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Loss of muscle mass and increased fibrosis characterize both sarcopenia of aging and muscular
dystrophy. Research is increasingly showing that these two conditions also share several patho-
physiological mechanisms, including mitochondrial dysfunction, increased apoptosis, abnormal
modulation of autophagy, decline in satellite cells, increased generation of reactive oxygen spe-
cies, and abnormal regulation of signaling and stress response pathways. This Research Topic
will cover several mechanisms involved in aging and dystrophic sarcopenia and explore the
therapeutic potential of various strategies for intervention.
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Sarcopenia and muscular dystrophy are both characterized by the loss of muscle mass and increased
intramuscular fibrosis. The two conditions also share several pathophysiological mechanisms,
including mitochondrial dysfunction, increased apoptosis, abnormal regulation of autophagy,
decline in satellite cell function, increased generation of reactive oxygen species, and alterations of
signaling and stress response pathways. Basic science researchers and clinicians working in the areas
of sarcopenia and muscular dystrophy in human and animal models contributed to this research
topic (Alway et al., 2014; Calvani et al., 2014; Cesari et al., 2014; De Palma et al., 2014; Gattazzo et al.,
2014; Harris-Love et al., 2014; Hepple, 2014; Holland et al., 2014; Holmberg et al., 2014; Jungbluth
and Gautel, 2014; Kern et al., 2014; La Rovere et al,, 2014; Lim et al., 2014; Malatesta et al., 2014;
Marzetti et al., 2014; Merlini et al., 2014; Palmio and Udd, 2014; Pozzobon et al., 2014; Raz and Raz,
2014; Rudolfetal., 2014; Sabatelli et al., 2014; Sakuma et al., 2014; Sanchis-Gomar et al., 2014; Tamaki
etal., 2014; Toni et al., 2014; Zulian et al., 2014; Krause, 2015). The aim of this cross-fertilization was
to accelerate our understanding of the mechanisms involved in aging and dystrophic sarcopenia and
to explore the therapeutic potential of various intervention modalities.

Since its first “official” appreciation back in 1989 (Rosenberg, 1989), sarcopenia has attracted
great research interest. The intimate relationship between muscle loss and advancing age, evident
across multiple species, has led researchers to consider sarcopenia as a paradigm for exploring
the aging process as a whole. Sarcopenia is indeed envisioned as a biomarker of aging, able to
distinguish, at the clinical level, biological from chronological age (Fisher, 2004). This view is
supported by the association reported between sarcopenia and the length of telomeres in peripheral
blood mononuclear cells (PBMCs), a popular biological marker of senescence (Marzetti et al.,
2014). This relationship seemed to be driven mainly by the muscle mass, which suggests the
existence of a common pathogenic basis for muscle atrophy and telomere attrition. No significant
association was found between PBMC telomere length and muscle strength or function parameters,
pointing at distinct pathogenic mechanisms underlying the quantitative and qualitative dimensions
of sarcopenia.

Decreased number and impaired function of satellite cells, the major stem cell population
responsible for skeletal muscle regeneration during adulthood, are considered to be major the
mechanisms contributing to sarcopenia (Chakkalakal and Brack, 2012). Along with changes in
systemic factors and the environmental cues provided by satellite cells, oxidative stress that char-
acterizes the aged muscle contributes to impairing satellite cells responses to exercise, disuse, and
rehabilitation. Some nutritional intervention may improve satellite cell function in aged muscles;
however, the effect of nutraceuticals on satellite cell function in the context of sarcopenia is not
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yet well established. Alway et al. (2014) provided an overview on
the contribution of satellite cell dysfunction to sarcopenia. The
authors also reviewed data from preclinical studies showing that
the administration of specific nutraceuticals (resveratrol, green tea
catechins, and B-hydroxy-f-methylbutyrate) may improve satel-
lite cell function, thereby mitigating sarcopenia and promoting
muscle recovery after disuse.

Most studies aimed at testing potential therapeutic approaches
targeting satellite cells in muscle diseases have been conducted
in small mammalian models. Though, our knowledge of muscle
regeneration in large animal models, such as dogs, remains rela-
tively limited. La Rovere et al. (2014) investigated the myogenic
potential of satellite cells isolated from somite- and presomite-
derived muscles of young and aged dogs, as well as from Golden
Retrievers affected by muscular dystrophy. Satellite cells obtained
from the two canine sources showed different proliferation and
differentiation rates. Indeed, those isolated from presomitic-
derived muscle showed higher telomerase activity and stronger
stem cell potential, whereas satellite cells obtained from somitic-
derived muscle expressed early and late myogenic markers, result-
ing in more efficient cell differentiation. Interestingly, expression
profiling of muscle-specific miRNAs revealed a unique epigenetic
signature in Golden Retriever muscular dystrophy, suggesting that
miR-206 might represent a potential target for therapy.

Satellite cell dysfunction is involved in collagen VI-related
myopathies. Collagen VI is an extracellular matrix protein, essen-
tial for muscle homeostasis (Bonaldo et al., 1998). Mutations in the
gene encoding for collagen VI cause different forms of inherited
myopathies and congenital muscular dystrophies. Studies carried
out during the last decade in collagen VI null mice provided
new insights into the pathomolecular mechanisms of collagen
VI-related myopathies, leading to pilot clinical trials in human
subjects. In addition to mitochondrial dysfunction and defective
autophagy, lack of collagen VI affects muscle regeneration and
self-renewal of satellite cells. Gattazzo et al. (2014) investigated the
effects of cyclosporin A on muscle regeneration in collagen VI null
mice under basal conditions and after cardiotoxin-induced muscle
injury. The authors provided evidence that cyclosporin A influ-
enced satellite cell activity and triggered the formation of regen-
erating fibers. Data obtained on collagen VI null mice showed
that, under appropriate administration regimens, cyclosporin A
was capable of stimulating myogenesis and aiding in regeneration
of injured muscles.

Muscular dystrophies perturb regenerative processes, which
causes the premature exhaustion of the satellite cell reservoir due
to continuous cycles of degeneration/regeneration (Decary et al.,
2000). Pozzobon et al. (2014) provided an overview on the use of
fetal-derived stem cells as a new therapeutic approach in muscle
diseases. The authors highlight that cells of fetal origin (e.g., cord
blood, placenta, amniotic fluid) can be easily obtained without
ethical concern and expanded and differentiated in culture; such
cells also possess immune-modulatory properties. They also high-
light that different types of fetal stem cells of human and mouse
origin display myogenic differentiation capabilities.

In recent years, mitochondrial dysfunction has received
increasing attention as a possible target for interventions against
sarcopenia (Marzetti et al., 2013). Mitochondria are indeed

located at the cross-roads of several vital pathways, including
energy production, redox homeostasis, cellular quality control,
and cell death/survival signaling. As pointed out by Hepple
(2014), however, the degree by which advancing age impacts
muscular mitochondrial function is probably milder than previ-
ously thought. In fact, the procedures for mechanical isolation of
mitochondria can themselves induce alterations in the intrinsic
function of the organelle. In contrast, assays performed using
permeabilized muscle fibers may provide more reliable results
because mitochondria are not subjected to artificial mechani-
cal damage and are analyzed within their normal architectural
organization in the myofiber. Based on the most recent evi-
dence, Hepple (2014) proposed that dysfunctional mitochon-
drial autophagy and an increased propensity toward permeability
transition may represent relevant therapeutic targets for anti-
sarcopenic interventions.

Mitochondrial dysfunction plays a major role in the patho-
genesis of collagen VI-related myopathies through a short cir-
cuit caused by inappropriate opening of the permeability transi-
tion pore. The latter is a high-conductance channel that causes
a shortage of ATP production (Bernardi and Bonaldo, 2013).
Melanocytes obtained from skin biopsies do not produce col-
lagen VI, yet they bind collagen VI at the cell surface, sug-
gesting that this protein plays a trophic role in healthy muscle
(Zulian et al., 2014). Mitochondria of melanocytes of patients with
collagen VI-related myopathies display increased size, reduced
matrix density, and disrupted cristae, indicative of mitochon-
drial functional impairment. After inhibition of the F;Fo-ATP
synthase with oligomycin, mitochondria underwent anomalous
depolarization and showed decreased respiratory reserve capacity.
The non-immunosuppressive cyclophilin inhibitor NIM811 pre-
vented mitochondrial depolarization in response to oligomycin in
melanocytes from myopathic patients.

Well-functioning autophagy is fundamental for organismal
health and longevity (Bonaldo and Sandri, 2013). Excessive activa-
tion of autophagy-dependent degradation contributes to muscle
atrophy and cachexia, whereas its suppression results in accu-
mulation of protein aggregates and abnormal organelles, leading
to myofiber degeneration. Lim et al. (2014) provide a detailed
overview of the current knowledge of Pompe disease with a dis-
cussion on recent insights into the molecular mechanisms and
novel perspectives for therapy. Pompe disease is a lysosomal stor-
age disorder causing progressive accumulation of glycogen-filled
lysosomes in several tissues, with cardiac and skeletal muscles
being the most severely affected. Lysosomal enlargement was long
considered to be the major mechanism causing muscle damage
in Pompe disease. However, accumulating evidence indicates that
dysfunctional autophagy and accelerated production of lipofuscin
inclusions are deeply involved in the onset of muscle damage
and interfere with acid alpha-glucosidase delivery during therapy.
Several novel therapeutic approaches have recently been tested in
mouse models of Pompe disease, including lysosomal exocytosis
and manipulation of autophagy.

Along similar lines, De Palma et al. (2014) review recent find-
ings showing that dysfunctional autophagy plays a pathogenic
role in muscular dystrophies. The authors highlight the clinical
relevance of the recent findings on the role of autophagy and its
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regulatory signaling pathways in Duchenne muscular dystrophy.
They also discuss how modulating autophagy may represent a
promising strategy for therapeutic interventions aimed at coun-
teracting muscle wasting in muscular dystrophies.

Jungbluth and Gautel (2014) provided an overview of the
clinical, histopathological, and genetic aspects of centronuclear
myopathies in the context of key pathogenic mechanisms. Mod-
els to study and rescue the affected cellular pathways are now
available in yeast, Caenorhabditis elegans, Drosophila, zebrafish,
mouse, and dog. Defects in membrane trafficking have emerged
as a key pathogenic mechanism, in particular aberrant T-
tubule formation, abnormalities of triadic assembly, and dis-
turbance of the excitation-contraction machinery. Abnormal
autophagy has recently been indicated as another important
pathogenic mechanism in different genetic forms of centronu-
clear myopathies that may be potentially amenable to therapeutic
interventions.

The complexity of the cellular mechanisms underlying the
pathophysiology of sarcopenia may be deciphered through the
use of well-characterized muscle disorders that recapitulate, at
least in part, the phenotype of pathological muscle aging. Late-
onset autosomal dominant oculopharyngeal muscular dystrophy
(OPMD) may well serve that purpose (Razand Raz, 2014). OPMD
is a rare monogenic disorder caused by an expansion muta-
tion in the gene encoding poly-adenylate RNA binding proteinl
(PABPN1). Symptoms begin in midlife and progress with advanc-
ing age. Ocular and pharyngeal muscles are those most commonly
affected at the disease onset. As the disorder progresses, other
muscles, especially of the lower limbs, become impaired. The
molecular signatures of OPMD muscles show remarkable over-
lap with sarcopenia. For instance, the accumulation of insoluble
protein aggregates, a hallmark of OPMD, has also been observed
in aged muscles and attributed to a dysfunctional ubiquitin-
proteasome system and defective autophagy. It is worth noting
that mitochondrial dysfunction contributes to muscle degenera-
tion in both OPMD and sarcopenia, further supporting the propo-
sition that OPMD may represent a model for accelerated muscle
aging.

Sabatelli et al. (2014) observed aggresome-autophagy involve-
ment in a sarcopenic patient with rigid spine syndrome and
a p.C150R mutation in the four-and-half LIM domain protein
1 gene (FHL1). The 34-year-old wheelchair-bound woman had
an early and progressive rigidity of the cervical spine, marked
diffuse muscle wasting, weakness, prominent contractures, and
severe respiratory insufficiency. According to a BMI of 17.1, she
was underweight; however, her body composition, estimated by
DXA, revealed that she was sarcopenic/obese with a marked
reduction of lean body mass and a total body fat of 44%. Muscle
biopsy showed multiprotein aggregates throughout the cytoplasm
and around myonuclei with aggresome/autophagy features and
nuclear degradation.

Other pathophysiologic mechanisms of aging and dystrophic
sarcopenia were explored by the seven following contributions.

The possibility of considering muscular dystrophy a model
of accelerated sarcopenia is supported by the observation that
the two conditions exhibit marked defects of the autophagy-
lysosome system, likely as a consequence of dysfunctional

Akt/mTOR/p70S6K pathway and disruption of serum response
factor (SRF)-dependent signaling (Sakuma et al, 2014).
Upregulation of myostatin signaling is also commonly observed in
both muscular dystrophy and sarcopenia. Remarkably, preclinical
studies have shown that pharmacological downregulation of
myostatin signaling attenuates the pathological phenotype in
sarcopenic rodents and several mouse models of muscular
dystrophy.

A large number of studies in mdx mice, the rodent model of
Duchenne muscular dystrophy, led to the concept that aging exac-
erbates the dystrophic phenotype of dystrophin-deficient mice.
Holland et al. (2014) outline recent data on the age-dependent
changes of the senescent mdx muscle proteome and discuss these
findings in comparison with the proteomic profile of sarcopenic
muscle. These comparative muscle proteomics not only con-
firmed similar perturbations in a number of biochemical pro-
cesses, but also revealed striking similarities in cellular stress
responses between the two conditions.

Muscle denervation is a hallmark of sarcopenia and muscular
dystrophy (Deschenes, 2011). During the development of sarcope-
nia and muscular dystrophy, neuromuscular junctions (NM]Js)
deteriorate and display altered molecular features. Rudolf et al.
(2014) provided an overview of NM]J alterations observed in
sarcopenic and dystrophic muscles. The authors also reviewed
the current knowledge on the molecular mechanisms underlying
NM]J degeneration during aging and in the context of muscular
dystrophies. As pointed out by Rudolfet al. (2014), the observation
that physical exercise can reverse NMJ abnormalities in the aged
muscle opens new venues for the design of treatments targeting
the NM]J to rescue muscle mass in sarcopenia and muscular
dystrophies.

It is a common notion that the loss of muscle mass and strength
follows different trajectories over time, with steeper declines in
strength relative to mass (Goodpaster et al, 2006). Findings
from Tamaki et al. (2014) provide a convincing explanation for
such a phenomenon. The authors elegantly show that qualita-
tive alterations of the peripheral motor system (i.e., reduction
of shortening and relaxing velocity of twitch, impaired motor
unit recruitment at high stimulation frequencies, and early NM]J
fatigability) occur well before the appearance of the sarcopenic
phenotype in middle-aged rats. Interestingly, significant decreases
in muscle shortening and relaxing velocity during serial twitch
contractions, accompanied by type-IIb to type-I fiber shift, were
detected in middle-aged rats in the absence of muscle atrophy.
These changes may be prodromic to the well-known prefer-
ential loss of fast-twitch fibers that characterize the sarcopenic
muscle.

Malatesta et al. (2014) provide convincing arguments in favor
of a partly common physiopathologic substratum for myotonic
dystrophy (DM) and sarcopenia. DM is an autosomal dom-
inant disorder that originates from nucleotide expansions. At
the histological level, DM and sarcopenia are characterized by
myofiber atrophy, fiber size variability, and centrally located
nuclei. The two conditions also share a number of ultrastructural
and functional features, including nuclear rearrangement of the
RNP-containing domains, likely due to defects in the machin-
ery responsible for pre-mRNA transcription and maturation,
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and satellite cell dysfunction. Interestingly, both in DM and
sarcopenia, muscleblind-like 1 (MBNL1), an alternative-splicing
factor, undergoes intranuclear relocation and accumulation,
which contributes to hampering the functionality of the whole
splicing machinery. This, in turn, reduces nuclear metabolic activ-
ity, therefore impairing protein synthesis. Defects in pre-mRNA
post-transcriptional pathways are believed to account for the
aging-reminiscent muscle phenotype of DM patients and suggest
that muscle wasting in DM and sarcopenia may originate from
similar mechanisms.

Within the intricate network of mechanisms underlying the
pathophysiology of muscular dystrophies, miRNAs certainly play
arole (Eisenberg et al., 2009). miRNAs are widespread regulators
of gene expression, but little is known about their potential roles
in congenital muscular dystrophies. MDCIA is a severe form of
congenital muscular dystrophy caused by mutations of the gene
encoding laminin a2, a key component of the basal lamina in
muscle endomysium. To gain insight into the pathophysiologi-
cal roles of miRNAs associated with MDC1A Holmberg et al.
(2014) analyzed a number of miRNAs in the skeletal muscles
of laminin o2 chain-deficient mice and found that expression
of muscle-specific miR-1, miR-133a, and miR-206 is deregu-
lated in these muscles. They also demonstrate that plasma levels
of muscle-specific miRNAs are elevated in laminin o2 chain-
deficient mice and are partially normalized in response to pro-
teasome inhibition. These findings indicate that muscle-specific
miRNAs are deregulated in MDC1A and suggest that their plasma
levels may represent promising biomarkers for evaluating disease
progression.

Several different and partly overlapping muscle degeneration
pathways are involved in another group of myopathies character-
ized by the presence of inclusions, such as hereditary inclusion
body myopathy (IBM), IBM with Paget’s disease of bone and fron-
totemporal dementia (IBMPFD), and GNE myopathy (Krause,
2015). Mutations in VCP/p97 responsible for IBMPFD are asso-
ciated with defective myosin assembly, deregulation of major
protein degradation pathways, reduced regeneration capability,
and impaired mitochondrial quality control. However, a plethora
of mechanisms underlying disease onset in hereditary IBMs
remains to be elucidated at the molecular and pathophysiological
level.

The five following contributions explored clinical aspects and
evaluation methods. Harris-Love et al. (2014) provide prelim-
inary data about the use of real-time augmented feedback for
quantitative ultrasound imaging. The authors suggest that a better
understanding of both the promise of quantitative ultrasound as
an assessment tool for muscle disorders and the known threats to
measurement validity may foster greater adoption of this imag-
ing modality in the management of muscular dystrophy and
sarcopenia.

Since a distinction between normal age-related weakening of
muscle strength and clinically significant muscle disease is not
always obvious, the correct diagnosis is easily missed. Palmio and
Udd (2014) performed magnetic resonance imaging in patients
with three types of late onset limb girdle muscular dystrophy,
highlighting differences as compared with a healthy aged-matched
control. Therefore, muscle imaging should be considered as

a means to distinguish between aging sarcopenia and muscle
disease.

The quantitative and qualitative domains of sarcopenia con-
cur to the development of the clinical phenotype, dominated by
muscle weakness, poor balance, and slow gait speed. This clinical
picture shows substantial overlap with that of physical frailty
(Landietal., 2015). Thelatter is a geriatric syndrome characterized
by reduced homeostatic reserves, which exposes the individual
at increased risk of negative health-related events in response to
internal and/or external stressors. Based on the conceptual model
proposed by Cesari et al. (2014), physical function represents the
shared core of sarcopenia and physical frailty. Accordingly, the
two conditions may be combined into one clinical entity. Such
an operationalization provides researchers and clinicians with
an objective, standardized, and clinically relevant condition that
can easily be translated to the clinical arena. The recognition of
skeletal muscle as the biological substrate of physical frailty is
also functional to the design of new preventive and therapeutic
interventions.

Merlini et al. (2014) evaluated the presence of sarcopenia
and obesity in a cohort of 14 adult patients with muscular dys-
trophy. As determined by DXA, all of the patients resulted in
sarcopenic based on appendicular lean mass index and obese
according to the percentage of body fat. Skeletal muscle mass
was markedly reduced in all patients and correlated with residual
muscle strength, determined by hand-held dynamometry, and
physical performance, as assessed by gait speed and respiratory
function.

Toni et al. (2014) evaluated the nutritional status in seven
patients with collagen type VI myopathies. As determined by
DXA, all patients showed altered body composition. Specifically,
all patients were sarcopenic, and all but one sarcopenic/obese.
The authors found a negative correlation between basal energy
expenditure per kilogram of fat free mass and the severity of the
disease, which may be indicative of loss of muscular energetic
efficiency.

Finally, treatments targeting sarcopenia with electrical stimu-
lation (ES), nutritional intervention, and physical exercise were
discussed.

The possibility of counteracting the age-related muscle decline
was assessed through electrical stimulation (ES) of the thigh
muscles (Kern et al., 2014). The effect of 9 weeks of training in
healthy seniors was analyzed at functional, structural, and molec-
ular levels. ES was able to improve muscle torque and functional
performance, and increased the diameter of fast muscle fibers. At
the molecular level, ES induced upregulation of IGF-1, the expres-
sion of markers of satellite cell activation, and downregulation
of MuRF-1, a muscle specific atrophy-related gene. Conversely,
autophagy was unaffected by ES.

The origins of sarcopenia are multifactorial and only partly
understood. However, protein-energy malnutrition is a well-
known cause of muscle loss in advanced age (Calvani et al,
2013). Noticeably, failure to meet an adequate dietary intake is
also involved in the pathogenesis of osteoporosis. The coexistence
of sarcopenia and osteoporosis greatly increases the risk of falls
and fractures, respectively. The negative outcomes associated with
geriatric fractures, especially of the hip, call for the development of
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novel strategies to reduce the incidence of new events and improve
clinical and functional outcomes once the fracture has occurred.
To this end, Calvani et al. (2014) explored the association between
dietary intake and sarcopenia in a sample of older hip-fractured
patients. As predicted, low dietary intake was found to be associ-
ated with reduced muscle mass at the time of hip fracture. This
evidence provides the foundation for the design of nutritional
interventions targeting the skeletal muscle to achieve therapeutic
gain in this especially vulnerable patient population.

Besides the optimization of nutrition, engagement in reg-
ular physical activity is widely recognized as an effective
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INTRODUCTION

Background:Telomere shortening in peripheral blood mononuclear cells (PBMCs) has been
associated with biological age and several chronic degenerative diseases. However, the
relationship between telomere length and sarcopenia, a hallmark of the aging process, is
unknown. The aim of the present study was therefore to determine whether PBMC telom-
eres obtained from sarcopenic older persons were shorter relative to non-sarcopenic peers.
We further explored if PBMC telomere length was associated with frailty, a major clinical
correlate of sarcopenia.

Methods: Analyses were conducted in 142 persons aged >65 years referred to a geriatric
outpatient clinic (University Hospital). The presence of sarcopenia was established accord-
ing to the European Working Group on Sarcopenia in Older People criteria, with bioelectrical
impedance analysis used for muscle mass estimation. The frailty status was determined
by both the Fried’s criteria (physical frailty, PF) and a modified Rockwood’s frailty index
(F1). Telomere length was measured in PBMCs by quantitative real-time polymerase chain
reaction according to the telomere/single-copy gene ratio (T/S) method.

Results: Among 142 outpatients (mean age 75.0 6.5 years, 59.2% women), sarcopenia
was diagnosed in 23 individuals (19.3%). The PF phenotype was detected in 74 partici-
pants (52.1%). The average Fl score was 0.46+0.17 PBMC telomeres were shorter in
sarcopenic subjects (T/S=0.21; 95% Cl: 0.18-0.24) relative to non-sarcopenic individuals
(T/S=0.26; 95% Cl: 0.24-0.28; p=0.01), independent of age, gender, smoking habit, or
comorbidity. No significant associations were determined between telomere length and
either PF or the FI.

Conclusion: PBMC telomere length, expressed as T/S values, is shorter in older outpa-
tients with sarcopenia. The cross-sectional assessment of PBMC telomere length is not
sufficient at capturing the complex, multidimensional syndrome of frailty.

Keywords: frailty, biological age, muscle aging, oxidative stress, inflammation, bioelectrical impedance analysis

consist of protein-bound, non-coding tandem-repeated hexam-

The remarkable inter-individual variability in functional and
health status observed in late life indicates that chronological age
per se does not precisely reflect the actual biological age of an
organism (Mitnitski et al., 2002). This has instigated a great deal
of research aimed at identifying clinical and biological parameters
that are able to provide an overview of the health status, predict
the risk of age-related diseases, and help estimate the remaining
lifespan of an individual (Vasto et al., 2010).

Telomere biology has gained a special interest in the field of
agingbiomarkers (Lehmann etal.,2013). Telomeres are specialized
structures located at the termini of mammalian chromosomes and

ers (Blackburn, 1991). They serve to protect genome integrity
by camouflaging chromosome ends from the DNA damage-
response machinery, which would otherwise sense them as double-
stranded breaks (Blackburn, 1991). In somatic cells, each round
of DNA replication causes a loss of telomere repeats at the lag-
ging strand, due to the presence of a terminal gap after degra-
dation of the most distal primer. This phenomenon limits the
total number of divisions normal somatic cells can undergo
(Allsopp et al., 1992).

The observation that telomeres shorten over the life course and
are implicated in cellular senescence has led to the hypothesis that
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telomere attrition may be a mechanism driving the aging process
(Mikhelson and Gamaley, 2012). Indeed, associations have been
determined between telomere erosion and premature aging syn-
dromes, several age-sensitive measures (e.g., blood pressure, lung
function, cognition, bone mineral density), age-related conditions
(e.g., insulin resistance, type II diabetes mellitus, coronary artery
disease, chronic obstructive pulmonary disease, dementia, can-
cer), and mortality [reviewed by Blasco (2005)]. As such, telomere
length is considered to be an indicator of health status and, more
in general, of biological age (Fossel, 2012).

At the clinical level, the assessment of muscle mass and func-
tion has emerged as a possible biomarker for aging (Fisher, 2004).
Notably, the age-related loss in muscle mass and strength (sarcope-
nia) fulfills virtually all of the criteria defining an aging biomarker
(Sprott,2010). Indeed, sarcopenia (1) is an aging trait shared across
species (Augustin and Partridge, 2009), (2) begins in adulthood
and worsens over the course of aging (Frontera et al., 1991), (3)
develops as a consequence of aging itself rather than being a mere
correlate of other diseases (Iannuzzi-Sucich et al., 2002), (4) is
not directly lethal, albeit impacting the health and functional sta-
tus of an individual (Rolland et al., 2008), (5) is measurable and
reproducible (Cruz-Jentoft et al., 2010), and (6) shows a clinical
evolution that can be followed over relatively short periods of time
(Marzetti, 2012).

