several authors have reported that muscle strength,
more than muscle mass, is independently associated with physical performance (50).
Moreover, different factors, such as physical activity or hormones, can underlie and
contribute in varying degree to the loss of muscle strength and loss of muscle mass. The loss
of muscle quality, an important component of the definition of sarcopenia, supposes an
assessment of both muscle strength and muscle mass.

Muscle power is strongly related to functional limitation more than muscle mass or muscle
strength (51). Muscle power is strength multiplied by speed, and it is defined as muscle
work (muscle strength multiplied by a distance) divided by time. Muscle power declines
considerably with aging (52) and at a higher rate than muscle strength. A muscle power
assessment is probably closer to a theoretical definition of sarcopenia than muscle strength
alone, but muscle power does not include a quantitative measure. Using muscle power to
define sarcopenia (53) could include, muscle contraction speed and a measure of muscle
quality in addition to muscle strength. Muscle mass is strongly correlated to muscle strength
and power, but the same amount of muscle mass is able to produce different levels of
strength and power. Defining sarcopenia on muscle strength or muscle power has several
other limitations. Osteoarthritis and other co-morbidities common with old age can induce
underestimates of strength and power from pain affecting individual performance. Loss of
muscle strength in the upper or lower limbs can have separate causes and be associated with
different outcomes. Moreover, isokinetic, isometric, concentric or eccentric muscle strength
are different aspects of muscle strength that are probably not affected at the same level
during the process of sarcopenia. A significant loss of strength with isokinetic testing at high
angular velocity (49, 54, 55) and a relative preservation of eccentric strength (56, 57) is
reported with aging, but a decrease in strength is more important in isometric or concentric
strength than in eccentric strength (5). Thus, which measures of muscle strength should be
used to define sarcopenia is unclear at this time based upon available data. Research is
needed to validate the parameters (muscle mass, muscle strength, muscle quality) that could
be used to define sarcopenia. An operational definition of sarcopenia should include
components that contribute to physical function, but these components may be under
different mechanisms or treated by different approaches. However, estimates of the
prevalence of sarcopenia in populations with complex and variable combinations of muscle
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mass, strength and power measurements has not yet been proven. Moreover, a clinical tool
may not be useful in epidemiology, and visa versa.

Etiology and Pathogenesis of sarcopenia

Multiple risk factors and mechanisms contribute to the development of sarcopenia (28, 58).
Lifestyle behaviors such as physical inactivity, smoking and poor diet, as well as aged-
related changes in hormones and cytokine levels are important risk factors. Postulated
mechanisms include alterations in muscle protein turnover, muscle tissue remodeling, the
loss of alpha-motor-neurons, and muscle cell recruitment and apoptosis (28). Genetic
susceptibility also plays a role and explains individual and group differences in rates of
sarcopenia. The relative influences of these factors on sarcopenia components such as
muscle mass, muscle strength and muscle quality are not well-understood (59). Each factor
in the etiology and pathogenesis of sarcopenia potentially contributes differently to the loss
of muscle mass, strength and/or quality. In treatment for sarcopenia, it could be argued that
improving muscle strength or muscle power is more relevant clinically for the outcomes of
disability or mobility than increasing muscle mass; however increasing muscle mass is more
important for other outcomes such as protein stores or thermogenesis. The notion that
muscle strength and muscle mass are differentially affected by various treatment modalities
is supported by experimental and clinical findings (59-64). While behavioral treatments,
such as exercise increase muscle mass and strength, pharmacologic treatments, such as
growth hormone, increase mass without a significant change in strength.

Lack of physical activity

Inactivity is an important contributor to the loss of muscle mass and strength at any age (44,
65, 66). Inactivity results from bed rest studies indicate that a decrease in muscle strength
occurs before a decrease in muscle mass (47), and low levels of physical activity result in
muscle weakness that, in turn, results in reduced activity levels, loss of muscle mass and
muscle strength. Thus, physical activity should be protective for sarcopenia, but some
studies suggest that the amount of protection depends on the type of activity. Aerobic
activities such as walking, running, cycling or swimming increase maximal oxygen
consumption (VO2?max), improve muscle quality (muscle strength/muscle mass),
neuromuscular adaptation, and muscle function and are associated with decreased morbidity
and mortality independent of body fat. Aerobic exercise does not contribute as much to
muscle hypertrophy as resistive exercises, but they stimulate muscle protein synthesis (67),
satellite cell activation and increased muscle fibers area (68, 69). A possible important
aspect of aerobic exercises is that they reduce body fatness, including intramuscular fat,
which is important for improving the functional role of muscle relative to body weight. In
contrast, muscle mass, strength, and muscle quality (strength adjusted for muscle mass) are
reported to improve significantly with resistance training in older people (20). Robust
evidence in several studies indicate that resistance training such as weight lifting increases
myofibrillar muscle protein synthesis (70, 71), muscle mass and strength (72—79) even in the
frail elderly. Strength gains results from a combination of improved muscle mass and quality
and neuronal adaptation (innervations, activation pattern). However, sarcopenia is observed
in master athletes who maintain resistance training activities throughout their lifetimes (80,
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81). Whether aerobic training can reduce, prevent or treat sarcopenia is an important
practical question because resistance training is less appealing to many sedentary elders.
Leisure physical activity is not enough to prevent the decline in muscle mass (82), but
aerobic and resistance activities improve balance, fatigue, pain release, cardiovascular risk
factors, and appetite. Thus, promoting an active lifestyle can prevent the functional effects
of sarcopenia, but resistance training is the best approach to prevent and treat sarcopenia,
although both training modalities contribute to the maintenance and improvement of muscle
mass and strength in the elderly.

