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Sarcopenia: Current Clinical and Research Issues
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Abstract: Sarcopenia is the age-related progressive decline of muscle mass, strength and function. It is not due to dis-
eases, but a normal part of the aging process, and multiple physiological and psychological factors seem to contribute to
it. Sarcopenia has been associated with a higher risk of falls, incident disability and all-cause mortality in the elderly. De-
spite this phenomenon has major clinical, social and economic consequences in older persons, its study is still limited
and/or partial. The major issues making difficult the design of clinical trials on sarcopenia are: the multidimensional
physiological mechanisms determining it, the lack of standardized definitions, the difficulties in operatively defining this
dynamic mechanism, and the different methodologies able to estimate the muscle mass and function. The present review
will 1) overview the current clinical and research issues related to the study of sarcopenia in the elderly, and 2) discuss the

possible solutions on the basis of evidence on the topic.

DEFINITION OF SARCOPENIA

The term “sarcopenia” (from Greek sarx for flesh, and
penia for loss) is commonly used to describe one of the most
noticeable age-related modifications, that is the progressive
decline of muscle mass, strength and function [1, 2]. Skeletal
muscle declines in both men and women with aging. Muscle
strength and mass reach their peaks in the teens and twenties,
and begin to fall in the thirties. A 10-15% rate of decline in
muscle strength has been estimated per decade of life after
the age of 50 years. This decline becomes even faster after
75 years of age [3].

The sarcopenia phenomenon has been reported in a wide
range of species in animals as well as in humans. After all, if
this loss of muscle mass is an age-related phenomenon, it
ought to be universal because every living being is aging.
For example, progressive loss of muscle mass and function
has been reported in Caernorhabditis elegans, a short-lived
nematode, extensively studied to explore the aging process,
and whose genome was completely sequenced [4]. In fact, a
gradual disorganization and decrease in myosin thick fila-
ments in the sarcomeres of older Caernorhabditis elegans
have been observed. Similarly to what occurring in humans,
nematodes with earlier motor dysfunction show lower life
expectancies.

Sarcopenia is a bidimensional phenomenon (Fig. 1) [5],
because simulatenously considering (by definition) declines
in both quantity (i.e., muscle mass) and quality (i.e. muscle
function/strength). Nevertheless, large part of the current
evidence on the topic is mainly focused on muscle func-
tion/strength modifications rather than also considering the
parallel body composition changes. Although this choice
(primarily due to the availabity of better assessment meth-
ods) might be legitimate because considering the skeletal
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muscle decline through a component of it (i.e. strength and
function loss), it is still limiting the evaluation to a monodi-
mensional approach.
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Fig. (1). The bi-dimensional nature of sarcopenia.

Sarcopenia might be considered as the “muscular com-
ponent” of the frailty syndrome, sharing with it the multi-
causal nature and the dynamic process [6]. In fact, sarco-
penia is not only characterized by common features with this
geriatric syndrome, such as poor endurance, physical inactiv-
ity, slow gait speed, muscle fatigability, and decreased mo-
bility [7, 8]. It is also associated with an increased risk of
several major health-related events in older persons, includ-
ing physical disability and mortality [9, 10]. Besides the ma-
jor clinical consequences, sarcopenia is also extremely bur-
densome on the health care system from an economic point
of view. In fact, it has been estimated that the health care
costs due to sarcopenia in the United States in 2000 were
about $18.5 billion [11]. It is likely this figure will signifi-
cantly increase in the next future due to the progressive ag-
ing of the population.
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Unfortunately, several conceptual and methodological
issues limit the study of this phenomenon, so that sarcopenia
is often considered as a mere “matter for researchers” with
low clinical relevance. Moreover, the lack of standardized
(operative) definitions, standardized methodologies to meas-
ure the muscle decline, and the inability to properly capture
the dynamicity of the sarcopenia process are responsible for
controversies and inconsistencies in literature. These diffi-
culties are likely to explain the extreme scarcity of clinical
trials considering sarcopenia as primary outcome.

In the present review, we discuss the current issues limit-
ing the study of sarcopenia, and provide some recommenda-
tions for methods, techniques, and measurements to consider
in the evaluation of the age-related muscle decline. Moreo-
ver, we suggest which biological and clinical features should
be considered in the recruitment of potential participants to
clinical trials on sarcopenia. Finally, we discuss the role that
physical exercise/activity as preventive/treatment strategy
against the age-related skeletal muscle loss.

CONCEPTUAL ISSUES ABOUT SARCOPENIA IN
THE NEED OF CLARIFICATION

As stated above, sarcopenia represents one most the most
evident effects of the aging process on our organism. There-
fore, its study may be able to clarify many mechanisms re-
lated to aging, and potentially open new scenarios for pre-
ventive medicine. Nevertheless, its definition implies several
conceptual issues that are not easy to overcome when trans-
lating the hypotheses into the research field.