The relationship between telomere attrition and muscle aging
is currently unknown. The purpose of the present investigation
was therefore to explore whether telomere length, measured in
peripheral blood mononuclear cells (PBMCs), was associated with
sarcopenia in a sample of older adults referred to a geriatric out-
patient clinic. We further evaluated if PBMC telomere length
was related to frailty, a major clinical consequence of sarcope-
nia (Roubenoff, 2000) and a possible additional clinical indicator
of biological age (Mitnitski et al., 2002; Goggins et al., 2005).

MATERIALS AND METHODS

PARTICIPANT RECRUITMENT AND SETTING

The study was conducted at the outpatient clinic of the Depart-
ment of Geriatrics, Neurosciences and Orthopedics, Teaching
Hospital “Agostino Gemelli,” Catholic University of the Sacred
Heart (Rome, Italy). All patients aged 65+ years, admitted between
October 2012 and January 2013, were invited to take part in the
investigation. Exclusion criteria were: presence of disease con-
ditions with an estimated life expectancy <6 months, inability
to walk for 4m, peripheral edema, presence of pacemaker or
implantable cardioverter defibrillator, and unwillingness or inabil-
ity to provide informed consent. The study was approved by the
Institutional Review Board of the Catholic University of the Sacred
Heart, and all participants signed a written consent. Study visits
for physical function testing, body composition assessment, and
blood sampling were scheduled within a week of enrollment.

DATA COLLECTION

Demographic, clinical data, and lifestyle habits were collected at
the time of enrollment through a dedicated questionnaire. Dis-
ability status was evaluated by the Katz’s Activities of the Daily
Living (ADL) (Katz and Akpom, 1976). Cognition was assessed
using the mini-mental state examination (MMSE) (Folstein et al.,

1975), while mood was evaluated by the 15-item Geriatric Depres-
sion Scale (GDS) (Sheikh and Yesavage, 1986). Diagnoses were
gathered from the patient, attending physicians, and the careful
review of medical charts. Finally, the comorbidity burden was cal-
culated via the Cumulative Illness Rating Scale (CIRS) (Linn et al.,
1968).

IDENTIFICATION OF SARCOPENIA

The presence of sarcopenia was established according to the Euro-
pean Working Group on Sarcopenia in Older People (EWGSOP)
criteria (Cruz-Jentoft et al., 2010). Whole-body fat-free mass was
measured by bioelectrical impedance analysis (BIA) using a Quan-
tum/S Bioelectrical Body Composition Analyzer (Akern Stl, Flo-
rence, Italy) with an operating frequency of 50kHz at 800 pLA.
Measurements were taken under standard conditions, with the
subject in a supine position and surface electrodes placed on the
right wrist and ankle (NIH Expert Panel, 1996). Muscle mass was
estimated using the equation developed by Janssen et al. (2000).
The skeletal muscle index [SMI (kg/m?)] was obtained divid-
ing absolute muscle mass by squared height. According to the
EWGSOP indications, low SMI was defined based on the fol-
lowing cut-offs: <8.87 kg/m? in men and <6.42 kg/m? in women
(Cruz-Jentoft et al., 2010).

DEFINITION OF FRAILTY STATUS

The frailty status of participants was assessed according to both
the Fried’s criteria (physical frailty, PF) (Fried et al., 2001) and a
modified Rockwood’s frailty index (FI) (Searle et al., 2008). The
following indicators were considered to define PF: (1) uninten-
tional weight loss in prior 12 months; (2) poor endurance and
energy; (3) weakness, defined by poor grip strength; (4) slowness,
assessed via timed 4-m walk speed; and (5) low physical activity
level according to the Physical Activity Scale for the Elderly (PASE)
(Washburn et al., 1993) (Table 1).

The participant frailty status was further evaluated by con-
structing a FI based on the summation of “health deficits” principle
(Rockwood et al., 2005), according to the procedure described by
Searle et al. (2008). A total of 30 deficits were used for the construc-
tion of the FI, which is expressed as the ratio of deficits observed
to the total number of deficits considered. The variables used for
the computation of the FI and their corresponding cut-points are
listed in Table 2.

BLOOD SAMPLING AND PROCESSING

Blood samples were obtained by Vacutainer™ venipuncture of
the median cubital vein after overnight fasting. Blood samples
(10 mL) were diluted 1:1 in phosphate-buffered saline (PBS) and
PBMCs separated within 1h of blood draw by Ficoll-Hypaque
(Comercial RAFER, Zaragoza, Spain) density gradient following
the manufacturer’s instructions. Cells were washed twice with PBS
and cryopreserved at -80°C in RPMI 1640 containing 50% fetal
bovine serum and 10% dimethylsulfoxide.

MEASUREMENT OF TELOMERE LENGTH BY QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION

Genomic DNA was extracted from isolated PBMCs using a com-
mercial DNA isolation kit (Norgen Biotek, Thorold, Canada) as

Frontiers in Aging Neuroscience

www.frontiersin.org

August 2014 | Volume 6 | Article 233 | 12


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Marzetti et al.

Telomeres, sarcopenia, and frailty

Table 1 | Indicators of physical frailty.

Frailty criteria

Parameters

Table 2 | Health variables and cut-points used for the computation of a
modified Rockwood’s frailty index.

Weight loss Loss of >5kg in prior 12 months, unintentional

Exhaustion Response of “a moderate amount of the time (3—4 days)”
or “most of the time" to the CES-D scale item: “| felt that
everything | did was an effort” during the past week

Weakness Low grip strength assessed by a North Coast handheld
dynamometer. Gender and BMI-specific cutoff points
provided by Fried et al. (2001) were adopted

Slowness Time in seconds to complete a 4-m walk at usual pace.

Gender- and height-specific cutoff points provided by
Fried et al. (2001) were adopted

Low physical Physical Activity Scale for the Elderly (PASE); cut-points:

activity levels Men < 64, women < 52 (Rothman et al., 2008)

Frailty status Number of criteria

Robust 0
Pre-frail 1-2
Frail >3

BMI, body mass index;, CES-D, Center for Epidemiologic Studies-Depression.

per the manufacturer’s instructions. Relative telomere length was
measured by quantitative real-time polymerase chain reaction
(qRT-PCR) according to the telomere/single-copy gene ratio (T/S)
method (Cawthon, 2002) with minor modifications. Briefly, the
method measures the ratio between the copy number of telom-
ere repeats (1) and that of the single-copy gene 36B4 (S) used
as a quantitative control, relative to a calibrator sample (human
genomic DNA; Roche Diagnostic, Indianapolis, IN). qRT-PCR
was performed using an Applied Biosystems 7300 RT-PCR System
(ABL Foster City, CA) with the following cycling conditions: 95°C
for 10 min, 40 cycles at 95°C for 5, 56°C for 30, 72°C for 30s. T
and S were analyzed in duplicate within the same plate. The same
calibrator sample was included in all plates to allow comparisons
across runs. A no-template control was also included for quality
control. The relative T/S values were calculated according to the
2-AACT method (Livak and Schmittgen, 2001).

STATISTICAL ANALYSES

All data are expressed as proportions (%) or mean =+ SD. Given the
non-normal distribution of T/S values, analyses were run using
log-transformed values to ensure equality of variances and render
the errors approximately normally distributed. Analysis of covari-
ance (ANCOVA) was used to compare adjusted means of log T/S
values according to sarcopenia, SMI categories, and frailty. Geo-
metric means of T/S values are shown in tables and text. Analyses
were adjusted for age, gender, smoking habit, presence of diabetes,
and CIRS score. The Spearman’s rank correlation coefficient was
used to calculate the strength of association between variables. All
analyses were performed using the SPSS software (version 18, SPSS
Inc., Chicago, IL, USA).

Health variables Condition or variable Score
cut-points
Marital status Married or single 0
Widow or divorced 1
Social involvement Yes 0
No 1
Impaired ADL None 0
1 0.25
2 0.5
3-4 0.75
4-6 1
Impaired IADL None 0
1-2 0.25
3-4 0.5
5-6 0.75
7-8 1
Wialk speed (4 m) >0.8 0
<0.8 1
Grip strength?® Normal 0
Low 1
Cognition (MMSE) >24 0
20-24 0.25
18-20 0.50
1-17 0.75
<10 1
Mood (GDS) 0-2 0
3-5 0.25
6-8 0.5
9-11 0.75
>11 1
Sedentarism (PASE) Men > 64, women > 52 0
Men < 64, women < 52 1
Hospital admission(s) in No 0
prior 12 months Yes 1
BMI 18.5-24.9 0
25-30 0.5
>30o0r <185 1
Nutrition (MNA) >23.5 0
>17 <235 0.5
<17 1
Unintentional weight loss No 0
(>5kg in prior 12 months) Yes 1
Chronic pain No 0
Yes 1
Fall(s) in prior 12 months No 0
Yes 1
(Continued)
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Table 2 | Continued

Table 3 | Study sample characteristics.

Health variables Condition or variable Score Whole sample (n=142)
cut-points n (%)
Cancer or active cancer No 0 Age, years (mean 4 SD) 74.9+6.5
treatment Yes 1 Female gender 84 (59.2)
Cardiovascular disease No 0 Smokers 1 (77)
Yes 1 Education, years (mean 4 SD) 10.0+£5.0
Chronic lung diseases No 0 Hospital admission in prior 12 months 41 (29.0)
Yes 1 MMSE score (mean + SD) 26.2+34
Hematological diseases No 0 CIRS (mean + SD) 30+22
Yes 1 GDS (mean £ SD) 10.8+76
Renal diseases No 0 ADL scale (mean & SD) 5.0+13
Yes ] IADL scale (mean + SD) 59+2.4
Fall in prior 12 months 66 (46.5)
C.entral nervous system No 0 BMI (mean < SD) 277447
diseases Yes 1
Number of drugs (mean + SD) 6.1+3.3
Peripheral nervous No 0 Frail (Fried's criteria, PF) 74 (52.1)
system diseases ves ! Number of frailty criteria (mean & SD) 23+18
Gastrointestinal diseases No 0 Frail (modified Rockwood's frailty index, Fl) 74 (52.1)
ves ! FI (mean+SD) 0.46+0.17
Ear, nose, and throat No 0 Sarcopenia (EWGSOP criteria) 23(19.3)
diseases Yes ! PBMC telomere length (T/S) 0.27+0.10
Orthopedic diseases No 0
Yes 1 ADL, activities of daily living; BMI, body mass index; CIRS, Cumulative lliness
o Rating Scale; EWGSOR European Working Group on Sarcopenia in Older People;
Psychiatric disorders No 0 Fl, frailty index;, GDS, Geriatric Depression Scale; IADL, instrumental activities
Yes 1 of daily living; MMSE, mini-mental state examination, PBMC, peripheral blood
Diabetes mellitus No 0 mononuclear cell; PF, physical frailty.
Yes 1
Endocrine disorders No 0 prevalence of frailty was observed using 0.44 as the cutoff for
Yes 1 the FI, as recommended by Rockwood et al. (2007). Similar to
Sarcopenia No 0 PE, participants with a FI score >0.44 were older than those with
Yes 1 lower scores (76.4+ 6.6 vs. 73.2 £ 6.2 years; p=0.004), with an
equal gender distribution. Sixty-one participants were identified
Polypharmacy (>6 drugs) No 0 .
Ves ; as frail based on both PF and the FI score, and the two measures

“Men: 1, BMI< 24, grip strength<29kg, BMI 24.1-28, grip strength <30kg;,
BMI > 28, grip strength < 32 kg. Women: 1, BMI < 23, grip strength < 17 kg, BMI
23.1-26, grip strength< 173kg; BMI 26.1-29, grip strength< 18kg, BMI> 29,
grip strength< 21 kg.

ADL, activities of daily living; BMI, body mass index; IADL, instrumental activities
of daily living;, GDS, Geriatric Depression Scale; MMSE, mini-mental state exam-
ination; MINA, Mini nutritional assessment; PASE, physical activity scale for the
elderly.

RESULTS

A total of 142 subjects were enrolled in the study. The main
characteristics of the study sample are shown in Table 3. Sar-
copenia was identified in 23 participants (19.3%). The prevalence
of sarcopenia was uniform across ages and genders. Frailty, as
determined by the Fried’s criteria (PF), was detected in 74 partic-
ipants (52.1%). Individuals classified as frail according to PF were
older relative to non-frail subjects (76.6 + 6.7 vs. 73.1 & 6.0 years;
p=0.001), with no differences between genders. An identical

of frailty were significantly correlated with each other (r =0.63;
p <0.0001). The strength of this correlation is comparable to that
reported using the original version of the FI (Rockwood et al,,
2007). Hence, the modified FI constructed for the present study
was able to capture the condition of interest. The coexistence of
sarcopenia and PF was observed in 21 subjects (91.3%), whereas
15 (65.2%) participants with sarcopenia were classified as frail
according to the FL

PBMC telomeres were shorter in sarcopenic subjects
(T/S=0.21; 95% CI: 0.18-0.24) relative to non-sarcopenic indi-
viduals (7/S=0.26; 95%: CIL: 0.24-0.28; p=0.01), indepen-
dent of age, gender, smoking habit, presence of diabetes, and
comorbidity (Table 4). Of the three parameters considered
for the definition of sarcopenia (i.e., muscle mass, gait speed,
and handgrip strength), T/S was only correlated with SMI
(Figure 1).

PBMC telomeres showed a trend toward lower T/S values in
frail subjects relative non-frail participants, but the difference
did not reach the statistical significance in either unadjusted or
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Table 4 | Mean telomere/single-copy gene ratio (T/S) values according
to sarcopenia, skeletal muscle index, and frailty status.

Mean telomere/single-copy gene ratio (T/S)

Adjusted® p
mean? (95% Cl)

Unadjusted P
mean? (95% Cl)

SARCOPENIA (EWGSOP DEFINITION)

No sarcopenia (n=119) 0.26 (0.25-0.28) 0.004 0.26 (0.24-0.28) 0.01
Sarcopenia (n=23) 0.21 (0.17-0.24) 0.21 (0.18-0.24)
SKELETAL MUSCLE INDEX (SMI)

Normal SMI (n=116) 0.26 (0.24-0.28) 0.003 0.26 (0.24-0.28) 0.008
Low SMI (n=26) 0.21 (0.17-0.24) 0.21 (0.18-0.24)
FRAILTY, PF

No frailty (n=68) 0.27 (0.24-0.29) 0.11  0.26 (0.24-0.29) 0.31
Frailty (n=74) 0.24 (0.22-0.26) 0.24 (0.22-0.27)
FRAILTY, FI > 0.44

No frailty (n=68) 0.27 (0.24-0.29) 0.12 0.26 (0.24-0.29) 0.38
Frailty (n=74) 0.23 (0.22-0.26) 0.24 (0.22-0.27)

Low SMI was defined as SMI < 8.87 kg/m?? for men and SMI < 6.42 kg/m? for
women.

2Geometric means were calculated from log-transformed values.

b Adjusted for age, gender, smoking habit, diabetes, and Cumulative lliness Rating
Scale score.

14—+

r=0.34; p<0.001
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FIGURE 1 | Scatter plot of telomere/single-copy gene ratio (7/S) and
the skeletal muscle index (n=142).

adjusted analyses, regardless of the frailty assessment tool adopted
(Table 4). Finally, no significant correlations were determined
between T/S values and any of the five domains defining PF (data
not shown).

DISCUSSION

Previous studies have shown that telomere attrition and dysfunc-
tion are implicated in a host of age-related disorders, includ-
ing cancer, cardiovascular disease, type 2 diabetes mellitus,
osteoarthritis, chronic obstructive pulmonary disease, dementia,
and immunosenescence [reviewed by Xi et al. (2013)]. However,
the literature is void of investigations concerning the relationship
between telomere length and sarcopenia, a hallmark of the aging
process (Fisher, 2004). Furthermore, only sparse reports exist that
have examined the association between telomere length and frailty
(Woo et al., 2008; Collerton et al., 2012), an additional clinical
indicator of biological age (Mitnitski et al., 2002; Goggins et al.,
2005) and a major consequence of sarcopenia (Roubenoff, 2000).
The present investigation was therefore undertaken to explore
whether a popular senescence biomarker (PBMC telomere length)
was related to clinical measures of biological age (sarcopenia and
frailty). Our results indicate that PBMC telomere length, expressed
as T/S values, is associated with sarcopenia, but not frailty, in a
sample of older outpatients.

These findings are supportive of the proposition that sarcope-
nia may serve as a clinical biomarker for aging (Fisher, 2004).
The inverse association detected between PBMC telomere length
and muscle mass could be reflective of a common pathogenic
ground underlying age-related telomere shortening and mus-
cle atrophy. Indeed, oxidative stress and chronic inflammation
are involved both in telomere erosion (Aviv, 2004; Bayne and
Liu, 2005) and sarcopenia (Marzetti et al., 2013). The expo-
sure to high levels of free radicals has been identified as a
causative factor for telomere shortening both in vitro (Richter
and von Zglinicki, 2007) and in disease conditions character-
ized by enhanced oxidant generation, such as diabetes melli-
tus, dementia, cardiovascular disease, and cancer [reviewed by
Aubert and Lansdorp (2008)]. Likewise, oxidative stress is a major
culprit in the development of sarcopenia through irreversible
damage to myocyte macromolecules, bioenergetic failure, and
induction of apoptosis [reviewed by Marzetti et al. (2009) and
Calvani et al. (2013)].

A major consequence of oxidative stress is the activation of
redox-sensitive mediators, including nuclear factor-kB (NF-«kB)
(Chung et al., 2009). The latter, in turn, regulates the transcrip-
tion of several pro-inflammatory cytokines (Chung et al., 2009).
Under normal conditions, NF-kB activation in response to oxida-
tive stimuli is short-lived, and the inflammatory reaction ceases
with resolution. However, the long-term exposure to high levels
of oxidants, as it seems to occur during aging, results in a chronic
activation of NF-kB-mediated inflammatory response and cellular
damage (Chung et al., 2006). Notably, increases in circulating lev-
els of C-reactive protein (CRP) and serum amyloid A (SAA) were
associated with proportional decreases in PBMC telomere length
in a cohort of middle-aged workers exposed to occupational envi-
ronmental pollution over 2 years of follow-up (Wong et al., 2014).
In addition, cross-sectional analyses in a population of 1,962 older
adults ranging in age between 70 and 79 years showed that individ-
uals with elevated circulating levels of either interleukin-6 (IL-6)
or tumor necrosis factor-alpha (TNF-a) had significantly higher
odds for short PBMC telomeres, after adjustment for potential
confounders (O’Donovan et al., 2011). Remarkably, the highest
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odds for short PBMC telomeres were found in older persons with
high levels of both IL-6 and TNF-a (O’Donovan et al., 2011).

It is noteworthy that IL-6 (Payette et al., 2003), TNF-a (Ped-
ersen et al., 2003), CRP (Cesari et al., 2005), and SAA (Zhang
et al., 2009) have all been implicated in the pathogenesis of mus-
cle atrophy in the context of sarcopenia or other muscle-wasting
disorders. Similar to telomere attrition, the concomitant elevation
of multiple inflammatory markers seems to play a synergistic role
in age-related muscle loss (Visser et al., 2002).

The association between telomere length and sarcopenia was
mainly driven by the relationship between 7/S values and muscle
mass. Indeed, of the three parameters indicated by the EWGSOP
for the definition of sarcopenia (Cruz-Jentoft et al., 2010), PBMC
telomere length was only correlated with SMI (Figure 1). The rea-
sons for the absence of significant associations between T/S values
and measures of muscle performance (handgrip strength and walk
speed) are multifold. First, it is well known that losses in muscle
mass and function follow different temporal trajectories during
the course of aging, with steeper declines in strength relative to
mass (Delmonico et al., 2009). Hence, at any given time point,
PBMC telomere length may not necessarily correlate with all of the
components of the sarcopenia syndrome. In addition, while SMI
is intrinsic to muscle, force generation and ambulation depend on
the coordinated function of multiple organ systems (i.e., muscu-
loskeletal, cardiorespiratory, and central and peripheral nervous
systems). Since the rate of aging varies across organs and tissues
(Finkel et al., 1995), a single biological marker may not be equally
effective at tracking the multitude of intrinsic and extrinsic factors
responsible for muscle aging. A similar reasoning may explain the
inability of PBMC telomere length measurements to capture the
complex inter-organ interactions regulating muscle performance.

Since frailty has been proposed as a clinical meter for biological
age (Mitnitski et al., 2002; Goggins et al., 2005) and represents a
major consequence of sarcopenia (Roubenoff, 2000), one could
have expected a relationship existed between PBMC telomere
length and the frailty status. However, the lack of a significant
association between T/S values and measures of frailty is in keep-
ing with previous reports on the topic (Woo et al., 2008; Collerton
et al., 2012). Similar to the present study, PBMC telomere length
was indeed unrelated to either PF (Collerton et al., 2012) or the FI
(Woo et al., 2008; Collerton et al., 2012). As previously reasoned
with regard to muscle function, it is conceivable that the “snapshot”
assessment of a single biological marker may not be sufficient at
capturing a complex, multidimensional syndrome, such as frailty.

Although reporting novel findings, the present work presents
some limitations that deserve further discussion. First of all, the
study is exploratory in nature, evident by the relatively small sam-
ple size. For this reason, robust and pre-frail participants were
considered as a single group, which prevented us from observ-
ing a possible gradient of T/S values across the frailty spectrum.
Nevertheless, this approach allowed adjusting the analyses for a
number of potential confounders, which adds further relevance to
our findings. Second, the cross-sectional design of the study does
not allow inferring about the temporal relationship among PBMC
telomere length, frailty, and sarcopenia. Moreover, although BIA
is an established technique for the estimation of lean body mass
(Kyle et al., 2003), it does not represent the gold standard for the

quantification of muscle mass. Nevertheless, BIA is safe, inexpen-
sive, easy to use, and readily reproducible. This technique is indeed
recommended by the EWGSOP for the estimation of muscle mass
in ambulatory patients (Cruz-Jentoft et al., 2010), such as those
enrolled in the present study. Furthermore, following the recom-
mendations by the NIH Expert Panel (1996), BIA measurements
were obtained under standard conditions to limit the possible vari-
ability arising from body position, hydration status, consumption
of food and beverages, ambient air and skin temperature, recent
physical activity, and conductance of the examining table. Finally,
telomere length was estimated from T/S values, as determined by
qRT-PCR, in place of absolute quantification by classic Southern
blot methods on terminal restriction fragments. However, the T/S
method has proven to be highly consistent with Southern blot
(Epel et al., 2004; Grabowski et al., 2005).

CONCLUSION

Findings from this exploratory study indicate that PBMC telom-
eres are shorter in sarcopenic geriatric outpatients, after adjust-
ment for potential confounders. The relationship between telom-
ere length and sarcopenia appears to be mainly driven by muscle
mass, which may be indicative of a common pathogenic ground
for telomere erosion and muscle atrophy. The lack of a signif-
icant association between PBMC telomere length and measures
of muscle performance or the frailty status reinforces the notion
that telomere shortening may not suffice as a biomarker for com-
plex, multidimensional age-related conditions (Woo et al., 2008;
Collerton et al., 2012). Future studies are necessary to assess the
relationship among telomere shortening, sarcopenia, and frailty
over time as well as in response to interventions, such as physical
exercise and nutrition, proven effective against muscle aging and
its clinical correlates.
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The mechanisms contributing to sarcopenia include reduced satellite cell (myogenic stem
cell) function that is impacted by the environment (niche) of these cells. Satellite cell func-
tion is affected by oxidative stress, which is elevated in aged muscles, and this along with
changes in largely unknown systemic factors, likely contribute to the manner in which
satellite cells respond to stressors such as exercise, disuse, or rehabilitation in sarcopenic
muscles. Nutritional intervention provides one therapeutic strategy to improve the satellite
cell niche and systemic factors, with the goal of improving satellite cell function in aging
muscles. Although many elderly persons consume various nutraceuticals with the hope
of improving health, most of these compounds have not been thoroughly tested, and the
impacts that they might have on sarcopenia and satellite cell function are not clear. This
review discusses data pertaining to the satellite cell responses and function in aging skele-
tal muscle, and the impact that three compounds: resveratrol, green tea catechins, and
B-Hydroxy-B-methylbutyrate have on regulating satellite cell function and therefore con-
tributing to reducing sarcopenia or improving muscle mass after disuse in aging. The data
suggest that these nutraceutical compounds improve satellite cell function during reha-
bilitative loading in animal models of aging after disuse (i.e., muscle regeneration). While
these compounds have not been rigorously tested in humans, the data from animal mod-
els of aging provide a strong basis for conducting additional focused work to determine
if these or other nutraceuticals can offset the muscle losses, or improve regeneration in

sarcopenic muscles of older humans via improving satellite cell function.

Keywords: aging, oxidative stress, apoptosis, rehabilitation, injury, disuse atrophy

INTRODUCTION

Sarcopenia is the age-associated reduction in muscle mass and
function (Evans, 1995; Kim and Choi, 2013), which is particularly
severe after the seventh decade of life (Dutta et al., 1997). Sarcope-
nia increases the susceptibility to muscle injury (Faulkner et al,,
1995), serious falls (Tinetti, 2001), obesity (Stenholm et al., 2008),
and diabetes (Kim et al., 2010; Ghosh et al., 2014). Furthermore,
the deleterious effects of extended muscle disuse (e.g., prolonged
bed rest in the elderly) on muscle mass, strength, and function is
exacerbated with sarcopenia (Suetta et al., 2009; Marzetti et al.,
2010; Hao et al., 2011; Calvani et al., 2013; Alway et al., 2014a).
As a result, it is important to identify strategies that could slow
or reverse sarcopenia. One area that has attracted recent attention
is the area of myogenic stem cells or satellite cells, as a means to
improve regeneration of old muscles and to offset the negative
consequences of sarcopenia.

MECHANISMS THAT MAY CONTRIBUTE TO SARCOPENIA
AND LOWER THE ABILITY TO REVERSE ATROPHY IN AGING
To mount an effective therapeutic strategy to treat sarcopenia, it
becomes necessary to understand the components that contribute
to this pathogenesis. While the mechanisms responsible for sar-
copenia are not well understood, there are likely several factors
that contribute to muscle loss in aging. These include but may not
be limited to: reduced protein synthesis (Dickinson et al., 2013;

Churchward-Venne et al., 2014), declines in neural function (Drey
et al., 2013; Kwan, 2013; Mosole et al., 2014), hormonal deficits
(Michalakis et al., 2013), chronic inflammation (Lee et al., 2007;
Degens, 2010; Mavros et al., 2014), oxidative stress (Hiona and
Leeuwenburgh, 2008; Jackson et al., 2010; Armand et al., 2011;
Marzetti et al., 2013; Sullivan-Gunn and Lewandowski, 2013), loss
of mitochondrial function (Chabi et al., 2008; Ljubicic et al., 2009;
Calvani et al., 2013; Marzetti et al., 2013), inappropriate signaling
in muscle due at least in part to inadequate nutrition (Burgos,
2012; Ghosh et al., 2014; Welch, 2014; Welch et al., 2014), nuclear
apoptosis (Sjostrom et al., 1992; Alway et al., 2002, 2011; Leeuwen-
burgh, 2003; Dupont-Versteegden, 2005; Alway and Siu, 2008;
Chabi et al., 2008), and reduced satellite cell function (Conboy
and Rando, 2005; Snijders et al., 2009; Barberi et al., 2013). This
review will focus on the potential impact that mediation of satellite
cell function has in aging skeletal muscle.