Loss of neuro-muscular function

The neurological contribution to sarcopenia occurs through a loss of alpha motor-neuron
axons (83). Decreased electrophysiological nerve velocity, related to the dropout of the
largest fibers, reduces internodal length and segmental demyelization occurs with the aging
process (5), but the role of demyelization in sarcopenia seems minor (84), but the central
drive that contributes to a decrease in voluntary strength is supposed to be preserved (85).
The progressive denervation and reinervation process observed during aging (86-88) and
resulting in fiber type grouping (89) is the potential primary mechanism involved during the
development of sarcopenia. From cross-sectional findings, the decline in motor neurons
starts after the seventh decade (90) with a loss of alpha motor-neurons in the order of 50%
(91), and this affects the lower extremities with their longer axons more than the upper limbs
(5). The remaining alpha-motor-neurons enlarge their own motor unit territory by capturing
the denerved fibers, but the increase of the motor unit size (89) and the reduction in alpha-
motor-neuron number and in motor unit numbers (8, 92) results in a decline in coordinated
muscle action and a reduction in muscle strength. Reinnervation contributes to the final
differentiation of nerve fibers and the repartition between the type | fibers (slow, oxidative
fibers) and the type Il fibers (fast, glycolitic fibers). The average type Il fibers area is
diminished with age by 20 to 50% while the type I is diminished by 1 to 25% (91). In terms
of number, half of the type | and type Il fibers remain at 90 years of age compared to young
adults in post-mortem whole muscle cross sectional studies (55, 93).

During aging, the number of satellite cells and their recruitment ability (72) decrease with a
greater decrease in type Il than type | fibers. Satellite cells are myogenic stem cells that can
differentiate to new muscle fibers and new satellite cells if activated during the process of
regeneration (94), but this regeneration may lead to imbalance and the number of type 11
muscle fibers may decline following damage. Muscles of elderly subjects are vulnerable to
damage and recover poorly after trauma (95). Moreover, the separation between fast and
slow fibers may not be as clear as in young muscle (86). Aging is associated with increased
co-expression of the two myosin heavy chain (MHC) isoforms determining the fast or slow
fiber characteristics. All these mechanisms contribute to the age-related loss of muscle mass,
strength and contractility.

Further research is needed to understand better the contribution and role of neuro-muscular
impairment during the onset of sarcopenia. Underlying mechanisms involved in the rate of
motor unit loss such as physical activity, oxidative stress, genetics or hormones are not
clearly delineated, and lack of external stimuli may be one of the reasons for the lack of
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regeneration (94). For example, the attenuated rise of heat shock protein (HSP) after
exercise in the elderly could result in lower muscle protein synthesis (96). It is also unclear
whether the loss of motor-neurons is one of the first stages leading to sarcopenia. Fiber
regeneration may be altered before reinnervation contributes to their final differentiation into
type | or Il fibers. Recent studies suggest that sarcopenic muscle fibers express a
regenerative phenotype such as increased expression of myogenic regulatory factors, MRFs,
increased precursor cell proliferation, high content of the embryonic myosin heavy chain
isoform than an expected denerved phenotype. In contrast to the deinnervated pathological
conditions, the ubiquitin proteosome pathway is down-regulated in sarcopenic fibers (97).

Altered endocrine function

There is evidence linking age-related hormonal changes to the loss of muscle mass and
muscle strength. Insulin, estrogens, androgens, growth hormone, prolactin, thyroid
hormones, catecholamines and corticosteroids are involved in the etiology and pathogenesis
of sarcopenia, but controversy persists regarding their respective roles and effects on skeletal
muscle in adulthood and old age.

Insulin—Sarcopenia may be accompanied by a progressive increase in body and
intramyocellular fat mass which are associated with an increased risk of insulin resistance
(14). Insulin’s role in the etiology and pathogenesis of sarcopenia could be important even if
its effect on muscle synthesis remains controversial (98-100). Insulin selectively stimulates
skeletal muscle mitochondrial protein synthesis (101), but it is unclear if the anabolic effect
of insulin on muscle synthesis is impaired with advancing age. Compared to young adults,
increases in insulin levels after glucose and amino acids ingestion results in a lower protein
synthesis (98), and a reduced effect on mitochondrial function in elderly (102). The normal
increase in protein synthesis in response to insulin seems impaired in the aging muscle cell,
due to alterations in signaling systems for translation initiation (103). The weight gain that
frequently occurs during middle age results in a decline in the anabolic action of insulin,
potentially predisposing to sarcopenia (104), but the presence of amino acids, especially for
high intakes, may stimulate the anabolic effect of insulin (105).

Estrogens—There are conflicting data on the effects of estrogens on sarcopenia.
Epidemiological and interventional studies suggest that estrogens prevents the loss of
muscle mass (59, 106, 107), as their decline with age increase the levels of proinflammatory
cytokines suspected to be involved in the sarcopenia process such as tumor necrosis factor
alpha (TNFa) and interleukin 6 (11-6) (21, 108). However, none of five recent clinical trials
reported an increase muscle mass after hormone replacement therapy (HRT) (109). Effects
of estrogens on muscle strength and function are also controversial (59, 110). In the Health,
Aging and Body Composition Study, estrogen replacement was associated with higher
quadriceps cross-sectional area but not with knee extensor strength (110). However, three
recent clinical HRT trials reported an increase in muscle strength (see (109) for review).
Estrogens increase the level of sex hormone binding globulin which reduces the level of
serum free testosterone (111), thus HRT should decrease rather than increase muscle mass
(112). Both these mechanisms may play a marginal role involving estrogen during the
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development of sarcopenia. Estrogen’s association with strength training does not seem to
produce any anabolic effect on muscle mass or muscle strength (113).

Growth hormone and Insulin-like Growth Hormone 1—Insulin-like Growth
Factor-1 (IGF-1) and Growth Hormone (GH) decline with age (114) and are potential
contributors to sarcopenia. GH replacement therapy lowers fat mass, increases lean body
mass and improves blood lipid profile. IGF-1 activates satellite cell proliferation and
differentiation, and increases protein synthesis in existing fibers (115). There is also
evidence that IGF-1 acts in muscle tissue by interacting with androgens (116), but there are
conflicting results on its effect on muscle strength despite the apparent increase in muscle
mass (117-122). Methods used to assess muscle mass, such as anthropometry, BIA or DXA,
are unable to distinguish aqueous from non-aqueous components of the muscle mass.
Theoretically, this can be accomplished with CT or MR, only a few studies of GH or IGF1
have used these methods. One study reported that GH increased muscle strength only when
coupled with a weight training program (122). The aging muscle is capable of synthesizing
IGF-1, but it may be less sensitive to IGF-1 and could have an attenuated ability to
synthesize an isoform of IGF-1 promoting satellite cell proliferation (123). Exercise may
reverse the resistance of aging muscle to IGF-1 (123).

