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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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Aggresome in a muscle fiber of a sarcopenic patient with FHL1-related myopathy shown by 3D surface 
shaded reconstruction of confocal imaging and labeled  with two autophagy marker antibodies LC3 
(red) and p62 (green). Nuclei were labeled with DAPI (blue).
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Santi S, Maraldi NM, Merlini L, Sandri M and Bonaldo P (2014) Aggresome–autophagy involvement in 
a sarcopenic patient with rigid spine syndrome and a p.C150R mutation in FHL1 gene.
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Sarcopenia andmuscular 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; Rudolf et al., 2014; Sabatelli et al., 2014; Sakuma et al., 2014; Sanchis-Gomar et al., 2014; Tamaki
et al., 2014; Toni et al., 2014; Zulian et al., 2014; Krause, 2015). The aim of this cross-fertilization was
to accelerate our understanding of themechanisms 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 β-hydroxy-β-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-
derivedmuscle 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 inGoldenRetrievermuscular 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 formuscle 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 cyclosporinA onmuscle regeneration in collagenVI null
mice under basal conditions and after cardiotoxin-inducedmuscle
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 ofmelanocytes 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 F1F0-ATP
synthase with oligomycin, mitochondria underwent anomalous
depolarization and showed decreased respiratory reserve capacity.
The non-immunosuppressive cyclophilin inhibitor NIM811 pre-
ventedmitochondrial 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 themost 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)maywell serve that purpose (Raz andRaz, 2014). OPMD
is a rare monogenic disorder caused by an expansion muta-
tion in the gene encoding poly-adenylate RNA binding protein1
(PABPN1). Symptoms begin in midlife and progress with advanc-
ing age. Ocular and pharyngealmuscles are thosemost 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 bothOPMDand 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 ofmyostatin 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
Duchennemuscular 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 senescentmdxmuscle 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 (NMJs)
deteriorate and display altered molecular features. Rudolf et al.
(2014) provided an overview of NMJ alterations observed in
sarcopenic and dystrophic muscles. The authors also reviewed
the current knowledge on the molecular mechanisms underlying
NMJ degeneration during aging and in the context of muscular
dystrophies. As pointed out byRudolf et 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 NMJ 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 NMJ
fatigability) occur well before the appearance of the sarcopenic
phenotype inmiddle-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
splicingmachinery. This, in turn, reduces nuclearmetabolic 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
a role (Eisenberg et al., 2009). miRNAs are widespread regulators
of gene expression, but little is known about their potential roles
in congenital muscular dystrophies. MDC1A is a severe form of
congenital muscular dystrophy caused by mutations of the gene
encoding laminin α2, 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 α2 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 α2 chain-
deficient mice and are partially normalized in response to pro-
teasome inhibition. These findings indicate that muscle-specific
miRNAs are deregulated inMDC1A 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
bodymyopathy (IBM), IBMwith 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 comparedwith 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
(Landi et al., 2015). The latter 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
themolecular 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

measure for preventing and treating sarcopenia (Landi et al.,
2014). As illustrated by Sanchis-Gomar et al. (2014), physi-
cal exercise is indeed able to modulate most of the pathways
believed to underlie the pathogenesis of sarcopenia (e.g., cel-
lular quality control mechanisms, sestrins, mitochondrial bio-
genesis, and oxidative stress). The authors also indicate a num-
ber of potential biological targets for drug development against
sarcopenia. These include the age-dependent decrease in cellu-
lar NAD+ pool, the p16INK4a tumor suppressor, the FGF21-
PGC-1α-irisin axis, the myostatin/follistatin pathway, and the
IGF-1/Akt/mTOR axis.
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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 EuropeanWorking 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
(FI). 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 FI score was 0.46±0.17. PBMC telomeres were shorter in
sarcopenic subjects (T /S =0.21; 95% CI: 0.18–0.24) relative to non-sarcopenic individuals
(T /S =0.26; 95% CI: 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

INTRODUCTION
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
aging biomarkers (Lehmann et al., 2013). Telomeres are specialized
structures located at the termini of mammalian chromosomes and

consist of protein-bound, non-coding tandem-repeated hexam-
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 4 m, 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 Srl, Flo-
rence, Italy) with an operating frequency of 50 kHz at 800 µA.
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/m2)] 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/m2 in men and <6.42 kg/m2 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 1 h 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
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Table 1 | Indicators of physical frailty.

Frailty criteria Parameters

Weight loss Loss of ≥5 kg 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: “I felt that

everything I 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

activity levels

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

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 (T ) 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
(ABI, Foster City, CA) with the following cycling conditions: 95°C
for 10 min, 40 cycles at 95°C for 5 s, 56°C for 30 s, 72°C for 30 s. 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-∆∆CT 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).

Table 2 | Health variables and cut-points used for the computation of a

modified Rockwood’s frailty index.

Health variables Condition or variable

cut-points

Score

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

Walk speed (4 m) ≥0.8 0

<0.8 1

Grip strengtha Normal 0

Low 1

Cognition (MMSE) >24 0

20–24 0.25

18–20 0.50

11–17 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

prior 12 months

No 0
Yes 1

BMI 18.5–24.9 0

25–30 0.5

>30 or <18.5 1

Nutrition (MNA) ≥23.5 0

≥17 < 23.5 0.5

<17 1

Unintentional weight loss

(>5 kg in prior 12 months)

No 0
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

Health variables Condition or variable

cut-points

Score

Cancer or active cancer

treatment

No 0
Yes 1

Cardiovascular disease No 0

Yes 1

Chronic lung diseases No 0

Yes 1

Hematological diseases No 0

Yes 1

Renal diseases No 0

Yes 1

Central nervous system

diseases

No 0
Yes 1

Peripheral nervous

system diseases

No 0
Yes 1

Gastrointestinal diseases No 0

Yes 1

Ear, nose, and throat

diseases

No 0
Yes 1

Orthopedic diseases No 0

Yes 1

Psychiatric disorders No 0

Yes 1

Diabetes mellitus No 0

Yes 1

Endocrine disorders No 0

Yes 1

Sarcopenia No 0

Yes 1

Polypharmacy (≥6 drugs) No 0

Yes 1

aMen: 1, BMI≤24, grip strength≤29 kg; BMI 24.1–28, grip strength≤30 kg;

BMI > 28, grip strength≤32 kg. Women: 1, BMI≤23, grip strength≤17 kg; BMI

23.1–26, grip strength≤17.3 kg; BMI 26.1–29, grip strength≤18 kg; 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; MNA, 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

Table 3 | Study sample characteristics.

Whole sample (n=142)

n (%)

Age, years (mean±SD) 74.9±6.5

Female gender 84 (59.2)

Smokers 11 (7.7)

Education, years (mean±SD) 10.0±5.0

Hospital admission in prior 12 months 41 (29.0)

MMSE score (mean±SD) 26.2±3.4

CIRS (mean±SD) 3.0±2.2

GDS (mean±SD) 10.8±7.6

ADL scale (mean±SD) 5.0±1.3

IADL scale (mean±SD) 5.9±2.4

Fall in prior 12 months 66 (46.5)

BMI (mean±SD) 27.7±4.7

Number of drugs (mean±SD) 6.1±3.3

Frail (Fried’s criteria, PF) 74 (52.1)

Number of frailty criteria (mean±SD) 2.3±1.8

Frail (modified Rockwood’s frailty index, FI) 74 (52.1)

FI (mean±SD) 0.46±0.17

Sarcopenia (EWGSOP criteria) 23 (19.3)

PBMC telomere length (T /S) 0.27±0.10

ADL, activities of daily living; BMI, body mass index; CIRS, Cumulative Illness

Rating Scale; EWGSOP, European Working Group on Sarcopenia in Older People;

FI, frailty index; GDS, Geriatric Depression Scale; IADL, instrumental activities

of daily living; MMSE, mini-mental state examination; PBMC, peripheral blood

mononuclear cell; PF, physical frailty.

prevalence of frailty was observed using 0.44 as the cutoff for
the FI, as recommended by Rockwood et al. (2007). Similar to
PF, participants with a FI score ≥0.44 were older than those with
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
as frail based on both PF and the FI score, and the two measures
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 FI.

PBMC telomeres were shorter in sarcopenic subjects
(T /S= 0.21; 95% CI: 0.18–0.24) relative to non-sarcopenic indi-
viduals (T /S= 0.26; 95%: CI: 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

Frontiers in Aging Neuroscience www.frontiersin.org August 2014 | Volume 6 | Article 233 | 14

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 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)

Unadjusted p Adjustedb p

meana (95% CI) meana (95% CI)

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/m2 for men and SMI < 6.42 kg/m2 for

women.
aGeometric means were calculated from log-transformed values.
bAdjusted for age, gender, smoking habit, diabetes, and Cumulative Illness Rating

Scale score.

FIGURE 1 | Scatter plot of telomere/single-copy gene ratio (T/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-κB (NF-κB)
(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-κB 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-κB-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-α) 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-α (O’Donovan et al., 2011).

It is noteworthy that IL-6 (Payette et al., 2003), TNF-α (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 T/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.

ACKNOWLEDGMENTS
This study was partly supported by the “Centro studi Achille e
Linda Lorenzon” grants of the Ministry of Education, Universities
and Research (MIUR – linea D1 2012 and linea D3.2 2013) and
the Innovative Medicines Initiative Joint Undertaking (IMI–JU
115621). The authors wish to thank Dr. Riccardo Calvani (Catholic
University of the Sacred Heart, Rome) for his critical review of the
manuscript.

REFERENCES
Allsopp, R. C., Vaziri, H., Patterson, C., Goldstein, S., Younglai, E. V., Futcher, A. B.,

et al. (1992). Telomere length predicts replicative capacity of human fibroblasts.
Proc. Natl. Acad. Sci. U.S.A. 89, 10114–10118. doi:10.1073/pnas.89.21.10114

Aubert, G., and Lansdorp, P. M. (2008). Telomeres and aging. Physiol. Rev. 88,
557–579. doi:10.1152/physrev.00026.2007

Augustin, H., and Partridge, L. (2009). Invertebrate models of age-related mus-
cle degeneration. Biochim. Biophys. Acta 1790, 1084–1094. doi:10.1016/j.bbagen.
2009.06.011

Aviv, A. (2004). Telomeres and human aging: facts and fibs. Sci. Aging Knowledge
Environ. 2004, e43. doi:10.1126/sageke.2004.51.pe43

Bayne, S., and Liu, J. P. (2005). Hormones and growth factors regulate telomerase
activity in ageing and cancer. Mol. Cell. Endocrinol. 240, 11–22. doi:10.1016/j.
mce.2005.05.009

Blackburn, E. H. (1991). Structure and function of telomeres. Nature 350, 569–573.
doi:10.1038/350569a0

Blasco, M. A. (2005). Telomeres and human disease: ageing, cancer and beyond. Nat.
Rev. Genet. 6, 611–622. doi:10.1038/nrg1656

Frontiers in Aging Neuroscience www.frontiersin.org August 2014 | Volume 6 | Article 233 | 16

http://dx.doi.org/10.1073/pnas.89.21.10114
http://dx.doi.org/10.1152/physrev.00026.2007
http://dx.doi.org/10.1016/j.bbagen.2009.06.011
http://dx.doi.org/10.1016/j.bbagen.2009.06.011
http://dx.doi.org/10.1126/sageke.2004.51.pe43
http://dx.doi.org/10.1016/j.mce.2005.05.009
http://dx.doi.org/10.1016/j.mce.2005.05.009
http://dx.doi.org/10.1038/350569a0
http://dx.doi.org/10.1038/nrg1656
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Marzetti et al. Telomeres, sarcopenia, and frailty

Calvani, R., Joseph, A. M., Adhihetty, P. J., Miccheli, A., Bossola, M., Leeuwen-
burgh, C., et al. (2013). Mitochondrial pathways in sarcopenia of aging
and disuse muscle atrophy. Biol. Chem. 394, 393–414. doi:10.1515/hsz-2012-
0247

Cawthon, R. M. (2002). Telomere measurement by quantitative PCR. Nucleic Acids
Res. 30, e47. doi:10.1093/nar/30.10.e47

Cesari, M., Kritchevsky, S. B., Baumgartner, R. N., Atkinson, H. H., Penninx, B. W.,
Lenchik, L., et al. (2005). Sarcopenia, obesity, and inflammation – results from
the Trial of Angiotensin Converting Enzyme Inhibition and Novel Cardiovascu-
lar Risk Factors Study. Am. J. Clin. Nutr. 82, 428–434.