SATELLITE CELL BIOLOGY

Satellite cells are a heterogeneous collection of adult muscle
stem cells that are normally quiescent. They were first identi-
fied more than 50years ago as a unique population of nuclei
that were “sandwiched” between the sarcolemma and the base-
ment membrane of the muscle fiber (Mauro, 1961). Utilization
of unique cell surface markers and methods to identify satellite
cell proliferation and differentiation have provided evidence to
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show that this cell is critically important in muscle growth and
repair as well as the processes of adaptation to stresses includ-
ing exercise, disease, injury, and aging. Satellite cell progression
from proliferation through differentiation of their daughter cells
is tightly regulated by muscle transcription factors. Adult qui-
escent satellite cells express the paired homeobox transcription
factor Pax7 (Seale et al., 2000, 2004). Another transcription factor,
Pax3, a paralog of Pax7, is also expressed in a subset of satellite
cells of some but not all muscles (Relaix et al., 2006; Bucking-
ham and Relaix, 2007; Day et al., 2007; Yablonka-Reuveni et al.,
2008). Nevertheless, Pax7 appears to be necessary in satellite cells
after birth as Pax7-null mice are viable but lack any functional
satellite cells (Kuang et al., 2006; Seale et al., 2000; Seale et al.,
2004).

Under basal conditions, adult satellite cells remain quiescent
and reside (relatively) dormant within their niche adjacent to the
myofiber (Schultz et al., 1978) (Figure 1). While satellite cells
might be exposed to the changing cellular niche, they do not
become activated until a major insult or stress (e.g., exercise load-
ing) occurs. In response to injury, satellite cells proliferate and
their Pax7-positive daughter cells either differentiate, by migrat-
ing through the sarcolemma and fusing with existing muscle fibers
(Figure 1) during the growth and regeneration of muscle (Moss
and Leblond, 1971; von et al., 2013), or they commit to a pro-
gram of self-renew (Schmalbruch and Lewis, 2000; Collins et al.,
2005). Myogenic regulator factor (MRF) genes provide myogenic
specificity for activated satellite cells. The MRFs include myogenic

differentiation 1 protein (MyoD), myogenic factor 5 (Myf5), myo-
genin, and muscle-specific regulatory factor 4 (Mrf4). Myf5 and/or
MyoD expression are quickly increased at the point of satellite cell
activation (Cornelison and Wold, 1997). Pax7 regulates Myf5 and
MyoD expression levels (Parise et al., 2008; Rudnicki et al., 2008) in
satellite cells. It is necessary for Pax7 to be down-regulated prior to
terminal differentiation of the satellite cell derived daughter cells
(Olguin and Olwin, 2004; Olguin et al., 2007). The satellite cell
pool is repopulated by the fraction of activated satellite cells that
maintain a high level of Pax7.

A number of studies using different Pax7 ablation strategies in
mouse muscles, have clearly shown that satellite cells are indispens-
able for muscle regeneration (Lepper et al., 2011; Murphy et al.,
2011;Sambasivan etal.,2011). Furthermore, when satellite cells are
absent, injured skeletal muscle does not regenerate or regenerate
very poorly in response to muscle injury (Seale and Rudnicki, 2000;
Seale et al., 2000; Oustanina et al., 2004; Kuang et al., 2006). To
make it worse, inflammatory and adipogenic cells replace injured
regions of contractile tissue in muscles from Pax7-null animals
(Sambasivan et al., 2011), and the increase in non-contractile tis-
sue in repair or growth in the absence of Pax7 decreases the specific
tension (force per cross sectional area) potential in skeletal muscle
(Fry et al., 2014). It is also important to note that non-myogenic
stem cells are unable to repair the injured muscle, suggesting that
satellite cells are essential for skeletal muscle regeneration (Samba-
sivan et al., 2011). Furthermore, while some muscle hypertrophy
that is induced via overload appears possible in the absence of

Injury or loading

Pax7*

Basal lamina
4/

Sarcolemma

™\ Quiescence
~ Satellite cells

FIGURE 1 | lllustration of the activation and the differentiation of
satellite cells in muscles of young or old hosts. Satellite cells are
positioned anatomically between the basal lamina (purple) and the
sarcolemma (yellow). Satellite cells express Pax7 in the quiescent (green)
state. Upon injury or loading, satellite cells are activated and proliferate (red)
and express Pax7 followed by both Pax7 and MyoD. Some of the proliferated
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uiescence — . . —
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daughter cells from the original satellite cells leave their position and pass
through the sarcolemma and migrate to the site of injury, where they fuse
with the existing fiber and engage in fiber repair and/or contribute to fiber
growth/hypertrophy. In aging and sarcopenic muscles, satellite cell
proliferation and/or differentiation may be impaired, which contribute to a
lower regenerative potential.
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satellite cells, long-term muscle adaptation to overload is dimin-
ished, as seen by smaller muscle fibers and a lower muscle mass
and muscle strength. Thus, satellite cells are important not only in
muscle repair but also in regulating muscle adaptations to hyper-
trophic growth (Fry et al., 2014). Thus, it is possible, or even likely
that a diminished function in satellite cells plays an important role
in mediating the long-term muscle reductions with sarcopenia.

SATELLITE CELL FUNCTION IN AGING
The potential mechanisms involved in the reduction of skeletal
muscle mass during sarcopenia converge on satellite cells, and
together they contribute to failure of satellite cells to replace and
repair damaged muscle fibers (Jang et al., 2011; Garcia-Prat et al,,
2013; Wang et al., 2013; Sousa-Victor et al., 2014). The lower
regenerative potential of aged muscles is correlated nicely with
the decline in satellite cell function (Jang et al., 2011; Chakkalakal
and Brack, 2012; Collins-Hooper et al., 2012; Bernet et al., 2014)
and a reduction in the Pax7 pool of myogenic stem cells (Collins
et al., 2007). For example, the proliferation and differentiation
potentials of satellite cells in both mammals and non-mammals
are reduced with increasing age (Bortoli et al., 2005; Velleman et al.,
2010; Barberi et al., 2013; Harthan et al., 2013). In addition, recent
evidence by Sousa-Victor et al. (2014) suggest that a large por-
tion of the aged (geriatric) satellite cells switch from the reversible
quiescent state to a senescence state, which prevents proliferation
and renewal of the satellite cell pool. Thus, this loss of satellite
cell function likely contributes strongly to the reduced ability to
repair or replace muscle that is lost in sarcopenia. Although satel-
lite cells in the aged niche are not proliferative, they do express
Sproutyl (spryl), an inhibitor of fibroblast growth factor (FGF)
signaling (Chakkalakal et al., 2012). It is thought that increasing
FGF signaling in aged satellite cells under basal conditions by down
regulating spryl would result in a loss of quiescence (Chakkalakal
etal., 2012). Thus, aged satellite cells may actively promote quies-
cence through regulating spry1 in their own niche, thereby making
it more difficult to activate these cells for growth or repair.
Moreover, satellite cell content has been reported to decrease in
muscles of old humans and animals as compared to their younger
counter parts (Day et al., 2010; Verdijk et al., 2012, 2014). Fur-
thermore, there is evidence that a decline in satellite cell number
contributes to muscle fiber atrophy (Brack et al., 2005). Never-
theless, some studies have not found a loss of satellite cells in
old muscles as compared to muscles from young animals (van
der Meer et al., 2011b), but this is complicated by the fact that
although muscle mass/bodyweight was lower in the old animals,
the absolute muscle mass was similar in young and old animals.
Whether satellite cell number islost or not, it appears more clear
that satellite cell function is reduced in aging. However, it is likely
that an important cause for reduced satellite cell function in aging
may be a result of altered systemic factors that influence and/or reg-
ulate satellite cell activity and differentiation. Notably, important
observations from Rando and colleagues using parabiotic pairs
have shown that the regenerative potential of satellite cells can be
improved in muscles from aged mice that share the circulation
with young mice (Conboy and Rando, 2005; Conboy et al., 2005).
Reductions in Notch signaling in muscles of aged rodents lead to
a reduced satellite cell proliferation and an inability to produce

myoblasts in response to muscle injury. In addition, restoring cir-
culating levels of protein growth differentiation factor 11 (GDF11)
in old mice has recently been shown to improve satellite cell and
muscle function (Sinha et al., 2014). Other factors contributing
to sarcopenia potentially through their actions on satellite cells
could involve reduced IGF-I (Harridge, 2003), inflammation and
pro-inflammatory cytokines (Degens, 2010), and altered muscle
metabolism (Jang et al., 2011).

Although satellite cells appear to have important roles in regen-
eration of old or young muscles, their involvement in regulating
muscle mass in response to atrophic or hypertrophic stimuli is
quite complex. For example, rapid muscle loss occurring from
denervation has been reported to result in a transient increase
in satellite cells in muscles of old rats within 1week after den-
ervation (van der Meer et al., 2011b), presumably in an attempt
to improve the transcriptional control of muscle proteins dur-
ing this rapid period of atrophy. However, satellite cell numbers
then decreased in old muscle in subsequent denervation from 2 to
4 weeks (although satellite cells/muscle cross sectional area were
constant during this time) (van der Meer et al., 2011b). In con-
trast, muscles in young animals had an increase in satellite cell
numbers over 4 weeks of denervation (van der Meer et al., 2011Db),
yet the increase in satellite cell numbers was unable to prevent
muscle atrophy (van der Meer et al., 2011b). Clearly, there are
age-induced differences in the responses of satellite cells to this
atrophy stimulus by denervation, yet simply having the potential
for greater transcriptional control by having more satellite cells
and their daughter cells, fails to prevent the rapid muscle fiber
atrophy caused by denervation.

The role that satellite cell number has in muscle growth is also
complex. For example, there is evidence that at least some degree
of hypertrophy can occur without the prerequisite to activate satel-
lite cells to add new nuclei (McCarthy et al., 2011; van der Meer
et al., 2011a; Jackson et al., 2012); however, larger fibers in old
muscles appear to add more nuclei than smaller fibers in young
animals to maintain a relatively constant nuclear domain size (van
der Meer et al., 2011b), and more nuclei improve the potential for
greater transcriptional control to presumably sustain their new
larger muscle fiber size (Carson and Alway, 1996; Alway et al.,
2003; van der Meer et al., 2011a). In addition, the extent of hyper-
trophy is suppressed in models where satellite cells are absent (Fry
et al., 2014). Thus, satellite cells may have an important role in
long-term modulating of muscle fiber size, but at least in some
models of muscle wasting, increases in myonuclear number does
not guarantee greater fiber sizes in denervation, and losses in satel-
lite cells over time, follows, and does not determine, the reductions
in muscle fiber size (van der Meer et al., 2011a,b). Nevertheless, it
is clear that hypertrophic adaptations are suppressed when satel-
lite cells are eliminated, and therefore, it is likely that satellite cells
have a complex modulating effect on muscle mass, and in doing
s0, impacts muscle function. In addition, we would expect that
loss of satellite cells or reduced satellite cell function by whatever
means, would diminish the ability for aging muscle to both hyper-
trophy in response to a growth stimulus, and repair in response
to an injury. Clearly, this area requires more work to fully under-
stand the complex nature and responses of satellite cells in muscle
remodeling in aging.
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MODULATORS OF SATELLITE CELLS IN SARCOPENIA
METABOLIC REGULATION OF SATELLITE CELL FUNCTION

Metabolic regulators of the satellite cell niche are likely to be
important modulators of satellite cell function. One potential
mediator is Sirtuin 1 (Sirtl),a NAD™ deacetylase that is activated
by caloric restriction (Cohen et al., 2004) and resveratrol (Chen
etal., 2009; Price et al., 2012), a compound found in abundance in
grape skins and red wine. Sirt1 also works in concert with a number
of transcription factors to exert a mostly catabolic effect in cellular
metabolism. One subset of these activated transcription factors is
the peroxisome proliferator-activated receptor (PPAR) family (Lin
et al,, 2005), including PPAR vy co-activator la (PGCla). PGCla
is a transcriptional co-activator and a major regulator of mito-
chondrial biogenesis and metabolism (Spiegelman, 2007; Stepto
et al,, 2012). In muscle and other cell types, PGCla regulates the
activity of PPAR alpha (PPARa) and PPAR delta (PPARS). PPARa,
is expressed in the heart, liver, and skeletal muscle, regulates mito-
chondrial biogenesis and fatty acid uptake and oxidation. PPARS
is expressed in the intestines, liver, and skeletal muscle but notably,
experiments that have eliminated PPARS in muscle, have reported
a decreased level of satellite cell proliferation, leading to reduced
muscle regenerative capacity after injury, further establishing its
link to satellite cell function (Angioneetal.,2011). PGCla induced
mitochondrial biogenesis appears to be an important compo-
nent that regulates satellite cell function in regenerating muscle
following injury (Duguez et al., 2002). Supporting this finding,
short-term caloric restriction has been found to increase satel-
lite cell proliferation in young and old mice, presumably through
a Sirt1-PGCla mechanism (Cerletti et al., 2012). Furthermore,
alterations in PGCla through Sirtl have been shown to reduce
satellite cell-induced muscle regeneration during conditions of
muscle wasting (Toledo et al., 2011). Thus, there appears to be a
clear link between mitochondrial biogenesis/function and satel-
lite cell function, and increasing mitochondrial function increases
satellite cell proliferation in muscle regeneration (Jash and Adhya,
2012). However, the mechanisms that mediate this interaction are
less clear and the impact that altering mitochondrial-mediated
metabolic function will have on satellite cell function in muscles
of old animals is less well known. Furthermore, it is not known
if mitochondrially induced satellite cell modulation is fiber-type
specific in aged muscles.

MITOCHONDRIAL FUNCTION AND OXIDATIVE STRESS REGULATE
SATELLITE CELL FUNCTION IN AGING

In addition to metabolic function, mitochondria are key producers
of reactive oxygen species (ROS). A low level of ROS is thought to
be an important regulator of several cell signal transduction path-
ways in a variety of cellular functions including muscle (Frey et al.,
2006, 2009; Powers et al., 2011). However, excessive ROS levels
are believed to be key initiators and mediators of dysfunction in a
variety of cells including muscle cells. This includes ROS mediated
disruptions in cell signaling, metabolism, transcriptional activ-
ity, mitochondrial function, and increased activation of apoptotic
pathways (Allen and Tresini, 2000; Marzetti et al., 2013; Sullivan-
Gunn and Lewandowski, 2013). For example, aging is associated
with excessive ROS levels, which increases mitochondrial damage,
and in turn, contributes to mitochondrially mediated apoptotic

signaling (Barberi et al., 2013; Bennett et al., 2013; Szczesny et al.,
2013; Vasilaki and Jackson, 2013). This suggests that mitochondria
might produce high ROS levels in muscle and in activated satellite
cells, and this could contribute to impaired satellite cell function
(or initiate pathways that could result in satellite cell death). How-
ever, this relationship is complex because human muscle satellite
cells that were isolated from elderly human vastus lateralis muscles
have reduced mitochondrial mass, and lower whole cell ATP levels,
but when they were stimulated maximally, they appeared to have
normal mitochondrial ATP production, increased mitochondr-
ial membrane potential, and increased superoxide/mitochondrial
mass and hydrogen peroxide/mitochondrial mass ratios (Minet
and Gaster, 2012). These data suggest that although ROS produc-
tion was higher in isolated satellite cells from aged muscles, there
was not a marked reduction in mitochondrial function of the
remaining mitochondria (Minet and Gaster, 2012). Nevertheless,
the high basal levels of ROS may provide an unfavorable environ-
ment, which can adversely affect satellite cell function and limit
muscle repair in aging. One of the possible causes that could exac-
erbate the effects of ROS on satellite cell function is the decline
the antioxidative capacity and the increasing ROS levels of skeletal
muscle with increasing age, which diminish satellite cell function
(Beccafico et al., 2007). Moreover, the antioxidant activity of cata-
lase and glutathione transferase is reduced in satellite cells derived
from elderly subjects as compared to satellite cells isolated from
young individuals (Fulle et al., 2005). It is likely that the elevated
basal levels of ROS in the satellite cell niche could induce oxidative
damage to the quiescent satellite cells, and this damage could neg-
atively affect the satellite cells’ ability to repair aging muscle when
they become activated (Fulle et al., 2005).

An alternative negative effect of high ROS levels in aging mus-
cles may be to drive the normal myogenic phenotype of activated
satellite cells to that of an adipogenic phenotype. Such a muscle-to-
fat transition and satellite cell behavior could explain the increase
in inter-muscular adipose deposits that are characterized with
many metabolic diseases as well as sarcopenia (Rice et al., 1989;
Vettor et al., 2009).

EXERCISE REGULATION OF SATELLITE CELLS IN AGING MUSCLE

Although exercise or loading can partially rescue the reduction
in satellite cell function (Dreyer et al., 2006; Snijders et al., 2009;
Verdijk et al., 2009; Shefer et al., 2010), muscle fibers typically do
not hypertrophy to the same extent in old animals as compared
to young animals, even if the young and old animals receive the
same stimulus and this is at least partially attributable to aging-
suppressed satellite cell function (Carson et al., 1995; Carson and
Alway, 1996; Lowe et al., 1998; Cutlip et al., 2006). Thus, while
full reversal of sarcopenia does not appear to be possible, exercise,
and overload nevertheless, have been used as a rehabilitative tool
to compensate for sarcopenia, and can at least partially reverse
the age-imposed decrements in performance. Nevertheless, exper-
iments that have examined the exercise- and loading-associated
reduction in muscle mass function in humans, rats, and other ani-
mal models of aging, have produced varied results from modest
to poor reversal of sarcopenia. For example, 30 days of identical
loading conditions resulted in 44% greater muscle mass in young-
adult birds, but only an increase in muscle mass of 25% in aged
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quails (Carson and Alway, 1996). In addition, 14 days of func-
tional overload in the rat plantaris muscle increases muscle weight
by 25% in young-adult animals but only by 9% in old rats (Alway
etal., 2002, 2005). Furthermore, 28 days of electrical stimulation-
induced contractions caused muscle hypertrophy and improved
function in young rat dorsi flexor muscles, but no improvement
in muscle force or mass were found in old animals (Cutlip et al.,
2006; Murlasits et al., 2006).

Itis clear that loading types of exercise have profound effects on
satellite cell function in muscles of young hosts, largely through
activation of various growth factors and cytokines, resulting in
increases in muscle protein synthesis, and net muscle protein
accretion (Phillips et al., 1997). Furthermore, activation of satel-
lite cells occurs as part of the modulation of exercise-induced
adaptation even in acute responses to loading exercise where
hypertrophy has not occurred (Joanisse et al., 2013). Specifi-
cally, growth factors such as insulin like growth factor-I (IGF-
1) (McKay et al., 2008), interleukin-6 (IL-6) cytokine induced
signal transducer, and activator of transcription 3 (STAT3) sig-
naling have been shown to occur exclusively in human satellite
cells, including their proliferation in response to exercise-induced
lengthening injury (Toth et al., 2011). Furthermore, non-injurious
running exercise has been shown to increase Wnt signaling and
that activation of the canonical Wnt/B-catenin signaling path-
way increased the expression of Myf5 and MyoD in satellite
cells (Fujimaki et al., 2014). However, given the greater senes-
cent phenotype of satellite cells in aged muscles (Sousa-Victor
et al., 2014), it seems likely that exercise would have a greater
challenge for activating satellite cells in aged sarcopenic muscles
as compared to young-adult muscles. Nevertheless, while aging
decreases the satellite cell content in type II fibers of humans
(Verdijk et al., 2014), aging appears to delay but not eliminate the
activation of satellite cells in muscles of elderly men in response
to acute resistance exercise (Snijders et al., 2014a; Verdijk et al.,
2014).

While an age-associated reduction in growth differentiation
factor 11 (GDF11) has been shown, a recent report indicates
that restoring systemic levels of GDF11 in aged muscle improved
not only satellite cell derived muscle repair but increased muscle
strength, mass, and endurance in aged mice (Sinha et al., 2014).
This shows the potential for important interactions between circu-
lating factors and exercise-induced satellite cell function; however,
it would seem that exercise alone, without the pharmacological
intervention and interaction is insufficient to reverse all of the
aging-associated satellite cell function in sarcopenia. Although
electrically evoked contractions are not exact duplications of vol-
untary exercise, most of the cellular signaling pathways are similar
whether the contractions are voluntary or evoked. Thus, it is inter-
esting to note that electrically evoked contractions in muscles of
elderly subjects, increased the proliferation of satellite cells as indi-
cated by a greater number of N-CAM and Pax7-expressing cells
(surface markers of satellite cells), and also increased IGF-I and
myostatin, which, were thought to loosely represent markers in
the pathway for satellite cell differentiation (Kern et al., 2014).
Thus, exercise and models that simulate exercise have profound
effects on satellite cell function in aging muscles. One of the chal-
lenges in muscle biology is to identify targets and strategies that

are likely to maximize the positive benefits of exercise on satellite
cell function with the goal to reduce or offset sarcopenia.

DISUSE REDUCES SATELLITE CELL NUMBER IN AGING

Disuse atrophy is caused by mechanical unloading of muscle
and this leads to reduced muscle mass. Frequently used models
of unloading in humans include casting/immobilization, and a
sedentary lifestyle (inactivity), and in rodents, hindlimb suspen-
sion, immobilization, and denervation are typically used as models
of disuse. Satellite cells are fundamentally involved in skeletal mus-
cle responses to environmental changes that induce atrophy. The
area that surrounds the satellite cell (niche) plays an important
role in the fate and function of satellite cells (Bentzinger et al.,
2013), and therefore, it is not surprising that changes in the mus-
cle environment that occur during disuse can affect the satellite
cell niche.

Several studies report that conditions of disuse lead to an eleva-
tion in the number of nuclei that have been targeted for apoptosis
both inside and outside myofibers (Allen et al., 1997; Vescovo
et al., 1998, 2000; Siu and Alway, 2009; Alway et al., 2011; Hao
etal, 2011). However, other studies have failed to find a change in
myonuclei number with atrophy, and loss of satellite cells during
disuse is not a consistent finding. For example, satellite cell num-
ber appeared to be quite stable after acute disuse including 14 days
of immobilization in young healthy men (Snijders et al., 2014b),
or 28 days of bed rest in middle aged men (Brooks et al., 2010),
whereas in another study, 14 days of immobilization resulted in a
loss of satellite cells in older humans (Suetta et al., 2013). Severe
disuse atrophy as characterized by spinal cord injury has been
reported to result in lower satellite cell numbers in both type I
and type II fibers (Verdijk et al., 2012). Furthermore, sarcopenia is
accompanied by a loss of satellite cells, particularly in type I fibers
(Verdijk et al., 2012, 2014) although the reductions in both fiber
size and satellite cell number occur relatively slowly. In contrast,
rapid declines in muscle mass do not correlate closely with satellite
cell numbers (van der Meer et al., 2011b). Nevertheless, satellite
cells may have an important role in long-term modulating of mus-
cle fiber size including disuse atrophy, and sarcopenia, but there is
evidence to suggest that such changes in myonuclear number may
not determine the immediate changes in muscle fiber size (van
der Meer et al., 2011a,b). Nevertheless, the age of the host and the
severity or type of disuse, likely helps to determine whether satel-
lite cells survive, the time course of any changes in satellite cell
number, or how they are able to respond to additional stressors.

Although proliferation of satellite cells is critical to muscle
regeneration after an injury, proliferation of satellite cells with-
out adequate differentiation does not improve muscle mass. For
example, acute satellite cell proliferation has been reported in
response to spinal muscular atrophy-induced muscle denervation
(Martinez-Hernandez et al., 2014) presumably as an attempt to
increase the nuclear population for elevating transcriptional sig-
naling, yet, the atrophy signaling predominates the muscle, and the
net result is that denervated muscles become smaller, even with an
acute increase in satellite cells. Thus, effective strategies to combat
sarcopenia and accelerated muscle loss in aging should evaluate the
effects of interventions on both proliferation and differentiation
of satellite cells and their daughter cells.
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MODULATION OF SATELLITE CELL FUNCTION IN
SARCOPENIA VIA NUTRACEUTICALS

Itis clear that the nutritional status of a host affects the potential for
satellite cell proliferation and differentiation to occur (Halevyetal.,
2000; Powell et al., 2013, 2014; Harthan et al., 2014). For example,
food restriction in birds post-hatch has been shown to reduce mus-
cle mass accumulation with increased fat deposition and necrosis
(Velleman et al., 2010) as a result of a decrease in satellite cell
mitotic activity (Mozdziak et al., 2002; Halevy et al., 2003). How-
ever, the mechanisms by which nutritional interventions regulate
satellite cell function are less well defined. One possibility is that the
systemic diffusion of nutritional compounds and nutraceuticals
from the blood (presumably diffusion from capillaries through-
out the muscle) changes the satellite cell environment or “niche.”
The area that is enclosed between the basal lamina and sarcolemma
of a muscle fiber houses the satellite cell, but this same space pro-
vides an insulated environment in which the satellite cell exists
(Lander et al., 2012; Bentzinger et al., 2013; Montarras et al.,
2013). Presumably this niche maintains the satellite cells in a qui-
escent state. It is likely that the metabolic milieu of the satellite cell
niche differs from the muscle fiber and/or the extracellular space
that surrounds the fibers. Although speculative, it is possible that
nutraceuticals diffuse from the systemic circulation (i.e., capillar-
ies) and pass through the basal lamina membrane barrier to the
satellite cell niche to change its metabolic composition. This idea
would be consistent with the hypothesis that satellite cell function
can be regulated via changes to the niche environment (Cosgrove
et al., 2009; Chakkalakal and Brack, 2012; Chakkalakal et al., 2012;
Gilbert et al., 2012). Although it is not clear if the nutraceuticals
can directly activate satellite cells to move them from a quiescent
to an active state, it is clear that if they have begun a prolifera-
tive cycle, that several nutraceuticals can enhance their function in
responses to various stimuli superimposed on sarcopenia. How-
ever, the evidence suggests that diffusion of the nutraceutical into
the satellite cell niche could “prime” the satellite cell, so that once it
experienced the appropriate chemical and/or mechanical and/or
electrical signals for proliferation, would increase the extent of
proliferation in these cells (Hao et al., 2011; Ryan et al., 2011;
Alway et al., 2013; Bennett et al., 2013).