One of the major problems found by researchers when
designing clinical trials on sarcopenia resides in the long-
term nature of this process over time. In fact, the age-related
decline of skeletal muscle starts in the thirties to develop
throughout the life. Moreover, by definition, it is a continu-
ous process strongly connected with age, so that everyone
experiences this skeletal muscle decline. Considering these
two facts together, a clinical trial on sarcopenia should con-
sider an extremely long follow-up (with consequent high
costs) to evaluate whether, for example, a specific interven-
tion is capable to reduce the already slow body composition
changes occurring with age (and even experienced by any
possible control group) [5]. Translational studies on animal
models may partly solve these issues by providing prelimi-
nary data to be later verified in humans. However, the
evaluation of the long sarcopenia process still remains diffi-
cult to exhaustively evaluate in humans. Several studies have
solved this issue by comparing results obtained from a sam-
ple of healthy older individuals to a sample of healthy young
controls. This approach implicitly accepts that the simple
absence of clinical conditions makes similar and comparable
a young person in his/her twenties to an older subject in
his/her sixties (or even more). The exclusion of clinical con-
ditions may appear able to isolate the “normal” aging proc-
ess from all the potential confounders influencing it. Unfor-
tunately, although this approach may be legitimate (and pos-
sibly the best way to study the long-term phenomenon of
aging), it has several limitations, such as not considering the
role played by cultural, lifestyle and subclinical fac-
tors/conditions.

The Open Geriatric Medicine Journal, 2008, Volume 1 15

When approaching the sarcopenia topic, it is evident the
large controversy existing behind the clinical meaning of this
condition. If sarcopenia is not a disease, why do we want to
“treat” it? Some reasons might be found in several papers
presenting the loss of muscle mass as an age-related phe-
nomenon potentially leading to severe health consequences
[9, 10]. However, a growing part of evidence is refusing the
hypothesis that sarcopenia is a risk factor for health-related
events. In fact, several Authors have increasingly observed
that fat tissue (and intramuscular fat infiltration) is the real
responsible for the onset of health-related events rather the
lean tissue [12-14]. Consequently, preventing or delaying
sarcopenia may not be particularly important because of the
uncertain role that skeletal muscle per se may have on
health. Further studies are needed to clarify this issue be-
cause of crucial importance for the definition of the clinical
importance of sarcopenia. In fact, if sarcopenia is just con-
sidered as the manifestation of the aging process on the
skeletal muscle, the study of this phenomenon may imply the
shifting from a geriatric to a gerontological field.

It is noteworthy that most Authors tend to give a larger
importance to the functional component of sarcopenia (i.e.
loss of muscle strength) rather than to its apparent one (i.e.
loss of muscle mass). If this may represent a way to explore
a still largely uncovered field, it is important to take into
account how the functional surrogates of sarcopenia (e.g.
physical function measures) may go beyond mere measures
of muscle strength, but represent markers of well-being.

Therefore, an intervention improving muscle strength
(and, consequently, increasing muscle mass) may not neces-
sarily be beneficial because intervening on the skeletal mus-
cle. Its benefits may find a broader explanation in an overall
improvement and in the inhibition of the physical decline
vicious cycle.
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Fig. (2). Muscle decline is influenced by positive and negative fac-
tors modifying the “normal aging” trajectory.

Another major limitation influencing the design and de-
velopment of clinical trials on sarcopenia is the wide spec-
trum of potential confounders able to (negatively or posi-
tively) affect the skeletal muscle decline (Fig. 2) [15-17]. In
fact, multiple sociodemographic (e.g. gender, race/ethnicity),
behavioral (e.g., physical inactivity, malnutrition, smok-
ing...), biological (e.g. inflammation...), and clinical (e.g.
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clinical conditions...) factors are able to accelerate the nor-
mal age-related muscle decline trajectory. On the other hand,
positive confounders also exist capable to reduce the skeletal
muscle decline rate (e.g. physical activity, hormone replace-
ment therapy, immunomodulatory medications...). If sarco-
penia is a pure age-related phenomenon, the study of it
should carefully exclude all these positive and negative con-
founders able to modify the aging process of the muscle.
Only in this way we will be able to capture the real and only
aging effect. Otherwise, these confounders may potentially
be responsible for biased results. The translation of this con-
cept is extremely hard into practice, especially because sar-
copenia is a phenomenon of older age, when subjects tend to
present a higher number of (sub)clinical conditions.