Chung, H. Y., Cesari, M., Anton, S., Marzetti, E., Giovannini, S., Seo, A. Y., et al.
(2009). Molecular inflammation: underpinnings of aging and age-related dis-
eases. Ageing Res. Rev. 8, 18–30. doi:10.1016/j.arr.2008.07.002

Chung, H. Y., Sung, B., Jung, K. J., Zou, Y., and Yu, B. P. (2006). The mol-
ecular inflammatory process in aging. Antioxid. Redox Signal. 8, 572–581.
doi:10.1089/ars.2006.8.572

Collerton, J., Martin-Ruiz, C., Davies, K., Hilkens, C. M., Isaacs, J., Kolenda, C., et al.
(2012). Frailty and the role of inflammation, immunosenescence and cellular
ageing in the very old: cross-sectional findings from the Newcastle 85+ study.
Mech. Ageing Dev. 133, 456–466. doi:10.1016/j.mad.2012.05.005

Cruz-Jentoft,A. J., Baeyens, J. P., Bauer, J. M., Boirie,Y., Cederholm, T., Landi, F., et al.
(2010). Sarcopenia: European consensus on definition and diagnosis: report of
the European Working Group on Sarcopenia in Older People. Age Ageing 39,
412–423. doi:10.1093/ageing/afq034

Delmonico, M. J., Harris, T. B., Visser, M., Park, S. W., Conroy, M. B., Velasquez-
Mieyer, P., et al. (2009). Longitudinal study of muscle strength, quality, and adi-
pose tissue infiltration. Am. J. Clin. Nutr. 90, 1579–1585. doi:10.3945/ajcn.2009.
28047

Epel, E. S., Blackburn, E. H., Lin, J., Dhabhar, F. S., Adler, N. E., Morrow, J. D., et al.
(2004). Accelerated telomere shortening in response to life stress. Proc. Natl.
Acad. Sci. U.S.A. 101, 17312–17315. doi:10.1073/pnas.0407162101

Finkel, D., Whitfield, K., and McGue, M. (1995). Genetic and environmental influ-
ences on functional age: a twin study. J. Gerontol. B Psychol. Sci. Soc. Sci. 50,
104–113. doi:10.1093/geronb/50B.2.P104

Fisher, A. L. (2004). Of worms and women: sarcopenia and its role in disability
and mortality. J. Am. Geriatr. Soc. 52, 1185–1190. doi:10.1111/j.1532-5415.2004.
52320.x

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). “Mini-mental state”. A
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198. doi:10.1016/0022-3956(75)90026-6

Fossel, M. (2012). Use of telomere length as a biomarker for aging and age-related
disease. Curr. Transl. Geriatr. Exp. Gerontol. Rep. 1, 121–127. doi:10.1007/s13670-
012-0013-6

Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., Gottdiener, J.,
et al. (2001). Cardiovascular Health Study Collaborative Research Group. Frailty
in older adults: evidence for a phenotype. J. Gerontol. A Biol. Sci. Med. Sci. 56,
M146–M156. doi:10.1093/gerona/56.3.M146

Frontera, W. R., Hughes, V. A., Lutz, K. J., and Evans, W. J. (1991). A cross-sectional
study of muscle strength and mass in 45- to 78-yr-old men and women. J. Appl.
Physiol. 71, 644–650.

Goggins, W. B., Woo, J., Sham, A., and Ho, S. C. (2005). Frailty index as a measure
of biological age in a Chinese population. J. Gerontol. A Biol. Sci. Med. Sci. 60,
1046–1051. doi:10.1093/gerona/60.8.1046

Grabowski, P., Hultdin, M., Karlsson, K., Tobin, G., Aleskog, A., Thunberg, U.,
et al. (2005). Telomere length as a prognostic parameter in chronic lympho-
cytic leukemia with special reference to VH gene mutation status. Blood 105,
4807–4812. doi:10.1182/blood-2004-11-4394

Iannuzzi-Sucich, M., Prestwood, K. M., and Kenny, A. M. (2002). Prevalence of
sarcopenia and predictors of skeletal muscle mass in healthy, older men and
women. J. Gerontol. A Biol. Sci. Med. Sci. 57, M772–M777. doi:10.1093/gerona/
57.12.M772

Janssen, I., Heymsfield, S. B., Baumgartner, R. N., and Ross, R. (2000). Estimation
of skeletal muscle mass by bioelectrical impedance analysis. J. Appl. Physiol. 89,
465–471.

Katz, S., and Akpom, C. A. (1976). A measure of primary sociobiological functions.
Int. J. Health Serv. 6, 493–508. doi:10.2190/UURL-2RYU-WRYD-EY3K

Kyle, U. G., Genton, L., Hans, D., and Pichard, C. (2003). Validation of a
bioelectrical impedance analysis equation to predict appendicular skeletal
muscle mass (ASMM). Clin. Nutr. 22, 537–543. doi:10.1016/S0261-5614(03)
00048-7

Lehmann, G., Muradian, K. K., and Fraifeld, V. E. (2013). Telomere length and body
temperature-independent determinants of mammalian longevity? Front. Genet.
4:111. doi:10.3389/fgene.2013.00111

Linn, B. S., Linn, M. W., and Gurel, L. (1968). Cumulative illness rating scale. J. Am.
Geriatr. Soc. 16, 622–626.

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods
25, 402–408. doi:10.1006/meth.2001.1262

Marzetti, E. (2012). Imaging, functional and biological markers for sarcopenia: the
pursuit of the golden ratio. J. Frailty Aging 1, 97–98.

Marzetti, E., Calvani, R., Cesari, M., Buford, T. W., Lorenzi, M., Behnke, B. J.,
et al. (2013). Mitochondrial dysfunction and sarcopenia of aging: from sig-
naling pathways to clinical trials. Int. J. Biochem. Cell Biol. 45, 2288–2301.
doi:10.1016/j.biocel.2013.06.024

Marzetti, E., Lees, H. A., Wohlgemuth, S. E., and Leeuwenburgh, C. (2009). Sarcope-
nia of aging: underlying cellular mechanisms and protection by calorie restric-
tion. Biofactors 35, 28–35. doi:10.1002/biof.5

Mikhelson, V. M., and Gamaley, I. A. (2012). Telomere shortening is a sole
mechanism of aging in mammals. Curr. Aging Sci. 5, 203–208. doi:10.2174/
1874609811205030006

Mitnitski, A. B., Graham, J. E., Mogilner, A. J., and Rockwood, K. (2002). Frailty, fit-
ness and late-life mortality in relation to chronological and biological age. BMC
Geriatr. 2:1. doi:10.1186/1471-2318-2-1

NIH Expert Panel, X. (1996). Bioelectrical impedance analysis in body composition
measurement: National Institutes of Health Technology Assessment Conference
Statement. Am. J. Clin. Nutr. 64, 524S–532S.

O’Donovan, A., Pantell, M. S., Puterman, E., Dhabhar, F. S., Blackburn, E. H., Yaffe,
K., et al. (2011). Cumulative inflammatory load is associated with short leuko-
cyte telomere length in the Health, Aging and Body Composition Study. PLoS
ONE 6:e19687. doi:10.1371/journal.pone.0019687

Payette, H., Roubenoff, R., Jacques, P. F., Dinarello, C. A., Wilson, P. W., Abad, L. W.,
et al. (2003). Insulin-like growth factor-1 and interleukin 6 predict sarcopenia
in very old community-living men and women: the Framingham Heart Study.
J. Am. Geriatr. Soc. 51, 1237–1243. doi:10.1046/j.1532-5415.2003.51407.x

Pedersen, M., Bruunsgaard, H., Weis, N., Hendel, H. W., Andreassen, B. U., Eldrup,
E., et al. (2003). Circulating levels of TNF-alpha and IL-6-relation to truncal fat
mass and muscle mass in healthy elderly individuals and in patients with type-2
diabetes. Mech. Ageing Dev. 124, 495–502. doi:10.1016/S0047-6374(03)00027-7

Richter, T., and von Zglinicki, T. (2007). A continuous correlation between oxida-
tive stress and telomere shortening in fibroblasts. Exp. Gerontol. 42, 1039–1042.
doi:10.1016/j.exger.2007.08.005

Rockwood, K., Andrew, M., and Mitnitski, A. (2007). A comparison of two
approaches to measuring frailty in elderly people. J. Gerontol. A Biol. Sci. Med.
Sci. 62, 738–743. doi:10.1093/gerona/62.7.738

Rockwood, K., Song, X., MacKnight, C., Bergman, H., Hogan, D. B., McDowell, I.,
et al. (2005). A global clinical measure of fitness and frailty in elderly people.
CMAJ 173, 489–495. doi:10.1503/cmaj.050051

Rolland, Y., Czerwinski, S., Abellan Van Kan, G., Morley, J. E., Cesari, M., Onder,
G., et al. (2008). Sarcopenia: its assessment, etiology, pathogenesis, conse-
quences and future perspectives. J. Nutr. Health Aging 12, 433–450. doi:10.1007/
BF02982704

Rothman, M. D., Leo-Summers, L., and Gill, T. M. (2008). Prognostic significance of
potential frailty criteria. J. Am. Geriatr. Soc. 56, 2211–2116. doi:10.1111/j.1532-
5415.2008.02008.x

Roubenoff, R. (2000). Sarcopenia: a major modifiable cause of frailty in the elderly.
J. Nutr. Health Aging 4, 140–142.

Searle, S. D., Mitnitski, A., Gahbauer, E. A., Gill, T. M., and Rockwood, K.
(2008). A standard procedure for creating a frailty index. BMC Geriatr. 8:24.
doi:10.1186/1471-2318-8-24

Sheikh, J. I., and Yesavage, J. A. (1986). “Geriatric Depression Scale (GDS) recent
evidence and development of a shorter version,” in Clinical Gerontology: A Guide
to Assessment and Intervention, ed. T. L. Brink (New York, NY: The Haworth
Press), 165–173.