Testosterone—Testosterone levels gradually decreases in elderly men at a rate of 1% per
year (124), and epidemiological studies suggest a relationship between low levels of
testosterone in elderly and loss of muscle mass, strength and function. The increase in sex
hormone binding globulin levels with age results in lower levels of free or bioavailaible
testosterone (125). Clinical and experimental studies support the hypothesis that low
testosterone predict sarcopenia with low testosterone resulting in lower protein synthesis and
a loss of muscle mass (126). Testosterone induces in a dose-dependent manner an increase
numbers of satellite cells which is a major regulating factor of satellite muscle cell function
(116). When administrated to hypogonadal subjects or elderly subjects with low levels,
testosterone (127-134) increased muscle mass, muscle strength and protein synthesis.
However, inconclusive results are reported from studies evaluating the effectiveness of
testosterone therapy on muscle strength and function in community-dwelling population (see
chapter therapeutic perspective below and (135) for references).

Dehydroepiandrostedione (DHEA)—BIood levels of dehydroepiandrostedione, another
anabolic steroid hormone, decrease dramatically with age and are significantly lower in very
old men as compared to young men (136). Despite evidence that DHEA supplementation
results in an increase of blood testosterone levels in women and an increase of IGF-1 in
men, few studies have reported an effect on muscle size, strength or function (137).

Vitamin D and Parathyroid Hormone (PTH)—With aging 25(OH) vitamin D levels
decline (138). Several cross sectional studies have reported the association between low
1,250H vitamin D and low muscle mass, low muscle strength, decreased balance and
increased risk of falls (139-143). One recent longitudinal epidemiological study reported an
independent association between low serum vitamin D and sarcopenia (144). Several
explanations to this association are possible. Nuclear 1,250Hvitamin D has been described
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in muscle cells (145) and low levels of vitamin D have shown to decreasing muscle
anabolism (146). Low vitamin D may also influence muscle protein turn-over through
reduced insulin secretion (147). Low levels of vitamin D are associated with raised PTH but,
previous studies suggest that high PTH is independently associated with sarcopenia (59,
144) and increased risk of falling (148). An independent association between high PTH
blood levels and number of falls in nursing-home residents was recently reported (149).
PTH may modulate muscle tissue functioning through an increase in intracellular calcium
(148) or an induced pro-inflammatory pathway (144). It is important that 25(OH) vitamin D
levels be measured in all older persons with muscle loss and if the value is less that 30ng/ml,
vitamin D should be replaced (63, 150-152).

High level of cytokines

Chronic medical conditions, such as COPD, heart failure and cancer are highly prevalent in
elderly and are associated with an increased serum level of pro-inflammatory cytokines and
loss of body weight, including lean mass. This condition can occur in younger adults or
elderly persons and is called cachexia. This acute hyper-catabolism differs from the long-
term age-related process that leads to sarcopenia. However, aging is also associated with a
more gradual, chronic, increased production of pro-inflammatory cytokines, particularly 11-6
and Il-1, by peripheral blood mononuclear cells (153). There is some evidence that increased
fat mass and reduced circulating levels of sex hormones with aging contribute to this age-
related increase in pro-inflammatory cytokines that constituted catabolic stimuli (6). Thus,
the aging process itself is associated with increased catabolic stimuli, but there is still a lack
of evidence for the hypothesis that cytokines predict sarcopenia in prospective studies (59,
154, 155). Nevertheless, sarcopenia is one of the outcomes of cytokine related aging process
(63).

Previous reports in elderly populations have demonstrated an association between high
levels of 1L-6 and poor outcomes (156). Two studies have reported an association between
measures of muscle strength and mass and blood levels of TNFa, IL-6 and C-reactive
protein (CRP) (157, 158). In the Longitudinal Aging Study of Amsterdam, high levels of
cytokine IL-6 and CRP were also associated with an increased risk for loss of muscle
strength (154). These cytokines cause an imbalance in muscle tissue synthesis in favor of
excess protein breakdown. A chronic elevation of inflammatory cytokines or other pro-
inflammatory proteins could result in the predispositoin to sarcopenia (6, 28, 159). High
level of cytokines may also result in loss of muscle mass through increased activation of the
ubiquitine-protease pathway (160) and lower production of IGF-1. The ubiquitine-
proteasome system (UPS) degrades proteins, including the myofibrillar proteins, but its
importance in sarcopenia remains to be established. Experimental studies suggest that the
UPS is activated through an up-regulation of the genes for ligases (Atrogin and MuRF1) that
are highly correlated with muscle proteolysis. These two genes may be controlled by TNFa
and IGF-1/Akt (123). However, the role of the cytokines may be more complicated. The
effect of high levels of IL-6 is for instance still conflicting. IL-6 may be both a pro-
inflammatory and an anti-inflammatory cytokine. Recent experimental studies have also
suggested that the blood 11-6 should be differentiated from the muscle-derived form, which
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is able to inhibit TNFa (161). TNFa stimulates muscle loss through the activation of the
apoptosis pathway (122), but the effect of IL-6 depends on its form and localization.