It is further feasible that nutraceuticals can act indirectly on
satellite cells by modulating or directly suppressing the effects of
ROS, or increasing antioxidant production. Either of these pos-
sibilities would result in lowering the impact of ROS damage on
satellite cells.

Another possibility is that rather than affecting the satellite cell
niche, the nutraceutical modulates satellite cell behavior after these
cells have left their niche, or perhaps the niche environment is lost
because the basal lamina or sarcolemma has been damaged. In this
scenario, the cellular milieu containing the nutraceutical mixes
with the satellite cell niche and then promotes enhanced prolifera-
tion of activated satellite cells. Again this could occur from a direct
effect on satellite cells (e.g., epigenetic changes to satellite cells)
and/or indirectly via suppressing the effects of ROS on satellite
cells. Future studies are required to determine which nutritional
interventions change the contents of the satellite cell niche, or if
rather, the nutraceuticals have a direct effect on satellite cells that
is independent from the niche environment.

In addition to the local satellite cell niche milieu, satellite cell
function appears to have an interaction with the fiber that it is
attached to. There are more satellite cells that are associated with
fibers that are predominantly oxidative (slow, type I fibers), as
compared with fibers that rely primarily on glycolysis (fast, type II
fibers) (Schmalbruch and Hellhammer, 1977; Putman et al., 2001;
Brack et al., 2005; Christov et al., 2007). Nutraceuticals may have
differential effects on satellite cells in predominately type IT vs. type
I fibers. For example, proliferation of satellite cells was increased in
plantaris (predominately type II fibers) muscles from old rats that
were reloaded after hindlimb suspension following treatment with
HMB (Alway et al., 2013) or EGCg (Alway et al., 2014a), whereas
satellite cells were elevated in both plantaris and soleus (predom-
inately type I fibers) muscles of old rats that were treated with
green tea extract under these conditions (Alway et al., 2014Db). As
nutraceutical treatments do not appear to have a marked impact
on slowing accelerated muscle wasting in sarcopenia (Table 1), but
instead appears to be more effective in rehabilitating muscles after
a period of disuse (Table 2), we suspect that this treatment strategy
modulates and does not activate the satellite cells, as we would not
anticipate a high level of satellite cell proliferation during periods
of long-term disuse.

It is not known if the nutraceutical mediated improvement in
satellite cell proliferation especially during rehabilitative efforts
in sarcopenic muscle, was due to direct signaling from the fiber
to the satellite cell niche or the satellite cells themselves, and it
is not known how the satellite cell niche, fiber type, or extracel-
lular matrix signaling might influence satellite cell function in
response to skeletal muscle regeneration or hypertrophic growth
in sarcopenic muscles from old hosts. These questions should be
the focus of future studies as this information will be helpful in
planning strategies that might improve muscle repair and slow the
progression of sarcopenia. Furthermore, understanding the effect
of nutraceuticals on satellite cells in a fiber-type specific fashion is
important, because the satellite cells in fast muscles appear to be
more vulnerable to dysfunction in aging and show a reduction in
total satellite cell numbers (Verdijk et al., 2007, 2014) as compared
to satellite cells associated with type I fibers. Nevertheless, while
slow oxidative muscles seem to be better preserved than the fast
fibers in sarcopenic muscles (Deschenes et al., 2013; Purves-Smith
etal.,2014), the impact of nutraceuticals on type I fiber associated
satellite cells should not be ignored, because this preservation of
type I fiber size and function might be lost in the very old, when
sarcopenia becomes very severe (Purves-Smith et al., 2014).

RESVERATROL

Resveratrol and satellite cell function

Within the past decade, sirtuin 1 (Sirtl), a NADT dependent
deacetylase, has been identified as an important metabolic reg-
ulator of skeletal muscle gene expression (Fulco et al., 2003).
Specifically, elevated Sirt1 activity has been shown to increase pro-
liferation of satellite cells (Rathbone et al., 2009). Furthermore,
Sirtl has been reported to inhibit the differentiation of mouse
C2C12 myoblasts (an in vitro model of activated satellite cells),
and reduce the expression of myogenin an important regulator
for satellite cell (daughter cell) differentiation (Fulco et al., 2003;
Vinciguerra et al., 2010). This suggests that Sirt1 could have a role
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Table 1 | Summary of nutraceutical effect on apoptosis and muscle function in aging muscle during forced disuse.

Nutraceutical Treatment Apoptotic signaling Fiber area Muscle mass Maximal force Reference

HMB HLS 1 (100-600%) 1 (22%) — — Hao et al. (2011)
EGCg HLS 1 (25-30%) 1+ (21%) — — Alway et al. (2014a)
Resveratrol HLS — ND 1 (14%) 1 (14%) Jackson et al. (2010)
Resveratrol HLS — — — ND Bennett et al. (2013)
Green Tea Catechins HLS ND ND — 1 (10%) Ota et al. (2011)
Green Tea Catechins HLS 4 (10%) 1+ (7%) — Alway et al. (2014b)

The arrow indicates the increase (p < 0.05), decrease (p < 0.05), or no difference (p> 0.05) between the vehicle vs. nutraceutical. The percent difference from vehicle

treatment is indicated in parenthesis.

Table 2 | Summary of nutraceutical effect on satellite cell function, apoptosis and muscle function in growing/regenerating aged muscle.

Nutraceutical Treatment Satellite cell Apoptotic Muscle Fiber area Maximal Reference
proliferation signaling mass force
HMB Reloading after HLS 1 (3%) ND 1 (6%) 1 (12%) — Alway et al. (2013)
HMB Reloading after HLS ND 1 (70-100%) 1 (35%) 1 (65%) 1 (15%) Hao et al. (2011)
HMB Cell culture 1 (250%) 1 (80-70%) ND ND ND Kornasio et al. (2009)
EGCg Reloading after HLS 1 (3%) 1 (23-50%) 1 (14%) 1 (36%) 1 (20%) Alway et al. (2014a)
Green Tea Catechins Acute downbhill running ND ND — ND 4 (100%) Haramizu et al. (2013)
Green Tea Catechins Reloading after HLS 1+ (17%) 1 (36-50%) — 4 (13%) 1 (25%) Alway et al. (2014b)
Resveratrol Aging ND — — ND — Jackson et al. (2011)
Resveratrol Reloading after HLS — J (0-29%) 1 (10%) 1 (28-45%) ND Bennett et al. (2013)

The arrow indicates the increase (p < 0.05), decrease (p < 0.05), or no difference (p> 0.05) between the vehicle vs. nutraceutical. The percent difference from vehicle

treatment is indicated in parenthesis).

of delaying differentiation and therefore prolonging or enhancing
proliferation of satellite cells in response to a growth stimulus. Fur-
thermore, reduced nutrient availability inhibits C2C12 myoblast
differentiation in a Sirtl dependent manner (Fulco et al., 2008).
Interestingly, the NAD™ salvage enzyme nicotinamide phospho-
ribosyltransferase was found to mediate the effects of nutrient
(glucose) deprivation on myogenic differentiation in vitro (Fulco
et al., 2008). However, to this point, it is not clear if Sirtl has a
direct or an indirect role in mediating satellite cell proliferation or
differentiation in vivo in aged/sarcopenic muscles. Nevertheless,
we have some clues through other nutritional based intervention
studies that suggest that resveratrol, through Sirtl has a direct
effect on regulating satellite cell function in aging. For example,
resveratrol, a Sirtl activator that was given to old rats during a
period of recovery following hindlimb suspension had a modest
improvement in satellite cell proliferation in hindlimb muscles in
response to cage ambulation that followed period of muscle dis-
use as compared to a vehicle control treatment (Bennett et al.,
2013). It is also possible that resveratrol has multiple effects in
aged muscles. For example, it appears to also have a more pro-
found protective effect in aging by buffering high levels of oxidative
stress which is amplified in old animals during periods of mus-
cle disuse or loading (Jackson et al., 2010; Ryan et al., 20105 Joseph
etal.,2013; Durbin et al., 2014). Furthermore, although a constant
long-term consumption of resveratrol does not eliminate sarcope-
nia (Jackson et al., 2011), it is possible that increasing the dose of
resveratrol as the animal ages, to better counter the increasing ROS

accumulation (and ROS increases with greater age) might have had
a different outcome. Nevertheless, together the data suggest that
resveratrol might lower excessively high ROS levels, and this would
be expected to improve satellite cell function and/or prevent loss
of some of the activated satellite cells in responses to stressors (e.g.,
loading), that otherwise might be lost (destroyed) in a very high
ROS environment such as aging and loading, although it proba-
bly has modest effects on quiescent satellite cells that are attached
to sarcopenic muscles. It is noteworthy that increased levels of
Sirtl have been reported in satellite cells isolated from old rats,
although the significance of this is not clear (Machida and Booth,
2004). Thus, it is possible that when Sirtl was elevated in satel-
lite cells of old animals, it may not have been active and therefore
unable to produce the anticipated benefits that have been asso-
ciated with Sirtl in aged muscles. This is likely because activated
Sirtl has been shown to directly induce proliferation of satellite
cells (Rathbone et al., 2009).

Resveratrol — a link to inflammation mediated satellite cell function?
In addition to its role in metabolism-regulation of satellite cells,
resveratrol, through Sirt1 deacetylates and activates PGCla, which
in turn activates transcription factors like the farsenoid x receptor
(FXR), PPARw, and PPARS, which have anti-inflammatory effects
(Galuppo et al.,, 2010; Xu et al., 2012). Thus, it is possible that
PGCla’s role in muscle regeneration may be to signal the end
of the inflammation period and begin the period of regeneration
(satellite cell proliferation and/or differentiation).

Frontiers in Aging Neuroscience

www.frontiersin.org

September 2014 | Volume 6 | Article 246 | 25


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Alway et al.

Nutritional regulation of satellite cells

Though the role of inflammation in muscle regeneration is
currently unclear, the current thought is that early inflamma-
tion inhibits muscle regeneration, so that necrotic and damaged
cells may be cleared from the injury site, while the later response,
such as the arrival of macrophages, has a stimulating effect on
muscle repair. Furthermore, macrophages increase the prolifera-
tion rate of satellite cells, while depletion of macrophages after a
muscle injury has been shown to inhibit satellite cell function to
reduce the rate of muscle regeneration (Tidball, 2005; Tidball and
Wehling-Henricks, 2007). Thus, understanding PGCla’s connec-
tion to inflammation (Westerbacka et al., 2007) and regulation
of mitochondrial biogenesis and satellite cell function through
resveratrol or other nutraceuticals, may help to further elucidate
its role in the inflammatory response period that is associated with
muscle regeneration in aging.

EPIGALLOCATECHIN GALLATE AND SATELLITE CELLS

One of the most abundant catechins in green tea is
epigallocatechin-3-gallate (EGCg), which has strong antioxidant
and anti-inflammatory properties. EGCg is believed to be respon-
sible for most of the health benefits linked to green tea. Both disuse
and reloading which accelerate muscle loss in sarcopenia, greatly
increase the oxidative stress in the affected muscles of old animals
(Andrianjafiniony et al., 2010; Jackson et al., 2010; Pellegrino et al.,
2011). Reducing the high basal levels of oxidative stress in aging
could potentially attenuate muscle mass decrement that occurs
in response to disuse conditions and/or improve muscle recov-
ery during reloading after disuse in aging (Jackson et al., 2010).
Recent data suggest that oxidative stress is reduced both in cultured
cells (Casanova et al., 2014) and after eccentric exercise upon sup-
plementation with green tea catechins (Haramizu et al., 2011).
Furthermore, green tea catechins reduce the decrement in soleus
muscle force during a period of hindlimb suspension in mice (Ota
et al.,, 2011). In addition, EGCg has been shown to reduce pro-
tein degradation in culture (Mirza et al., 2014). We have recently
shown that activation of satellite cells as shown by labeling with
the thymidine analog 5-bromo-2-deoxyuridine (BrdU), was sig-
nificantly greater in reloaded muscles of old rats after a 14 days of
hindlimb suspension muscle disuse as compared to muscles from
vehicle-treated old animals (Alway et al., 2014a). Interestingly,
this appeared to be a fiber or muscle-specific effect on satellite
cell proliferation, because while 14 days of reloading increased
BrdU labeled nuclei in the plantaris from EGCg treated muscles
(7.4%) compared to vehicle-treated animals (6.3%), EGCg did not
improve satellite cell activation in the soleus muscle of reloaded
animals. Using green tea extract that contained approximately 50%
EGCg, we found that satellite cell proliferation and differentiation
of the satellite cell daughter cells were both increased in muscles
of old rats during reloading after 14 days of hindlimb suspension
(Alway et al., 2014b). Moreover, data from old mice and humans
that were fed EGCg for 7 days, showed improved markers for satel-
lite cell activation (Myf5, MyoD) (Gutierrez-Salmean et al., 2014).
However, EGCg treatment also reduced anabolic suppressor pro-
teins (e.g., myostatin) (Gutierrez-Salmean et al., 2014), so it is
more difficult to tell if EGCg provides a direct or indirect effect
on satellite cell function. Nevertheless, together these results show
that EGCg and perhaps other catechins contained in green tea

were effective in improving satellite cell proliferation. We specu-
late that having more available satellite cell derived daughter nuclei
supported the adaptation for greater muscle cross sectional area
and this improved the recovery of muscle mass following disuse
in sarcopenic rat muscles (Alway et al., 2014a).

HMB REGULATION OF SATELLITE CELLS IN SARCOPENIA

The leucine metabolite, B-hydroxy-B-methylbutyrate (HMB) has
been shown to improve satellite cell proliferation (Moore et al.,
2005), reduce protein catabolism during disease, reduce muscle
loss during disuse, and promote skeletal muscle hypertrophy in
response to loading exercise (Wilson et al., 2008; Holecek et al.,
2009; Aversa et al., 2011). We have previously shown that HMB
could improve muscle recovery in old rats with sarcopenia that
had been subjected to unloading, in part via an increase in satellite
cell proliferation and a reduction of nuclear apoptosis (Hao et al.,
2011). HMB also has been shown to have direct effects on prolif-
eration of myoblasts in vitro (Kornasio et al., 2009), although,
its efficacy on satellite cell activation has not previously been
evaluated in vivo in aged immobilized animals. We found that
HMB-treatment in old rats during reloading after forced disuse
resulted in a significantly greater (p < 0.01) level of BrdU positive
satellite cells in plantaris muscle cross sections of aged HMB-
treated animals (9.1% of total myonuclei) as compared to the
animals in the vehicle group (6.1% of total myonuclei) (Alway
et al., 2013). This was confirmed by a greater percentage of Pax7*
and MyoD™ myonuclei (derived from satellite cells) relative to the
total myonuclear pool in reloaded plantaris muscles as compared
to reloaded muscles from vehicle-treated old animals (Alway et al.,
2013). Thus, the mechanism of action through which HMB is
responsible for enhancing muscle recovery following extended dis-
use in sarcopenic muscles of old rats appears to be at least in part,
via increased proliferation of muscle satellite cells in fast twitch
plantaris muscles of aged animals. However, the enhancement of
satellite cell proliferation by HMB is not a universal finding. For
example, older women who were fed HMB for six days during a
period of resistance training to load their skeletal muscles had a
~100% increase in satellite cell numbers, but HMB did not increase
satellite cell proliferation further over resistance training alone
(Kim et al., 2012). Additional work is needed to determine if the
beneficial effects of HMB on satellite cell function will be observed
in older humans if the dose or duration of HMB is altered.

REGULATION OF NUCLEAR DEATH SIGNALS BY
NUTRACEUTICALS

Satellite cells that are isolated from sarcopenic muscles from old
rodents and humans have a greater propensity for apoptosis and
greater levels of apoptotic signaling proteins (Fulle et al., 2012,
2013). Not only can apoptosis signaling target mature post mitotic
nuclei for elimination, but satellite cells and their daughter cells
that are activated as part of a hypertrophic adaptation to a loading
stimulus, can be targets for elimination as well (Alway and Siu,
2008). Satellite cell number decreases with increased aging (Snow,
1977; Verdijk et al., 2014), and one possibility to explain this reduc-
tion in satellite cells is due to an increased susceptibility to nuclear
apoptosis in aging and therefore, this may contribute to sarcopenia
(Leeuwenburgh, 2003; Pistilli et al., 2006; Adhihetty et al., 2008,
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FIGURE 2 | Hypothetical model for nutraceutical effects on satellite cell
proliferation in sarcopenia during muscle loading. (A) A muscle fiber is
illustrated that shows myonuclei (black) and a single satellite cell (blue) that is
positioned between the basal lamina (dark blue line) and the sarcolemma (red
line). (B) Loading of aged muscles results in proliferation of the original
satellite cell nuclei, but it also increases reactive oxygen species (ROS)
accumulation, in part as a result of aging-induced changes in mitochondria.
High levels of ROS in aged muscles can trigger apoptotic pathways which
presumably have the potential to eliminate the targeted nuclei and activated
satellite cells. (C) After proliferation, some of the daughter cells will migrate
into the adult fiber and differentiate to support growth. However, as satellite
cells from old animals tend to have a greater propensity (and maybe
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sensitivity) to apoptosis-induced cell death, not all of the proliferating satellite
cells including those that differentiate survive and some will remain in the
position of satellite cells to replenish the satellite cell population.

(D) Nutraceuticals resveratrol, EGCg, and green tea appear to enhance the
proliferation of satellite cells in response to an activating stimulus (e.g.,
muscle loading), perhaps in part by reducing ROS and in some cases
improving mitochondrial number or function. This provides a higher number of
surviving daughter cells that are able to migrate into the adjacent fiber, to
presumably support growth and/or repair of skeletal muscle fibers in aging. It
is also possible that the proliferated protege from satellite cells could signal
other cell types or change the muscle fiber niche that would be conducive for
hypertrophy or slowing muscle losses in sarcopenia.

2009; Ljubicic et al., 2009; Alway et al., 2011; Quadrilatero et al.,
2011; Marzetti et al., 2012; Calvani et al., 2013). Furthermore, the
pro-apoptotic protein Bax, is increased in satellite cells of old rats
(Krajnak et al., 2006) and this leads to accelerated muscle loss
in sarcopenic muscles via apoptosis (Dupont-Versteegden et al.,
2006; Pistilli et al., 2006; Alway et al., 2014a). However, signaling
for apoptosis is reduced and more satellite cells (e.g., Pax7/MyoD ™
cells) survive during rehabilitation after disuse in aged rat muscles
that are treated with HMB (Hao et al., 2011; Alway et al., 2013),
EGCg (Alway et al., 2014a), or green tea catechins (Alway et al,,
2014b) as compared to a control treatment. In contrast, resveratrol
fed animals had lower levels of oxidative stress, but only modest
changes in apoptotic signaling (Jackson et al., 2010; Bennett et al.,
2013) as compared to control animals. Although the mechanism(s)
by which nutraceuticals impact satellite cell function, includ-
ing reducing pro-apoptotic targeting of satellite cells, is likely to

be complex. Part of the improvement in apoptotic signaling in
activated satellite cells may be due to an upregulation of antiox-
idants and a reduction of oxidative stress and/or inflammation
after nutraceutical treatments including resveratrol (Jackson et al.,
2010, 2011; Ryan et al., 2010) and green tea catechins (Ota et al,,
2011; Wang et al., 2011; Andrade and Assuncao, 2012; Wu et al,,
2012; Haramizu et al., 2013). Given the propensity for apoptosis
to occur in satellite cells isolated from old hosts including humans
(Fulle et al., 2012, 2013), further investigations into the poten-
tial for nutraceuticals to improve satellite cell function in aging
are warranted. Together these data support the idea that reducing
the systemic (and perhaps also the satellite cell niche) signaling
for apoptosis, may promote better survival of satellite cells and
their daughter cells in muscles of old animals, and this may con-
tribute to improved muscle recovery after periods of disuse (e.g.,
hospitalization) and reduce the effects of sarcopenia in the elderly.
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CONCLUSION

Although the satellite cell has been identified and studied for more
than a half of a century (Mauro, 1961), there s still much that we do
not know about this unique muscle stem cell in aging. In general,
thereis a reduction in satellite cell number and function that occurs
with aging, especially in type II fibers, but this does not seem to be
due to increased DNA damage in these cells (Cousin et al., 2013).
Nevertheless, it is clear that satellite cell proliferation and differ-
entiation contributes to a greater myonuclear pool. Improving
satellite cell proliferation occurs especially in fast muscles of aged
animals provided supplemental HMB, EGCg, resveratrol or green
tea, and a greater number of satellite cell derived nuclei should
provide a greater potential for transcriptional and translational
control for improving regeneration in aged muscles (Figure 2).
One possibility is that the nutraceuticals act to buffer the high lev-
els of ROS in aging muscles of old animals. Nutraceuticals may also
reduce the level of oxidative stress that is elevated in aging muscles
in response to loading or disuse. The less oxidative environment
may encourage the survival of more of the activated satellite cells so
that they can participate in muscle repair. Additionally, as EGCg
has been shown to improve muscle function following a nerve
crush injury (Renno et al., 2012), it would be interesting to know
in future studies if catechins or other nutraceuticals could delay or
suppress age-associated denervation. Furthermore, nutritionally
regulated reductions in the potential for death signals (e.g., apop-
tosis) to eliminate satellite cell progeny that have migrated inside
a muscle fiber should also improve the potential for transcrip-
tional and translational regulation of muscle fiber regeneration or
repair in aging. Thus, nutraceuticals appear to have the potential
to regulate satellite cell function, and in doing so, impact skeletal
muscle regeneration, particularly during rehabilitative efforts that
follow a period of disuse in aged animals (Table 2). Unfortunately,
nutraceuticals do not appear to have profound effects on slowing
accelerated loss in sarcopenic muscles (Table 1).

Clinical trials in humans are warranted to determine if these
or other nutraceuticals, will similarly improve muscle recovery
following bed rest or other conditions of muscle loss in aging
as observed in rodents. However, it has only been recent that we
have begun to appreciate the potential links between nutrition and
metabolism and satellite cell function in health and disease. In the
context of treating sarcopenia, it is important to note that not all
changes in diet that might slow muscle loss, necessarily affect satel-
lite cell function. For example, dietary protein intake alone does
not modulate the post-exercise increase in satellite cell content
but instead, it modifies myostatin expression in skeletal muscle
tissue, which contributes to the increase in protein accretion after
acute exercise (Snijders et al., 2014a). Thus, it is important to
distinguish between satellite cell and non-satellite cell functions
of nutraceuticals in sarcopenic muscles of the aging hosts. Under-
standing the nutritional regulation of satellite cell function appears
to be a potentially promising avenue for identifying strategies to
reduce muscle wasting in sarcopenia, and to improve the recovery
of muscle that is lost during a period of disuse in aged humans.
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Atrophy is a defining feature of aging skeletal muscle that contributes to progressive
weakness and an increased risk of mobility impairment, falls, and physical frailty in very
advanced age. Amongst the most frequently implicated mechanisms of aging muscle atro-
phy is mitochondrial dysfunction. Recent studies employing methods that are well-suited to
interrogating intrinsic mitochondrial function find that mitochondrial respiration and reactive
OoXygen species emission changes are inconsistent between aging rat muscles undergoing
atrophy and appear normal in human skeletal muscle from septuagenarian physically active
subjects. On the other hand, a sensitization to permeability transition seems to be a general
property of atrophying muscle with aging and this effect is even seen in atrophying mus-
cle from physically active septuagenarian subjects. In addition to this intrinsic alteration in
mitochondrial function, factors extrinsic to the mitochondria may also modulate mitochon-
drial function in aging muscle. In particular, recent evidence implicates oxidative stress in
the aging milieu as a factor that depresses respiratory function in vivo (an effect that is not
present ex vivo). Furthermore, in very advanced age, not only does muscle atrophy become
more severe and clinically relevant in terms of its impact, but also there is evidence that
this is driven by an accumulation of severely atrophied denervated myofibers. As denerva-
tion can itself modulate mitochondrial function and recruit mitochondrial-mediated atrophy
pathways, future investigations need to address the degree to which skeletal muscle mito-
chondrial alterations in very advanced age are a consequence of denervation, rather than a
primary organelle defect, to refine our understanding of the relevance of mitochondria as
a therapeutic target at this more advanced age.

Keywords: sarcopenia, bioenergetics, mitochondria, skeletal muscle, reactive oxygen species, permeability transi-
tion, oxidative stress, muscle atrophy

INTRODUCTION
Progressive atrophy is a defining feature of aging skeletal mus-
cle and when it becomes severe in very advanced age (>80 years of
age), it can lead to weakness that precipitates mobility impairment,
an increased risk of falls, and physically frailty (Cruz-Jentoft et al.,
2010). For this reason, understanding the mechanisms underlying
aging muscle atrophy so that suitable therapeutic targets can be
identified is key to promoting health and mobility in the elderly.
Whilst many possible targets have been suggested, the most effec-
tive therapeutic targets will be those that serve as a nexus point for
modulating a wide range of cellular functions that are affected with
aging; a concept that brings to mind the role of the mitochondrion.
Mitochondria serve a central role as an integrator of a variety
of signals within the cell, and accordingly vary their function to
modulate energy supply, reactive oxygen species (ROS) signaling,
and intrinsic pathways of apoptosis (Figure 1). For this reason,
mitochondria have been frequently studied as a target for combat-
ing cellular aging. This is also true of muscle cells where one of
the first studies to suggest impaired mitochondrial function may
be involved in muscle aging was performed in flies and poignantly
found that mitochondrial dysfunction was associated with loss of
the wings (Rockstein and Brandt, 1963)! A great many studies have
followed and although a substantial number have found evidence

for impaired mitochondrial function in aging muscle (Rumsey
et al., 1987; Trounce et al., 1989; Cooper et al., 1992; Conley et al.,
2000; Gouspillou et al., 2010, 2014a,b; Picard et al., 2011a), others
have not (Kent-Braun and Ng, 2000; Rasmussen et al., 2003; Lanza
etal.,2005), underscoring the complexity of understanding in this
area. The purpose of this review, therefore, is to address the basis
for these complexities, identify relevant mechanisms therein, and
finally to provide some suggestions for future investigation.