Sprott, R. L. (2010). Biomarkers of aging and disease: introduction and definitions.
Exp. Gerontol. 45, 2–4. doi:10.1016/j.exger.2009.07.008

Vasto, S., Scapagnini, G., Bulati, M., Candore, G., Castiglia, L., Colonna-Romano,
G., et al. (2010). Biomarkes of aging. Front. Biosci. (Schol. Ed.) 2:392–402.
doi:10.2741/72

Visser, M., Pahor, M., Taaffe, D. R., Goodpaster, B. H., Simonsick, E. M., New-
man, A. B., et al. (2002). Relationship of interleukin-6 and tumor necrosis

Frontiers in Aging Neuroscience www.frontiersin.org August 2014 | Volume 6 | Article 233 | 17

http://dx.doi.org/10.1515/hsz-2012-0247
http://dx.doi.org/10.1515/hsz-2012-0247
http://dx.doi.org/10.1093/nar/30.10.e47
http://dx.doi.org/10.1016/j.arr.2008.07.002
http://dx.doi.org/10.1089/ars.2006.8.572
http://dx.doi.org/10.1016/j.mad.2012.05.005
http://dx.doi.org/10.1093/ageing/afq034
http://dx.doi.org/10.3945/ajcn.2009.28047
http://dx.doi.org/10.3945/ajcn.2009.28047
http://dx.doi.org/10.1073/pnas.0407162101
http://dx.doi.org/10.1093/geronb/50B.2.P104
http://dx.doi.org/10.1111/j.1532-5415.2004.52320.x
http://dx.doi.org/10.1111/j.1532-5415.2004.52320.x
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://dx.doi.org/10.1007/s13670-012-0013-6
http://dx.doi.org/10.1007/s13670-012-0013-6
http://dx.doi.org/10.1093/gerona/56.3.M146
http://dx.doi.org/10.1093/gerona/60.8.1046
http://dx.doi.org/10.1182/blood-2004-11-4394
http://dx.doi.org/10.1093/gerona/57.12.M772
http://dx.doi.org/10.1093/gerona/57.12.M772
http://dx.doi.org/10.2190/UURL-2RYU-WRYD-EY3K
http://dx.doi.org/10.1016/S0261-5614(03)00048-7
http://dx.doi.org/10.1016/S0261-5614(03)00048-7
http://dx.doi.org/10.3389/fgene.2013.00111
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.biocel.2013.06.024
http://dx.doi.org/10.1002/biof.5
http://dx.doi.org/10.2174/1874609811205030006
http://dx.doi.org/10.2174/1874609811205030006
http://dx.doi.org/10.1186/1471-2318-2-1
http://dx.doi.org/10.1371/journal.pone.0019687
http://dx.doi.org/10.1046/j.1532-5415.2003.51407.x
http://dx.doi.org/10.1016/S0047-6374(03)00027-7
http://dx.doi.org/10.1016/j.exger.2007.08.005
http://dx.doi.org/10.1093/gerona/62.7.738
http://dx.doi.org/10.1503/cmaj.050051
http://dx.doi.org/10.1007/BF02982704
http://dx.doi.org/10.1007/BF02982704
http://dx.doi.org/10.1111/j.1532-5415.2008.02008.x
http://dx.doi.org/10.1111/j.1532-5415.2008.02008.x
http://dx.doi.org/10.1186/1471-2318-8-24
http://dx.doi.org/10.1016/j.exger.2009.07.008
http://dx.doi.org/10.2741/72
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Marzetti et al. Telomeres, sarcopenia, and frailty

factor-alpha with muscle mass and muscle strength in elderly men and women:
the Health ABC Study. J. Gerontol. A Biol. Sci. Med. Sci. 57, M326–M332.
doi:10.1093/gerona/57.5.M326

Washburn, R. A., Smith, K. W., Jette, A. M., and Janney, C. A. (1993). The Physi-
cal Activity Scale for the Elderly (PASE): development and evaluation. J. Clin.
Epidemiol. 46, 153–162. doi:10.1016/0895-4356(93)90053-4

Wong, J. Y., De Vivo, I., Lin, X., Fang, S. C., and Christiani, D. C. (2014). The rela-
tionship between inflammatory biomarkers and telomere length in an occupa-
tional prospective cohort study. PLoS ONE 9:e87348. doi:10.1371/journal.pone.
0087348

Woo, J., Tang, N. L., Suen, E., Leung, J. C., and Leung, P. C. (2008). Telomeres and
frailty. Mech. Ageing Dev. 129, 642–648. doi:10.1016/j.mad.2008.08.003

Xi, H., Li, C., Ren, F., Zhang, H., and Zhang, L. (2013). Telomere, aging and age-
related diseases. Aging Clin. Exp. Res. 25, 139–146. doi:10.1007/s40520-013-
0021-1

Zhang, L., Du, J., Hu, Z., Han, G., Delafontaine, P., Garcia, G., et al. (2009). IL-6
and serum amyloid A synergy mediates angiotensin II-induced muscle wasting.
J. Am. Soc. Nephrol. 20, 604–612. doi:10.1681/ASN.2008060628

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 17 June 2014; paper pending published: 05 August 2014; accepted: 13 August
2014; published online: 28 August 2014.
Citation: Marzetti E, Lorenzi M, Antocicco M, Bonassi S, Celi M, Mastropaolo S, Set-
tanni S, Valdiglesias V, Landi F, Bernabei R and Onder G (2014) Shorter telomeres in
peripheral blood mononuclear cells from older persons with sarcopenia: results from an
exploratory study. Front. Aging Neurosci. 6:233. doi: 10.3389/fnagi.2014.00233
This article was submitted to the journal Frontiers in Aging Neuroscience.
Copyright © 2014 Marzetti, Lorenzi, Antocicco, Bonassi, Celi, Mastropaolo, Settanni,
Valdiglesias, Landi, Bernabei and Onder. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Aging Neuroscience www.frontiersin.org August 2014 | Volume 6 | Article 233 | 18

http://dx.doi.org/10.1093/gerona/57.5.M326
http://dx.doi.org/10.1016/0895-4356(93)90053-4
http://dx.doi.org/10.1371/journal.pone.0087348
http://dx.doi.org/10.1371/journal.pone.0087348
http://dx.doi.org/10.1016/j.mad.2008.08.003
http://dx.doi.org/10.1007/s40520-013-0021-1
http://dx.doi.org/10.1007/s40520-013-0021-1
http://dx.doi.org/10.1681/ASN.2008060628
http://dx.doi.org/10.3389/fnagi.2014.00233
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AGING NEUROSCIENCE
REVIEW ARTICLE

published: 22 September 2014
doi: 10.3389/fnagi.2014.00246

Regulation of satellite cell function in sarcopenia
Stephen E. Alway 1,2,3*, Matthew J. Myers1 and Junaith S. Mohamed 1

1 Laboratory of Muscle Biology and Sarcopenia, Department of Exercise Physiology, West Virginia University School of Medicine, Morgantown, WV, USA
2 West Virginia Clinical and Translational Science Institute, Morgantown, WV, USA
3 Center for Cardiovascular and Respiratory Sciences, Morgantown, WV, USA

Edited by:
Emanuele Marzetti, Catholic
University of the Sacred Heart, Italy

Reviewed by:
Stephanie Wohlgemuth, University of
Florida, USA
Hans Degens, Manchester
Metropolitan University, UK

*Correspondence:
Stephen E. Alway, Laboratory of
Muscle Biology and Sarcopenia,
Department of Exercise Physiology,
Robert C Byrd Health Sciences
Center, West Virginia University
School of Medicine, 1 Medical Center
Drive, P.O. Box. 9227, Morgantown,
WV 26506, USA
e-mail: salway@hsc.wvu.edu

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
β-Hydroxy-β-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 50 years 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 et al., 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

FIGURE 1 | Illustration 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

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
Sprouty1 (spry1), 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 spry1 would result in a loss of quiescence (Chakkalakal
et al., 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 is lost 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 1 week 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., 2011b),
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
so, 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.

Frontiers in Aging Neuroscience www.frontiersin.org September 2014 | Volume 6 | Article 246 | 21

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

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 (Sirt1), a NAD+ deacetylase that is activated
by caloric restriction (Cohen et al., 2004) and resveratrol (Chen
et al., 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 γ co-activator 1α (PGC1α). PGC1α

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, PGC1α regulates the
activity of PPAR alpha (PPARα) and PPAR delta (PPARδ). PPARα,
is expressed in the heart, liver, and skeletal muscle, regulates mito-
chondrial biogenesis and fatty acid uptake and oxidation. PPARδ

is expressed in the intestines, liver, and skeletal muscle but notably,
experiments that have eliminated PPARδ 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 (Angione et al., 2011). PGC1α 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-PGC1α mechanism (Cerletti et al., 2012). Furthermore,
alterations in PGC1α through Sirt1 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
et al., 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).

It is 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/β-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
et al., 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 II 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
It is clear that the nutritional status of a host affects the potential for
satellite cell proliferation and differentiation to occur (Halevy et al.,
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 II 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., 2014b). 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
et al., 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 (Sirt1), a NAD+ 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,
Sirt1 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 ↓ (100–600%) ↑ (22%) → → Hao et al. (2011)

EGCg HLS ↓ (25–30%) ↑ (21%) → → Alway et al. (2014a)

Resveratrol HLS → ND ↑ (14%) ↑ (14%) Jackson et al. (2010)

Resveratrol HLS → → → ND Bennett et al. (2013)

Green Tea Catechins HLS ND ND → ↑ (10%) Ota et al. (2011)

Green Tea Catechins HLS ↑ (10%) ↑ (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

proliferation

Apoptotic

signaling

Muscle

mass

Fiber area Maximal

force

Reference

HMB Reloading after HLS ↑ (3%) ND ↑ (6%) ↑ (12%) → Alway et al. (2013)

HMB Reloading after HLS ND ↓ (70–100%) ↑ (35%) ↑ (55%) ↑ (15%) Hao et al. (2011)

HMB Cell culture ↑ (250%) ↓ (30–70%) ND ND ND Kornasio et al. (2009)

EGCg Reloading after HLS ↑ (3%) ↓ (23–50%) ↑ (14%) ↑ (36%) ↑ (20%) Alway et al. (2014a)

Green Tea Catechins Acute downhill running ND ND → ND ↑ (100%) Haramizu et al. (2013)

Green Tea Catechins Reloading after HLS ↑ (17%) ↓ (36–50%) → ↑ (13%) ↑ (25%) Alway et al. (2014b)

Resveratrol Aging ND → → ND → Jackson et al. (2011)

Resveratrol Reloading after HLS → ↓ (0–29%) ↑ (10%) ↑ (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 Sirt1 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 Sirt1 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 Sirt1 has a direct
effect on regulating satellite cell function in aging. For example,
resveratrol, a Sirt1 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., 2010; Joseph
et al., 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
Sirt1 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 Sirt1 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 Sirt1 in aged muscles. This is likely because activated
Sirt1 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 PGC1α, which
in turn activates transcription factors like the farsenoid x receptor
(FXR), PPARα, and PPARδ, which have anti-inflammatory effects
(Galuppo et al., 2010; Xu et al., 2012). Thus, it is possible that
PGC1α’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).
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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 PGC1α’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, β-hydroxy-β-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,

Frontiers in Aging Neuroscience www.frontiersin.org September 2014 | Volume 6 | Article 246 | 26

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

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

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.

Frontiers in Aging Neuroscience www.frontiersin.org September 2014 | Volume 6 | Article 246 | 27

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

CONCLUSION
Although the satellite cell has been identified and studied for more
than a half of a century (Mauro,1961), there is still much that we do
not know about this unique muscle stem cell in aging. In general,
there is 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
oxygen 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
et al., 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
et al., 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

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. (2011c).

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

Frontiers in Aging Neuroscience www.frontiersin.org September 2014 | Volume 6 | Article 211 | 36

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


Hepple Mitochondria and aging skeletal muscle

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

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 O2 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

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
et al., 2005; Chabi et al., 2008; Marzetti et al., 2008; Gouspillou et al.,
2014b), 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
31Phosphorous 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-1α) (Betik
et al., 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 (≤80 years 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-
pillou et al., 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

et al., 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 (Li et 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 31Phosphorous
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
function in vivo in mouse skeletal muscle. (A) P/O ratio, (B) in vivo ATPase
rate; (C) in vivo rate of oxygen consumption; (D) in vivo rate of
phosphocreatine (PCr) resynthesis following muscle contractions; (E) in vivo

maximal rate of ATP synthesis (ATPmax); (F) state 4 respiration in
saponin-permeabilized myofibers; (G) state 3 respiration in
saponin-permeabilized myofibers. Figures are reproduced with permission
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;
Yang 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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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, AIF= 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 F-box, 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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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
dystrophy.