Obesity is linked to inflammation (162, 163) and may have an important role in the process
leading the sarcopenia (28). Being both obese and sarcopenic is a condition named
“sarcopenic obesity” (11, 46). Sarcopenic obesity has been reported to predict the onset of
disability more than sarcopenia or obesity alone. This condition occurs in about 6% of the
community-dwelling elderly, and to about 29% of men and 8.4% of women over 80 years of
age (88). It has been hypothesized that sarcopenic-obesity is associated with increased fatty
infiltration of muscle, but confirmatory data are lacking (46). Fatty infiltration of skeletal
muscle is associated with reduced strength (64, 164) and functional status (165), and it is
hypothesized that infiltratoin affects muscle function (164). Contractility, motor unit
recruitment or muscle metabolism is decreased in the presence of fat infiltration (164), and
the excess fatty acids in the muscle fibers interferes with the normal cellular signaling (166).
These findings suggest a role of fat mass in the etiology and pathogenesis of sarcopenia, and
Roubenoff (167) has suggested a vicious cycle explaining the link between these two body
compartment and aging. Loss of muscle mass results in lower physical activity that leads to
obesity, that leads to an increase in catabolic over anabolic signals and a further loss of
muscle mass. Baumgartner et al. (11, 28), however, noted that the age-related increase in fat
mass generally precedes the loss of muscle mass, and that thin people also lose muscle with
age. This suggest that sarcopenia occurs regardless of changes in adiposity with age, but that
in obese elderly in association with visceral adiposity, the associated low chronic
inflammatory state could lead to accelerated muscle loss and thereby sarcopenic-obesity.

Mitochondrial dysfunction

Apoptosis

The role of mitochondrial dysfunction in sarcopenia is currently controversial (168).
Mitochondrial function may be affected by the cumulative damage to muscle mitochondrial
DNA (mtDNA) observed with aging. This may result in a reduction of the metabolic rate of
muscle cell protein synthesis, ATP synthesis (169) and finally to the death of the muscle
fibers and the loss of muscle mass (22, 170). However, low physical activity could be the
primary reason for mitochondrial dysfunction in the elderly. Some investigators report that
the decline in mitochondrial functions with aging of can be attenuated by physical activity
(171). Others report that mitochondrial impairment is only partially reversed after physical
training, but it does not reach the level of improvement observed in young (22, 172, 173).

Accumulated mutations in muscle tissue mitochondrial DNA are associated with accelerated
apoptosis of myocytes, and apoptosis may also be the link between mitochondria
dysfunction and loss of muscle mass. Evidence suggests that myocytes apoptosis is a basic
mechanism underlying sarcopenia (174), and muscle biopsies of older persons show
differences associated with apoptosis (175) compared with younger subjects. Recent reports
also suggest that type 11 fibers (those fibers preferentially affected by the sarcopenia
phenomenon), may be more susceptible to death via the apoptotic pathway (176).
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Two different pathways have been described, the caspase-dependent and the caspase-
independent apoptosis (177). The caspase-dependent pathway is a cascade of factors
activated in a sequential order to determine cell death. Aging is also associated with an
increased level of several caspases (178), and mitochondria are determinant components for
the regulation and induction of apoptosis through the caspase-independent apoptotic
pathway. Other mechanisms such as oxidative stress (100), low growth factors or complete
immobilization may also result in caspase-dependent and caspase-independent apoptosis in
animals studies (177). However, the magnitude of apoptosis compared to the other
mechanisms leading to sarcopenia is still unknown. Apotosis may represent a common final
mechanism for muscle loss in sarcopenia, but multiple agents and etiologic pathways may
also lead to this mechanism.

Genetic influence

Genetic factors are major contributors to variability in muscle strength and likely contribute
to susceptibility to sarcopenic agents. Genetic epidemiological studies suggest that between
36 and 65% of an individual muscle strength (179-182), 57% of lower extremity
performance (183) and 34% of the ability to perform the activities of daily living (ADL)
(184) are explained by heredity. Sarcopenia and poor physical performance in elderly are
also associated with birth weight in both men and women independent of adult weight and
height, which suggests that exposures very early in life may additionally program risk for
sarcopenia in old age in genetic susceptible individuals (185, 186).

Few studies have explored potential candidate genes determining muscle strength. In an
analysis of the myostatin pathway, a possible muscle mass regulator, linkage was observed
to several areas. The genes growth/differentiation factor 8 (GDF8), cyclin-dependent kinase
inhibitor 1A (CDKNZ1A), and myogenic differentiation antigen 1 (MYOD1) were implicated
as positional candidate genes for lower extremity muscle strength (181, 187) also found
several other genes in the myostatin pathway (cyclin-dependent kinase 2 (CDK2),
retinoblastoma (RB1), and insulin-like growth factor 1 (IGF1)), to be strongly related to
muscle strength. Other genes such as the ciliary neurotrophic factor gene variant (CNTF A
allele) may be related to loss of muscle power as well as muscle quality during adulthood,
according to findings demonstrating that homozygous individuals had lower quadriceps
strength values (188), and an association between IGF-2 genotype and arm and leg strength,
especially in women, has also been noted (189). The actinin alpha 3 (ACTN3) R577X
genotype is also of interest as it has been shown to influence knee extensor peak power in
response to strength training as has a polymorphism in the Angiotensin Converting Enzyme
(ACE) gene (187, 190). Also, polymorphisms in the Vitamin D receptor (VDR) may be
associated with muscle strength because of the relationship between vitamin D and its
known effect on both smooth and striated muscle (191). Polymorphisms in the VDR have
been associated with sarcopenia in elderly men (192), muscle strength and body composition
in premenopausal women (193), and muscle strength in older women (194). Recently,
sarcopenia has been identified in the free-living nematode or roundworm Caenorhabditis
elegans (195). A Mutation in the daf-2 insulin/IGF-1 signaling or the Age-1 PI-3-kinase in
this animal model prevents sarcopenia (196, 197). All of these finding indicate that
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sarcopenia has a significant heritable component (183) as do other body composition
phenotypes.