ADDRESSING THE QUESTION OF MITOCHONDRIAL
DYSFUNCTION IN AGING MUSCLE

There are numerous issues that need to be considered when evalu-
ating the involvement of mitochondria in aging of skeletal muscle.
The first issue to consider is the means by which the mitochon-
drial function is interrogated. For example, direct interrogation
of mitochondrial function frequently employs mechanical isola-
tion of mitochondria, a method that itself can induce alterations
in the intrinsic function of the organelle (Picard et al., 2011c).
Indeed, mechanical isolation of mitochondria not only exagger-
ates the magnitude of age-related impairment in various aspects
of mitochondrial function but also induces changes not seen in
a preparation where mitochondrial structure is preserved (Picard
et al., 2010).
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FIGURE 1 | Mitochondria respond to a wide array of intracellular signals
and accordingly modulate their function [ATP production, reactive
oxygen species (ROS) production, and sensitivity to permeability
transition] across a large dynamic range to meet the cellular needs. It
is thus important to understand whether alterations observed in aging
muscle represent a primary organelle defect versus a secondary (potentially
adaptive) response to a changing cellular environment.

A second issue to consider is which functional outputs are quan-
tified as it relates to the different roles that mitochondria serve in
skeletal muscle, including energy provision (respiration), signaling
(ROS emission), and regulation of apoptosis (e.g., through perme-
ability transition and release of mitochondrial-derived apoptotic
factors) (Picard et al., 2011a). Further to this point, it is also
essential to account for the fact that some mitochondrial func-
tional properties vary between fast twitch and slow twitch muscles
(Picard et al., 2012). For example, slow twitch muscles generally
exhibit lower mitochondrial ROS emission (Anderson and Neufer,
2006; Picard et al., 2008) and a lower capacity for calcium retention
before permeability transition occurs (Picard et al., 2008) when
compared to fast twitch muscles. Thus, in situations where muscle
exhibits a shift in fiber type with aging, the impact of this shift on
the mitochondrial function properties needs to be considered.

The third issue to consider is the age studied and in this respect,
it is important to address mitochondrial function across the aging
continuum, including study of ages that are most affected by the
consequences of aging muscle atrophy. As noted in the section
“Introduction,” this is typically >80 years of age (Cruz-Jentoft
et al., 2010) and thus far there is very little known about muscle
mitochondrial alterations in this age group from human studies,
although several studies in the animal literature exist (Chabi et al.,
2008; Ljubicic et al., 2009; Joseph et al., 2010; Picard et al., 2011a).
Related to this point, when using an animal model system the
age studied should represent points along the trajectory of muscle
aging that are relevant for human muscle.

A fourth issue to consider is that of physical activity because
it is well-established that skeletal muscle mitochondrial content

is highly adaptable and not only increases in response to elevated
metabolic demand but also decreases in response to reduced meta-
bolic demand, with the latter being the typical situation in aging
(Martin et al., 2014). As such, understanding the degree to which
mitochondrial content and functional alterations are an obligatory
consequence of aging versus being wholly or partially avoidable
through a physically active lifestyle, is of critical importance.

Finally, since mitochondria serve as central integrators of a
wide variety of cellular signals and thus exhibit a wide range of
what should be considered physiological (rather than pathologi-
cal) function (Picard et al., 2011b), it is essential to consider the
involvement of cellular alterations that are extrinsic to the mito-
chondria as modulating factors in their function before concluding
that a primary mitochondrial defect exists. For example, aging in
muscle has long been known to induce neurological alterations
such as neuromuscular junction instability leading to denerva-
tion (Tomonaga, 1977; Oda, 1984; Edstrom et al., 2007; Rudolf
etal,, 2014), and these changes may themselves exert an impact on
the cellular environment that modulates mitochondrial function
(Csukly et al., 2006; Muller et al., 2007; Bhattacharya et al., 2009).
The suitability of the mitochondrion as a primary therapeutic tar-
get in this scenario needs to be carefully considered as reversing
mitochondrial alterations that are secondary to denervation [e.g.,
those that result in activation of atrophy pathways (Romanello
et al., 2010; Rowan et al., 2012)] could make the situation worse
rather than better by preventing atrophy of denervated fibers and
thereby increasing the burden on the remaining muscle fibers.
These issues will be addressed in detail in the sections that follow
to inform our current understanding of the role played by mito-
chondrial dysfunction in aging muscle atrophy and the resulting
implications for intervening at this level.

METHODS FOR EVALUATING MITOCHONDRIAL FUNCTION
Many different methodological approaches have been taken to
evaluate mitochondrial function in aging muscle, including direct
measures (e.g., isolated mitochondria, permeabilized myofibers)
and indirect measures [e.g., phosphocreatine (PCr) recovery kinet-
ics following muscle contractions, enzyme assays, protein content,
etc.]. Similarly, a variety of functional outputs of mitochondria
have been examined, with indices related to mitochondrial res-
piration being by far the most frequent and measures of ROS
emission second most frequent, whereas to date there are relatively
few studies examining mitochondrial sensitivity to an apoptotic
challenge, particularly in the human literature. Importantly, the
impact of aging on the different aspects of mitochondrial func-
tion is often quite variable from one function to the next and this
has implications for understanding the involvement of mitochon-
dria in aging muscle. For example, a reduced respiratory capacity
could impact muscle fatigue by limiting energy provision to the
myocyte (Stary et al., 2004; Chabi et al., 2008), an increase in ROS
emission could induce cellular and organelle oxidative stress and
thereby increase the requirement for removal of resulting damage
(Fulle et al., 2004; Mansouri et al., 2006), and an increased sus-
ceptibility to permeability transition could increase the release of
mitochondrial-localized apoptotic factors thereby contributing to
nuclear loss and myocyte atrophy (Marzetti et al., 2010; Gouspillou
et al., 2014b).
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MITOCHONDRIAL ENZYME ACTIVITIES

By far the most common approach to gaining insights about mito-
chondrial function in aging muscle is the use of enzymatic assays of
representative mitochondrial enzymes, such as citrate synthase and
electron transport chain complexes, and these measures provide
indirect insights into the energy producing (respiratory) capacity
of the mitochondria. Most of the studies performed to date indi-
cate a marked decline in mitochondrial enzyme activities from
aging muscle (Bass et al., 1975; Lezza et al., 1994; Desai et al,,
1996; Hagen et al., 2004), although some studies find this to be
maintained (Orlander et al., 1978; Barrientos et al., 1996) and
others report it to be highly variable from one muscle to the next
(Houmard et al., 1998; Lyons et al., 2006). Importantly, individual
enzyme activities do not provide unambiguous insights about the
respiratory function of the intact mitochondrion because indi-
vidual enzyme activities can become very disparately related to
whole organelle function when the mitochondrion becomes defec-
tive. Thus, more direct and integrated measures of function are
required to interpret aging impact.

MECHANICALLY ISOLATED MITOCHONDRIA VERSUS
SAPONIN-PERMEABILIZED MYOCYTES

Amongst the most frequently used methodological approaches to
directly interrogate mitochondrial function involves the mechan-
ical isolation of mitochondria (Chance and Williams, 1956).
Although this method has been very widely used in the aging lit-
erature (Trounce et al., 1989; Boffoli et al., 1994; Capel et al., 2005;
Chabi et al., 2008; Gouspillou et al., 2010), as we have recently
reviewed (Picard et al., 2011b), not only does mechanical isola-
tion markedly disrupt the normal architecture of skeletal muscle
mitochondria from an irregular tubular network into smaller, rel-
atively homogenous, spherical structures, but it also profoundly
potentiates both mitochondrial ROS emission and sensitivity to
permeability transition (Figure 2). The importance of this to stud-
ies in aging is illustrated by the fact that when we compared the
apparent effect of aging on mitochondrial function in mitochon-
dria isolated from skeletal muscle versus saponin-permeabilized
myofibers (where mitochondrial structure is preserved) in very
old rat muscle (35% survival rate, which is a similar relative age
to >80 years old humans), we found the isolated mitochondria
profoundly exaggerated the impact of aging (Picard et al., 2010).
Specifically, with aging the decline in maximal mitochondrial
respiratory capacity was fourfold greater, the increase in ROS emis-
sion was twofold greater and the reduction in time to permeability
transition was twofold greater when examined in isolated mito-
chondria versus saponin-permeabilized myofibers (Figure 3). Not
only this, but there were significant alterations in mitochondrial
enzyme activity stoichiometry (reduced ratio of cytochrome oxi-
dase to citrate synthase activity) and stoichiometry of respiratory
states (suggestive of a defect in complex I) in isolated mito-
chondria with aging that were not seen in saponin-permeabilized
myofibers. We have suggested that these latter observations may be
indicative of a lesser ability of aged mitochondria to reseal during
isolation procedures, since isolation induces transient disruption
of tubular mitochondrial structures and subsequent reconstitu-
tion into the spherical organelles typical of isolates, resulting
in greater contamination and/or loss of mitochondrial matrix
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FIGURE 2 | Multiple features of mitochondrial structure and function
are altered in mechanically isolated organelles compared to
saponin-permeabilized myofibers (representing a preparation where
all mitochondria are represented and their structure remains intact). In
particular, the irregular tubular structure is lost following isolation, producing
more homogenous spherical structures. Accompanying these structural
changes is a marked potentiation of reactive oxygen species (ROS)
emission and sensitization to mitochondrial permeability transition pore
(mPTP) opening. Data are re-plotted from Picard et al. (2011¢).

constituents in isolates prepared from aged muscles (Picard et al.,
2010) (Figure 4). Collectively, therefore, our data show that the
method used to interrogate mitochondrial function can have a
profound influence on the degree to which mitochondrial function
appears to be altered in aging muscle and that generally speaking,
the degree to which mitochondrial function is altered in aging
muscle is considerably less severe than has often been considered.
This notion is consistent with other studies that have used the
saponin-permeabilized myofibers method, which have found rel-
atively mild (Joseph et al., 2012) or in other cases no impairments
in mitochondrial respiratory capacity in aging muscle (Tonkonogi
et al., 2000; Hutter et al., 2007; Gouspillou et al., 2014b).
Notwithstanding the point about mitochondrial respiratory
alterations in aging muscle being less severe than often considered,
in a follow-up study where we compared indices of mitochondrial
function in saponin-permeabilized myofibers prepared from four
rat muscles that exhibited contrasting fiber type and contrasting
atrophy susceptibility with aging, we did find mitochondrial alter-
ations that we believe bear consideration as a contributing factor
in atrophy of aging muscle (Picard et al., 2011a). Our compari-
son involved two fast twitch muscles [extensor digitorum longus
(EDL), gastrocnemius (Gas)] and two slow twitch muscles [soleus
(Sol), adductor longus (AL)], where the Gas exhibited the most
severe atrophy with aging, the EDL and Sol were similarly affected,
and most strikingly, the AL actually hypertrophied by nearly 50%
and the mitochondrial function was largely preserved in this mus-
cle. Although the factors accounting for this profoundly better
adjustment to aging in the rat AL remain under study, the other
muscles exhibited varying degrees of mitochondrial functional
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alteration with aging. In particular, the Sol was the only muscle
to exhibit a reduction in muscle respiratory capacity (Figure 5A)
and in this case it was secondary to reduced mitochondrial con-
tent. In contrast, although the muscle respiratory capacity was
largely preserved in both of the fast muscles, these two muscles
had higher levels of representative subunits of the mitochon-
drial electron transport complexes, suggesting that the intrinsic
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FIGURE 3 | Mechanical isolation (to the left of the vertical line)
markedly exaggerates the apparent impact of aging on skeletal muscle
mitochondria respiratory function, reactive oxygen species (ROS)
emission, and sensitivity to mitochondrial permeability transition pore
(mPTP) opening (permeability transition) compared to
saponin-permeabilized myofibers (to the right of the vertical line).

*P < 0.05 versus SEN. Data are re-plotted from Picard et al. (2010).

respiratory capacity of the mitochondrial electron transport sys-
tem was impaired in these fast muscles with aging. Muscle ROS
emission normalized for respiration (an index of the proportion
of O, consumption lost to ROS leak) demonstrated a general trend
to be elevated in all four muscles under state II and state III condi-
tions, although after normalizing for mitochondrial content only
the Sol demonstrated an increase, suggesting an increase in intrin-
sic mitochondrial ROS emission in aging muscle is not a general
feature of aging muscle (Figure 5A). On the other hand, the sen-
sitivity to permeability transition was increased in the fast twitch
muscles, suggesting greater apoptotic potential. Although we did
not observe a change in this property in the Sol muscle, despite
its marked atrophy with aging, as noted in Section “Addressing
the Question of Mitochondrial Dysfunction in Aging Muscle,” the
time to mitochondrial permeability transition pore (mPTP) open-
ing (permeability transition) in response to a calcium challenge is
typically lower in slow twitch muscle (and higher in fast twitch
muscle). As the aged Sol is characterized by a striking increase
in the fraction of fibers that express fast myosin heavy chain iso-
forms (Edstrom and Ulfhake, 2005; Snow et al., 2005; Carter et al.,
2010), after taking this shift into account, the aged Sol should
have a longer time to mPTP opening than observed, meaning it
too exhibits a sensitization to permeability transition with aging.
This is depicted in Figure 5B as a time to pore (mPTP) open-
ing that falls below the line predicted by the relationship between
time to mPTP opening and percentage of fibers positive for fast
myosin heavy chain. Collectively, therefore, since all three muscles,
which atrophied with aging (EDL, Gas, Sol) exhibited a reduced
time to permeability transition, whereas the only muscle that did
not atrophy (AL) was unaffected, our results reveal that a gen-
eral property of aging muscles undergoing atrophy is an increased
mitochondrial sensitivity to an apoptotic challenge. Taken in con-
text with the abundance of evidence for elevated recruitment of
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FIGURE 4 | Hypothesized contamination and/or matrix dilution occurring with the transient rupture of mitochondrial membranes during
mitochondrial isolation procedures. Reproduced with permission from Picard et al. (2011b).
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FIGURE 5 | Impact of aging on mitochondrial function in saponin-
permeabilized myofibers prepared from rat muscles of contrasting
fiber type and atrophy susceptibility is shown. Gas = gastrocnemius
muscle, EDL = extensor digitorum longus muscle, Sol = soleus muscle,

AL = adductor longus muscle. (A) Impact of aging on mitochondrial content,
respiration, and reactive oxygen species (ROS) emission responses.

(B) Sensitivity of mitochondria to permeability transition following a calcium
challenge and how this varies as a function of fast twitch fiber abundance.
Solid black symbols represent the responses of young adult muscles,
whereas the solid red symbols represent responses of senescent muscles.
After taking into account the shift in proportion of fibers positive for fast
myosin heavy chain with aging in each muscle, both the soleus and
gastrocnemius muscles exhibit a sensitization to permeability transition.
Data for mitochondrial content, respiration, ROS, and time to pore opening
are taken from Picard et al. (2011a). Data for proportion of fibers positive for
fast myosin heavy chain are taken from Carter et al. (2010).

mitochondrial-mediated pathways of apoptosis in aging muscle
(Dirks and Leeuwenburgh, 2002; Leeuwenburgh et al., 2005; Siu
etal.,2005; Chabietal.,2008; Marzetti etal.,2008; Gouspillou et al.,
2014Db), this change in mitochondrial function in aging muscle may
be a key to induction of myofiber atrophy.

NON-INVASIVE SPECTROSCOPIC METHODS
The final methodological approach to be discussed in this review
is the use of non-invasive spectroscopic techniques to interrogate
mitochondrial function in aging muscle. Although the value of
these measures is that they provide insights into the function of
the organelle in its native environment, as will be discussed here,
under some circumstances this can pose challenges in deciphering
whether a primary mitochondrial defect exists.

The most common non-invasive spectroscopic approach
for monitoring mitochondrial function in vivo involves
3IPhosphorous spectroscopy to determine PCr recovery time

following muscle contractions, as the rate of PCr recovery is
proportional to mitochondrial respiration and content (Mahler,
1985; Meyer, 1988; Prompers et al., 2014). While this is the only
way currently available to gain insights into mitochondrial energy
production in vivo; it is, however, important to note that the rate of
PCr resynthesis following muscle contractions also depends upon
oxygen supply (Haseler et al., 1999). Thus, if muscle blood flow is at
all reduced in aging muscle during the recovery from contractions,
noting that some studies have observed lower blood flow during
dynamic exercise in the elderly (Lawrenson et al., 2003; Poole et al.,
2003), the resulting lower muscle oxygen delivery with aging is a
confounding factor in the interpretation of reduced mitochondrial
energetic capacity in the elderly based upon slower PCr recovery
kinetics alone.

Keeping this point in mind, although several studies report
a reduced rate of PCr recovery following muscle contractions
in aging human gastrocnemius (McCully et al., 1993) and vas-
tus lateralis muscles (Conley et al., 2000), this was not seen in
aging human tibialis anterior muscle of subjects matched for
physical activity levels to the young comparison group (Kent-
Braun and Ng, 2000; Lanza et al., 2005). Although differences
in physical activity status may be part of the explanation for the
different results between studies (Kent-Braun and Ng, 2000), it
may also relate to the aforementioned impact of oxygen delivery
and/or reflect differences in the impact of aging on mitochondr-
ial function in different muscles, as we have shown that occurs
in aged rodents (Picard et al., 2011a) (see Mechanically Isolated
Mitochondria versus Saponin-Permeabilized Myocytes).

Non-invasive spectroscopic methods have also been used to
evaluate mitochondrial coupling in skeletal muscle in vivo. In
particular, several studies have now combined measures of PCr
resynthesis (to derive what has been termed “ATPmax”) with
optical spectroscopic assessment of myoglobin and hemoglobin
oxygen saturations (to derive intramuscular oxygen consump-
tion) to yield a measure of coupling efficiency based upon the
quotient of ATP turnover (derived from the PCr spectroscopy
measures) and oxygen consumption (Amara et al., 2007). These
studies have identified mild uncoupling of mitochondria in both
mouse (Marcinek et al., 2005) and human (Amara et al., 2007)
skeletal muscle. As discussed in the following section, mild uncou-
pling has also been reported in saponin-permeabilized myofibers
from physically active septuagenarian humans (Gouspillou et al.,
2014b). Since uncoupling of mitochondria has been argued as one
strategy for reducing mitochondrial ROS emission and promoting
healthy longevity (Speakman et al., 2004), the mild uncoupling
observed in aged muscle may represent an adaptive response to
keep ROS within physiological levels, rather than a defect per se
(Amara et al., 2007).

MITOCHONDRIAL CONTENT AND FUNCTION IN RELATION
TO AGE AND PHYSICAL ACTIVITY

Amongst the most controversial issues about mitochondrial
impact in aging muscle is that of mitochondrial content. Whilst
some studies have concluded that mitochondrial content is
reduced in aging muscle (Kerner et al., 2001; Chabi et al., 2008),
some find no change (Mathieu-Costello et al., 2005; Callahan
et al., 2014; Gouspillou et al., 2014b; Konopka et al., 2014), and
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others find it to vary between muscles (Lyons et al., 2006; Picard
et al., 2011a). As was the case with measuring mitochondrial
function, many different approaches have been taken to char-
acterize mitochondrial content in aging muscle, including mito-
chondrial marker enzymes (e.g., citrate synthase or cytochrome
oxidase activities), select mitochondrial proteins (e.g., porin, elec-
tron transport system complex subunits), mitochondrial DNA
(mtDNA) copy number, and the gold standard, electron micro-
scopic quantitation of mitochondrial volume density. Although
the wide variety of approaches to inferring mitochondrial content
changes in aging muscle has no doubt contributed to the variability
in interpretation herein, even in studies using the gold standard of
electron microscopy significant variation has been observed. For
example, in two studies examining aged rodent muscle (Mathieu-
Costello et al., 2005) and aged human muscle (Callahan et al,,
2014), there was no change in skeletal muscle mitochondrial con-
tent assessed by electron microscopy with aging, whereas another
study in aged humans did observe a decrease with aging using
the same method and examining the same muscle (vastus lateralis
muscle) (Conley et al., 2000), underscoring the discrepancy on
the question of how aging impacts muscle mitochondrial content.
Amongst the factors that contribute to this variability between
studies, as noted in Section “Addressing the Question of Mito-
chondrial Dysfunction in Aging Muscle,” physical activity levels
can play an important modulating role, where activity-matched
subjects consistently show no decline in indices of mitochondr-
ial content in aging muscle (Lanza et al., 2005; Gouspillou et al.,
2014b). However, whether differences in physical activity status
alone can explain the discordant results remains to be clarified.

Regardless of the controversy about the impact of aging on
mitochondrial content, the capacity for generation of new mito-
chondria declines with aging at ages where the clinical conse-
quences of aging in muscle are most relevant. Specifically, the
ability of aged muscle to augment mitochondrial biogenesis in
response to both endurance exercise training (Betik et al., 2009)
and more severe muscle activity induced by chronic electrical
stimulation (Ljubicic and Hood, 2009; Ljubicic et al., 2009) is
severely compromised in rat muscle from animals at a similar
relative age as humans >80 years of age. This impairment appears
to be secondary to a failure to upregulate the machinery regulat-
ing mitochondrial biogenesis, including peroxisome proliferator
activated receptor gamma coactivator-1 alpha (PGC-1a) (Betik
etal., 2009), and an accelerated degradation of precursor proteins
destined for import into mitochondria (Huang et al., 2010). To
date, no therapeutic advances have been developed to restore the
mitochondrial biogenesis response in very old muscle, designating
this as an issue of high priority for future investigations.

Coming back to ages where muscle mitochondrial content
remains adaptable (<80years of age), not only does physical
activity level modulate mitochondrial content, but it can also
modulate indices of mitochondrial function in aging muscle. In
particular, previous studies have shown that when younger and
older subjects are matched for physical activity levels, there is
no reduction in muscle mitochondrial respiratory capacity with
aging (Kent-Braun and Ng, 2000; Lanza et al., 2005; Safdar et al.,
2010). We recently extended these results to show that, like res-
piratory capacity (Figure 6A), mitochondrial ROS emission is
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FIGURE 6 | Mitochondrial respiration (A), hydrogen peroxide emission
(B), and sensitivity to permeability transition following a calcium
challenge (C) in saponin-permeabilized myofibers prepared from
vastus lateralis muscle biopsies obtained from recreationally active
healthy young (24 + 1 years; mean + SE) and older (71 + 2 years) men.
Figures are reproduced with permission from Gouspillou et al. (2014b).

G + M =glutamate + malate; Succ = succinate; AA=antimycin A,

TMPD = artificial electron donor. **P < 0.05 versus old.

also not elevated with aging (Figure 6B) when comparing young
adult and septuagenarian subjects with relatively high levels of
recreational physical activity, although as seen in very old rodent
muscle (see Mechanically Isolated Mitochondria versus Saponin-
Permeabilized Myocytes; Picard et al.,, 2011a), we did observe
a pronounced sensitization of the mitochondria to permeabil-
ity transition (Gouspillou et al., 2014b) (Figure 6C). Indeed,
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the increased apoptotic sensitivity of aged mitochondria was
also accompanied by a marked translocation of a mitochondrial-
derived pro-apoptotic molecule, endonuclease G, to myonuclei in
atrophied septuagenarian human muscle of recreationally active
subjects, suggesting that this may be a key mechanism by which
aged mitochondria contribute to aging muscle atrophy and one
which cannot be circumvented through an active lifestyle (Gous-
pillouetal.,2014b). Potential mechanisms for this will be discussed
in Section “Mechanisms of Primary Defects in Mitochondrial
Function in Aging Muscle.”

MECHANISMS OF PRIMARY DEFECTS IN MITOCHONDRIAL
FUNCTION IN AGING MUSCLE

As noted above, a sensitization of mitochondria to permeability
transition (Picard et al., 2011a) and release of mitochondrial-
derived pro-apoptotic factors (Chabi et al., 2008; Marzetti et al.,
2008) is evident in aged muscle, even in those who remain phys-
ically active (Gouspillou et al., 2014b). In accounting for the rea-
sons for mitochondrial dysfunction in aging muscle, two primary
hypotheses have been put forth to explain declining mitochon-
drial function with aging in general. The first hypothesis relates
to the fact that mitochondria have their own genome, which,
although only encoding for a small fraction of all mitochondr-
ial proteins, is essential for production of normally functioning
mitochondria. Since this genome accumulates damage progres-
sively with aging (Richter et al., 1988; Katayama et al.,, 1991;
Simonetti et al., 1992; Melov et al., 1995), it is posited that this
leads to impaired synthesis of mitochondria and/or synthesis
of mitochondria with aberrant function (Hiona and Leeuwen-
burgh, 2008). The second hypothesis relates to the fact that
mitochondria must be regularly removed and replaced to pre-
serve their fidelity (Schiavi and Ventura, 2014); it is posited that
this process becomes impaired with aging, resulting in accumu-
lation of damaged mitochondria with aberrant function (Ter-
man et al., 2010; Joseph et al., 2013). The available evidence
relating to these two hypotheses will be discussed in detail
below.

SIGNIFICANCE OF mtDNA MUTATION TO MITOCHONDRIAL
DYSFUNCTION AND AGING MUSCLE ATROPHY

The mtDNA molecule is a small circular genome (approximately
16 k base pairs in length) encoding 37 genes, of which 22 are for
transfer RNAs, 2 are for ribosomal RNAs, and 13 are for polypep-
tide subunits of the respiratory chain and ATP synthase. In this last
respect, the mtDNA encodes for 7 subunits of complex I, 1 subunit
of complex III, 3 subunits of complex IV, and 2 subunits of the
ATP synthase, and these components are essential to normal respi-
ratory function. As evidence of the importance of mtDNA, there
is marked mitochondrial dysfunction in patients with mtDNA
mutations and when these mutations occur in skeletal muscle
they can result in profound exercise intolerance (Taivassalo et al.,
2003). As noted above, mtDNA mutations increase progressively
with increasing age in multiple tissues, including skeletal muscle
(Katayama et al., 1991; Melov et al., 1995; Bua et al., 2006). Further-
more, the focal accumulation of mtDNA mutations to high levels
in skeletal myocytes with aging has been implicated in fiber atro-
phy, breakage, and loss (Lee et al., 1998; Wanagat et al., 2001; Bua

etal.,2002). However, this latter aspect seems to be losing favor for
several reasons. In particular, the proportion of fibers with severe
mitochondrial dysfunction arising from mtDNA mutations is very
low and these fibers do not seem to be consistently smaller than
fibers with healthy mitochondria (Rowan et al., 2011). Further to
this point, the proportion of fibers with focal atrophy at regions
coinciding with high levels of mutant mtDNA and severe elec-
tron transport system dysfunction in human skeletal myocytes is
also too low (in two subjects >65 years of age, only 5% of fibers
with electron transport chain dysfunction exhibited focal atrophy;
Bua et al., 2006) to be biologically meaningful compared to other
causes of atrophy in aging muscle, particularly denervation, which
is the primary cause of myofiber atrophy in very old rat muscle
(Rowan et al., 2012).