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

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

similar characteristics, including the accumulation of fibrosis, a
wide-range fiber size distribution, and central nuclei (Sakuma
et al., 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, myostatin is a
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, SRF, 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
et al., 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 60–70 years 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 Ca2+ 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 andYamaguchi,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-κB, 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; α2-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 (α- and β-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 β-DG and includes α-SG, β-SG,
γ-SG, and δ-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. α-DG, a receptor for the
heterodimeric basement membrane protein laminin-2, binds to
β-DG. Mutations in the LAMA2 gene, encoding the α2 chain of
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laminin-2, cause α 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
et al., 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 Akt1 on muscle size was demon-
strated by the transient transfection of a constitutively active
inducible Akt1 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)-3β, 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 mTORC1 is inhibited by rapamycin,
and thus the growth regulatory effects of rapamycin are believed
to be primarily exerted through the mTORC1 complex (Zoncu
et al., 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 mTORC1 has been shown to be regulated by a
variety of different stimuli that control skeletal muscle mass. For
example, signaling by mTORC1 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-3β, tuberin
(TSC-2), and the forkhead box O (FOXO) transcription factors
(Sandri, 2008), it was not clear whether signaling by mTORC1 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 Akt1−/− 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 mTORC1 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-3β, 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×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 eIF4G 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 (T421/S424) in the aged biceps brachii
and no change in phospho-p70S6K (T389), 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 eIF4E–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 Thr389), rpS6 (Ser235/236), 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
3 min 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
et al., 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-II, 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 SRF-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
SRFflox/flox:HAS-Cre-ERT2 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 IIa, 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 12 weeks 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 SRF,disrupted Nbr1 binding,and led to hereditary myopathy
with early respiratory failure (HMERF). HMERF patient biopsies
revealed diffusible localization of Nbr1, 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 Skp1, 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; Baehr 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
in vivo (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; Combaret et al.,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; Edström 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, Edström 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
et al., 2012). Ullrich congenital muscular dystrophy (UCMD) is a
common form of muscular dystrophy associated with defects in
collagen VI. 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, α-sarcoglycan, and β-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, 2011; 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, Nbr1, 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 Atg12–Atg5–Atg16L1 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 mTORC1,
whereas during autophagy induction mTORC1 is inhibited, thus
enhancing the formation of a complex between ULK1, Atg13,
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-I, a better biochemical marker to assess ongoing autophagy.
In contrast, Wenz et al. (2009) recognized a significant increase in
the ratio of LC3-II 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
et al., 2010; Gaugler et al., 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-1α mice. PGC-1α may also enhance
autophagic flux. More recently, GSK-3α 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-3α 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-3α KO mice exhibited marked activation of mTORC1 and
associated suppression of several autophagy molecules. Indeed,
unrestrained activation of mTORC1 leads to profound inhibi-
tion of autophagy (Levine and Kroemer, 2008; Kroemer et al.,
2010). Therefore, it is expected that pharmacological inhibition
(everolimus) of mTORC1 rescued the muscular disorder resem-
bling sarcopenia in GSK-3α KO mice (Zhou et al., 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, Atg12,
Gabarapl1, 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-β (TGF-β) superfamily, and
shown to be a potent negative regulator of muscle growth (Lee,
2004). Like other TGF-β 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
et al., 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-
κB-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 (TORC1), 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 et al. (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-β 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± 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 et al., 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 5–12 years) 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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FIGURE 2 | (A,B) The adaptative changes of positive and negative
regulators for muscle mass in sarcopenia and muscular dystrophy. Both
sarcopenia and muscular dystrophy exhibit the marked defect of
autophagy-dependent signaling possibly the latter due to hyperactivation
of Akt/mTOR/p70S6K pathway. Lower activation of SRF-dependent

signaling has been commonly recognized in these symptoms.
Ubiquitin–proteasome system (Atrogin-1 and MuRF-1) would not regulate
muscle atrophy in the case of sarcopenia. It remains to be elucidated
whether myostatin–Smad pathway regulates to sarcopenic symptom
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 LGMD1C) (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/II 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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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 pathophysiological
mechanism of sarcopenia: (1) reduction of shortening and relaxing velocity of twitch; (2)
decline of muscle tenderness following an increase in the connective tissue component;
(3) impaired recruitment of motor units (MUs) (sudden depression of tetanic force and
EEMG) in higher stimulation frequencies over 50–60 Hz; and (4) easy fatigability in the
neuromuscular junctions. These findings are likely to be closely related to significant
losses in fast-type MUs, muscle strength and contraction velocity, which could be a
causative factor in falls in the elderly. Importantly, some of these symptoms began in
middle-aged rats that showed no other signs of sarcopenia. Thus, prevention should be
started in middle age that could be retained relatively higher movement ability.

Keywords: muscle shortening-relaxation velocity, demyelination, axon loss, synaptic depression, neuromuscular

junction, motor neuron pool, stretch-reflex

INTRODUCTION
Sarcopenia is defined as the loss of muscle mass and strength
that occurs with aging, leading to increased frailty, impaired
mobility and loss of independence with general disability (Morley
et al., 2001; Cruz-Jentoft et al., 2010; Mitchell et al., 2012). An
increase in the associated loss of independence is a great bur-
den for both affected individuals, and for caregivers and society
(Lang et al., 2010); therefore, the precise mechanisms under-
pinning sarcopenia have been investigated vigorously for many
years in order to prevent of these syndromes. Through numer-
ous reports, it is likely that the loss of muscle mass is induced by
an age-related decline in muscle fiber number and size, and this
wholly depends on the age-related loss of spinal motor neurons
(MNs), as defined by both animal and human data (Tomlinson
and Irving, 1977; Edstrom and Larsson, 1987; Einsiedel and Luff,
1992; Deschenes, 2004). Consequently, reduced maximal muscle

strength, power and rate of force development are induced, and
this translates into impaired daily physical activities, such as
walking, stair climbing and rising from a seated position, lead-
ing to an increase in fall risk (Thelen et al., 2000; Madigan
and Lloyd, 2005; Maki and McIlroy, 2006; Zietz et al., 2011).
To consider the physiological causes combined with falls, it has
been reported that the ability to recover from a fall depends
largely on maximum stepping speed (Thelen et al., 1997; Wojcik
et al., 1999), except when there are specific pathological rea-
sons via other sensory systems and/or the central nervous system.
An age-related reduction in stepping speed could potentially be
caused by a reduction in joint-movement velocity in each local-
ized individual joint of the body, and this further depends on the
strength and velocity of each muscle. Furthermore, the strength
and velocity of the muscle depends a great deal on the state of
motor unit (MU) recruitment, particularly the high-threshold
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fast-twitch MUs (FF type). In this regard, age-related quantita-
tive reductions specific to Type II muscle fibers (Lexell, 1995;
Larkin et al., 2003; Deschenes, 2004) are considered to be a
supportive reason for accidental falls after a stumble. These
quantitative declines following aging, associated with reduced
Type II muscle fibers, have been widely reported. However,
qualitative changes, such as the recruitment state of MUs, the
contraction and relaxing velocities during twitch contraction,
and the muscle tenderness have not been well-documented in
relation to aging and sarcopenia. In addition, there has been
little information to directly connect the quantitative and qual-
itative data in relation to before and after the appearance of
sarcopenia.

In this study, therefore, we used young, adult, middle-aged,
and old-aged rats in order to assess before and after the appear-
ance of sarcopenia. On that basis, apparent muscle atrophy
(decreased muscle mass) and appearance of slow-type fiber
groupings with loss of innervated nerve axons were used as mark-
ers of sarcopenia, and we then measured muscle shortening and
relaxation velocity during serial twitch contractions as the mark-
ers for myosin head oscillation and ATP-dependent Ca++ pump
functions. To clarify the changes in peripheral motor nervous
system, we also recorded evoked electromyogram (EEMG) and
contractility in response to stimulation frequencies from 10 to
140 Hz associated with tension output of twitch and tetanus.
These measurements were performed under in situ electrical
stimulation via the sciatic nerve on fast-type plantaris (PLT)
and slow-type soleus (SOL) muscles. Muscle tenderness of exten-
sor digitorum longus (EDL) muscles during isokinetic stretching
were also measured. The results indicated that functional deteri-
oration preceded the appearance of sarcopenia syndromes, and
further suggested that habitual recruitment of FF-MUs during
middle age may be an important factor in preventing the earlier
appearance of sarcopenia syndromes.

MATERIALS AND METHODS
ANIMALS
Male Wistar rats aged 3 weeks were used as the Young group (n =
10), rats aged 12–17 weeks were used as the adult group (n =
28), rats aged 1.2–1.4 years were used as the middle-aged group
(n = 11), and rats aged more than 2.5 years were used as the old-
aged group (n = 17). Animals were housed in standard cages at a
temperature of 23 ± 1◦C and a 12-h light/dark cycle was used
throughout the experiment. All experimental procedures were
conducted in accordance with the Japanese Physiological Society
Guide for the Care and Use of Laboratory Animals, and were
approved by the Tokai University School of Medicine Committee
on Animal Care and Use.

EVALUATION OF SARCOPENIA
First evaluation of sarcopenia was performed based on the stan-
dard relationship between body and plantaris (PLT) muscle mass,
as reported previously (Tamaki and Uchiyama, 1995). Basically,
growth of the body and PLT muscle mass shows a proportional
relationship equation curve, and hypertrophied and/or atrophied
muscle is seen as a change in this equation curve (n = 528, aged
2–60 week-old, refer to Figure 2).

FUNCTIONAL MEASUREMENT
The twitch and tetanic tension outputs of the right plantaris
(PLA) and left soleus (SOL) muscles were measured and com-
pared among the adult (n = 27), middle-aged (n = 6), and old-
aged (n = 11) groups. Measurements were performed in situ
under inhalation anesthesia (Isoflurane; Abbot, Osaka, Japan),
and body (rectal) temperature was maintained at 36 ± 1◦C with
a radiant heat light throughout the measurement. The reference
muscles and sciatic nerves (about 15 mm) on both sides were
carefully exposed, and tissues were coated with mineral oil to
prevent tissue drying and to minimize electric-noise interfer-
ence. A bipolar silver (Ag/Ag) electrode (inter-electrode distance:
2 mm) was placed under the sciatic nerve and a stainless steel
hook was attached to the distal tendon of each reference muscles
using silk ligature. The animal was transferred to a custom-
made operating table that allowed stabilization of the head and
limbs in a prone position using surgical tape. A stainless steel
hook was attached to a force-distance transducer (FD-Pickup,
TB-611T; Nihon Kohden, Tokyo, Japan) connected to a carrier
amplifier (AP-621G; Nihon Kohden). A bipolar silver electrode
(inter-electrode distance: 5/1 mm diameter) was also attached to
the surface of the reference muscle in order to obtain an evoked
electrical myogram (EEMG). Care was taken to avoid interfer-
ence with the normal blood supply of the reference muscles.
Twitches were then elicited using single pulse (1 ms duration,
0.5 Hz) electrical stimulation via the sciatic nerve, at a voltage
above the threshold for maximum response (1.5–3.0 V). Serial
twitch responses (10 times) were recorded on a personal com-
puter after analog/digital (A/D) conversion (sampling rate was set
at 5–10 kHz). Subsequently, the peak tetanic tension was deter-
mined using stimulation frequencies of 10, 20, 40, 60, 80, 100,
120, and 140 Hz at 10-s intervals. The frequency that produced
the highest tetanic tension was considered to be the optimal stim-
ulation for tetanus. All mechanical and electrical measurements
were recorded on a Linearcorder (Mark VII, WR3101; Graphtec,
Tokyo, Japan) as analog raw data. Digital data was stored on the
personal computer using an A/D converter (MacADIOS II; GW
Instruments, Somerville, MA) and was analyzed by SuperScript
II software (GW Instruments). Importantly, in the present func-
tional measurement, we used a force-distance transducer that
was able to add a variable spring load at 0–500 g to maintain
a linear and proportional relationship with 0–6.0 mm displace-
ment. Using this force/distance transducer, we detected shorten-
ing and relaxation velocity during dynamic twitch contractions
(10 twitches), and calculated these as 10% changes. Calibration of
the force/distance transducer in the range used in twitch analysis
is presented in Supplementary Figure S1.