CURRENT METHODOLOGIES TO MEASURE
SKELETAL MUSCLE MASS

One of the major restrains to the design and development
of clinical trials on sarcopenia resides in the multiple imag-
ing methodologies that can be adopted to estimate the skele-
tal muscle parameters. If sarcopenia has to be considered as a
condition worth to be investigated in clinical trials, a unique
and standardized method of assessment of the skeletal mus-
cle is needed. Moreover, the standardization of the skeletal
muscle assessment may facilitate the identification of a pos-
sible critical threshold distinguishing the age-related phe-
nomenon from the clinically relevant risk factor for negative
events.

Currently, the most used techniques to evaluate the skele-
tal muscle mass include anthropometry, creatinine excretion,
bioelectrical impedance analysis (BIA), peripheral quantita-
tive computerized tomography (pQCT), dual energy X-ray
absoptiometry (DEXA), neutron activation, computerized
tomography (CT), and magnetic resonance imaging (MRI).
A list of the major strengths and weaknesses of all these
techniques is presented in Table 1. MRI and CT represent by
far the most accurate imaging methods to determine muscle
mass. They are also able to provide parameters of muscle
quality (e.g. muscle density, intramuscular infiltrates of fat).
Nevertheless, the high costs and the technical difficulties of
these procedures make them difficult to be implemented in
large and/or not sufficiently funded clinical trials. The pQCT
can be considered as a legitimate alternative to these “gold
standards”, even if a loss of accuracy is implied. This meth-
odology is based on a portable CT scanner able to measure
cross-sectional areas of bone (including its subcompart-
ments), muscle, and adipose tissue at upper and lower limbs.
Moreover, muscle and bone density can be measured as well.
A limitation common to all these three methodologies is re-
lated to the lack of adjustment for body size (consequently
requiring a second measure). In fact, for example, a higher
muscle area might just reflect a larger body size rather than a
healthier status of the assessed skeletal muscle. Moreover, it
should not be underestimated that these techniques provide
results estimating muscle mass in a specific part (slice) of the
body, so that the generalization of results to the whole organ-
ism (or even to other parts of the same district) might be ar-
guable. An alternative method to estimate the entire body
muscle mass is based on the in vivo neutron activation analy-
sis combined with the 40K whole body counting [18, 19].
The rationale of this method is based on the existence of a
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difference in the potassium-to-nitrogen ratio between the
skeletal muscle and the non-skeletal muscle tissues. If total
body potassium (from the 40K whole body counting) and
total body nitrogen (from prompt-y neutron activation analy-
sis) are known, these ratios can be mathematically derived
and applied to predict the subject’s skeletal muscle mass.
However, besides of the still unclear validity, this method is
even more expensive than CT [20].

The application of DEXA for the muscle mass estimation
has created an attractive alternative to more expensive meth-
ods. However, it needs to be taken into account when con-
sidering this technique that the accuracy of DEXA for pre-
dicting muscle mass in people of different age groups and in
some pathological conditions may vary. For example, there
is a tendency for DEXA to overestimate muscle mass [20],
possibly because this method does not differentiate between
water and bone-free lean tissue. This might lead to signifi-
cant bias in older persons due to extracellular fluid accumu-
lation [21].

Theoretically, the measurement of urinary creatinine ex-
cretion is one of the most specific indexes of total body
skeletal muscle mass because creatine, the precursor of
creatinine, originates almost exclusively from skeletal mus-
cle. Unfortunately, creatinine excretion shows a daily varia-
tion, consequently providing an inaccurate estimate. Moreo-
ver, to assess urinary creatinine excretion, the subject is re-
quired to be on a meat-free diet for few days and a prolonged
urine collection is needed [21].

Even if inexpensive, anthropometric measurements are
very limited in their accuracy [22]. Rolland and colleagues
[23] showed that calf circumference is only moderately cor-
related with appendicular lean mass as determined by DEXA
scan. Moreover, anthropometric measures are based on cer-
tain uncertain assumptions about the adipose tissue distribu-
tion (along the length and circumference of the limbs), and
the mean cross-sectional area of muscles and bones [24, 25].
Moreover, malnutrition, comorbidities, and/or poor health
status (as frequently occurring in older persons) may
furtherly bias the estimate of muscle mass with anthropomet-
ric measures (mainly due to the reduced amount of subcuta-
neous adipose tissue).

THE LACK OF A WELL-ESTABLISHED DEFINING
CUT-POINT FOR SARCOPENIA

A standard and widely-accepted quantitative definition of
sarcopenia is not currently available in literature. All the
biological measures to be clinically meaningful require to be
categorized, so to identify a critical threshold distinguishing
a “normal” vs an “at risk” value. Moreover, the identification
of a cut-point also provides a target to theoretically establish
whether a specific intervention is successful or not. Sarco-
penia is not an exception. Unfortunately, several issues limit
the identification of such cut-point.