Low nutritional intake and low protein intake

Muscle protein synthesis rate is reported to be reduced 30% in the elderly, but there is
controversy as to the extent to which this reduction is due to nutrition, disease or physical
inactivity rather than aging (198, 199). It is recognized by some that protein intake in elders
should exceed the 0.8g/kg/j/day recommend intake (200-203). Muscle protein synthesis is
also decreased in fasting elderly subjects, especially in specific muscle fractions like
mitochondrial proteins (204), and thus, the anorexia of aging and its underlying mechanisms
contribute to sarcopenia by reducing protein intake. Several studies suggest that elderly
people have an increased risk of impaired energy regulation that disposes them to
progressive loss of body weigh including muscle (205, 206). One study reported that resting
metabolic rate (RMR) increased less in older subjects compared to younger adults during
overfeeding, and decreased less during underfeeding, suggesting some age-related
disconnection between changes in energy intake and RMR response (206).

Muscle protein synthesis is directly stimulated by amino acid (207) and essential amino
acids intake (208), and protein supplementation has been explored in the prevention of
sarcopenia. However, many interventional studies have not reported a significant increase
muscle mass or protein synthesis with a high protein diet even when accompanied by
resistance training (74, 209, 210). The lack of effect of protein intake on protein synthesis
stimulation may have several explanations (112). A higher splanchnic extraction of dietary
amino acids has been already reported (141, 142). This could limit the delivery of dietary
amino acids to the peripheral skeletal muscle. Then the capacity of amino acids to activate
protein synthesis within the muscle may be dose dependent since a lower amount of amino
acids is associated with a lower accretion of muscle protein synthesis (211) whereas high
dose of amino acids does (140). Another important issue is a possible resistance to the
natural stimulatory effect of leucine in aging muscle implying that higher leucine
concentrations of leucine may be necessary to stimulate protein synthesis in elderly subjects
(212). Carbohydrates added to the protein supplementation may impair the anabolic effect
(98, 140, 141). This observation suggests an insulin resistance toward protein metabolism in
elderly individuals (103, 213). This resistance to anabolic factors may ultimately be related
to a reduced muscle blood flow (214). Elders may also spontaneously reduce their other
energy intake in response to supplementation, thus attenuating any potential benefit (74).

Consequences of sarcopenia

Increased clinical and epidemiological interest in sarcopenia is related to the hypothesis that
age-related loss of muscle mass and strength results in decreased functional limitation and
mobility disability among the elderly (Figure 1). Sarcopenia also plays a predominant role in
the etiology and pathogenesis of frailty, which is highly predictive of adverse events such as
hospitalization, associated morbidity and disability and mortality (215, 216). Several
epidemiological cross-sectional studies have documented associations between low skeletal
muscle mass and physical disability (10, 13, 14, 33) or low physical performance (164) with
the level of disability 2 to 5 time higher in the sarcopenic groups. Sarcopenia also results in
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decrease in muscular strength and endurance (217). The (VO2max) declines at the rate of 3
to 8% per decade after the age of 30 years, but adjusted for muscle mass, VOZmax no longer
declines. This suggests that a loss of muscle mass is a significant contributor to fatigue and
decreased endurance (218). Consequently, we can speculate that sarcopenia is a predictor of
disability in the elderly, but, very few longitudinal studies (13, 36, 219) have demonstrated
that sarcopenia predicts disability and have reported little or no effect of sarcopenia on
mobility disability. In the Health Aging Body Composition study, Visser et al. reported that
subjects in the lowest quartile of cross sectional thigh area (measured by computed
tomography) had higher risk (1.90 for men and 1.68 for women) of developing mobility
disability than those in the highest quartile (36), and in the Cardiovascular Health Study,
severe sarcopenia (defined using bioelectrical impedance analysis) was a modest
independent risk factor for the development of physical disability. During the 8-year follow-
up the risk of developing disability was only 1.27 higher for subjects with severe sarcopenia
and the risk was not statistically significant in moderate sarcopenia (219). This weak
association between sarcopenia and the risk of disability suggests that disability can result in
cases of sarcopenia (Figure 1).

Low physical activity and being sedentary, an important cause of sarcopenia, are also
hallmarks of mobility disability. In the New Mexico Aging Process study, sarcopenia
(measured by DXA) was not a risk factor for developing disability in the absence of obesity
(46), but those with sarcopenic-obesity had a 2.6 higher risk to develop disability (46).
Sarcopenia results in disability in the obese only because fat mass is a risk factor for
disability more than lean mass, and growing evidence from cross-sectional and longitudinal
studies suggests that obesity impairs physical function (220-229). In the Cardiovascular
Health study, fat mass not muscle mass was a predictor of disability over 3-years of follow-
up (224), and during a 4-years follow-up, obesity predicted self-reported limitation in older
women (222) in the Study of Osteoporotic Fractures, but the age-related decrease of muscle
appears to precipitate into disability more so in the presence of obesity, but this tends to be
the case in sedentary obese not in the active obese. In the EPIDOS study, muscle strength
adjusted for muscle mass (muscle quality) was not significantly different between sedentary
obese and not obese, but muscle strength adjusted for muscle mass was higher in active
participants and especially in the lower limbs of obese subjects. The effect of weight
resistance training is greater in obese than in lean subjects and may explain these results
(230).

Half the population of American elderly are obese or overweight (231) and most have a
higher muscle mass and muscle strength compared to those who are not obese (232), but the
higher lean mass in the obese is low compared to their total body weight and predicts
functional limitation. This high muscle mass may also act as a nutritional reserve during a
medical event, and an absolute high muscle mass may, in part, explain the lower rate of
death in obese elderly (233-235). In elderly, the benefit of a higher muscle mass in obesity
offset the associated cardiovascular risk factors, but a low muscle mass is associated with
decreased survival rates following acute illness (236) and with a doubled risk of nosocomial
infection in care of the elderly (237). Muscle strength is also associated with lower mortality
in the Health ABC study (238).
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Relationship between sarcopenia and physical performance

Part of the theoritical model for sarcopenia potentially involves the positive association
between muscle mass and strength and in improved functional performance and reduced
disability. The relationship between muscle mass and strength is linear (239), but the
relationship between physical performance (such as walking speed) and muscle mass is
curvilinear (240, 241) (Figure 2). Thus a threshold defining the amount of muscle mass
under which muscle mass predicts poorer physical performance and physical disability
should be detectable, but a specific threshold may exist for each physical task. The
relationships among strength, muscle mass and function have important implications
regarding the selection of therapeutic approaches. An increase in muscle mass and strength
in the healthy elderly could have little effect on a specific physical performance, but a small
increase in muscle mass among sarcopenic elderly could result in a significant increase in
physical performance despite a relatively small increase in muscle strength. An increase in
muscle mass may have no effect on walking speed in the healthy elderly but a significant
impact in very frail. However, differences in functional outcomes and population
characteristics are major determinants in the success of interventional studies on sarcopenia,
and these differences are attributable, in part, to these methodological considerations.