MEASUREMENT OF MUSCLE TENDERNESS
Muscle tenderness (isokinetic stretch-absorption) was also mea-
sured using the force/distance transducer above (TB-611T; Nihon
Kohden, Figure 1A). In this measurement, EDL muscles were
used because of their characteristics, as follows; (1) muscle-
tendon junctions are easily detectable, and are on the distal and
proximal ends; and (2) it is a multijoint muscle that spans the
knee and ankle, thus receiving growth effects from crural bone
length in the hindlimb. EDL muscles were obtained from the
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FIGURE 1 | Schematic drawing of the muscle tenderness measurement

method (A) and representative raw data for stainless steel wire (B) and

three types of muscle (C). Muscle stretch/return speed was strictly
regulated by electric motor drive micrometer at 1.5 mm/min. Stainless wire
showed a symmetric response as it was a non-elastic substance (B), but
the muscles showed apparently different responses as they are elastic
substances (C). This measurement could be established by using a
force/distance transducer, which would have the ability to vary with both
the force and distance (see Supplementary Figure S1).

young (n = 4), adult (n = 5), and old-aged (n = 4) rats under
overdose with sodium pentobarbital (60 mg/kg, i.p.). Stainless
steel hooks were attached to both the distal and proximal ends.
The proximal end was connected with the force/distance trans-
ducer, and the distal end was connected to the electric motor
drive micrometer (EMDM). The muscle was then stretched in
isokinetic mode (stable speed: 1.5 mm/min) using EMDM both
absolutely (6 mm each) and relatively (14% of entire in situ EDL
length), and return and displacement curves were recorded using
Linearcorder (Graphtec). The outline of this method, and typ-
ical measurements are presented in Figure 1A. In this case, if
the material had no elasticity, such as stainless steel wire, lin-
ear changes with absolute stretch length (3 mm) were recorded
as symmetrical with the stretch-return phase (see Figure 1B).
However, if the materials had elasticity and/or tenderness, stretch
effects were absorbed and changes were reduced according to
the stretch-absorbed capacity (see Figure 1C). Note that linearly
increased spring load was equally added to the reference muscles
during the 6-mm stretch and return phase. Values were presented
as the absolute and relative muscle tenderness calculated as %
absorption when stretched 6 mm each and/or 14% of the entire
EDL muscle length in situ.

HISTOCHEMICAL AND IMMUNOHISTOCHEMICAL STAINING
Animals were anesthetized by overdose with sodium pentobar-
bital (60 mg/kg, i.p.), blood removal was performed through
cardiac puncture, and plantaris (PLT) muscles were excised
and weighed. In this analysis, adult (n = 6–10), middle-aged

(n = 4–6), and old-aged (n = 4–10) rats were used. Muscles were
then quick frozen in isopentane pre-cooled with liquid nitro-
gen, and were stored at −80◦C until use. Subsequently, several
7-µm cross-sections were obtained. In order to detect the nerve
fiber degeneration and/or decline in PLT muscle, localization of
nerve fibers (axons) was detected using rabbit polyclonal anti-
Neurofilament 200 (N-200, 1:1000, room temperature for 1 h;
Sigma, Saint Louis, MO). Similarly, the presence of myelination
was also detected by rabbit polyclonal anti-myelin basic pro-
tein (MBP; 1:200, room temperature for 2 h; Millipore, Billerica,
MA). Rabbit polyclonal anti-collagen I (ab34714; 1:100, room
temperature for 1 h; Abcam, Tokyo, Japan) was used to evaluate
the increase in connective tissue content in the muscle following
aging. In addition, myosin ATPase (mATPase) after acid prein-
cubation (pH 4.3 and 4.6) was used to characterize the fiber
type in the muscle. After staining of collagen and ATPase, we
calculated the percentage of collagen Type I area, and the per-
centage distribution of Type-I, Type-IIa, and Type-IIb fibers per
unit area using a Stereo-investigator system (mbf Bioscience;
Micro Bright Field Inc., Williston, VT) and Photoshop (Adobe).
Analysis was performed in 4–5 sections per sample, and 6–9 unit
areas were selected in each section (refer to representative analysis
in Figure 11).

STATISTICAL ANALYSIS
All data are expressed mean’s ± SE. Differences between controls
and experimental groups were determined using Dunnet post-hoc
multi-comparison method, and Tukey–Kramer post-hoc multi-
comparison was used for all individual differences. Differences
between selected groups were determined by Student’s t-test.
Standard regression analysis and Pearson’s product correlation
procedures were used to determine the relationship between body
and muscle mass, and calibration of the transducer. Differences
were considered to be statistically significant at either the P <

0.05 (in the figures) or P < 0.01 (in the table) level.

RESULTS
CONFIRMATION OF SARCOPENIA
First, occurrence of sarcopenia in the muscles in old-aged rats was
confirmed using standard indices for body and PLT muscle mass
(Figure 2). This index was based on 528 rats, between 2 and 60
weeks of age, and weighing between 25 and 650 g. A very high
correlation coefficient was observed between body and PLT mus-
cle mass (R2 = 0.9735). However, the old-aged rats showed lower
relative muscle masses from the established standard range, indi-
cating that age-dependent muscle atrophy (sarcopenia) occurred.
In addition, apparent increases in Type-I fibers with aggregated
fiber-type grouping, which is a typical characteristic of sarcope-
nia (Lexell and Downham, 1991; Saini et al., 2009; Kung et al.,
2014), was evident in the histochemical ATPase staining in PLT
muscles in old-aged rats (Figures 3C–F), whereas uniform distri-
bution was observed in adult rats (Figure 3A). Increases in Type-I
fibers in basically fast PLT muscles of normal adult rats were
also usually observed after 6 weeks of chronic stretch stimulation
following surgical ablation of synergistic SOL and gastrocne-
mius muscles. However, in such cases, increases in Type-I fibers
showed a relatively uniform trend, as was seen in normal controls
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FIGURE 2 | The standard index for body and PLT muscle mass based

on over 500 rats. The equation for the correlation coefficient curve is
y = −8E−10x3+ 6E−07x2 + 0.0009x − 0.0161, and R2=0.9735. Old-aged
rats (closed circle) were clearly showed far below the standard curve,
indicating muscle atrophy.

(Figure 3B), as a result of physiological stimulation (chronic
stretch). Therefore, the appearance of fiber-type groupings in the
present old-aged rats was considered to be due to type S MU
remodeling following degradation of type F (FF, FR) units, which
was also a typical trend in sarcopenia. The above trends were
also supported by the results of axons and myelin staining for
the dominant nerves in PLT muscles in the old-aged, middle-
aged, and adult rats (Figure 4A). Both types of staining were
sparse in the old-aged rats, suggesting a relative decrease in the
number of axons (red reactions of N200) and myelin (red reac-
tions of MBP) in the old-aged rats, whereas the middle-aged and
adult rats showed similar results. When there were calculated, the
old-aged rats showed significantly lower values in the number
of axons and myelin compared to both adult and middle-aged
(Figure 4B). This also indicates age-dependent decreases in the
number of MUs in the present old-aged rats. Note that appar-
ent differences between the adult and middle-aged rats were not
detected in this analysis.

ASSESSMENT OF MUSCLE TENSION OUTPUT
Using the above groups of rats, we measured in situ muscle
contraction characteristics via electrical stimulation through the
sciatic nerve and performed analyses based on body and mus-
cle mass. The stats for PLT muscle functions are summarized
in Figure 5. In this analysis, the older two groups showed sig-
nificantly higher body mass than adults, with the highest levels
seen in the middle-aged group. However, for PLT muscle mass,
the same trend as for body mass was observed between the
adult and middle-aged groups, but significantly lower values were
observed in the old-aged group. Consequently, the muscle/body
mass index (relative muscle mass) was largely the same in the
adult and middle-aged groups, but the old-aged group showed
significantly lower values, as was seen in Figure 2. For the func-
tions, age-dependent significant decreases in absolute twitches

and tetanus were observed among the three groups, and a simi-
lar trend was also seen in relative tensions/body mass. However,
significant differences between the middle- and old-aged dis-
appeared when they were compared by relative tension/muscle
mass, while a significantly higher value was observed in the adult
group. These results indicate two important points: (1) in the
middle-aged rat PLT muscles, muscle atrophy was not seen, but
functional decreases were already significant, and the assumed
body-supportive effects were also significantly diminished; and
(2) in the old-aged rat PLT muscle, three sarcopenia factors,
functional deterioration and decreased body-supportive effects
were apparent, but tension/muscle mass did not differ from the
middle-aged group.

The stats for SOL muscle function are summarized in Figure 6.
The trend was apparently different from PLT muscles. The same
trend for mean body mass was observed, but significant differ-
ences were seen only between the adult and middle-aged groups.
However, the adult and middle-aged groups showed similar abso-
lute muscle mass, and the old-aged group showed a significantly
lower value than the other two groups. Age dependent significant
decreases were seen in muscle mass index. In functional examina-
tions, as a whole, the adult group showed higher values than the
two older groups; however, significant differences were observed
only in the twitch/body mass and absolute tetanus. Interestingly,
functions in the old-aged group were comparatively similar or
rather higher than in the middle-aged group, both absolutely and
relatively. Taken together, volumetric decreases following aging
were also evident in slow-type SOL muscle, but the functional
decreases were less than in the fast PLT muscle.

MUSCLE SHORTENING AND RELAXING VELOCITY DURING TWITCH
CONTRACTION
Muscle shortening and relaxing velocity was also compared
among the three groups at 10% divisions during twitch
(Figure 7). In the PLT muscle, the older two groups showed sig-
nificantly lower values when compared with the adult group in
all division stages through the shortening and relaxing phase
(Figure 7A). This group difference trend was similar to the
results for tension output (as shown in Figure 5). In a compar-
ison between the middle-aged and old-aged groups, significant
decreases in the old-aged group could be seen in the 20–70%
range during the shortening phase and in the 10–0% range in
the relaxing phase. In this regard, it is likely that the myosin head
oscillation was easily affected by aging in the fast-type PLT mus-
cles. However, comparatively lower values were seen in the old-
aged group when compared with the middle-aged throughout the
shortening-relaxing phase (A).

In the SOL muscle (Figure 7B), comparative functional
decreases were seen throughout the shortening-relaxing phase in
the two older groups when compared with the adult group, but
significant differences were detected during the 70–30% range in
the relaxing phase (B), in contrast to the PLT muscle (A). Thus, it
is likely that the aging effects are smaller in the slow-type SOL
muscle than in the fast-type PLT muscle (compare A and B),
and the influence was apparent in the relaxing phase, which was
assumed to be due to the ATP-dependent Ca++ pump functions
of the sarcoplasmic reticulum. However, there were no differences
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FIGURE 3 | ATPase staining for adult (A, 15-week-old) and old-aged

(C–F, 136–139-week-old) rat PLT muscles. ATPase staining was
performed after incubation at pH 4.3; thus, Type I fibers were stained
dark. Note that (B) is a comparative positive control for ATPase staining
using compensatory hypertrophied PLT muscle after 6 weeks of surgical
ablation of synergistic gastrocnemius and soleus muscles (16-week-old

rats). This demonstrated that the shift to slow fibers occurred after
chronic stretch stimulation. However, slow-type fiber grouping was
evident in the old-aged PLT muscle (C), suggesting remodeling of S-type
motor units in the process of sarcopenia (red arrows in C–F). Panels
(D–F) shows higher magnification of (C). Bars in (A,B) = 100 µm,
(C–F) = 50 µm.

between the two older groups throughout the shortening-relaxing
phase. These data also indicate that the functional declines in
shortening-relaxing velocity of slow-type SOL muscle already
occurred in the middle-aged group and did not develop until to
old age.