First of all, it is important to keep in mind that the initial
amount of muscle mass (and strength) plays a major role in
the muscle decline process [6]. In fact, as Marcell noted [26],
the level of initial muscle mass (as well as the muscle qual-
ity) are crucial in reaching the clinically-meaningful thresh-
old of sarcopenia. For example, a relevant reduction of mus-
cle mass in a bodybuilder may still spare an amount of lean
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Table 1. Methodologies to Estimate the Muscle Mass
Method Strengths Weaknesses
Magnetic resonance » Best resolution » Highly expensive
imaging (MRI) » Cross-sectional measurement of lean and fat mass areas in a spe- » Images of a body part which may not be appli-
cific part of the body cable to different body districts
» Evaluation of muscle quality parameters (i.e., intramuscular infil- » Time-consuming
trates of fat) > High space requirements
» Technically difficult to perform
Computerized tomogra- » Cross-sectional measurement of lean and fat mass areas in a spe- » Images of a body part which may not be appli-
phy (CT) cific part of the body cable to different body districts
» Evaluation of muscle quality parameters (i.e., intramuscular infil- » Exposure to radiations
trates of fat) » Time-consuming
» High space requirements
» Technically difficult to perform
Peripheral quantitative » Cross-sectional measurement of lean and fat mass areas in a spe- » Images of a body part which may not be appli-
computerized tomo- cific part of the body cable to different body districts
graphy (pQCT) » Evaluation of muscle quality parameters (i.e., intramuscular infil- » Limited accuracy compared to MRI or CT
trates of fat) > Originally designed to evaluate bone parame-
» Portable ters, it has lower application on muscle
» Does not require highly trained personnel » Exposure to low dose radiation
Neutron activation Estimate of overall skeletal muscle mass » Expensive
» Limited validity
» Exposure to radiations
» Time-consuming
» Technically difficult to perform
» No information about muscle quality
» No information about specific body districts
(e.g., limbs)
Dual energy X-ray ab- » Sensitive and accurate method » No information about muscle quality
sorptiometry (DEXA) | 5 ggtimates of lean, fat, and bone tissues in the entire body or in » Space requirements
specific parts of it » Exposure to low dose radiation
> Usually present in clinic/research settings » Possible biased results due to limited differen-
» Relatively cheap tiation between water and bone-free lean tissue
» Does not require highly trained personnel
Bioelectrical impedance » Relatively inexpensive » Results based on body resistance
analysis (BIA) » Minimal maintenance » No measure of muscle quality
» Portable » Lower accuracy compared to other methods
» Results immediately available (i, MRL, CT, DEXA)
» Does not require highly trained personnel
Creatinine excretion » Measure directly related to total body muscle mass » Time-consuming
» Diet restrictions the days before the urine
collection
» Results not immediately available
» Complicated procedure
» Daily variation of creatinine excretion
Anthropometry » Easy to assess » Very limited accuracy
» Inexpensive » No information about muscle quality
» Nutritional status and comorbidities can easily
bias the results

mass greater than the one commonly presented by a healthy
normal individual. Therefore, the greater the starting reserve
capacity, the longer it will be before the critical threshold of
sarcopenia is crossed.

Sarcopenia is a difficult condition to be identified in the
real world. This difficulty resides in 1) the progressive and
“longitudinal” nature of this phenomenon, 2) the different
available methodologies to assess body composition, 3) the
bi-dimensional nature of the phenomenon, and 4) the lack of



18 The Open Geriatric Medicine Journal, 2008, Volume 1

a unique and standardized operational definition. Moreover,
even if sarcopenia is defined as an age-related condition, it
still is under the effect of multiple factors potentially influ-
encing its development and progression.

According to its definition, sarcopenia is a time-
dependent process. Therefore, it implies a longitudinal
evaluation considering a starting level of muscle mass and
the rate of its decline. In other words, sarcopenia should not
be defined on the basis of a one-point assessment, but always
controlled for a baseline or reference value. Consequently,
the definition of sarcopenia should necessarily rely on skele-
tal muscle change. In this context, it is important to keep in
mind that 1) as stated above, multiple confounders contribut-
ing with different extents to the muscle decline produce an
immeasurable variability of the process, and 2) sarcopenia is
a time-dependent process occurring in muscles starting after
30 years of age. As done in previous studies, these issues can
be (at least partly) solved by referring the measured muscle
mass parameters to “normal” values determined at young-
adult ages [1, 27]. The definition of critical cut-points from
standard deviations of a reference population is at the basis
of commonly used diagnostic criteria, such as for anemia
[28] or osteoporosis

A different approach to define the presence/absence of
sarcopenia was adopted in several studies in which the criti-
cal threshold in muscle mass loss was based on the risk for
future health-related events. For example, Janssen and col-
leagues [29] proposed a scale of muscle loss identifying spe-
cific cut-points below which the risk for subsequent physical
disability significantly increases.