Other factors and associations should also be considered. Janssen et al. recently reported that
a loss of muscle mass was greater in the legs than the arms (242), but the loss of muscle
quality in elderly seems more significant in arms for men compared to women whereas 10ss
of muscle quality in the leg seems similar in men and women (243). Sex hormones are
probably one of the underlying mechanisms for these differences; however, tt is also
possible that women maintain more activity on upper limbs than men because of their trend
to remain active by performing housework and gardening, while the men lose some of their
upper limb activity with work retirement. Because of the functional importance of leg
muscle groups, discrepancies between upper or lower limbs muscle have important
implications for mobility and disability prevention. Intervention should focus on increasing
muscle mass and strength of functionally important muscle groups and to identify among the
elderly, those individuals for whom intervention will be most relevant. In addition, the
ability to perform activities of daily living such as walking, climbing stairs, standing-up
from a chair relies on dynamic movements in which power in addition to strength is needed.
Improving low-power capacity is important to maintain physical function, but muscle power
is correlated to muscle strength and muscle mass, it changes independently of muscle
strength and muscle mass.

Muscle strength is related to muscle mass, but the ability to perform activities of daily living
also relies on other physiological characteristics (such as flexibility, coordination, praxis,
and balance). Increasing muscle strength is a potential therapeutic approach against
sarcopenia, but each individual should develop his/her own strategy to perform physical
tasks. Elderly women recruit mainly their coordination ability, while men rely on their
muscle strength to perform the same physical task (244). Moreover, co-deficiencies
(sarcopenia plus poor balance; sarcopenia plus poor flexibility; sarcopenia plus poor
endurance, etc.) can produce a greater than additive effect for poor outcomes.
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Treatment and future perspectives

Sarcopenia is treated currently with pharmacological treatment and lifestyle interventions.
Conisiderable evidence suggests that sarcopenia is a reversible cause of disability and could
benefit from intervention, especially at the early stage of sarcopenia (8, 245, 246). However,
the effects and ability of these interventions to improve function and prevent disability and
reduce the age-related skeletal muscle decline in elderly are unknown.

Physical activity

Nutrition

No pharmacological or behavioral intervention to reverse sarcopenia has proven to be as
efficacious as resistance training. The American College of Sport Medicine and the
American Heart Association suggested that training at a 70-90% of 1-RM (maximal
repetition) on two or more nonconsecutive days per week was the appropriate training
intensity to produce gains in muscle size and strength, even in frail elderly (135, 247).
Resistance training in elderly increases strength that is low in absolute term but similar
relative to muscle mass, but the increased muscle size is relatively moderate (between 5 and
10%) compared to the increase in muscle strength. Most of the increase in strength is in
neural adaptation of the motor unit pathway (5), but disuse results in a rapid detraining
(248). Several reports suggest that maintaining the benefits from resistance training is
possible with as little as one exercise program per week (249).

Older subjects participate in physical activity programs in the long term (250), but
organizing resistance training sessions and programs are challenging in frail elderly subjects
and some practitioners are reluctant to prescribe high intensity exercise in elderly patients.
Currently, only 12% of the United-States elderly population performs strength training at
least twice a week (251). Thus, new exercise programs could be relevant in frail elderly
population such as whole body vibration exercise, a safe, simple and effective way to
exercise musculoskeletal structures (252—-254). Beneficial effects on joint pain and
cardiovascular system have also been reported (252). However, more studies are needed to
ascertain beneficial effects and safety of whole body vibration exercise on sarcopenia (252).

In elderly populations, any form of weight loss in thin, normal, overweight and obese elderly
results in loss of muscle mass and increased rate of death (255). Weight loss should be
avoided after the seventh decade of life (256, 257) especially if it results in a reduction of
the BMI and no corresponding reduction in waist circumference because waist
circumference is related to cardiovascular disease while BMI is related to total body mass
and lean mass. In malnourished elderly, poor protein intake is a barrier to gains in muscle
tissue and strength from interventions such as resistance training. Increasing protein intake
in elderly and especially in frail elderly (higher than the recommended 0.8g/kg body weight
per day) can minimize the sarcopenic process (258). Higher protein intake is associated with
a significant decrease in lean mass in the elderly (259), but it is not clear if protein
supplementation in the absence of malnutrition enhances muscle mass and muscle strength,
as protein supplementation alone or in association with physical training has proved
unsuccessful (see (135) for references). New approaches, based on specific nutriments,
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including essential amino acids (leucine) (260) suggested an anabolic effect (261). It has
been recently reported that essential amino acids stimulate protein anabolism in elderly
whereas nonessential amino acids add no effect in association to essential amino acids (208,
262). The acute muscle protein synthesis in response to resistance training and essential
amino acids ingestion is similar in old and young subjects but delayed in older subjects
(262). In supraphysiologic concentration, leucine stimulates muscle protein synthesis (260),
which may be related to a direct effect of leucine on the initiation of mMRNA translation, and
amino acids supplements are ineffective for muscle protein synthesis if they do not contain
sufficient leucine (211). The quantity and quality of amino acids in the diet are important
factors for stimulating protein synthesis, and nutritional supplementation with whey
proteins, a rich source of leucine, is a possible safe strategy to prevent sarcopenia (263, 264).
However, caloric restriction can prevent the loss of muscle mass in animal and supposedly
some human studies (265, 266).