EVALUATION OF MUSCLE FIBER TYPE DISTRIBUTION IN ADULT vs.
MIDDLE-AGED GROUPS
With regard to the decline in shortening-relaxing velocity in
the middle-aged group without an apparent decrease in mus-
cle mass, we further examined muscle fiber type distribution in
PLT muscles (Figure 8). For this analysis, the old-aged group

was eliminated because they showed significant decreases in mus-
cle mass and increases in Type I fibers with typical grouping
(Figure 3), and this corresponded to the literature (Kung et al.,
2014). Therefore, advanced analysis was performed between the
adult and middle-aged groups. In the ATPase (pH 4.6) staining
of whole cross-sections, dark-brown Type I fibers were impres-
sively higher in middle-aged than in adult rats, whereas Type
IIa (relative white in C) and IIb (light-brown in C) fibers were
similar (Figures 8A vs. B). However, when these distributions
were calculated, there were significant increases in Type I and
decreases in Type IIb fibers, and non-significant changes in Type
IIa fibers were observed in the middle-aged group (Figure 8D).
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FIGURE 4 | Axon (N-200) and myelin (MBP) immunostaining for

dominant nerve in PLT muscles (A), and their statistics (B). Reactions
were relatively sparse in the old-aged group when compared to
middle-aged and adult rats (A). The number of axons and myelin were 80 ±
12 and 53 ± 11 in old-aged, 141 ± 14 and 90 ± 8 in middle-aged, and 145 ±
21 and 95 ± 19 in adult, thus showing that significant decrease was
occurred in the old-aged rats. Blue nuclear staining is DAPI. Bar = 50 µm
and all photographs were at the same magnification. ∗P < 0.05.

Thus, the shift from Type IIb to Type I fibers appears to begin
in middle-aged rats, corresponding to the results of twitch-
shortening and -relaxing velocity (Figure 7A), while muscle mass
was maintained (Figure 5).

FORCE DEPRESSIONS DURING TETANIC STIMULATIONS
In addition to the declines in muscle contractile ability (as in
Figures 5–7), we also detected force depressions in the older two
groups during in situ tetanic stimulations. Typical measurement
of force depressions in the old-aged rats are shown in Figure 9.
Sudden force depression was detected at over 50 Hz stimula-
tion following depression of EEMG (surface electrode), whereas
normal discharges and tetanus was seen at 40 Hz (A). However,

this trend disappeared when stimulation returned to 40 Hz. This
phenomenon was confirmed in several repetitions, and means
that force depressions were caused by the cut-off of electrical dis-
charge. Subsequently, we cut the sciatic nerve (sciatectomy) at the
upper portion of the stimulation site in order to confirm whether
electrical depression occurred in the MN pool of the ventral horn
of the spinal cord or neuromuscular junctions. We then obtained
complete tetanus at 40- to 100-Hz stimulation without any force,
and EEMG depression following a gradual increase in tension
outputs (B). Therefore, this test clearly indicated that the cause
of electrical cut off occurred in the spinal cord. An increase in
tension output was also evident after sciatectomy (compare A
to B). This also showed that recruitment of the MU, which was
responsible for higher stimulation frequency, occurred after scia-
tectomy, and further suggested that the high threshold large MNs
were affected under in situ physiological conditions before sciatec-
tomy. Interestingly, the same and/or similar trends were observed
in 73% (8/11) of PLT and 13% (1/8) of SOL muscles in old-aged
rats, and 1/6 of middle-aged PLT and SOL muscles.

Furthermore, the two above cases in the old-aged rats (2/8)
continued to show abnormalities after sciatectomy. Thus, these
two cases also had abnormalities in the neuromuscular junction.
A typical symptom in these two cases was depressed transmission
that was enhanced after fatigue. A typical pattern of abnormal
neuromuscular transmission is shown in Figure 10. When tetanic
stimulation was repeatedly added, the trends on EEMG and ten-
sion depression gradually became heavier following repetitions
(arrows in Figure 10). Tension output appeared to completely
disappear when the EEMG amplitude decreased to less than
0.4 mV, and then discharge wholly disappeared also at around 50
repetitions.

COMPARISON OF MUSCLE TENDERNESS AND CONNECTIVE TISSUE
CONTENT
With regard to the force depression in the older two groups dur-
ing in situ tetanic stimulation, we believe that the muscle stiffness
is closely related, and tenderness of the EDL muscle was com-
pared among very young (age, 3-weeks; positive control), adult,
and old-aged rats (Table 1). It is natural that EDL muscle length is
significantly shorter in young rats when compared with the other
two groups, but there were no significant differences between the
adult and old-aged groups. However, significant differences were
seen in both absolute and relative tenderness between all three
groups. Young rats showed the highest absorption of stretching
effects, even under the unfavorable conditions of this measure-
ment, because of the shortest muscle length. In this regard, the
condition of adult and old-aged rats was same, but the old-aged
group showed substantial and significant losses in tenderness
when compared with adults. Thus, age (sarcopenia)-dependent
increases in massive muscle stiffness occurred in old-aged rats.

In order to confirm whether a similar event occurred in PLT
muscles, we performed the immunohistochemical analysis of the
connective tissues (collagen Type-I) in the adult, middle-aged,
and old-aged groups (Figures 11A–C). As expected, the old-aged
group showed significantly higher contents than the other two
groups (C and E). However, there were no differences in the con-
nective tissue contents between the adult and middle-aged groups
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FIGURE 5 | Stats for PLT muscle functions in the three groups.

Muscle twitches and tetanus are expressed in terms of Newtons
(N), and are evaluated as absolute and relative (per muscle and

body mass) values. There were numerous significant differences
among the three groups in all items in fast-type PLT muscles.
∗p < 0.05.

(B and E); thus, it appears that the increase in muscle stiffness
did not occur in the middle-aged group. These data suggest that
muscle stiffness may also be higher in the old-aged PLT muscles,
because of the increased connective tissue contents, and further
suggest that this affects the functional aspects of the PLT muscle.

DISCUSSION
In the present study, the old-aged rats clearly showed the typi-
cal characteristics of sarcopenia, such as loss of muscle mass and

strength, and slow-type fiber grouping associated with a signif-
icant reduction in the number of innervated nerve axons and
myelin, specifically in fast-type PLT muscles, while the slow-type
SOL muscle showed relatively mild syndromes. This is consistent
with sarcopenia syndromes in humans and the experimental ani-
mals (Tomlinson and Irving, 1977; Edstrom and Larsson, 1987;
Einsiedel and Luff, 1992; Deschenes, 2004). Therefore, the present
old-aged rats represent a suitable sarcopenia model. In this regard,
the present qualitative findings in the peripheral motor system
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FIGURE 6 | Stats for SOL muscle functions in the three groups.

Muscle twitches and tetanus are expressed in terms of Newtons
(N), and are evaluated as absolute and relative (per muscle and body
mass) values. Overall significant differences among the three groups

were apparently lower in slow-type SOL when compared with
fast-type PLT muscles (see previous Figure 5), thus suggesting that
functional decreases were more apparent in fast-type muscle with
aging. ∗p < 0.05.

could be also considered in the etiology and/or pathogenesis of
sarcopenia: (1) reduction of shortening and relaxing velocity dur-
ing serial twitch contractions; (2) decline of muscle tenderness
(increased muscle stiffness following the increase in the connec-
tive tissue component); (3) impaired recruitment of MUs (sudden
depression of tetanic force and EEMG) appearing during higher
stimulation frequencies (over 50–60 Hz); and (4) easy fatigability
in neuromuscular junctions. To our knowledge, there have been

few reports describing such observations and their interrelation-
ships in relation to sarcopenia. Concurrently, these data support
several typical behaviors seen in elderly humans.

The present impaired recruitment of MUs during higher fre-
quencies suggests the poor recruitment of high threshold fast-
type MUs, and this would lead to lower muscle power output,
as is observed by muscle weakness in the elderly. It is also plau-
sible that a lower discharge rate during maximal contractions in
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FIGURE 7 | Comparison of muscle shortening and relaxing velocity in

both PLT (A) and SOL (B) muscles among adult, middle-aged, and

old-aged rats. Gradual decreases in both velocities in the three age
groups were evident in the fast-type PLT muscle (A). Similarly, decreases
were observed between the adult and middle-aged groups, but there

were no significant differences between the middle-aged and old-aged
groups in slow-type SOL (B). Typical raw data for twitch tension curves in
PLT muscle are shown out in central area. Velocity was averaged in 10%
divisions from 10 serial twitches and is presented as group values
(mean’s ± SE). ∗P < 0.05, #P < 0.05, +P < 0.05.

the muscles of human lower-extremity has been reported (Kamen
et al., 1995; Klass et al., 2007). Age-related decreases in MU dis-
charge rate and force control during isometric planter flection
have also been reported, even in submaximal contractions (Kallio
et al., 2012). These decreases in MU discharge rate are closely
related to the higher amplitude of force fluctuations in the old-
age than that of the young (Enoka et al., 2003; Kallio et al., 2012).
It has also been suggested that the decreased MU discharge rate is
an adaptation to the increased twitch duration to optimize force
generation, because twitch duration increases with age, tetanus
could theoretically be achieved with lower discharge rate (Roos
et al., 1997, 1999). Therefore, the present significant declines in
shortening and relaxing velocity during twitch in old-aged rats
(Figure 7) reasonably supported this notion.

Importantly, the present results demonstrate that the cause
of these phenomena exists in the spinal cord complex, as was
clearly confirmed by the higher tensions of complete tetanus
at 50- to 100-Hz stimulation after sciatectomy in the old-aged
rats (Figure 9). This result also demonstrated the important fact
that neural alterations preceded reductions in peripheral muscle
substance itself. Therefore, neural qualitative changes preceded
quantitative changes following sarcopenia. We believe that the
significant increase in connective tissues in the old-aged rats
(Figure 11) may play a key role for the alteration of the spinal
cord reflex arc. There are several possibilities regarding the related
mechanisms: (1) the poor recruitment of high threshold fast-type
MUs was caused by pre-synaptic inhibition in the MN pool of the
ventral horn; (2) the strong firing of Golgi tendon organs (GTO)
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FIGURE 8 | Comparison of fiber-type components in PLT muscle between

adult and middle-aged rats. Whole PLT sections were stained for ATPase
(preincubation, 4.6); thus, the darkest staining represents Type I, medium Type
IIb, and light Type IIa (C). This is likely to give the impression that the distribution

of Type I fibers is slightly higher in middle-aged rats (B) than in adult rats (A).
Differences were significant when calculated per unit area (section) for Type I
and Type IIb (D), thus confirming the histochemical changes from fast- to
slow-type fibers. Bars in (A,B) = 1 mm, (C) = 100 µm. ∗P < 0.05.