A further alternative approach might be based on the
population distribution (e.g. specific percentiles of muscle
mass loss). If this method may have some validity in re-
search and represents a legitimate choice to identify subjects
with low muscle mass in a sample population, the translation
of results to clinical practice and their generalization to the
overall population might raise some concerns.

CURRENT METHODOLOGIES TO MEASURE
SKELETAL MUSCLE FUNCTION

Muscle strength and mass reach their peaks in the teens
and twenties, and begin to fall in the thirties. A 10-15% rate
of decline in muscle strength has been estimated per decade
of life after age of 50 years. This decline becomes even
faster after 75 years of age [3].

When muscle strength is considered in adjunction with
muscle mass may constitute a marker of muscle quality, a
measure of the work that a specific muscle mass may exert.
For example, by simply dividing a measure of strength for
the estimate of the cell lean mass, we may obtain an optimal
estimate of the skeletal muscle quality. This measure will
potentially include both components of the sarcopenia phe-
nomenon: the muscle strength and the muscle mass. For the
same purpose, it can also be quantified the amount of tension
produced by the muscle per unit of area in different districts.
These measures of muscle quality have consistently shown
to decrease with aging. Even if the muscle quality is exam-
ined at the cellular level, a difference between young and old
cells can be seen, for example in terms of reduced contractil-
ity of the actin myosin complex. Moreover, it has been re-
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ported that the force produced by single muscle cells from
young men vs old men adjusted for the size of those fibers
show that young fibers are stronger than old fibers [30].

As mentioned above, most of the current evidence on the
age-related skeletal muscle decline derives from studies con-
sidering the muscle strength/function as primary outcome.
Therefore, it might be argued that such studies are not really
studying sarcopenia, but muscle strength/function, only one
of the two components of the age-related skeletal muscle
decline. However, we realize that a clinical trial on sarco-
penia in humans may require the assessment of clinically
meaningful surrogates that may be more sensible to age-
related changes than body composition parameters. The need
for this “adaptation” of the study design to the clinical and
research practice rather than to the implicit nature of the
phenomenon is often required for economic and feasibility
reasons.

Physical performance and muscle strength measures can
play a major role as clinical outcomes in studies on sarco-
penia. In fact, these measures are not only associated with
body composition (and, particularly, with skeletal muscle
parameters) [31], but have also been shown to present a bet-
ter predictive value for some health-related negative events
(e.g. mortality) [13]. Interestingly, Visser and colleagues
[32] reported that mid-thigh muscle area is associated with
increased risk of mobility disability in well-functioning older
men and women, but this risk was not independent of lower
knee extension strength and muscle density. Even if muscle
mass explains most of the variance in muscle strength [33,
34], older persons with lower muscle mass still present a
higher risk of functional decline. Newman and colleagues
[13] reported in the Health Aging and Body Composition
(Health ABC) study that low muscle mass does not explain
the strong relationship between strength and mortality, indi-
cating that muscle strength as a marker of muscle quality
may be more important than quantity in estimating the risk
of events. Interestingly, in the same study, similar results
were provided by muscle strength when assessed in different
muscular groups (i.e. hand grip, quadriceps). This finding is
of particular importance because implicitly generalizing the
measure of a single muscle group to the entire body. There-
fore, in the context of the planning of a clinical trail on sar-
copenia, muscle strength may indeed provide that muscle
quality measure needed to qualify the muscle mass estima-
tion. Again, the analyses of only skeletal muscle mass or
skeletal muscle function/strength will provide only partial
evaluations of the skeletal muscle. Both components of the
skeletal muscle decline should always be considered in stud-
ies focused on sarcopenia.

According to the study requirements and availabilities,
several different methods for the measurement of muscle
strength can be adopted, from the simplest to the most accu-
rate and complex dynamometers. Interestingly, a paper by
Lauretani and colleagues [35] demonstrated that isometric
hand grip strength not only declines with age, but is also a
very strong correlate of sarcopenia when cross-sectionally
compared to lower extremity muscle power, knee extension
torque, or calf cross-sectional muscle area. Although these
findings have to be confirmed by longitudinal studies, they
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still represent a useful basis to easily identify the loss of
muscle mass (i.e. sarcopenia) even in clinical settings.

Among the measures potentially providing a clinical es-
timate of sarcopenia in trials, the Short Physical Performance
Battery also represents an important alternative to consider.
Delmonico and colleagues [12] demonstrated that sarcopenia
(measured using a fat-adjusted measure) is a strong predictor
of decline in Short Physical Performance Battery results.
Moreover, given the strong link existing between this physi-
cal performance measure and physical disability, the transla-
tion of the test into a correlate of sarcopenia is almost conse-
quential.