The schedule of the protein supplementation is relevant to improve muscle protein synthesis.
A large amount of amino acid supplementation in one meal per day is more efficient in
increasing the anabolic effect than intermittent protein intake (267). The anabolic effect of
protein supplementation may be maximized with a large amount of a highly efficient
nutritional supplement (such as essential amino acid and especially leucine) once a day.
Another way to optimize postprandial protein anabolism is to administer “fast” protein (i.e.
fastly digested protein by analogy with “fast” carbohydrate concept) which is an interesting
nutritional strategy (268, 269). However, no randomized clinical trial actually supports the
benefits of this specific approach on muscle mass synthesis. In association with strength
training, the timing of the protein supplementation may also affect muscle tissue anabolism.
Compared to protein supplementation taken between resistance training sessions, protein
supplementation taken immediately after the resistance training produces a 25% increase in
quadriceps muscle cross-sectional area. No increase occurs if the supplementation happens
at some passing of time after the training session (270).

Prevention of sarcopenia should occur throughout life. The possible influence of specifics
exposures at critical development periods may have a major impact on the risk of sarcopenia
in old age (271, 185). An adequate diet in childhood and young adulthood affect bone
development and calcium maintenance is required throughout life, thus the same appears to
be a reasonable lifestyle and treatment regime for sarcopenia. A well balanced diet, along
with adequate amounts of essential minerals, fatty acids and amino acids, together and an
active and healthy lifestyle with regular periods of aerobic and resistance training would go
a long way toward reducing the prevalence of sarcopenia and other chronic diseases in
future elderly generations.

Testosterone

About 20% of men older than 60 years and 50% of men older than 80 years are considered
hypogonadic defined as a total testosterone concentration 2 SDs below the mean of healthy
young men (272). There are conflicting and inconclusive results of the effectiveness of
testosterone therapy on muscle mass and muscle strength in elderly. Testosterone increases
muscle mass and strength at supraphysiological doses in young subjects under resistance
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training (273), but such dose levels are not administered in the elderly. Some interventional
studies report a modest increase in lean mass and most report no increase in strength (see
(135) for references). For the few studies that report an increase in strength, the magnitude
was lower than through resistance training. Moreover, the anabolic effect of testosterone on
lean mass and strength seems weaker in the elderly than in young (135). A recent meta-
analysis indicated that there is a moderate increase in muscle strength among men
participating in 11 randomized studies (with one study influencing the mean effect size)
(274). Studies of DHEA have also reported no change in muscle strength (135).

Testosterone is currently not recommended for the treatment of sarcopenia, and side-effects
associated with other androgens limit their use also. The potential risks associated with
testosterone therapy (e.g. increased of prostate-specific antigen, hematocrit and
cardiovascular risks) compared to the low level of evidence concerning the benefits on
physical performances and function explain the actual recommendations (275). High doses
of testosterone have not be given in RCT for fear of prostate cancer (276), and sense data
from the Baltimore Longitudinal Study on Aging report a positive correlation between free
testosterone blood level and prostate cancer (277).

New synthetic androgen modulators such as the 7 a-methyl-19-nortesterone (or MENT or
trestolone) are potential alternatives to testosterone, but randomized trials have not been
conducted. MENT has an anabolic effect on bone and muscle in rats (278) and may have
small negative effects on the prostate. Another therapeutic perspective is the Selective
Androgen Receptor Modulators (SARMS) that has the same anabolic effect on muscle tissue
as testosterone but without the side-effects (279). These new drugs may expand the clinical
application of androgens in sarcopenia as they enter the clinical phase of research.

Growth hormone

GH increases muscle strength and mass in young subjects with hypopituitarism, but in the
elderly, who are frequently GH-deficient, most studies report that GH supplementation does
not increase muscle mass or strength (135) even in association with resistance training (122,
135). GH increases mortality in ill malnourished persons (280), and potential serious and
frequent side effects such as arthralgia, edema, cardiovascular side-effect and insulin
resistance occur with GH supplementation (117). To date, there is little clinical research
support for the use of GH supplementation in the treatment of sarcopenia. GH is able to
induce IGF-1 mRNA production and increased suppression of cytokine signaling-2 (SOC-2)
in myoblast cell experimental studies (281). SOC-2 has been reported to be a major
modulator of GH action (282). SOC-2 is a cytokine-inducible protein that inhibits cytokines
production through a negative feedback mechanism. SOC-2 system may be used in future
studies on sarcopenia and other keys anabolic signaling proteins are potentially involved
(283). Previous observations examining the association of IGF-1 with muscle strength and
physical performance in older populations provide conflicting results (284-286).
Interestingly, in a study among obese postmenopausal women, the administration of GH
alone or in combination with IGF-1 caused a greater increase in fat-free mass and a greater
reduction in fat mass than those achieved by diet and exercise alone (287). However, the
clinical applications of these findings are limited by safety issues. Recent studies have found
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that IGF-1 correlates with risk of prostate cancer in men, premenopausal breast cancer in
women, and lung cancer and colorectal cancer in both men and women (288). Several IGF
binding protein (IGFBP) have been describe. Most of their physiological and pathological
effects are unknown. However, IGFBP-5 is reported to be an important modulator of
myogenesis (289).

Myostatin is a recently discovered natural inhibitor of muscle growth (290), and mutations
in the myostatin gene result in muscle hypertrophy in animals and in humans (291, 292).
Antagonism of myostatin enhanced muscle tissue regeneration in aged mice (292) by
increasing satellite cell proliferation. Smoking impairs muscle protein synthesis and
increases the expression of myostatin in human (293). Antagonist of myostatin drug (such as
follistatin or caveolin-3) have a potential therapeutic impact in future studies on sarcopenia
(294-296). Recombinant human antibodies to myostatin (myo-029) are actually tested in
RCT in muscular dystrophy human, and a soluble activin type I1B receptor that reduces
myostatin effect is actually in development. A single gene myostatin inhibitor enhances
muscle mass and strength in mouse (297). All these new approaches may be relevant to the
treatment of sarcopenia in the future.