FIGURE 9 | Typical depressions of EEMG and tension force in old-aged

rats in vivo before (A) and after (B) sciatectomy. Sudden depression of
EEMG and tension force occurred after 50-Hz stimulation, but this recovered
when stimulation returned to 40 Hz (A). However, there were no

abnormalities observed after sciatectomy in the proximal portion from stimuli,
even through 100 Hz (B), thus suggesting that the cause of the decrease
originated in the spinal cord. Stim, stimulation; EEMG, evoked
electro-myogram; N, newton.
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FIGURE 10 | Typical pattern of failure transmission in neuromuscular

junction of old-aged rats after sciatectomy. Gradual decrease in
electrical activity associated with tension outputs could be seen

following repetitive tetanic stimulation (50 Hz), and this wholly
disappeared around 50 times. EEMG, evoked electro-myogram; N,
newton.

Table 1 | Comparison of muscle tenderness among 3-week-old, adult, and old-aged rats.

EDL muscle length in situ (mm) Absolute tenderness (absorbed Relative tenderness (absorbed % when

% when stretched 6 mm) stretched 14% of in situ muscle length)

3 week-old (n = 4) 16.6 ± 0.3 97.9 ± 0.6 99.1 ± 0.4

Adult (n = 5) 38.6 ± 0.8 94.1 ± 0.9 94.7 ± 0.8

Old (n = 4) 42.3 ± 3.6 78.2 ± 2.1 78.2 ± 2.1

3 week vs. adult **P ≤ 0.01 **P ≤ 0.01 **P ≤ 0.01

3 week vs. old **P ≤ 0.01 **P ≤ 0.01 **P ≤ 0.01

Adult vs. old ns **P ≤ 0.01 **P ≤ 0.01

may frequently occur in vivo by the increase in muscle stiffness
(decreased tenderness) in the old-aged rats in daily life; (3) this
trend raises the sensitivity of GTO and may have resulted in facil-
itating the autogenetic inhibition by type Ib afferent fibers; and
(4) autogenetic inhibition may be induced under the submaxi-
mal voluntary contraction (SMVC), such as the force output at
50-Hz stimulation, whereas the peripheral muscle itself retained
the ability to follow 100-Hz stimuli. It is also likely that there
is a mechanism for increasing the sensitivity of the recurrent
inhibition of Renshaw cells, but this was not confirmed.

With the regard to ease of falling in the elderly, increased
muscle stiffness through the increase in interstitial connective
tissues probably also affects the sensitivity of muscle spindles.
Lower sensitivity in isolated spindle afferents from the medial

gastrocnemius muscle of older rats in both dynamic and static
states has been reported (Miwa et al., 1995). The rationale is
that increased stiffness in the spindle capsule due to the pres-
ence of more intracapsular collagen decreases dynamic sensitivity,
and reduces the opening of sensory spirals. This mechanism may
largely blunt the stretch-reflex in vivo, which is mainly related
to FF-type motor units (FF-MUs), and results in insufficient
exertion of instant muscle power to postural maintenance. This
mechanism may also be closely related to the ability to recover
from a fall, particularly in the quick response to sudden, unan-
ticipated body imbalance, and this depends largely on maximum
stepping speed (Thelen et al., 1997, 2000; Wojcik et al., 1999). For
this reason, decreased recruitment and/or use of FF-MUs in daily
life also facilitates the disuse depending on decreases in FF-MUs,
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FIGURE 11 | Immunohistochemical detection of connective tissues

(anti-collagen type-I) in adult (A), middle-aged (B), and old-aged (C) rat PLT

muscles. A large volume of connective tissues could be seen in old-aged rats

(A,B vs. C). These were calculated in terms of percent (%) content/sections, and
significant increases were evident in old-aged rats (E). Panel (D) shows typical
analysis method for middle-aged muscle. Bars in (A–C) = 1 mm. ∗p < 0.05.

as defined by remodeling of MU with slow-type fiber grouping in
the present old-aged rats.

For the easy fatigability of neuromuscular junctions in old-
aged rats (Figure 10), this may be the result of a decline in
synaptic metabolic rate, because of evidence that the height of
EEMG decreased and disappeared even after 20–30 repetitions
of tetanus. Generally, such symptoms are not observed in nor-
mal adults over 100 repetitions. Thus, impaired uptake and/or
metabolism of acetylcholine in the synaptic vesicles may be a
mechanism in this case. However, this sign was observed in 2 of
8 abnormal old-aged rats; thus, it was considered to be a more
progressive stage symptom of sarcopenia.

More importantly, the present study showed that a signifi-
cant decrease in muscle shortening and relaxing velocity during
serial twitch contractions with a shift from Type-IIb to Type-I
fibers without any muscle atrophy could be detected in PLT mus-
cle from middle-aged rats. These results indicate that qualitative
decreases had begun, even in middle-aged rats, which showed no
typical sarcopenia symptoms. This notion was well supported by
the observation that a significant decrease in tension output both
in the absolute and relative twitch and tetanus was also evident
in the middle-aged rats when compared with adults (Figure 7).

This state was considered to be the early stage of “dynapenia,”
which consists of age-associated loss of muscle strength and
power (Clark and Manini, 2012). The contributors to dynapenia
are compartmentalized into two factors; (1) neurologic, and (2)
skeletal muscle properties. As these factors control muscle force
production (Clark and Manini, 2008; Clark, 2009), muscle size
plays a relatively minor role. In this regard, the present neural and
mechanical data demonstrated the potential antecedent mecha-
nisms to dynapenia. In addition, in the analysis of shortening and
relaxing velocity during twitch, a deeper influence of aging could
be observed in the shortening phase of PLT and in the relaxing
phase of SOL muscle. The former mainly depended on the abil-
ity of myosin head oscillation, and the latter mainly depended
on ATP-dependent Ca++ pump functions in the sarcoplasmic
reticulum (Figures 7A,B). Thus, this was also assumed to be the
potential antecedent mechanisms for dynapenia on fast (PLT)
and slow (SOL)-type muscles. Interestingly, similar functional
decrease in the slow-type SOL muscles compared to the adult
were observed both in the middle- and old-aged rats, in contrast
to the age-related gradual decrease in the fast-type PLA, through
the functional assessments of present study. It was supposed
that this trend may represent the minimal physical/functional
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requirement of standard life in rats from middle- to old-aged.
In other words, standard life in middle- to old-aged rats may be
mainly covered by the functions of slow type MUs such as remain-
ing in the SOL muscles. This is why; progressive decrease in the
function could be seen in fast-type PLT, while the ceasing to fall
at minimal requirements were observed in slow-type SOL muscle.
Taken together, it is possible that dynapenia precedes sarcopenia,
and/or the pathogenesis of dynapenia is the start of sarcope-
nia. Therefore, the present data suggests that preventing the loss
of muscle tenderness and high-threshold fast-type MUs during
middle age is important for the relief of subsequent sarcopenia
syndrome. This notion is also supported by the observation that
1/6 of middle-aged rats already showed impaired recruitment of
the MUs at higher stimulation frequency.

Considering human cases based on the present results, exer-
cise with the preferential use of F-type (FF, FR) MUs should
be performed habitually in daily life to prevent their decline of
them, particularly in middle age (age, 40–60 years), that can be
expecting the retain of relatively good motor abilities. This may
be a good contributor to the relief of sarcopenia syndrome, par-
ticularly for falls in the elderly. Preventing the loss of muscle
tenderness (ability of stretch-absorption), which is induced by
increases in excess muscle connective tissues, is also an important
factor, because of its influence in the spinal-cord reflex system.
However, specific ideas for prevention remain uncertain in the
present study, although moderate stretching of muscles with opti-
mal nutrition may a provide foundation for prevention of muscle
tenderness.

In conclusion, we demonstrated that qualitative alterations
in the peripheral motor system, such as the impaired recruit-
ment of high-threshold fast-type MUs, impaired transmission
of neuromuscular junction following fatigue, loss of muscle
tenderness (significantly increased muscle stiffness due to the
increase in muscle connective tissues), and significant decreases
of shortening-relaxing velocity during serial twitch contractions
occurred as typical symptoms of dynapenia/sarcopenia syn-
drome. These factors may be closely related to the spinal-cord
reflexes, such as the stretch and the autogenetic inhibition reflex,
and decreases in these abilities can make the elderly more prone
to falls.
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Primary abnormalities in the dystrophin gene cause X-linked muscular dystrophy, a highly
progressive muscle wasting disorder of childhood. A spontaneous animal model of
Duchenne muscular dystrophy is the mdx mouse, which presents a highly interesting
phenotype that exhibits considerable variations in the degree of fiber degeneration
in different subtypes of muscles. The idea that aging exacerbates the dystrophic
mdx phenotype, as previously indicated by a large number of biochemical and cell
biological studies, was clearly confirmed by comparative muscle proteomics. Here we
outline recent findings of age-dependent changes in the dystrophin-deficient muscle
proteome and contrast these results with the previously established proteomic profile of
sarcopenic muscle. Besides comparable perturbations of various biochemical functions,
especially striking are similarities in the cellular stress response associated with a drastic
up-regulation of small αB-crystallin-like heat shock proteins. Hence, the comparison of
large-scale proteomic data sets of natural muscle aging with dystrophic sarcopenia
promises to shed light on the differential effect of sarcopenia of old age vs. senescent
abnormalities on a mutant dystrophic background.

Keywords: aging, dystrophin, dystrophin-glycoprotein complex, dystrophinopathy, mass spectrometry, muscle

aging, proteomics, sarcopenia

INTRODUCTION
A high degree of load bearing and the continuous strain of
excitation-contraction-relaxation cycles exert considerable physi-
cal tension on the peripheral structures of muscle fibers. In con-
junction with sarcolemmal integrin complexes and cytoskeletal
spectrin networks, the dystrophin-glycoprotein complex presents
a major stabilizing protein assembly that counter-acts poten-
tial contraction-induced rupturing of the muscle surface mem-
brane (Gumerson and Michele, 2011). The integral glycoprotein
β-dystroglycan forms the core of this plasmalemma-spanning
complex by interacting with the dystrophin isoform Dp427
on the inside of muscle fibers and concurrent binding to its
extracellular subunit α-dystroglycan on the outside of con-
tractile cells (Ibraghimov-Beskrovnaya et al., 1992). Since α-
dystroglycan is a receptor of the extracellular matrix protein
laminin and dystrophin acts as a cytoskeletal actin-binding pro-
tein, this complex structure confers flexibility to the muscle
periphery and also anchors signaling molecules and ion channels
within the sarcolemma region. Additional core members of the
dystrophin-associated protein complex are sarcoglycans, dystro-
brevins, syntrophins, and sarcospan (Ohlendieck, 1996; Ervasti,
2007).

In Duchenne muscular dystrophy, primary genetic abnor-
malities in the dystrophin gene cause the loss of the full-
length Dp427 isoform of this membrane cytoskeletal protein
(Hoffman et al., 1987) and the drastic reduction in all dystrophin-
associated glycoproteins (Ohlendieck et al., 1993). Destabilization
of sarcolemmal integrity results in an increased susceptibility to
membrane micro-rupturing and complex cellular dysregulations

(Rahimov and Kunkel, 2013), which play a central role in
calcium-dependent damage pathways in muscular dystrophy
(Allen et al., 2010). In this Perspective Article, the age-related
exacerbation of the dystrophic phenotype is discussed and new
pathobiochemical insights into dystrophinopathy outlined as
revealed from the proteomic profiling of senescent mdx mouse
muscles.