BIOLOGICAL TARGETS OF CLINICAL TRIALS ON
SARCOPENIA

As previously discussed, muscle mass per se (even when
adjusted for body size) may not be sufficient to correctly
determine sarcopenia. In fact, a measure of quantity does not
necessarily constitute a measure of quality, too. This issue
needs to be taken into account when evaluating studies only
basing their findings on the lean mass amount.

Additional markers may be required to more precisely
evaluate the presence/absence of sarcopenia, and to provide
additional information on this age-related phenomenon.
These additional indicators may not necessarily be measured
through imaging techniques, but be part of the individual’s
biological assessment.

Substantial changes in body fat accumulation occur with
aging, and lipid redistribution is shown to be one of the most
evident age-related physiological phenomena. It has been
estimated that an adult may gain approximately 0.5 kg of fat
every year between ages 30 to 60 years. This fat gain is par-
allel to a loss of about 0.25 kg of muscle mass [36]. In a rela-
tive stability of overall body weight, this progressive accu-
mulation of fat may mask the presence of sarcopenia in older
persons. For this reason, recent operational definitions of
sarcopenia tend to simultaneously consider muscle mass and
adipose tissue measures. In a Health Aging and Body Com-
position (Health ABC) study Newman and colleagues [37]
compared two different definitions of sarcopenia. The first
definition of sarcopenia was based on the lowest gender-
specific quintiles of the ratio between appendicular lean
mass (measured by DEXA scan) and squared height. This
definition is commonly used in literature [1, 38, 39]. The
second definition was based on the lowest gender-specific
quintiles of the residuals obtained from linear regression
models between appendicular lean mass on height and fat
mass. Authors concluded that fat mass should be considered
when estimating the prevalence of sarcopenia to avoid possi-
ble misclassifications of sarcopenic individuals, especially in
women and in obese subjects (i.e. those with more adipose
tissue).

Intramuscular fat infiltrates. Adipose tissue is directly
associated with intramuscular fat infiltrates, potentially im-
pairing muscle function [8]. Fat infiltration of muscle may
partially explain such discrepancy between mass and force.
The assessment of muscle density using MRI, CT, or pQCT
provides a reliable and valid measure of the fatty degenera-
tion of muscle tissue [40]. A lower muscle density is indica-
tive of a higher intramuscular fat content which may be det-
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rimental for the muscle functionality due to mechanical (e.g.
fat infiltrates among muscle fibers) and biological (e.g. in-
creased inflammatory status due to secretion of adipocitoki-
nes) reasons. In fact, there is well-established evidence that
adipose tissue (in any location, including in the muscle) is
not inert, but largely contributes to metabolic pathways po-
tentially promoting/exacerbating sarcopenia.

Inflammatory markers. The age-related loss of muscle
mass reduces the available target tissue responsive to insulin,
leading to insulin resistance, metabolic syndrome, and obe-
sity. At the same time, fat depots produce several major in-
flammatory markers (e.g. tumor necrosis factor [TNF]-a,
interluekin [IL]-6, IL-1) which are associated with age and
obesity [41]. Pro-inflammatory cytokines are commonly
involved in cachexia and have been involved in the process
responsible for the anorexia of aging [42]. Since increased
levels of inflammation are detrimental for skeletal muscle in
humans [43] as well as in animal models [44-46], a vicious
cycle is established and leads to more gain in fat and more
loss of muscle.

Among the inflammatory markers that are more strongly
associated with muscle mass and quality (and, consequently,
of primary importance as biological surrogates/correlates of
sarcopenia), TNF-a needs special attention. In fact, levels of
this cytokine (notably, also called cachectin or cachexin)
tend to increase with age in several tissues, including skeletal
muscle [47, 48]. TNF-a is a central mediator of cellular in-
flammatory and apoptotic signaling pathways (see below),
and plays a major role in the aging process [47, 49]. TNF-a
stimulates a cellular kinase complex (i.e. I Kappa B Kinase
[IKK]), which activates nuclear factor (NF)-«xB, a transcrip-
tion factor regulating the production of proinflammatory
cytokines (including IL-1 and IL-6) [50].

However, several mechanisms linking inflammation and
the muscle function are still unclear. For example, some in-
flammatory markers have sometimes shown contrastant ef-
fects in different situations. In a recent study, Schaap and
colleagues  showed  that concentrations of «al-
antichymotrypsin (an acute phase protein) are inversely as-
sociated with the risk of strength loss [51]. During acute bout
of exercise, IL-6 is released from skeletal muscle. This pro-
duction has shown to be parallel to the one of anti-
inflammatory cytokines (e.g. IL-1 receptor antagonist and
IL-10) which are able to inhibit TNF-a [52]. Whether IL-6 is
acting as a pro-inflammatory marker or as a factor counter-
acting the TNF-a effects is currently unexplained [53].