Although focal accumulation of mtDNA mutations does not
appear to be a primary cause of skeletal myocyte atrophy with
aging, a mouse engineered with a faulty mtDNA proof-reading
enzyme, the PolG mutant mouse, exhibits a dramatic increase
in rate of mtDNA mutation, a markedly shortened lifespan, and
numerous features that resemble premature aging (Trifunovic
et al., 2004, 2005; Kujoth et al., 2005), including muscle atrophy
(Hiona et al., 2010). Interestingly, the mitochondrial phenotypes
observed in this so-called mtDNA mutator mouse differ in impor-
tant ways from what is seen in normally aging muscle. In particular,
whereas the PolG mutant mouse exhibits reduced levels of mito-
chondrial electron transport system complex subunits in skeletal
muscle, as discussed in Sections “Mechanically Isolated Mitochon-
dria versus Saponin-Permeabilized Myocytes” and “Mitochondrial
Content and Function in Relation to Age and Physical Activity”
this is not a consistent finding in aging rat (Picard et al., 2011a)
or human muscle (Gouspillou et al., 2014b) where levels of mito-
chondrial electron transport system complex subunits are often
higher in aged muscle. Similarly, whereas markers of mitochon-
drial fission and autophagy are higher in the PolG mouse muscle,
normally aged mouse muscle exhibits higher levels of markers of
mitochondrial fusion and lower levels of markers of autophagy
(Joseph et al., 2013). On this basis, mtDNA mutations per se are
unlikely to be the root cause of mitochondrial dysfunction in aging
muscle.

IMPAIRED MITOCHONDRIAL AUTOPHAGY (MITOPHAGY) IN AGING
MUSCLE

As mentioned above, mitochondria normally undergo degra-
dation and replacement to ensure the fidelity of mitochondr-
ial function. Indeed, impairment in mitochondrial autophagy
(mitophagy) is implicated in a wide variety of neudegenerative
disorders (Chu, 2010; Scheibye-Knudsen et al., 2014), in addition
to normal aging (Schiavi and Ventura, 2014). Although in skele-
tal muscle the rate of mitochondrial turnover is unknown (nor
it is understood if it differs between species), mitochondria have
a half-life of approximately 2 days in mouse liver (Miwa et al,,
2008), which when scaled up to the lifespan of an organism means
that mitochondria undergo hundreds to thousands of cycles of
turnover throughout the aging process. Clearly, therefore, if this
rate of renewal were to decline, it seems a likely basis leading to
accumulation of mitochondria with aberrant function in aging
muscle.
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Mitophagy is a tightly regulated process whereby dysfunc-
tional/damaged mitochondria are targeted for removal by incor-
poration into autophagosomes for subsequent degradation by
lysosomes. This targeting of dysfunctional mitochondria for
removal depends upon several mechanisms that are likely rele-
vant for aging. For example, mitophagy is elevated in response to
mitochondrial fragmentation, reduced mitochondrial membrane
potential (e.g., as occurs in mitochondria undergoing perme-
ability transition), and increased mitochondrial ROS emission
(Romanello et al., 2010; Twig and Shirihai, 2011; Schiavi and
Ventura, 2014). Evidence that mitophagy is impaired in aging
muscle is only now beginning to accumulate. Firstly, the fact that
mitochondria with sensitization to permeability transition accu-
mulate in aging muscle (Gouspillou et al., 2014b) is evidence that
mitophagy of damaged mitochondria is impaired since permeabil-
ity transition causes loss of mitochondrial membrane potential,
a potent stimulus for mitophagy (Twig et al., 2008). In addition,
two studies have now shown that Parkin, a mitochondrial-targeted
ubiquitin ligase, which interacts with the autophagy protein LC3 to
induce formation of autophagosomes around dysfunctional mito-
chondria, is reduced in skeletal muscle of both physically active
septuagenarian men (Gouspillou et al., 2014b) and in physically
inactive frail older women (Drummond et al., 2014). Furthermore,
impairments in the signaling pathway that regulates mitochondr-
ial quality control have also been reported in aging mouse muscle
(Joseph et al., 2013) and aging human muscle (Koltai et al., 2012).
Thus, whereas the significance of mtDNA mutations in mitochon-
drial dysfunction in aging muscle is less clear, impaired mitophagy
appears a likely contributor to accumulation of dysfunctional
mitochondria in aging muscle. Importantly, that this appears to
also occur in physically active subjects (Gouspillou et al., 2014b)
underscores that new therapeutic approaches will be required to
address this problem.

Although their particular role in aging remains to be estab-
lished, two promising new targets involved in regulating degrada-
tion of damaged mitochondria are the micro RNA miR137 and the
AAA ATPase p97. miR137 has been identified to inhibit mitophagy
occurring in response to hypoxia, through reducing the interaction
of LC3 with two mitophagy receptors, FUNDC1 and NIX (Liet al.,
2014). p97 is specifically involved in targeting and removal of car-
bonylated mitochondrial proteins for subsequent degradation by
the ubiquitin proteasome (Hemion et al., 2014). If these pathways
are disrupted in aging muscle, they are likely targets for improving
removal of damaged mitochondria and thus, ameliorating aging
impact.

EXTRINSIC FACTORS THAT COULD MODULATE
MITOCHONDRIAL FUNCTION IN AGING MUSCLE

Although mitochondrial changes in aging muscle are most often
considered as primary dysfunction suitable for therapeutic target-
ing, this view does not consider the influence of factors extrinsic to
the mitochondrion that constitute the aging intracellular milieu.
For example, age-related changes in the intracellular milieu could
depress certain aspects of mitochondrial function independent
of the intrinsic mitochondrial functional capacity per se and
recent data support this idea. In addition, other changes impacting
aging muscle, such as impaired neuromuscular junction stability

and myofiber denervation, could also modulate mitochondrial
function as a secondary consequence.

In addressing the potential involvement of the aging milieu as
an inhibitory influence on mitochondrial function in aging mus-
cle, Siegel et al. (2013) recently characterized mitochondrial func-
tion in vivo in distal hindlimb muscles of young (5 months old)
and aged (27 months old) mice using optical and *! Phosphorous
magnetic resonance spectroscopy, finding a decrease in mitochon-
drial respiratory function (reduced maximal ATP production rate,
reduced coupling, and reduced rate of PCr resynthesis). Strik-
ingly, these age-related impairments in mitochondrial respiratory
function were restored to youthful levels 1 h following the admin-
istration of a mitochondria-specific antioxidant peptide, SS-31
(Figures 7A-E), and this was also accompanied by an increased
muscle fatigue resistance and running time to exhaustion in
the aged mice but not younger mice. In stark contrast to these
acute in vivo results, when mitochondrial respiratory function
was examined in saponin-permeabilized myofibers there was no
detectable impairment in mitochondrial respiratory function with
aging and administration of SS-31 had no effect (Figures 7F,G),
despite inducing a reduction in mitochondrial ROS emission. The
implications of these results is that, independent of the intrinsic
function of the organelle, mitochondrial function can be impeded
in vivo by oxidative stress in the intracellular environment of aging
muscle. Thus, these recent findings underscore the importance of
considering aspects of the aging milieu as contributing factors to
impairing mitochondrial function in vivo, and demand further
study of how this may affect other aspects of mitochondrial func-
tion (e.g., ROS emission, sensitivity to permeability transition)
with aging. Furthermore, these results also show that manipula-
tion of the aging milieu, rather than the mitochondrion directly,
can be an effective strategy for improving mitochondrial function
in aging muscle.

As noted in the section “Introduction,” mitochondria serve as
cellular rheostats that integrate a wide variety of intracellular sig-
nals and modify aspects of their function as appropriate to those
cellular conditions. Although intrinsic impairment in mitochon-
drial function involving an increased sensitivity to permeability
transition in mitochondria from aged muscle has been demon-
strated in both a sedentary rat model (Picard et al., 2011a) and in
physically active aging humans (Gouspillou et al., 2014b), whether
factors upstream of the mitochondrion can also modulate mito-
chondrial function is unclear. This question may be particularly
relevant when aging muscle atrophy becomes severe and more
likely to yield clinical impact because it is likely that additional
mechanisms come into play in driving an acceleration of muscle
atrophy. In this respect, as noted from the outset of this review,
the age at which aging muscle atrophy is most likely to cause
clinical consequences such as an increased risk of falls and phys-
ical frailty, is in individuals >80 years of age (Cruz-Jentoft et al,,
2010). Significantly, in an aging rat model this corresponds to a
period where muscle atrophy accelerates through the accumula-
tion of small angular fibers characteristic of long-term denervation
(Rowan et al., 2011).

Although evidence of an accumulation of denervated myofibers
in skeletal muscle at very advanced age in humans thus far is based
only upon the morphological appearance of small angular fibers
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FIGURE 7 | Influence of the aging intracellular milieu on mitochondrial maximal rate of ATP synthesis (ATPmax); (F) state 4 respiration in
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phosphocreatine (PCr) resynthesis following muscle contractions; (E) in vivo from Siegel et al. (2013).

(Scelsi et al., 1980) that are typical of neuropathologies such as
amyotrophic lateral sclerosis and polyneurophathy (Baloh et al,,
2007), the presence of denervated myofibers in very old mouse
(Wang et al., 2005) and rat muscle (Rowan et al., 2012) has been
confirmed by probing in situ for a sodium channel isoform typ-
ical of denervation in adult muscle, NAV1.5 (Kallen et al., 1990;
fang et al., 1991). Importantly, these denervated myofibers also
demonstrate a marked up-regulation of the ubiquitin ligases mus-
cle atrophy F-box (MAFbx) and muscle ring finger 1 (MuRF1)
(Rowan et al., 2012), and the up-regulation of these proteins in
response to denervation is dependent upon release of mitochon-
drial lipid hydroperoxides that can be detected in some ROS assays
(Bhattacharya et al., 2009). Thus, denervation can also recruit
mitochondrial-mediated proteolytic pathways, raising the likeli-
hood that at least some of the alterations in mitochondria seen in
skeletal muscle at very advanced age are a secondary event to den-
ervation rather than a primary organelle defect. A schematic repre-
sentation of how we hypothesize that denervation may modulate
mitochondrial pathways of atrophy in aging muscle is provided
in Figure 8. Since understanding this issue is key to advancing to
new therapeutic targets, future study of how sporadic denervation
may modulate mitochondrial function across the continuum of
aging muscle atrophy is clearly warranted to better define when
intervening at the level of the mitochondrion is most appropriate.

CONCLUSION

Our understanding of the impact of aging on mitochondrial func-
tion in aging skeletal muscle continues to evolve and has recently
undergone significant revision. In particular, it now appears that
mitochondrial functional alterations are more subtle than initially
indicated, owing to an exaggeration of mitochondrial impact with
aging when using isolated organelles (a common approach in
early studies). Furthermore, whereas mitochondrial respiratory
function and ROS emission changes are highly variable between
muscles and are also largely attenuated by maintaining physical
activity, a sensitization of the mitochondria to permeability tran-
sition seems to be a general property of aging muscles undergoing
atrophy regardless of physical activity status. The mechanisms
contributing to this mitochondrial functional alteration in aging
muscle remains an area of intensive study. Presently, it seems that
mtDNA-driven mechanisms are incompatible with the available
evidence and instead impairment in mitophagy is appearing the
more likely culprit based upon data from recent studies show-
ing alterations in mitophagy signaling. In this respect, there is
also emerging evidence that the aging milieu can itself depress
mitochondrial respiratory function in vivo, even in the absence
of an intrinsic organelle defect in mitochondria studied ex vivo.
Furthermore, the likelihood that other extrinsic factors, such as
denervation, may also be modulating mitochondrial function at
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DENERVATION

FIGURE 8 | Schematic representation of the mitochondrial-mediated
atrophy pathways that have been observed to be up-regulated in
aging muscle and their hypothesized link to the upstream influence of
sporadic denervation in very advanced age where denervation
becomes pronounced. BAX = Bcl2-associated X protein,

PLA2 = cytoplasmic phospholipase A2, AlF = apoptosis inducing factor;
EndoG =endonuclease G, p-AMPK = phosphorylated adenosine
monophosphate kinase, FoxO3 = forkhead box O3,

BNIP3 =BCl2/adenovirus E1B 19 kDa protein-interacting protein 3,

LC3 = microtubule associated protein light chain 3, MAFbx = muscle
atrophy Fbox, MuRF1 = muscle ring finger 1.

very advanced and clinically relevant ages requires careful con-
sideration of the most appropriate ages at which to target the
mitochondrion in seeking more effective treatments for aging
muscle. Based on current evidence, it is suggested that an increased
susceptibility to permeability transition at ages preceding the most
severe clinical impact of aging muscle atrophy (<75 years) is an
appropriate therapeutic target and should be pursued. However,
at clinically relevant ages where an increased falls risk, mobility
impairment, and physical frailty are more likely to result from
aging muscle impact, it remains to be determined whether mito-
chondrial alterations are now largely secondary to denervation,
rendering the mitochondrion a less attractive therapeutic target
for the > 80 years age group.
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dystrophy.

INTRODUCTION

In humans, skeletal muscle is the most abundant tissue in the body,
comprising 40-50% of body mass and playing vital roles in loco-
motion, heat production during periods of cold stress, and overall
metabolism. Skeletal muscle is composed of bundles of muscle
fibers called fascicles. The cell membrane surrounding the muscle
cell is the sarcolemma, beneath which lies the sarcoplasm, which
contains the cellular proteins, organelles, and myofibrils: the titin
actin filament and the thicker myosin filament. The arrangement
of these protein filaments gives skeletal muscle its striated appear-
ance. Skeletal muscle is capable of remarkable adaptations in
response to altered activity. These adjustments to mechanical and
metabolic demands elicit marked modifications of gene expression
that could lead to gain (hypertrophy) or loss (atrophy) of mus-
cle mass. Whereas, endurance training leads to minor changes in
skeletal muscle mass, strength training induces marked hypertro-
phy of exercising muscles. Resistance training [full squat, leg press,
and leg-extension, three sets to failure of 6—8 RM (~80-85% of the
1 RM, Monday) and 10-12 RM (~70-75% of the 1 RM, Friday),
18 weeks] for young sedentary subjects (women, 21.4 = 1.4-year
old) elicited a 10—30% increase in fiber cross-sectional area of the
vastus lateralis muscle (Staron et al., 1991).

Loss of muscle is a serious consequence of many chronic dis-
eases and of aging itself because it leads to weakness, loss of
independence, and increased risk of death. Unfortunately, the
field suffers from having more definitions than therapies; mus-
cle wasting is an inevitable part of aging, where it is known as
sarcopenia (Rosenberg, 1989). Muscle loss is also common in mus-
cular dystrophy, in which markedly loss of various membranous
structural proteins occurs around muscle fibers (Vainzof et al.,
2008). Intriguingly, sarcopenia and muscular dystrophy possess

Recent advances in our understanding of the biology of muscle have led to new interest
in the pharmacological treatment of muscle wasting. Loss of muscle mass and increased
intramuscular fibrosis occur in both sarcopenia and muscular dystrophy. Several regulators
(mammalian target of rapamycin, serum response factor, atrogin-1, myostatin, etc.) seem
to modulate protein synthesis and degradation or transcription of muscle-specific genes
during both sarcopenia and muscular dystrophy. This review provides an overview of the
adaptive changes in several regulators of muscle mass in both sarcopenia and muscular

Keywords: sarcopenia, muscular dystrophies, autophagy, myostatin, serum response factor, nTOR

similar characteristics, including the accumulation of fibrosis, a
wide-range fiber size distribution, and central nuclei (Sakuma
etal., 2008; Vainzof et al., 2008; Berger and Doherty, 2010; Hepple,
2012).

In hypertrophied muscle, increasing protein synthesis and
decreasing protein degradation are also important events.
Phosphatidylinositol-3-kinase (PI3-K)/Akt/mammalian target of
rapamycin (mTOR) signaling has been shown to be crucial to
protein synthesis (Glass, 2010; Sakuma and Yamaguchi, 2012b).
Mechanical stretching in vivo and in vitro activates serum response
factor (SRF)-dependent signaling in skeletal muscle (Gauthier-
Rouviére et al., 1996; Sakuma and Yamaguchi, 2012a). In contrast,
negative regulators are proposed to induce muscle atrophy by
inhibiting protein synthesis and enhancing protein degradation
in skeletal muscle. For example, the ubiquitin—proteasome system
(UPS) is thought to be a major contributor for degrading many
structural proteins (Cao et al., 2005). However, the autophagy—
lysosome system has been largely ignored despite evidence that
lysosomal degradation contributes to protein breakdown in atro-
phying muscles (Furuno et al., 1990). Sandri (2010, 2011) has
shown that the autophagy-lysosome and UPS are coordinately
regulated during muscle wasting. On the other hand, myostatinisa
potent inhibitor of muscle growth and is considered as a therapeu-
tic target for muscle wasting including cachexia and sarcopenia,
muscular dystrophy, and amyotrophic lateral sclerosis (Sakuma
and Yamaguchi, 2011b).

Several positive and negative regulators (mTOR, SRE, atrogin-
1, p62, and myostatin) have been proposed to enhance protein
degradation or transcription of muscle-specific genes during both
sarcopenia and muscular dystrophy. However, the adaptations of
these important mediators were not necessarily similar in these
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two conditions. Muscle ring finger 1 (MuRF-1), an E3 ubiquitin
ligase, is activated in many different types of muscular dystrophy
(Saenz et al., 2008; Fanin et al., 2013, 2014), but many mediators
of UPS do not change during sarcopenia (Sakuma et al., 2014).
Several studies have indicated similar dysfunctions of autophagic
signaling during sarcopenia and muscular dystrophy (De Palma
et al., 2012; Sakuma et al., 2014). In addition, skeletal muscle in
both conditions exhibits down-regulation of SRF (Sakuma et al.,
2004, 2008) and appears to show the activation of myostatin-
dependent signaling (Sakuma et al., 2004; McKay et al., 2012). In
contrast, the adaptation of mTOR-dependent signaling seems to
differ between sarcopenia and muscular dystrophy to some extent
(De Palma et al., 2012; Sakuma et al., 2014). To build on these pre-
vious findings, more descriptive and comprehensive comparison
of positive and negative muscle regulators between sarcopenia and
muscular dystrophy is needed.

Therefore, in this review, we concentrate on specific alter-
ations discussed in the recent literature that are present in the
skeletal muscle in both muscle wasting disorders. In addition, we
focus on the adaptive changes in positive and negative regulators
(mTOR, UPS, autophagy, etc.) of muscle mass. If we can under-
stand more concretely and definitively the mechanisms underlying
sarcopenia and muscular dystrophy, more effective applications
(nutritional and/or pharmacological) for skeletal muscle wasting
may be conducted in the near future.

CHARACTERISTICS OF SARCOPENIA AND MUSCULAR
DYSTROPHY

SARCOPENIA

Aging is associated with a progressive decline of muscle mass,
quality, and strength, a condition known as sarcopenia (Candow
and Chilibeck, 2005). Although this term is applied clinically to
denote loss of muscle mass, it is often used to describe both
a set of cellular processes (denervation, mitochondrial dysfunc-
tion, inflammation, and hormonal changes) and a set of outcomes
such as decreased muscle strength, mobility, and function (Melton
etal., 2000), a greater risk of falls, and reduced energy needs. von
Haehling et al. (2010) have estimated its prevalence at 5-13%
for elderly people aged 60-70years and 11-50% for those aged
80 years or above. Lean muscle mass generally contributes up to
~50% of total body weight in young adults, but declines with aging
to 25% at 75-80 years of age (Short et al., 2004). The loss of mus-
cle mass is most notable in the lower limb muscle groups, with
the cross-sectional area of the vastus lateralis being reduced by as
much as 40% between the ages of 20 and 80 years (Lexell, 1995). At
the muscle fiber level, sarcopenia is characterized by specific type
II muscle fiber atrophy, fiber necrosis, and fiber type grouping
(Lexell, 1995).

Several possible mechanisms for age-related muscle atrophy
have been described.

In a recent review by Demontis et al. (2013a) provides in-
depth comparison of sarcopenia in Drosophila and mammals.
Both muscles include very similar age-related changes such
as increased mitochondrial dysfunction, decreased function of
autophagy/lysosome system, increased apoptosis, and protective
role of dietary restriction. In contrast, aged Drosophila and
mammalian muscles exhibit several differential characteristics

(endocrine changes, decreased regenerative capacity via satellite
cells, defects in Ca?T homeostasis, and increased fiber atrophy).
Age-related muscle loss is a result of reductions in the size and
number of muscle fibers, possibly due to a multi-factorial process
that involves physical activity, nutritional intake, metabolic home-
ostasis, oxidative stress, hormonal changes, and lifespan (Baum-
gartner et al.,, 1999; Roubenoff and Hughes, 2000; Demontis
et al., 2013b). The specific contribution of each of these factors
is unknown, but there is emerging evidence using rodent muscle
that the distribution of several positive regulators (Akt and SRF)
of muscle hypertrophy with age is an important feature in the pro-
gression of sarcopenia (Sakuma and Yamaguchi, 2010,2011a). Very
intriguingly, more recent studies indicated an apparent functional
defect in autophagy- and myostatin-dependent signaling in both
mice and human sarcopenic muscle (Wohlgemuth et al., 2010;
McKay et al., 2012; Zhou et al., 2013). In contrast, many investi-
gators have failed to demonstrate age-related enhancement in the
levels of common negative regulators [atrophy gene-1 (atrogin-1),
NF-kB, and calpain] in senescent mammalian muscles (Sakuma
and Yamaguchi, 2011a, 2012c). Currently available data show that
human sarcopenia is attenuated by resistance training, the inges-
tion of amino acids, and treatment with testosterone (Sakuma
and Yamaguchi, 2011a, 2013b; Wakabayashi and Sakuma, 2014).
In addition, myostatin signaling inhibition for mice and calo-
rie restriction for mice and rhesus monkey have been shown to
counteract sarcopenia (Sakuma and Yamaguchi, 2011a, 2013b).
Among this, resistance training in combination with amino acid-
containing nutrition is the best candidate to attenuate age-related
muscle wasting and weakness in human.

MUSCULAR DYSTROPHY

The neuromuscular disorders are a heterogeneous group of
genetic diseases, causing progressive loss of motor ability. More
than 30 genetically defined forms are recognized, and in the
last decade, mutations in several genes that result in the defi-
ciency or loss of function of various important muscle-proteins
have been reported. These include dystrophin, sarcoglycans
(SG), and dysferlin, which are sarcolemmal or peri-sarcolemmal
proteins; a2-laminin and collagen VI, which are extracellular
matrix proteins; and emerin and lamin A/C, which are nuclear
proteins.

Defects in components of the dystrophin—glycoprotein com-
plex (DGC) are known to be an important cause of different
forms of muscular dystrophy (Yoshida and Ozawa, 1990; Ervasti
and Campbell, 1993). The DGC is an oligomeric complex that
connects the subsarcolemmal cytoskeleton to the extracellular
matrix. It consists of dystroglycan (a- and $-DG), SG, and syn-
trophin/dystrobrevin subcomplexes. Mutations in the dystrophin
gene cause the most common form of X-linked Duchenne mus-
cular dystrophy (DMD) (Hoffman et al., 1990). The sarcoglycan
sub-complex is also linked to B-DG and includes a-SG, B-SG,
v-SG, and 3-SG, which are tightly associated and inserted into
the membrane. Mutations in the genes coding these four SG pro-
teins cause severe forms of limb-girdle muscular dystrophies types
LGMD2D, 2E, 2C, and 2F, respectively. a-DG, a receptor for the
heterodimeric basement membrane protein laminin-2, binds to
B-DG. Mutations in the LAMA2 gene, encoding the a2 chain of
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laminin-2, cause o 2-laminin deficiency and a severe form of con-
genital muscular dystrophy (CMD1A) linked to chromosome 6q
(Helbling-Leclerc et al., 1995). Other milder forms of muscular
dystrophy are caused by mutations in genes coding the enzyme cal-
pain 3 (LGMD2A), the sarcolemmal protein dysferlin (LGMD2B),
and the sarcomeric protein telethonin (LGMD2G) (Vainzof et al.,
2008).

Sarcopenia and muscular dystrophy possess several similar
characteristics as pointed out in more recent review by Rudolf et al.
(2014). Fiber size variability is a major feature of various muscu-
lar dystrophy (Engel and Ozawa, 2004; Taniguchi et al., 2006; Krag
etal.,2011), although it is frequently observed in sarcopenic mam-
malian muscles (Berger and Doherty, 2010; Hepple, 2012). The
occurrence of small fiber groups was reported for samples from
Becker muscular dystrophy (BMD) and DMD (ten Houten and
De Visser, 1984; Engel and Ozawa, 2004), whereas elderly muscle
exhibits extensive fiber type grouping (Kanda and Hashizume,
1989; Andersen, 2003). Rudolf et al. (2014) also indicated co-
expression of multiple myosin heavy chain isoforms in these two
muscles (Marini et al., 1991; Patterson et al., 2006). Furthermore,
both muscles exhibit centralized nuclei, and the accumulation of
fibrosis and intramuscular adipocyte. Although the exact reason
for such a similarity has not been precisely elucidated, it seems
to be feasible to apply same therapeutic approaches to sarcopenia
and muscular dystrophy.

PHOSPHATIDYLINOSITOL-3-KINASE/Akt/MAMMALIAN
TARGET OF RAPAMYCIN

A central pathway involved in hypertrophy is regulated at the
translational level by the serine/threonine kinase Akt. In mus-
cle, Akt is activated by the upstream PI3-K, induced either by
receptor binding or by integrin-mediated activation of focal adhe-
sion kinase (FAK), such as in cardiac myocytes (Sakamoto et al.,
2002). The striking effect of Aktl on muscle size was demon-
strated by the transient transfection of a constitutively active
inducible Aktl transgene in skeletal muscle in vivo (Lai et al,
2004). In addition, muscle mass was completely preserved in
denervated transgenic Akt mice (Pallafacchina et al., 2002). Pos-
sible downstream regulators of Akt, mTOR, and glycogen syn-
thase kinase (GSK)-38, play a crucial role in the regulation of
translation.