Estrogens and Tibolone

Vitamin D

Creatine

A recent review on the effect of estrogen and tibolone on muscle strength and body
composition (109) report an increase muscle strength but only tibolone appears to increase
lean body mass and decrease total fat mass. Tibolone is a synthetic steroid with estrogenic,
androgenic and progestogenic activity. HRT and tibolone may both react with the intra-
nuclear receptor in the muscle fibers (298, 299), and tibolone may also act by binding
androgen receptors in the muscle fibers and increase free testosterone and GH. However,
further research is needed to confirm these findings and the long term safety of these drugs
in elderly population. In fact, no study has currently confirmed the positive findings in older
persons.

Vitamin D supplementation between 700 and 800 iu per day reduces the risk of hip fracture
(and any non vertebral fracture) in community-dwelling and nursing home elderly (300) and
the risk of falls (143). The underlying mechanism may be the increased muscle strength.
Janssen et al. reported an histological muscle atrophy, predominantly type Il fibers, in
vitamin D deficiency (301). Whether vitamin D prevents sarcopenia remains to be proven,
but the relationship of vitamin D and calcium on muscle mass and function in the elderly is
another important area for research.

Creatine supplementation is supposed to increase muscle mass synthesis (see (302) for
review) by increasing intra muscular creatine and phosphocreatine (303) which allows
increased resistance training to stimulate muscle mass synthesis. Several mechanisms for
this action are hypothesized such as an increased expression of myogenic transcription
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factors (304), but few clinical trials in elderly samples (in addition to physical training or
not) report conflicting results (303, 305-311). It is unknown whether, creatine
supplementation prevents or reduces sarcopenia and its associated disability and morbidity
(302, 312).

Angiotensin Il Converting Enzyme inhibitors (ACE inhibitors)

Growing evidence suggests that ACE inhibitors may prevent sarcopenia ((313, 314) and see
(258) for review). Activation of the renine-angiotensin-aldostrone system may be involved
in the progress of sarcopenia. Angiotensin Il infused in rats results in muscle atrophy (294),
and several mechanisms such as influences on oxidative stress, metabolic and inflammation
pathway have been suggested through epidemiological and experimental studies. ACE
inhibitor reduces the level of angiotensine Il in vascular muscle cell, and angiotensin Il may
be a risk factor for sarcopenia through the related increase in pro-inflammatory cytokines
production (315). ACE inhibitors may also improve exercise tolerance via changes in
skeletal muscle myosin heavy chain composition (316). This decrease in inflammatory
markers via ACE inhibitors may improve the microvascular endothelium and the blood
flow, consequently slowing muscle loss (317). The ACE gene polymorphism also affects the
muscle anabolic response and muscular efficiency after physical training (318).

Cytokine inhibitors

Genes

Apoptosis

The age-related inflammation process is supposed to be an important factor in the
development of sarcopenia, and antiinflammatory drugs may delay its onset and progression.
Cytokine inhibitors, such as thalidomide, increase weight and lean tissue anabolism in AIDS
patients (319). TNFa produces muscle tissue atrophy in vitro. Anti-TNFa antibodies, a
treatment provided to rheumatoid arthritis patients, may also be an alternative therapeutic
opportunity for sarcopenia (320). However, the benefit/risk balance of these drugs is a major
limitation that has not yet been tested in sarcopenic patients. Epidemiological data also
suggest that fatty fish consumption rich in the anti inflammatory actions of omega-3 fatty
acid may prevent sarcopenia (321).

Many genetic factors contribute to muscle mass and strength (322, 323). Treatment based on
the basic physiopathology of sarcopenia can be expected in the future (195). Understanding
the fundamental pathways leading to sarcopenia, such as the expression pattern of genes and
proteomics will probably determine future treatment strategies. Many genes that have been
reported to be expressed differentially in young or old muscle tissue may have a significant
role in the pathogenesis of sarcopenia.

Although evidence of the role of apoptosis on sarcopenia is lacking in human studies, recent
experimental studies suggest that apoptosis may be a determinant factor leading to muscle
loss. Our understanding of the mechanisms of apoptosis suggests that caspase inhibitors may
represent a possible future therapy (177). Apoptosis may be reversible. For instance,
exercise training reverses the skeletal muscle apoptosis (324) and caloric restriction reduce
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apoptosis pathway stimulated by TNFa (266, 325). Redox modulators such as carotenoids
(326) seem to be important factors in influencing loss of muscle strength, functional
limitation and disability. Interest in all these molecules is actually suggested by basic
research but may be studied in future clinical researches.

Conclusion

Improved understanding and treatment of sarcopenia would have a dramatic impact on
improving the health and quality of life for the elderly, reducing the associated comorbidity
and disability and stabilizing rising health care costs. However, continued research is needed
to fleshout a consensus operational clinical definition of sarcopenia applicable in clinical
management and clinical and epidemiological research across populations. Sarcopenia is a
complex multifactorial condition, the inter-related underpinnings and onset of which are
difficult to detect and poorly understood. Thus, a comprehensive approach to sarcopenia
requires a multi-modal approach. Reducing the loss of muscle mass and muscle strength is
relevant if the decrease in physical performances and increase in disability are affected.
Defining target elderly populations for specific treatments in clinical trials is an important
issue if the findings and their interpretation are to be inferred to other groups and
populations of elderly individuals. An important clinical endpoint should be the prevention
of mobility disability along with the reducing, stopping or reversing the loss of muscle mass,
muscle strength or muscle quality.

Currently, resistance strength training is the only treatment that affects the muscle aspects of
sarcopenia. There are no pharmacological approaches that provide definitive evidence in the
ability to prevent the decline in physical function and sarcopenia. Current and future
pharmacological and clinical trials and epidemiological studies could radically change our
therapeutic approach to understanding and treating mobility disability in elderly. However,
this change requires the concerted effort to develop a clear and applicable operational
definition of sarcopenia that at the least works well within populations.
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Sarcopenia and the disability process
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Figure 1.
Sarcopenia and the disability process
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