Inflammatory cytokines are important contributors to the
muscle wasting in chronic disease, and several studies have
investigated the effects of anti-cytokine antibodies as poten-
tial treatments. Thalidomide (an immunomodulatory drug) is
able to inhibit TNF-a and selectively destabilize TNF-a
mRNA [54]. This drug has been shown to also attenuate the
loss of muscle mass and improve physical function in cancer
patients [55, 56]. A trial in patients with HIV/AIDS-related
lymphoma showed reductions in fever and cachexia from
anti-IL-6 therapy [57]. Unfortunately, the efficacy of such
interventions is still debated and evidence largely controver-
sial [58].

Biomarkers of oxidative damage and apoptosis. Oxida-
tive damage biomarkers may also be useful additions in the
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evaluation of skeletal muscle decline. In fact, the relationship
between oxidative damage and inflammation is very close
[59]. Moreover, both these pathways have been described as
interacting in several theories of aging [60, 61].

An ideal “golden triangle” of oxidative balance, in which
oxidants, antioxidants and biomolecules are placed at each
apex, has been described [62]. In a normal situation, a bal-
anced-equilibrium exists among these three elements. Excess
generation of free radicals may overwhelm natural cellular
antioxidant defenses leading to oxidation and further con-
tributing to muscle damage [63]. Interestingly, some studies
have recently reported the association of oxidative damage
biomarkers with low muscle strength [64], mortality [65],
and incident mobility limitation [66, 67]. However, the
scarse evidence in this field is limited to few markers of lipid
peroxidation (i.e. oxidized low-density lipoprotein) and pro-
tein oxidation (i.e. protein carbonyls).

The activation of NF-«kB and mitogen-activated protein
kinase (MAPK) pathways in skeletal muscle has been shown
to enhance the gene expression of several enzymes that play
an important role in maitaining oxidant-antioxidant homeo-
stasis, such as mitochondrial superoxide dismutase
(MnSOD) and inducible nitric oxide synthase (iNOS) [68].
MAPKs and NF-kB are two major regulators of gene tran-
scription and metabolism in response to oxidative, energetic,
and mechanical stress in skeletal muscle. Chronic activation
of these signaling pathways has been implicated in the de-
velopment and perpetuation of various pathologies, such as
diabetes and cachexia. However, both MAPKs and NF-xB
are also stimulated by exercise, which promotes improve-
ments in fuel homeostasis and can prevent muscle atrophy.
Although limited, there is additional evidence to suggest
cross-talk between MAPK and NF-kB signals with exercise
[69]. It has been demonstrated that activation of the NF-kB
transcription pathway, activated by cachectic factors such as
TNF-0, is sufficient to induce skeletal muscle atrophy [70].

If the oxidative damage acts as contributor to sarcopenia,
estimating the antioxidant defenses might be helpful, too. In
this context, recent studies have indicated carotenoids and
vitamin E as antioxidant molecules of particular interest,
given their capacity to counteract free radicals, reduce oxida-
tive damage, and modulate redox-sensitive transcription fac-
tors (e.g. NF-kB) [71, 72]. Moreover, carotenoids and vita-
min E are independently associated with physical perform-
ance and muscle strength measures [71, 73]. Low caro-
tenoids levels are not only correlated with high protein car-
bonyl concentrations, but also predictive of severe walking
disability [72], confirming the interaction between oxidative
damage and antioxidant defenses in the development of
negative health-related events [63]. Interestingly, vitamin E
supplementation has shown to induce modest improvements
to physical exercise-induced oxidative damage, by reducing
resting and post-exercise increments of isoprostane concen-
trations [74].

Inflammation and oxidative damage are strongly associ-
ated with apoptosis, a different biological pathway poten-
tially responsible for sarcopenia. Apoptosis is an evolution-
ary conserved suicide program of the cell. It is an important
process for the development in multicellular organisms, the
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elimination of superfluous tissues, and the maintenance of
tissue homeostasis in adults.

TNF-a (again) is one of the prime signals inducing the
apoptotic program in the muscle cell [47]. TNF-a is capable
to activate the transcription factor NF-kB, which plays a pro-
tective role in the TNF-induced apoptosis, determining a sort
of negative feedback [75]. The activation of the apoptotic
cascade, which has been linked to the loss of myocytes, can
be promoted by the binding of TNF-a with its membrane
receptors. TNF-o signalling initiates a sequence of events
involving caspases (i.e. cysteine-dependent, aspartate-
specific proteases). The “initiator” caspases (i.e. caspase-8,
caspase-9, and caspase-12) activate the “effector” caspases
(i.e. caspase-3, caspase-6, and caspase-7), which carry out
the proteolytic events and the DNA fragmentation (via a
caspase-activated DNAase).