Mammalian target of rapamycin exists in two functionally dis-
tinct multi-protein signaling complexes, mTOR signaling complex
(mTORC)1 and mTORC2. Akt activates mTOR via phosphoryla-
tion and inactivation of tuberous sclerosis complex (TSC)-2. In
general, only signaling by mTORCI1 is inhibited by rapamycin,
and thus the growth regulatory effects of rapamycin are believed
to be primarily exerted through the mTORCI complex (Zoncu
etal., 2011). It is now widely accepted that signaling by mTORC1
is involved in the regulation of several anabolic processes includ-
ing protein synthesis and ribosome biogenesis, as well as catabolic
processes such as autophagy (Zoncu et al., 2011). In skeletal mus-
cle, signaling by mTORCI1 has been shown to be regulated by a
variety of different stimuli that control skeletal muscle mass. For
example, signaling by mTORCI is activated in response to hyper-
trophic stimuli such as increased mechanical loading (mechanical
overloading for the plantaris muscle of mice by surgical ablation),

feeding, and growth factors (Bodine et al., 2001b; Drummond
et al., 2009).

Since signaling through PI3-K/Akt can regulate mTOR-
independent growth regulatory molecules such as GSK-38, tuberin
(TSC-2), and the forkhead box O (FOXO) transcription factors
(Sandri, 2008), it was not clear whether signaling by mTORCI is
sufficient, or simply permissive, for the induction of hypertrophy.
For example, Hornberger et al. (2003) found that stretch-induced
activation of mTOR signaling was not abolished in the skeletal
muscle of Aktl—/— mice. Furthermore, Akt-independent stim-
ulation of mTOR may be positively or negatively regulated by
phosphorylation of TSC-2. For instance, TSC-2 is inhibited by
FAK in 293T cells (Gan et al., 2006), suggesting that up-regulation
of FAK expression with increased mechanical loading for skele-
tal muscle could stimulate protein synthesis via TSC-2 inhibition.
All these regulatory influences may explain the rise in the level of
phosphorylated p70S6K (Coffey et al., 2006). Therefore, mTOR
is currently thought to be the major hub for the integration of
an array of upstream signaling pathways that, when activated,
ultimately result in increased translational efficiency (Glass, 2010).

Two of the most studied mTORCI targets are the eukaryotic
initiation factor 4E binding protein (4E-BP)1 and p70S6K, which
both play important roles in the initiation of mRNA translation.
mTOR phosphorylates and activates the 70-kDa ribosomal pro-
tein S6 kinase (p70S6K), which results in increased translation
either directly or indirectly by activating initiation and elonga-
tion, elongation initiation factor (eIF)-2, eIF4E (through 4E-BP),
and eEF-2 (Glass, 2010). In addition, Akt also phosphorylates and
inactivates GSK-3p, thereby activating translation via the initi-
ation factor eIF2B. Other functions of Akt include the negative
regulation of protein degradation by inhibiting FOXO-mediated
proteasome activity.

Demontis and Perrimon (2009) showed that insulin receptor
signaling and FOXO can regulate skeletal muscle atrophy also in
Drosophila larval muscle. This study shows evolutionarily con-
servation of the mechanisms controlling muscle atrophy. It also
shows a role for the transcription factors Myc and Mnt in this
process (these are new factors that were not known to be involved
in this process in mice or humans). Therefore, it is probable for the
existence of novel signaling pathway via FOXO to regulate muscle
hypertrophy and/or atrophy in mammals.

ADAPTATION OF PI3-K/Akt/mTOR PATHWAY IN AGED MUSCLE

Although many researchers consider PI3-K/Akt/mTOR levels to
decrease with age, studies using sarcopenic muscles from rats
and humans have yielded conflicting results. For example, com-
pared with those in young Fischer 344 x Brown Norway rats, the
amounts of phosphorylated mTOR and p70S6K were increased
70-75% in the tibialis anterior (TA) but not in the plantaris mus-
cle of senescent rats (Parkington et al., 2004). Kimball et al. (2004)
showed that, in gastrocnemius muscle, the level of phosphory-
lated p70S6K, eIF2B activity, and the amount of eIF4E associated
with elF4G increased between 12 and 27 months of age despite
an apparent decrease in Akt activity. In addition, other groups
(Haddad and Adams, 2006; Léger et al., 2008) also showed the
decreased phosphorylation status of Akt in aged mammalian mus-
cle. In contrast, Rahnert et al. (2011) showed only significant
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decrease of phospho-p70S6K (T#21/S*2*) in the aged biceps brachii
and no change in phospho-p70S6K (T3%%), in spite of significant
age-related decrease in p70S6K in all head and neck, tongue, and
limb muscles (pectoralis, styloglossus, geniohyoid, posterior digas-
tric, and masseter). Therefore, aging did not commonly modulate
the PI3-K/Akt/mTOR-linked molecules in skeletal muscle under
sedentary conditions.

Sarcopenic muscle shows a marked defect in the contraction-
induced activation of these mediators. Parkington et al. (2004)
reported lower levels of phosphorylated p70S6K and mTOR after
high-frequency electrical stimulation [HFES, 3-s trains of pulses
(frequency 100 Hz, duration 1 ms at 10-12 V)] in muscle of senes-
cent rats (30 months of age) compared with those in young rats
(6 months of age). The same roup (Funai et al., 2006) also demon-
strated that 4E-BP1 was markedly phosphorylated in the TA mus-
cle of aged but not young rats at 6 h after HFES. In addition, they
suggested no increase in eI[F4E—eIF4G association after HFES in
aged muscle (Funai et al., 2006). Furthermore, Thomson and Gor-
don (2006) suggested impaired overload-induced muscle growth
in old rats possibly due to diminished phosphorylation of mTOR
(Ser2448), p70S6K (mTOR-specific Thr38), rpS6 (Ser?35/230) and
4E-BP1. Fry et al. (2011) demonstrated that acute resistance exer-
cise (8 sets of 10 repetitions of leg-extension at 70% 1RM with
3min of rest between each set) increased muscle-protein syn-
thesis rate, and phosphorylation of mTOR, S6K1, and 4E-BP1
only in younger subjects (27 = 2 years old) but not in elderly ones
(70 £ 2 years old). These lines of evidence clearly show that sar-
copenic muscle exhibits an impairment of Akt/mTOR/p70S6K
signaling after contraction. This defect would explain the limited
capacity for hypertrophy after muscle stimulation in aged animals.

ADAPTATION OF THE PI3-K/Akt/mTOR PATHWAY IN DYSTROPHIC
MUSCLE

Functional deficiency of mTOR-dependent signaling is impli-
cated in muscular dystrophy. Indeed, muscles lacking raptor
(mTORC1 component) but not rictor (mTORC2 component)
become progressively dystrophic and kyphotic, resulting in early
death (Bentzinger et al., 2008). In the soleus and to a lesser extent
in the EDL, raptor-deficient mice exhibited a wide distribution
of fiber size, muscle fibers with centralized nuclei, and structures
reminiscent of central cores (Bentzinger et al., 2008). Dystrophic
muscle seems to exhibit induction of this anabolic pathway. Com-
pared with age-matched wild-type mice, marked increases in
pAkt/Akt, pS6/S6, and p4E-BP1/4E-BP1 were recognized in TA
and diaphragm muscles of 4-month-old mdx mice (De Palma
etal.,, 2012). Intriguingly, starvation was shown to elicit significant
decreases in these anabolic mediators of mTOR-dependent signal-
ing in both muscles of wild-type mice, but not those of mdx mice.
Such hyperactivation of this signal markedly blocks autophagy-
dependent signaling in both normal and starved mdx mice (De
Palma et al., 2012). Age-related reductions of pAkt and pS6 levels
occur in mdx mouse muscle. Indeed, Mouisel et al. (2010) showed
marked decreases in pAkt (50%) and pS6 (45%) in mdx muscle at
18-24 months old compared with those at 5 months old. Intrigu-
ingly, the stimulation of muscle regeneration by cardiotoxin injury
induces abnormal hyperactivation of pAkt and pS6. Therefore,
sarcopenia muscle of mdx mice exhibits an apparent deficiency

of PI3-K/Akt/mTOR signaling. However, as mdx mice age nor-
mally, caution is required when translating observations from
mdx mice to human DMD patients. In addition, they similarly
observed hyperactivation of pAkt and p4E-BP1, no induction of
LC3-1II, and accumulation of p62 in muscles of DMD patients.
At 6 weeks of age, there was a significantly lower level of mTOR
activation in diaphragm muscles of mdx mice compared with that
of age-matched wild-type mice (Eghtesad et al.,, 2011). mTOR
activation increased with postnatal age in diaphragm muscle of
wild-type mice, but not in mdx mice. In contrast to diaphragm
muscle, mTOR activation was not significantly different in the
TA muscle of mdx and wild-type mice at either 6 or 12 weeks
of age (Eghtesad et al., 2011). As contradicting results relating
to the adaptive changes in PI3-K/Akt/mTOR in muscular dys-
trophy have been observed, future studies using human patients
with muscular dystrophy are required. Strangely, a low-protein
diet (De Palma et al., 2012) and treatment with rapamycin (Eght-
esad et al., 2011) attenuate this anabolic pathway, but Wnt7a (von
Maltzahn et al., 2012) and valproic acid (Gurpur et al., 2009) acti-
vate it. However, such therapeutics with overall different directions
for mTOR-dependent signaling effectively attenuates the muscu-
lar dystrophic phenotype (muscle inflammation such as T-cell
infiltration, fibrosis, myofiber damage, and the decrease of muscle
strength).

SERUM RESPONSE FACTOR
Serum response factor is a ubiquitously expressed member
of the MADS (MCM1, Agamous, Deficiens, and SRF) box
transcription factor family, sharing a highly conserved DNA-
binding/dimerization domain, which binds the core sequence
of SRF/CArG boxes [CC (A/T)6 GG] as homodimers. SRF-
dependent signaling plays a major role in a variety of physiolog-
ical processes, including cell growth, migration, and cytoskeletal
organization (Pipes et al., 2006). Previous results obtained with
specific SRF-knockout models by the Cre—LoxP system empha-
size a crucial role for SRF in postnatal skeletal muscle growth
and regeneration by modulating interleukin-4 and IGF-I (insulin-
like growth factor-I) mRNA expression (Charvet et al., 2006).
More recently, Mokalled et al. (2012) demonstrated that mem-
bers of the myocardin family of transcriptional coactivators,
MASTR, and myocardin-related transcription factor (MRTF)-A,
are up-regulated in satellite cells in response to skeletal muscle
injury. In addition, double-knockout satellite cells (MASTR and
MRTF-A) impair skeletal muscle regeneration, probably due to
the down-regulation of several modulators of cell cycle arrest
(retinoblastoma, etc.). As proposed by Mokalled et al. (2012), the
promoting role on muscle regeneration seems to be attributable
to both MASTR/MEF2 and/or MRTF-A/SRF complexes because
the mouse MASTR protein lacks SRE-interaction regions.

Serum response factor also enhances the hypertrophic process
in muscle fibers after mechanical overloading (Gordon et al., 2001;
Sakuma et al., 2003; Sakuma and Yamaguchi, 2012a, 2013a) as
well as muscle differentiation and MyoD gene expression in vitro
(Gauthier-Rouviére et al., 1996). Although SRF would regulate
proliferation and differentiation using different pathways, it would
mainly activate the differentiation of satellite cells during muscle
hypertrophy. Indeed, we showed that, in mechanically overloaded
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muscles of rats, the SRF protein co-localized with MyoD and
myogenin in myoblast-like cells during the active differentiation
phase (Sakuma et al., 2003). More recently, Guerci et al. (2012)
investigated the functional role of SRF in fiber hypertrophy using
SRFflo¥/flox; HAS_Cre-ER™ mice injected with tamoxifen. Guerci
et al. (2012) showed that the selective lack of SRF in myofibers
markedly slows fiber growth after mechanical overloading by mod-
ulating satellite cell proliferation and fusion to the growing fibers.
They demonstrated that, in the overloaded muscle, SRF enhances
the expression of COX2 mRNA, which in turn upregulates IL-4
mRNA and ultimately secretes IL-4 protein. Guerci’s hypothesis
indicated that IL-4 produced by muscle fibers moves into satellite
cells paracrinally to modulate the fusion of satellite cells.

It is proposed that the transcriptional activity of SRF is reg-
ulated by muscle ring finger (MuRF)-2 (Lange et al., 2005) and
striated muscle activators of Rho signaling (STARS) (Kuwahara
et al., 2005). At the M-band, the mechanically modulated kinase
domain of titin interacts with a complex of the protein prod-
ucts of the atrogenes NBR1, p62/SQSTM-1, and MuRFs (Lange
et al., 2005; Puchner et al., 2008). This complex dissociates under
mechanical arrest, and MuRF-1 and MuRF-2 translocate to the
cytoplasm and the nucleus (Lange et al., 2005; Ochala et al., 2011).
One of the probable nuclear targets of MuRFs is SRF (Lange et al.,
2005), suggesting that the MuRF-induced nuclear export and tran-
scriptional repression of SRF may contribute to amplifying the
transcriptional atrophy program (Spencer et al., 2000). Thus, it is
possible that the synergistic transactivation of SRF and SRF-linked
molecules is abrogated by MuRF-2 in vivo. On the other hand, SRF
activity is exquisitely sensitive to the state of actin polymerization.
G-actin monomers inhibit SRF activity, whereas polymerization
of actin occurs in response to serum stimulation and RhoA sig-
naling. In this pathway, signal inputs lower the ratio of globular
actin to fibrillar actin, thereby liberating the binding of MRTF-A
to globular actin, resulting in the nuclear accumulation of MRTF-
A and subsequent SRF-dependent gene expression (Miralles et al.,
2003). It has been well established that overexpression of STARS
contributes to the nuclear translocation of MRTF-A and MRTF-
B (Kuwahara et al., 2005, 2007), and these factors activate SRF
transcription.

ADAPTIVE CHANGES IN SRF-LINKED MOLECULES WITH AGE

Mechanical loading for skeletal muscle is widely accepted to deter-
mine SRF expression. In humans, Lamon et al. (2009) demon-
strated that 8 weeks of resistance training (leg presses, squats,
and leg-extensions) induced increases in SRF mRNA (3-fold) and
nuclear protein (1.25-fold) in the vastus lateralis muscle. In the
same training period, they also observed a similar increase in
the mRNA levels of several SRF-targeted molecules (alpha-actin,
myosin heavy chain Ila, and IGF-I) (Charvet et al., 2006). Using
RT-PCR, crude and fractionated homogenates, and immunoflu-
orescence, our study demonstrated blunted expression of SRF
protein in the quadriceps and triceps brachii muscles in aged mice
(Sakuma et al., 2008). Immunofluorescence microscopy also indi-
cated the selective down-regulation of SRF immunoreactivity in
the cell cytosol but not in Pax7-labeled satellite cells in sarcopenic
mice. In addition, our data showed a decrease in MRTF-A mRNA
(50-70%) and protein (76%) levels in only the nuclear fraction

with age. Furthermore, 60 and 40% decreases in the amount
of STARS mRNA were observed in the quadriceps and triceps
brachii of 24-month-old mice, respectively (Sakuma et al., 2008).
Intriguingly, a decrease of SRF expression achieved by a transgenic
approach using the Cre—LoxP system was found to accelerate the
atrophic process in muscle fibers with age (Lahoute et al., 2008).
These SRF KO mice showed marked deposition of intramuscular
lipids with aging. One morphologic aspect of sarcopenia is the
infiltration of muscle tissue components by lipids because of the
increased frequency of adipocyte or lipid deposition (Dubé and
Goodpaster, 2006) within muscle fibers. As with precursor cells
in bone marrow, liver, and kidney, muscle satellite cells express-
ing the adipocytic phenotype increased with age (Shefer et al,
2006), although this process is still relatively poorly understood in
terms of its extent and spatial distribution. Lipid deposition, often
referred to as intramuscular lipid deposition, may result from a net
buildup of lipids due to the reduced oxidative capacity of muscle
fibers with aging (Dubé and Goodpaster, 2006). These lines of
evidence clearly show the existence of a defect of SRF signaling in
aged mammalian muscle.

ADAPTIVE CHANGES IN SRF-LINKED MOLECULES WITH MUSCULAR
DYSTROPHY

Serum response factor appears to be linked to the degenerative
process during muscular dystrophy. Significant reductions in the
amount of SRF have been observed (Sakuma et al., 2004), namely,
40-50 and 50-65% at 2 and 12weeks of age, respectively, in
merosin-deficient congenital muscular dystrophy. Our immuno-
histochemical analysis indicated that mature normal mice had
an abundance of SRF protein in the cytoplasm of several mus-
cle fibers, while the dy mice did not. In the skeletal muscle, there is
no direct evidence of a link between SRF disorders and the patho-
genesis of disease. However, Lange et al. (2005) observed that a
mutation in the TK domain of titin, a possible upstream modula-
tor of SRE, disrupted Nbr1 binding, and led to hereditary myopathy
with early respiratory failure (HMERF). HMEREF patient biopsies
revealed diffusible localization of Nbrl, large cytoplasmic aggre-
gates of p62, and the selective accumulation of MuRF-2 in central-
ized nuclei in diseased muscle. Unfortunately, their study did not
examine the localization of SRF in the muscle of HMERF patients.
In contrast, human heart failure was reported to show elevations
of a natural dominant-negative form of SRF arising from alter-
native splicing (Davis et al., 2002). The dominant-negative SRF
isoform potently inhibited SRF-dependent gene expression, mir-
roring the biochemical phenotype seen in SRF-null mice (Davis
et al., 2002). In addition, a subsequent human heart failure study
showed decreases in full-length SRF and elevated expression of a
caspase-3-cleaved product of SRF (Chang et al., 2003). A more
recent review (Miano, 2010) proposed various disorders to be
linked with the SRF mutations as shown by many reliable studies
using cell-specific SRF-knockout phenotypes.

UBIQUITIN-PROTEASOME SYSTEM

The ATP-dependent UPS is essential for regulating protein degra-
dation. The degradation of a protein via the UPS involves two
steps: (1) tagging of the substrate by covalent attachment of
multiple ubiquitin molecules and (2) degradation of the tagged
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protein by the 26S proteasome complex with the release of a
free and reusable ubiquitin. Ubiquitin, composed of 76 amino
acids, is an 8.45-kDa protein that is highly conserved in nearly
all eukaryotes. The ubiquitination of proteins is regulated by at
least three enzymes: ubiquitin-activating enzyme (E1); ubiquitin-
conjugating enzyme (E2); and ubiquitin ligase (E3). Kwak et al.
(2004) suggested that the 14-kDa ubiquitin-conjugating enzyme
E214k and the ubiquitin ligase E3 are particularly important for
the degradation of muscle-proteins. The labeled proteins are then
fed into the cells’ “waste disposers,” the proteasomes, where they
are chopped into small pieces and destroyed.

Atrogin-1 is a member of the Skpl, Cullin 1, and F-box-
containing protein (SCF) complex, which bind together to estab-
lish E3 Ub-protein ligase activity, and features an approximately
40-amino-acid motif known as an F-box. MuRF-1 contains a
canonical N-terminal RING domain characteristic of RING-
containing E3 ligases followed by a MuRF family conserved region,
zinc-finger domain (B-box), and leucine-rich coiled-coil domains.
Consistent increases in atrogin-1 and MuRF-1 gene expression
have been observed in a wide range of in vivo models of skeletal
muscle atrophy including diabetes, cancer, renal failure, dener-
vation, unweighting, and glucocorticoid or cytokine treatment
(Bodine et al., 2001a; Lecker et al., 2004). The importance of these
atrophy-regulated genes in muscle wasting was confirmed through
knockout studies in mice where an absence of atrogin-1 or MuRF-
1 attenuated denervation-, fasting-, and dexamethasone-induced
muscle atrophy (Bodine et al., 2001a; Bachr et al., 2011; Cong et al.,
2011).

Yeast two-hybrid analysis identified eIF3 subunit 5 (eIF3-f) and
MyoD as interactors of atrogin-1 (Lagirand-Cantaloube et al.,
2008, 2009). Conversely, the knockdown of atrogin-1 reversed
endogenous MyoD proteolysis and the overexpression of a mutant
MyoD, unable to be ubiquitinated, prevented muscle atrophy
invivo (Lagirand-Cantaloube et al.,2009). These results confirmed
MyoD as a substrate of atrogin-1, resulting in its polyubiquitina-
tion and subsequent degradation during dexamethasone-induced
myotube atrophy (Jogo et al.,2009). In the heart, atrogin-1 ubiqui-
tinates and reduces the levels of calcineurin A, an important factor
triggering cardiac hypertrophy in response to pressure overload
(Li et al., 2004). Interestingly, immunoprecipitation experiments
in C2C12 myoblasts and myotubes have found that atrogin-1
interacts with sarcomeric proteins, including myosins, desmin,
and vimentin, as well as transcription factors, components of
the translational machinery, enzymes involved in glycolysis and
gluconeogenesis, and mitochondrial proteins (Lokireddy et al.,
2012). Whether atrogin-1 ubiquitinates these proteins has yet to
be proven. In contrast to atrogin-1, it appears that MuRF-1 mainly
interacts with structural proteins. MuRF-1 was reported to interact
with and control the half-life of many important muscle structural
proteins, including troponin I, titin, myosin heavy chain (Clarke
et al., 2007), actin (Polge et al., 2011), myosin binding protein C,
and myosin light chains 1 and 2 (Cohen et al., 2009). For example,
MuRF-1 degrades myosin light chains 1 and 2 under denervation
and fasting conditions (Cohen et al., 2009). These studies sug-
gest that, while numerous stimuli can activate both atrogin-1 and
MuRF-1, the downstream pathways affected may be separate for
each protein.

ADAPTATION OF UPS IN AGED MUSCLE
Only very indirect measurements [small increases in levels of
mRNA encoding some components of the UPS (Bossola et al.,
2008; Combaretetal.,2009) or ubiquitin-conjugate accumulation]
in old muscles of rodents or humans suggested modest activation
of this pathway. Atrogin-1 and/or MuRF-1 mRNA levels in aged
muscle are reportedly increased (Clavel et al., 2006) or unchanged
(Welle et al., 2003; Whitman et al., 2005) in humans and rats, or
decreased in rats (DeRuisseau et al., 2005; Edstrom et al., 2006).
Even when the mRNA expression of these atrogenes increased
in sarcopenic muscles, this was very limited (1.5- to 2.5-fold)
compared with that in other catabolic conditions (10-fold).
Although various findings have been made regarding the
mRNA levels of both ubiquitin ligases in aged mammalian mus-
cle, the examination of protein levels in sarcopenic muscles did
not support age-related increases in the mRNA of several ubiq-
uitin ligases. For instance, Edstrom et al. (2006) indicated the
marked up-regulation of phosphorylated Akt and FOXO4 in the
gastrocnemius muscle of aged female rats, probably contribut-
ing to the down-regulation of atrogin-1 and MuRF-1 mRNA.
This result is further supported by the more recent finding of
Léger et al. (2008) who, using human subjects aged 70 years old,
demonstrated decreases in nuclear FOXO1 and FOXO3a by 73
and 50%, respectively, although they did not recognize signifi-
cant age-dependent changes in the expression of atrogin-1 and
MuRF-1 mRNA. The major peptidase activities of the protea-
some (i.e., the chymotrypsin-like, trypsin-like, and caspase-like
activities) were either reduced (as reported in other tissues) or
unchanged with aging (Combaret et al., 2009; Sakuma and Yam-
aguchi, 2011a). In contrast, Altun et al. (2010) recently found
that the hindlimb muscles of (30-month-old) rats contained two
to threefold more 26S proteasomes than purified from muscles
of aged rats, and adult (control) rats showed a similar capacity
to degrade peptides, proteins, and a ubiquitinated substrate, but
differed in the levels of proteasome-associated proteins (e.g., the
deubiquitinating enzyme USP14). Although the activities of many
other deubiquitinating enzymes were greatly enhanced in aged
muscles, levels of polyubiquitinated proteins were higher than
in the adult animals. Interestingly, recent findings indicate that
atrogin-1-knockout mice are short-lived and experience higher
loss of muscle mass during aging than control mice (Sandri et al.,
2013), indicating that the activity of this E3 ubiquitin ligase is
required to preserve muscle mass during aging in mice. Moreover,
MuRF-1-null mice experience higher decay of muscle strength
during aging than controls, although muscle mass is at least in
part preserved in these mice (Hwee et al., 2014). As indicated by
Sandri et al. (2013), chronic inhibition of these atrogenes should
not be considered a therapeutic target to counteract sarcopenia
because this does not prevent muscle loss but instead exacerbates
weakness.

ADAPTATION OF UPS IN MUSCULAR DYSTROPHY

Gene expression profiling in LGMD2A showed overexpression of
UPS-related genes (Keira et al., 2007; Saenz et al., 2008). While
the expression of atrogin-1 and MuRF-1 was not increased in
mouse models of LGMD2A, FOXO1 was strongly up-regulated,
and induced muscle atrophy in calpain-3-deficient mice (Laure
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et al., 2009). More recently, Fanin et al. (2013) demonstrated
that LGMD2A patients exhibit significantly higher expression of
MuRF-1 protein (146 & 64% of control) but not atrogin-1 protein
(77 £ 26% of control) in skeletal muscle.

LGMD2B is due to deficiency of the protein dysferlin, which
causes failure in resealing of the membrane lesions generated
during eccentric muscle contractions (Bansal et al., 2003). Sim-
ilar to LGMD2A, dysferlinopathy patients exhibited more abun-
dant mRNA and protein of MuRF-1 but not atrogin-1 (Fanin
et al., 2014). Activation of UPS in dysferlinopathy has also been
reported in cellular models (patient-derived muscle cells) (Azakir
etal., 2012). Ullrich congenital muscular dystrophy (UCMD) is a
common form of muscular dystrophy associated with defects in
collagen VL. It is characterized by loss of individual muscle fibers
and muscle mass and proliferation of connective and adipose tis-
sues. More recently, Paco et al. (2012) studied muscle biopsies
of UCMD (n=6), other myopathy (DMD, calpain-3-deficient,
Kearns—Sayre, and nemaline myopathy, n=12), and control
patients (n = 10) and found reduced expression of atrogin-1 and
MuRF-1 mRNAs in UCMD cases.