Caspases represent a novel group of endoproteases which
are responsible for cellular apoptosis through the protein
degradation. In the cell, they are expressed as inactive pre-
cursors (i.e. procaspases). Procaspases can be activated into
caspases (which will serve as apoptotic effectors — e.g. cap-
sase-3) through mitochondrial- (i.e. release of cytochrome-c
from the mitochondria forming an “apoptosome” which acti-
vates procaspase-9) and receptor- (i.e. apoptosis induced by
TNF-a binding with its death receptor and activation of pro-
caspase-8) mediated pathways. Besides of the caspase-
dependent apoptosis, a caspase-independent pathway of
apoptosis exists, too. Endonuclease G (Endo G) and Apopto-
sis Inducing Factor (AIF) are two mitochondrial mediators
that, upon their translocation to the nucleus, have the capa-
bility of producing large scale DNA fragmentation inde-
pendently of caspases [16].

The important role of TNF-a in the apoptotic pathway is
also supported by studies showing that anti-TNF antibodies
are able to influence protein turnover and levels of ubiquitin-
proteasome components [76]. The ubiquitin-proteasome
pathway represents the main pathway towards proteins deg-
radation in muscle atrophy. This mechanism involves the
targeted degradation of proteins via modification by ubig-
uitin and subsequent proteolysis by the 26S proteasome [77].
In addition, a parallel and ubiquitin-independent mechanism
of degradation for oxidatively modified proteins has been
indicated in the 20S core proteasome [78].

PHYSICAL EXERCISE TO COUNTERACT THE
SKELETAL MUSCLE LOSS

If sarcopenia is indeed an important risk factor for clini-
cal outcomes (especially physical disability) in older per-
sons, interventions aimed at preventing/delaying/reducing its
onset and/or progression are needed [6, 79]. To date, the
most promising data in this context are reported from clinical
trials on physical exercise, especially resistance training. In
fact, significant improvements in muscle strength and physi-
cal performance have been observed after physical exercise,
even among very frail older persons. For example, it has
been shown that a 10-week resistance training program was
able to significantly improve muscle strength by more than
125% (compared to less than a 3% change in the control
group) in very old nursing home residents [80]. Through this
improvement in muscle strength, participants also benefici-
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ated of significant and positive effects on gait speed, muscle
power, and spontaneous physical activity. Moreover, it has
been hypothesized that the frailest older persons are those
who might better respond to the exercise intervention and
report the larger improvements in their function, possibly
because presenting larger margins of gain [81]. Interestingly,
evidence in master atheletes confirms that the maintenance
of an active lifestyle is associated with a lower muscle loss
rate occurring with aging [82]. The improvements of muscle
strength following a physical exercise intervention are di-
rectly associated with the increase of muscle quality. In fact,
resistance training is able to increase the muscle fiber size
(both type I and II) [83], the capillary density [84], and the
number of myonuclei per fiber and myonuclei per unit length
of muscle fiber [85]. Moreover, an increase of muscle pro-
tein synthesis (in particular of myosin heavy chains) has
been observed with physical activity [86-89].

It is noteworthy that the beneficial effects of physical
activity and physical exercise may also be provided through
indirect mechanisms. In fact, both in vitro and in vivo studies
have demonstrated that physical exercise positively influence
the systemic inflammatory status [90]. Moreover, physical
exercise promotes changes in muscle innervation and activa-
tion patterns [91], and reduces the need of dietary protein
intake (by improving the efficiency of protein absorption)
[92, 93]. It is also important to acknowledge that physical
exercise has shown to be beneficial for a wide spectrum of
clinical and subclinical conditions potentially responsible for
acceleration of the age-related muscle loss [94-96].

CONCLUSIONS

The design of clinical trials on sarcopenia is urgent,
given 1) the extremely paucity of current evidence, and 2)
the importance of this age-related condition (as a marker of
aging as well as a predictor of physical disability in the eld-
erly). Unfortunately, several conceptual and methodological
issues are still needed to be carefully and adequately ad-
dressed. In particular, further studies are needed to 1) clarify
the clinical importance of sarcopenia beyond its role of aging
marker, and 2) identify a critical, objective and standardized
threshold of muscle decline associated with onset of health-
related events. Studies should indeed verify whether sarco-
penia might represent a marker of real clinical interest. Nev-
ertheless, the skeletal muscle decline occurring with age is
still one of the most peculiar features of the aging process.

If the detrimental effects of sarcopenia on the health
status will be confirmed, future specifically designed studies
should carefully explore the possible preventive interven-
tions reducing the clinical and biological consequences of
this age-related phenomenon. To date, among the possible
strategies, the adoption of a healthier lifestyle based on regu-
lar physical activity is, not only the most promising interven-
tion in terms of beneficial effects, but also the easiest one to
pontentially be implemented on a large-scale and in a cost-
effective fashion, especially in older persons.
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