In contrast to the case of sarcopenia, pharmacological inhibi-
tion of UPS appears to exert some beneficial effect on muscular
dystrophy. Bonuccelli et al. (2007) indicated that Velcade, once
injected locally into the gastrocnemius muscles of mdx mice,
could upregulate the expression and membrane localization of
dystrophin and members of the DAPC. Gazzerro et al. (2010)
suggested that treatment with Velcade (0.8 mg/Kg) over a 2-week
period reduced muscle degeneration and necrotic features, and
increased muscle size (gastrocnemius and diaphragm), in mdx
muscle fibers. In addition, they observed many myotubes and/or
immature myofibers expressing embryonic myosin heavy chain
in mdx muscle after Velcade administration, probably due to up-
regulation of several myogenic differentiating modulators (MyoD
and Myf-5). They also demonstrated that MG-132 increased
dystrophin, a-sarcoglycan, and B-dystroglycan levels in explants
from BMD patients, whereas it increased levels of the DAPC in
DMD cases.

AUTOPHAGY-DEPENDENT SIGNALING

Macroautophagy (herein autophagy) occurs in all eukaryotic cells
and is evolutionarily conserved from yeast to humans. Autophagy
is a ubiquitous catabolic process that involves the bulk degradation
of cytoplasmic components through a lysosomal pathway (Sandri,
2010, 20115 Neel et al., 2013). This process is characterized by
the engulfment of part of the cytoplasm inside double-membrane
vesicles called autophagosomes. Autophagosomes subsequently
fuse with lysosomes to form autophagolysosomes in which the
cytoplasmic cargo is degraded and the degradation products are
recycled for the synthesis of new molecules. Turnover of most
long-lived proteins, macromolecules, biological membranes, and
whole organelles, including mitochondria, ribosomes, the endo-
plasmic reticulum, and peroxisomes, is mediated by autophagy
(Cuervo, 2004).

At first glance, autophagy was considered a coarse, non-
selective, degradative system, but closer investigation revealed a
different truth. Autophagy represents an extremely refined col-
lector of altered organelles, abnormal protein aggregates, and

pathogens, similar to a selective recycling center rather than a
general landfill (Park and Cuervo, 2013). The selectivity of the
autophagy process is conferred by a growing number of specific
cargo receptors, including p62/SQSTM-1, Nbrl, Nix (Bnip3L),
and optineurin (Shaid et al., 2013). These adaptor proteins are
equipped with both a cargo-binding domain, with the capability
to recognize and attach directly to molecular tags on organelles,
and at the same time an LC3-interacting region domain, able to
recruit and bind essential autophagosome membrane proteins.

De novo formation of autophagosomes is regulated by at least
three molecular complexes: the LC3 conjugation system and the
regulatory complexes governed by unc51-like kinase-1 (ULK1)
and Beclin-1. The conjugation complex is composed of different
proteins encoded by autophagy-related genes (Atg) (Mizushima
and Komatsu, 2011). The Atgl12-Atg5-Atgl6L1 complex, along
with Atg7, plays an essential role in the conjugation of LC3 to
phosphatidylethanolamine, which is required for the elongation
and closure of the isolation membrane (Mizushima and Komatsu,
2011). This system is under the regulation of at least two major cel-
lular energy-sensing complexes. Under basal conditions, the ULK1
complex is inactivated by phosphorylation through mTORCI,
whereas during autophagy induction mTORCI is inhibited, thus
enhancing the formation of a complex between ULKI, Atgl3,
and FIP200. In addition, mTORC1 can also be negatively regu-
lated independently of Akt by energy stress sensors such as AMPK
and, in a mechanical-activity-dependent manner, through TSC-
1/2. Moreover, AMPK can also directly phosphorylate ULK1 and
Beclin-1 (Kim et al., 2013). During autophagy, the ULK1 complex
is localized to the isolation membrane, where it facilitates the for-
mation of autophagosomes through interaction with the Beclin-1
complex.

Interestingly, that the UPS and the lysosomal-autophagy sys-
tem in skeletal muscle are interconnected was suggested by Mam-
mucari et al. (2007),and Zhao et al. (2007). Both studies identified
FOXO3 as a regulator of the lysosomal and proteasomal path-
ways in muscle wasting. FOXO3 is a transcriptional regulator of
the ubiquitin ligases MuRF-1 and atrogin-1. It has now been
linked to the expression of Atg in skeletal muscle in vivo and
C2C12 myotubes (Zhao et al., 2007). More recently, Masiero et al.
(2009) found an intriguing characteristic using muscle-specific
autophagy-related gene (Atg7) knockout mice. The atrophy, weak-
ness, and mitochondrial abnormalities in these mice are also
features of sarcopenia.

ADAPTATION OF AUTOPHAGY-LINKED SIGNALING IN MUSCLE WITH
AGE

A decline in autophagy during normal aging has been described
for invertebrates and higher organisms (Cuervo et al., 2005). Inef-
ficient autophagy has been attributed a major role in the apparent
age-related accumulation of damaged mitochondria (Terman and
Brunk, 2006).

Demontis and Perrimon (2010) showed that the function of
autophagy/lysosome system of protein degradation declined dur-
ing aging in the skeletal muscle of Drosophila. This results in
the progressive accumulation of polyubiquitin protein aggregates
in senescent Drosophila muscle. Intriguingly, overexpression of
the FOXO increases the expression of many autophagy genes,
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preserves the function of the autophagy pathway, and prevents the
accumulation of polyubiquitin protein aggregates in sarcopenic
Drosophila muscle (Demontis and Perrimon, 2009). Several inves-
tigators reported the autophagic changes in aged mammalian
skeletal muscle (McMullen et al., 2009; Wenz et al., 2009; Wohlge-
muth et al., 2010; Gaugler et al., 2011). Compared with those
in young male Fischer 344 rats, amounts of Beclin-1 were sig-
nificantly increased in the plantaris muscles of senescent rats
(Wohlgemuth et al., 2010). In contrast, aging did not influence
the amounts of Atg7 and Atg9 proteins in rat plantaris mus-
cle (Wohlgemuth et al., 2010). Indeed, Western blot analysis by
Wohlgemuth et al. (2010) clearly showed a marked increase in the
amount of LC3 in muscle during aging. However, they could not
demonstrate an aging-related increase of the ratio of LC3-II to
LC3-1, a better biochemical marker to assess ongoing autophagy.
In contrast, Wenz et al. (2009) recognized a significant increase in
the ratio of LC3-1I to LC3-I during aging (3 vs. 22 months) in the
biceps femoris muscle of wild-type mice. None of the studies deter-
mining the transcript level of autophagy-linked molecules found a
significant increase with age (McMullen et al., 2009; Wohlgemuth
etal.,2010; Gaugler etal.,2011). Not all contributors to autophagy
signaling seem to change similarly at both mRNA and protein lev-
els in senescent skeletal muscle. Therefore, sarcopenia may include
a partial defect of autophagy signaling, although more exhaustive
investigation is needed in this field.

Life-long caloric restriction alone, or combined with volun-
tary exercise, resulted in mild reduction of LC3 expression and
lipidation coupled with increased LAMP-2 (lysosomal marker)
expression, suggesting a potential increase in autophagy flux.
No significant age-related increase in autophagy-linked molecules
was observed in MCK-PGC-1a mice. PGC-1a may also enhance
autophagic flux. More recently, GSK-3a was proposed as a critical
regulator of aging in various organs (skeletal muscle, heart, liver,
bone, etc.) via modulating mTORC1 and autophagy. Intriguingly,
mice with null mutation of GSK-3a showed premature death and
acceleration of age-related pathologies such as vacuolar degener-
ation, large tubular aggregates, sarcomere disruption, and striking
sarcopenia in cardiac and skeletal muscle (Zhou et al., 2013). These
GSK-3a KO mice exhibited marked activation of mTORC1 and
associated suppression of several autophagy molecules. Indeed,
unrestrained activation of mTORCI leads to profound inhibi-
tion of autophagy (Levine and Kroemer, 2008; Kroemer et al.,
2010). Therefore, it is expected that pharmacological inhibition
(everolimus) of mTORCI rescued the muscular disorder resem-
bling sarcopenia in GSK-3a KO mice (Zhou etal.,2013). Enhance-
ment of autophagy flux (exercise, caloric restriction, etc.) would
be a potential strategy attenuating sarcopenia as well as various
type of muscular dystrophy with autophagy defect (Grumati et al.,
2010; De Palma et al., 2012; Vainshtein et al., 2014).

ADAPTATION OF AUTOPHAGY-LINKED SIGNALING IN MUSCULAR
DYSTROPHY

A finely tuned system for protein degradation and organelle
removal is required for the proper function and contractility of
skeletal muscle (Vainshtein et al., 2014). Inhibition/alteration of
autophagy contributes to myofiber degeneration leading to accu-
mulation of abnormal (dysfunctional) organelles and of unfolded

and aggregation-prone proteins (Masiero et al., 2009; Sandri,
2010), which are typical features of several myopathies (Gru-
mati et al., 2010; Nogalska et al., 2010). Generation of Atg5 and
Atg7 muscle-specific knockout mice confirmed the physiological
importance of the autophagy system in muscle mass maintenance
(Raben et al., 2008; Masiero et al., 2009). The muscle-specific Atg7
knockout mice are characterized by the presence of abnormal
mitochondria, oxidative stress, accumulation of polyubiquitinated
proteins, and consequent sarcomere disorganization (Masiero
et al,, 2009). In addition, the central role of the autophagy—
lysosome system in muscle homeostasis is highlighted by lysoso-
mal storage diseases (Pompe disease, Danon disease, and X-linked
myopathy), a group of debilitating muscle disorders characterized
by alterations in lysosomal proteins and autophagosome buildup
(Vainshtein et al., 2014). Intriguingly, all of these myopathies
exhibit the accumulation of autophagic vacuoles inside myofibers
due to defects in their clearance.

Apparent defect of autophagy-dependent signaling is also
observed in various muscular dystrophies. The first evidence of
impaired autophagy in these models was provided by studies in
mice and patients with mutations in collagen VI (Irwin et al,,
2003). Mutations that inactivate Jumpy, a phosphatase that coun-
teracts the activation of VPS34 for autophagosome formation
and reduces autophagy, are associated with centronuclear myopa-
thy (Vergne et al., 2009). De Palma et al. (2012) have described
marked defect of autophagy in dystrophin-deficient mdx mice and
DMD patients. This evidence included the electron microscopic
evaluation of muscle tissue morphology as well as the decreased
expression of autophagic regulator proteins (i.e., LC3-II, Atgl2,
Gabarapll, and Bnip3). In addition, starvation and treatment
with chloroquine, potent inducers of autophagy, did not acti-
vate autophagy-dependent signaling in both TA and diaphragm
muscles of mdx mice (De Palma et al., 2012). Furthermore, mdx
mice and DMD patients exhibited an unnecessary accumulation
of p62 protein, which was lost after prolonged autophagy induc-
tion by a low-protein diet (De Palma et al., 2012). A similar block
in autophagy progression was described in lamin A/C null mice
(Ramos et al., 2012). LGMD2A muscles showed up-regulation of
p62 (2.1-fold) and Bnip3 (3-fold) mRNA and slightly increased
LC3-II/LC3-I protein ratio and p62 (Fanin et al., 2013). Con-
versely, laminin-mutated (dy/dy) animals displayed excessive levels
of autophagy, which is equally detrimental (Carmignac et al,
2011). These findings suggest that the defect of autophagy sig-
naling has a central role in the degenerative symptoms in various
types of muscular dystrophy. Figure 1 shows a schematic dia-
gram of possible relationship between Akt-mTOR signaling and
autophagy in muscular dystrophy.

MYOSTATIN

Growth and differentiation factor 8, otherwise known as myo-
statin, was first discovered during screening for novel members
of the transforming growth factor-p (TGF-B) superfamily, and
shown to be a potent negative regulator of muscle growth (Lee,
2004). Like other TGF-B family members, myostatin is synthe-
sized as a precursor protein that is cleaved by furin proteases to
generate the active C-terminal dimer. When produced in Chinese
hamster ovary cells, the C-terminal dimer remains bound to the
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FIGURE 1 | The relationship between PI3-K-Akt-mTOR signaling and
autophagy in muscular dystrophy. The major anabolic pathway
regulating protein synthesis in skeletal muscle is mTOR/TORC1 signaling.
Upstream trigger (IGF-1, mechanical stress, etc.) activates mTOR
signaling through a number of different intermediary proteins such as Akt
and Rheb. Several anabolic stimulation increases the amount of activated
Akt, which blocks the nuclear translocation of Foxo3 to enhance the

expression of autophagy-related genes (Bnip, LC3, and Atg12) and
atrogene (atrogin-1 and MuRF-1). In dystrophic muscle, higher Akt
potently blocks the inhibition of Rheb by TSC-1/TSC-2, and hyperactivate
mTORC1. Unnecessary activated mTORC1 would extremely enhance
protein synthesis and blocks autophagy-dependent signaling. Therefore,
muscular dystrophy exhibits apparent defect of autophagic process
similar to sarcopenic muscle.

N-terminal propeptide, which remains in a latent, inactive state
(Wolfman et al., 2003). Most, if not all, of the myostatin protein
that circulates in the blood also appears to exist in an inactive com-
plex with a variety of proteins, including the propeptide. Myostatin
binds to and signals through a combination of ActRIIA/B recep-
tors on the cell membrane, but has higher affinity for activin type
IIB receptor (ActRIIB). On binding to ActRIIB, myostatin forms
a complex with a second surface type I receptor, either activin
receptor-like kinase 4 or 5, to stimulate the phosphorylation of
Receptor Smad (R-Smad) and the Smad2/3 transcription factors in
the cytoplasm. This leads to the assembly of Smad2/3 with Smad4
to form a heterodimer that can translocate to the nucleus and acti-
vate the transcription of target genes (Joulia-Ekaza and Cabello,
2007). Myostatin circulates in the blood in a latent complex with
non-covalently bound propeptide at the N-terminus (Wolfman
etal., 2003).

Studies indicate that myostatin inhibits cell cycle progres-
sion and reduces the levels of myogenic regulatory factors,
thereby controlling myoblastic proliferation and differentiation
during developmental myogenesis (Yang et al., 2007). One of the
known downstream targets of Smad signaling is MyoD. Inter-
estingly, myostatin downregulates MyoD expression in an NF-
kB-independent way (McFarlane et al., 2006). Myostatin also
inhibits Pax3 expression, which is possibly an upstream target of

MyoD (McFarlane et al., 2006). On the other hand, the genetic
loss of myostatin leads to an increase in Akt activity in skeletal
muscle in vivo and in vitro (Morissette et al., 2009). The IGF-
1-Akt-mTOR pathway, which mediates both differentiation in
myoblasts and hypertrophy in myotubes, has been shown to inhibit
myostatin-dependent signaling. Blockade of the Akt—-mTOR path-
way using siRNA to RAPTOR, a component of TOR signaling
complex 1 (TORCI1), facilitates myostatin’s inhibition of muscle
differentiation because of an increase in Smad2 phosphorylation
(Trendelenburg et al., 2009). Taking these findings, myostatin-
mediated signaling activates FOXO, which leads to the expression
of ubiquitin ligases.

ADAPTIVE CHANGES IN MYOSTATIN IN SARCOPENIC MUSCLE

Myostatin levels increase with muscle atrophy due to unload-
ing in mice and humans (Wehling et al., 2000; Sakuma et al,,
2009), and with severe muscle wasting in patients with cancer
cachexia, chronic heart failure, chronic obstructive pulmonary
disease (COPD), AIDS, and diabetes (Sakuma and Yamaguchi,
2011b). Many researchers have investigated the effect of inhibiting
myostatin to counteract sarcopenia using animals (Siriett et al.,
2006; LeBrasseur et al., 2009; Murphy et al., 2010). LeBrasseur
et al. (2009) reported several positive effects of 4 weeks of treat-
ment with PF-354 (24 mg/Kg) in aged mice. They found that
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PF-354-treated mice exhibited significantly greater muscle mass
(by 12%) probably due to decreased levels of phosphorylated
Smad3 and MuRF-1 in muscle. More recently, Murphy etal. (2010)
showed, by way of once-weekly injections, that a lower dose of PF-
354 (10 mg/Kg) significantly increased the fiber cross-sectional
area (by 12%) and in situ muscle force (by 35%) of aged mice
(21-month-old).

However, the role of myostatin in driving sarcopenia is debated.
There is indeed evidence that myostatin null mice, although they
have a doubling of muscle mass, have reduced specific force and
may be actually prone to sarcopenia, suggesting that the intrinsic
capacity to generate force is perturbed in the absence of myostatin
(Amthor et al., 2007; Gentry et al., 2011). In addition, a recent
study in Drosophila on the myostatin/GDF11 homolog myoglianin
indicates that, in the absence of changes in muscle mass, overex-
pression of myoglianin (Drosophila myostatin) in muscle extends
lifespan and preserves muscle function at least in part by activat-
ing the stress-sensing kinase p38 MAPK, while myoglianin RNAi
in muscle has converse effects (Demontis et al., 2014; Patel and
Demontis, 2014).

In rodent muscle models, studies using sarcopenic muscles
have yielded conflicting results (Haddad and Adams, 2006; Carl-
son et al., 2008; Bowser et al., 2013). Haddad and Adams (2006)
showed lower expression of myostatin mRNA in aged (30-month-
old) than in young (6-month-old) rats. Carlson et al. (2008)
showed higher levels of TGF-B and Smad3 but not myostatin in
sarcopenic muscles of mice. In humans, an early cross-sectional
study of younger, middle-aged, and older men and women sug-
gested that serum myostatin levels increase with advancing age, are
highest in “physically frail” older women, and are inversely associ-
ated with skeletal muscle mass (Yarasheski et al., 2002). However,
several subsequent reports on humans failed to show age-related
differences in either circulating myostatin-immunoreactive pro-
tein or skeletal muscle myostatin mRNA levels (Welle et al., 2003;
Ratkevicius et al., 2011). In contrast, Léger et al. (2008) found
a significant elevation in myostatin mRNA and protein levels by
2- and 1.4-fold in young (20 4 0.2 years) males compared with
those in older (70 & 0.3 years) ones. These disparate findings sug-
gest that myostatin may not be a primary driver of sarcopenia,
or may instead highlight the complexities related to myostatin
and its measurements. As indicated by a recent review (White
and LeBrasseur, 2014), three possible reasons for this exist. First,
myostatin abundance may not reflect myostatin activity. Indeed,
myostatin is generated as a precursor protein that requires prote-
olytic cleavage first to remove its signal peptide and then to liberate
an N-terminal propeptide and a C-terminal fragment. The mature
biologically active form of myostatin is only a disulfide-linked
dimer of C-terminal fragments. Second, myostatin is further regu-
lated by at least three interacting proteins, namely, GDF-associated
serum protein-1 (GASP-1), follistatin, and follistatin-related gene
(FLRG) (Lee, 2004). It is plausible that the abundance of these
endogenous inhibitors of myostatin and/or the degree to which
they interact with myostatin is independently affected by aging.
Third, we may not detect the expression pattern of myostatin dur-
ing sarcopenia because of very small changes of this molecule at
only a limited position of an organelle (e.g., satellite cells), but
not throughout muscle fibers. Indeed, a recent study revealed that

muscle-derived stem cells from older male patients show a +65%
higher level of myostatin expression than stem cells from younger
patients (McKay etal.,2012). Although myostatin immunoreactiv-
ity on satellite cells gradually decreased the response to acute resis-
tance exercise, old muscles possessed more abundant myostatin
on satellite cells of type II fibers than young muscles postexercise.
More descriptive study to investigate a detailed cellular localization
of myostatin would detect such a limited but important adaptation
of myostatin in sarcopenic muscle.

FUNCTIONAL ROLE OF MYOSTATIN IN DYSTROPHIC MUSCLE

There have been several studies dealing with the adaptive changes
in myostatin expression of muscular dystrophy. Using muscles
from fetopsies, infants (aged 8—10 months), and symptomatic
patients (aged 5-12years) with DMD, Chen et al. (2005) per-
formed mRNA profiling. They demonstrated no induction of
myostatin mRNA at any stage of the disease determined in their
study. Similarly, no induction of myostatin was also observed
in DMD muscle by Castro-Gago et al. (2006). Zanotti et al.
(2007) showed significant increases in myostatin transcript and
protein levels in DMD myotube cultures in vitro. In contrast,
a screen of 12,488 mRNAs in 16-week-old mouse mdx muscle
showed a marked decrease (fourfold) in myostatin mRNA (Tseng
et al., 2002). Similar down-regulation of myostatin mRNA was
observed in mdx mice using suppression subtractive hybridization
(Tkatchenko et al., 2000). Therefore, myostatin does not seem to
modulate the atrophy and degeneration of skeletal muscle in DMD
and mdx mice, since common adaptation of myostatin levels did
not occur in these dystrophic muscles.

Many mutations in the caveolin-3 gene have been detected
in autosomal dominant LGMD1C and autosomal dominant rip-
pling muscle disease (AD-RMD) (Minetti et al., 1998; Betz et al,,
2001). Immunoprecipitation and subsequent immunoblot analy-
sis revealed that caveolin-3 associates with the type I myostatin
receptor in COS-7 monkey kidney cells in vitro (Ohsawa et al,,
2008). Intriguingly, caveolin-3 seems to suppress myostatin signal-
ing by blocking the type I myostatin receptor. Therefore, caveolin-
3-deficient mice showed hyperphosphorylation of an R-Smad of
myostatin, Smad2, and significant up-regulation of a myostatin
target gene, p21 (Ohsawa et al., 2006). In addition, severe muscle
histopathology was occasionally observed in the proximal mus-
cles of patients with LGMD2I, whereas distal muscles were always
relatively spared. In these patients, the amount of myostatin pro-
tein was highly increased in severely affected muscles compared
with that in mildly affected ones. Hauerslev et al. (2013) hypoth-
esize that alterations in the protein turnover and myostatin levels
could progressively impair the muscle mass maintenance and/or
regeneration, resulting in gradual muscular atrophy in LGMD2I.
However, comprehensive analysis using a larger sample size of
LGMD2I patients is needed as the hypothesis was generated from
a very small sample size (severe phenotype n=1; mild pheno-
type n=3). In contrast, our previous study found a marked
increase in mature myostatin protein (26 kDa) in gastrocnemius
and rectus femoris muscles of merosin-deficient congenital dy
mice at 12 weeks of age (Sakuma et al., 2004). In addition, marked
myostatin immunoreactivity was detected in the cytoplasm of
myonuclei and/or satellite cells of dy mice compared with slight
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regulators for muscle mass in sarcopenia and muscular dystrophy. Both Ubiquitin—proteasome system (Atrogin-1 and MuRF1) would not regulate
sarcopenia and muscular dystrophy exhibit the marked defect of muscle atrophy in the case of sarcopenia. It remains to be elucidated
autophagy-dependent signaling possibly the latter due to hyperactivation whether myostatin~-Smad pathway regulates to sarcopenic symptom

of Akt/mTOR/p70S6K pathway. Lower activation of SRF-dependent and/or muscular dystrophy.
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myostatin immunoreactivity at those sites in normal mice. There-
fore, muscular dystrophy except for dystrophin deficiency induces
the enhancement of myostatin-dependent signaling.

Many therapeutic approaches using myostatin attenuation have
been conducted in muscular dystrophy. The use of neutraliz-
ing antibodies to myostatin improved muscle disorders in rodent
models of DMD (mdx) and limb-girdle muscular dystrophy 2f
(Sgcg—/—) (Bogdanovich et al., 2002; Bradley et al., 2008). Tar-
geting of the C-terminal dimer by a neutralizing monoclonal
antibody (JA16) resulted in increases in muscle mass and func-
tion in wild-type mice (Whittemore et al., 2003) and rescued the
pathological phenotype in dystrophin-deficient mdx mice (Bog-
danovich et al., 2002). The latter study was the first to provide
evidence that blocking myostatin in dystrophic mice increased
myofiber size and alleviated the symptoms of the disease, such
as a decline in strength, the degeneration of fibers, and fibro-
sis. The inhibition of myostatin was also effective in alleviat-
ing the pathological phenotype of caveolin-3-deficient mice (a
model of LGMDI1C) (Ohsawa et al., 2006). In contrast, myostatin
blockade did not attenuate the pathology in a mouse model of
merosin-deficient muscular dystrophy.

Intriguingly, myostatin inhibition using MYO-029 (Stamu-
lumab) was tested in a prospective, randomized, placebo-
controlled US phase I/IT trial in 116 adults with muscular dys-
trophy such as BMD, fascioscapulohumeral muscular dystrophy
(FSHD), and LGMD (Wagner et al., 2008). MYO-029 has good
safety and tolerability except for cutaneous hypersensitivity at
higher doses (10 and 30 mg/Kg), attributed to the need for repeated
protein administration (Wagner et al., 2008). No improvements in
muscle function were noted, but dual-energy radiographic absorp-
tiometry and muscle histological investigations revealed that some
subjects had increased muscle fiber size. The trial study concluded
that the systemic administration of myostatin inhibitors was rela-
tively safe and that more potent inhibitors for stimulating muscle
growth in muscular dystrophy should be considered. However,
careful attention should be paid to myostatin inhibition, as mice
with null mutation of myostatin revealed impaired tendon struc-
ture and function (Mendias et al., 2008). Figures 2A,B provide
an overview of the positive and negative regulator adaptations of
muscle mass in sarcopenia and muscular dystrophy.

CONCLUSION

In conclusion, both sarcopenia and muscular dystrophy exhibit the
marked defect of autophagy-dependent signaling possibly the lat-
ter due to hyperactivation of Akt/mTOR/p70S6K pathway. Lower
activation of SRF-dependent signaling has been commonly recog-
nized in these symptoms. Although studies using rodent muscles
have indicated that Atrogin-1 and MuRF contribute to the protein
degradation in muscular wasting (Bodine et al., 2001a), these atro-
genes do not regulate age-related muscle atrophy. More descrip-
tive study seems to have detected such a limited but important
adaptation of myostatin during sarcopenia.
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INTRODUCTION

Qualitative changes in the peripheral motor system were examined using young, adult,
middle-aged, and old-aged rats in order to assess before and after the appearance of
sarcopenia symptoms. Significant loss of muscle mass and strength, and slow-type
fiber grouping with a loss of innervated nerve fibers were used as typical markers of
sarcopenia. Dynamic twitch and tetanus tension and evoked electromyogram (EEMG)
were measured via electrical stimulation through the sciatic nerve under anesthesia
using our force-distance transducer system before and after sciatectomy. Digital and
analog data sampling was performed and shortening and relaxing velocity of serial
twitches was calculated with tension force. Muscle tenderness in passive stretching was
also measured as stretch absorption ability, associated with histological quantitation of
muscle connective tissues. The results indicated the validity of the present model, in
which old-aged rats clearly showed the typical signs of sarcopenia, specifically in the
fast-type plantaris muscles, while the slow-type soleus showed relatively mild syndromes.
These observations suggest the following qualitative alterations as the pathophysiologi