PATHOPHYSIOLOGICAL SUITABILITY OF THE mdx MOUSE
MODEL OF X-LINKED MUSCULAR DYSTROPHY
The mdx mouse is an internationally established animal model
of Duchenne muscular dystrophy that is characterized by (i)
a point mutation within exon 23 of the dystrophin gene,
(ii) loss of the Dp427 isoform due to the premature termi-
nation of the full-length dystrophin polypeptide chain, (iii)
reduction in all dystrophin-associated glycoproteins, (iv) gen-
eral muscle damage as indicated by elevated levels of serum
creatine kinase, (v) a high susceptibility to osmotic shock, (vi)
an increased vulnerability to contraction- or stretch-induced
injury, (vii) an enhanced cellular stress response, (viii) impaired
excitation-contraction coupling, (ix) a lowered calcium buffer-
ing capacity in the sarcoplasmic reticulum, and (x) a chronic
cytosolic calcium overload affecting rates of proteolysis (Banks
and Chamberlain, 2008). Although one has to take into account
the limitations of animal models for studying complex human
diseases (Partridge, 2013), the mdx mouse can be conveniently
used for determining basic pathophysiological mechanisms of
dystrophinopathy and testing new pharmacological strategies
or gene therapeutic approaches. This makes the dystrophic
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mdx mouse model an essential part of the overall strategy
to elucidate the molecular pathogenesis of X-linked muscu-
lar dystrophy and find novel treatment options to reverse
muscle degeneration in dystrophin-deficient fibers (De Luca,
2012).

It should be noted that the absence of dystrophin does
not result in the same downstream alterations in differ-
ent subtypes of mdx muscles and aging clearly worsens the
dystrophic phenotype. While limb muscles display segmen-
tal necrosis and moderate weakness, laryngeal and extraoc-
ular muscles exhibit minimal effects and the diaphragm is
severely dystrophic and functionally impaired in the mdx mouse
(Stedman et al., 1991). This makes the various subtypes of
mdx muscles extremely interesting for studying secondary abnor-
malities in dystrophinopathies and determining the detailed
molecular and cellular features of compensatory mechanisms.
Importantly, because the aged phenotype of the mdx diaphragm
and heart closely resemble the human pathology, senescent
mdx tissues present ideal model systems to determine the
underlying mechanisms of fiber alterations during progressive
skeletal muscle degeneration and muscular dystrophy-associated
cardiomyopathy.

WHAT PROTEOME-WIDE EFFECTS ARE ASSOCIATED WITH A
DEFICIENCY IN DYSTROPHIN ISOFORM DP427?
The combination of large-scale protein separation techniques,
such as two-dimensional gel electrophoresis and advanced liq-
uid chromatography, and high-resolution mass spectrometry
enable ultra-sensitive proteomic workflows (Altelaar and Heck,
2012). Over the last decade, mass spectrometry-based pro-
teomics has been applied to studying the dystrophin-glycoprotein
complex and the many downstream effects of dystrophin defi-
ciency in muscular dystrophy (for review see, Holland et al.,
2013a). Many of these investigations have focused on crude
cellular extracts from the mdx mouse model of dystrophinopa-
thy and the flow chart of Figure 1 outlines that the dys-
trophic mdx phenotype is characterized initially by moderate
changes in the muscle tissue proteome, followed by consid-
erably more severe proteome-wide changes in aged muscles
on a mutant dystrophic background. The proteomic profil-
ing of mildly dystrophic muscle subtypes revealed only very
few changes in extraocular and interosseus muscles (Lewis and
Ohlendieck, 2010; Carberry et al., 2013a). Segmental necrosis
in moderately affected young mdx leg muscles was shown to
be associated with changes in nucleotide metabolism (Ge et al.,
2003) and generally perturbed muscle protein expression lev-
els (Gardan-Salmon et al., 2011). Considerable changes in the
degree and number of proteins was revealed by the fluores-
cence two-dimensional difference in-gel electrophoretic analysis
of the adult mdx diaphragm muscle, which exhibits a variety
of alterations in proteins involved in muscle contraction, ion
homeostasis, nucleotide metabolism, the cellular stress response,
energy metabolism and sarcolemmal signaling (Doran et al.,
2006). Hence, dystrophin deficiency and the resulting collapse of
the linkage between the intracellular actin cytoskeleton and the
basal lamina triggers a variety of downstream modifications in
muscular dystrophy.

HOW DOES AGING AFFECT THE DYSTROPHIC mdx
PHENOTYPE?
The majority of proteomic surveys have focused on the acute
phase of dystrophic changes in young mdx muscles or stud-
ied mature mdx muscle tissues. Recently, several proteomic
investigations have also determined proteome-wide alterations
during aging of the mdx model of dystrophinopathy. This is
crucial, since aged mdx muscle exhibit pathological changes
that more closely resemble the human pathology, includ-
ing progressive contractile weakness due to the extensive loss
of myofibers and replacement by connective and fatty tis-
sue, abnormal signaling pathways, the appearance of branched
fibers that trigger mechanical weakening of the sarcolemma,
an impaired functional and structural recovery after injury
and a drastic decline in regenerative potential (Holland et al.,
2013a). The proteomic profiling of dystrophic sarcopenia has
clearly demonstrated an exacerbated phenotype of muscle
wasting.

The proteomic comparison of the senescent mdx diaphragm
vs. age-matched wild type resulted in the mass spectrometric
identification of 84 altered protein species. The new molecu-
lar insights into dystrophic changes in aged mdx mice indicated
severely impaired calcium buffering, drastically elevated levels
of cellular stress, cyto-structural alterations and metabolic dis-
turbances in dystrophin-deficient muscle tissue (Carberry et al.,
2013b). Although laminin is not affected in dystrophic skeletal
muscles, aged cardiac mdx muscles showed a drastic reduction
in laminin and nidogen (Holland et al., 2013b), which suggests
a disintegration of the basal lamina structure and cytoskele-
tal network in cardiac fibers that lack the Dp427 isoform of
dystrophin.

HOW DOES THE NATURAL AGING PROCESS AFFECT THE
MUSCLE PROTEOME?
Biological aging is a multi-factorial process and associated with a
large spectrum of physical ailments. The gradual loss of muscle
mass and contractile strength increases the risk of poor balance,
impaired mobility and frequent falling (Berger and Doherty,
2010). The systematic application of proteomics for studying
aging has revealed muscle fiber transitions and metabolic shifts
in senescent skeletal muscles (Piec et al., 2005; Gelfi et al.,
2006; Gannon et al., 2009). Although mitochondrial impair-
ments have been well documented to occur in aged human
muscle (Théron et al., 2014) and animal models of sarcope-
nia (Ibebunjo et al., 2013), a glycolytic-to-oxidative shift is
present in slower-twitching senescent muscles (O’Connell and
Ohlendieck, 2009). These changes cannot be considered primary
triggering factors of sarcopenia, but are most likely a patho-
physiological consequence of changes in the peripheral nervous
system and a higher susceptibility of fast vs. slow fibers to
age-related degeneration processes (for review, see Ohlendieck,
2011). A recent quantitative analysis of age-associated changes
in the mouse gastrocnemius muscle proteome revealed changes
in key calcium-handling proteins (Hwang et al., 2014), which
agrees with the idea of impaired excitation-contraction coupling
and disturbed ion homeostasis in sarcopenia (O’Connell et al.,
2008).
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FIGURE 1 | Age-related progression of pathophysiological abnormalities in dystrophin-deficient muscle.

COMPARISON OF SARCOPENIA OF OLD AGE vs.
DYSTROPHIC SARCOPENIA
Since both dystrophic sarcopenia and natural muscle senescence
are characterized by a progressive loss of contractile tissue mass,
elevated levels of fibrosis, a decline in the number of satellite cells,
a drastically increased stress response and abnormal cellular sig-
naling, it is interesting to determine whether these pathological
similarities are reflected by analogous proteome-wide changes.
The comparison of proteomic data sets from the analysis of mus-
cular dystrophy vs. sarcopenia suggests that the pathobiochemical
signature of certain damage or adaptation pathways is compara-
ble, but that the molecular pathogenesis of both processes differs
with respect to the degree of unilateral shifts in fiber types or
energy metabolism. Both age-related processes show a disturbed
abundance of proteins involved in excitation-contraction cou-
pling, calcium homeostasis, cellular signaling cascades, the mus-
cle contraction-relaxation cycle and the cellular stress response.
For example, the expression of small heat shock proteins, such
as αB-crystallin and some of its HSPB isoforms, is drastically
increased in both natural muscle aging and dystrophic sarcopenia
(Doran et al., 2006, 2007). Both types of skeletal muscle wast-
ing are associated with altered levels of key enzymes involved
in glycolysis, the citric acid cycle and oxidative phosphorylation
(Piec et al., 2005; Doran et al., 2006, 2008). However, mus-
cular dystrophy exhibits a generally perturbed abundance of

metabolic enzymes, while the proteomic profiling of sarcopenia of
old age clearly indicates a glycolytic-to-oxidative metabolic shift
and concomitant fast-to-slow transformation on the level of the
actomyosin apparatus (Ohlendieck, 2011). Figure 2 outlines the
findings of the proteomic profiling of sarcopenia of old age vs.
dystrophic sarcopenia.

CONCLUSION
The application of proteomics for studying muscular dystrophy
and aging has allowed the unbiased and hypothesis-generating
analysis of the age-associated progression of the dystrophic phe-
notype. The combination of large-scale protein separation, high-
throughput mass spectrometry and advanced bioinformatics has
enabled the field of applied myology to evaluate global changes
in muscle protein constellations. In both, cellular biogerontology
and muscular dystrophy research, the identification of molecular
changes in pathological tissues plays a crucial role in improv-
ing our detailed understanding of the fiber wasting process, and
might also be helpful in refining diagnostic procedures, prognos-
tic methodology and therapeutic approaches. Proteomic profiling
has shown that the degree of change and the number of affected
muscle proteins drastically increase in an age-related fashion in
various subtypes of muscles in the dystrophic mdx mouse. This
pathobiochemical exacerbation justifies the new term “dystrophic
sarcopenia” for describing the age-related progressive phenotype
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FIGURE 2 | Overview of proteome-wide alterations in the muscle tissue during sarcopenia of old age vs. dystrophic sarcopenia.

of dystrophinopathy. It remains to be determined what exact role
abnormalities in the nervous system play in dystrophinopathies
and whether neuronal impairments increase with aging (Waite
et al., 2012). In contrast to proteome-wide alterations during
natural muscle aging, which is characterized by relatively uni-
lateral metabolic and fiber type shifting, dystrophin-deficient
fibers exhibit a more generally disturbed protein expression pat-
tern during aging without distinct metabolic adaptations. Thus,
sarcopenia appears to be more closely related to a differential
susceptibility of individual fiber types to muscular atrophy, caus-
ing an overall fast-to-slow transition process, as compared to
aged dystrophic muscle. Overall, the pathomechanisms of natural
muscle aging and dystrophic sarcopenia share certain molecular
and cellular modifications, but appear to differ in the fiber type
specificity of their pathological susceptibility.
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The skeletal fibers have different embryological origin; the extraocular and jaw-closer mus-
cles develop from prechordal mesoderm while the limb and trunk muscles from somites.
These different origins characterize also the adult muscle stem cells, known as satellite
cells (SCs) and responsible for the fiber growth and regeneration. The physiological prop-
erties of presomitic SCs and their epigenetics are poorly studied despite their peculiar
characteristics to preserve muscle integrity during chronic muscle degeneration. Here, we
isolated SCs from canine somitic [somite-derived muscle (SDM): vastus lateralis, rectus
abdominis, gluteus superficialis, biceps femoris, psoas] and presomitic [pre-somite-derived
muscle (PSDM): lateral rectus, temporalis, and retractor bulbi] muscles as myogenic prog-
enitor cells from young and old animals. In addition, SDM and PSDM-SCs were obtained
also from golden retrievers affected by muscular dystrophy (GRMD). We characterized the
lifespan, the myogenic potential and functions, and oxidative stress of both somitic and
presomitic SCs with the aim to reveal differences with aging and between healthy and
dystrophic animals. The different proliferation rate was consistent with higher telomerase
activity in PSDM-SCs compared to SDM-SCs, although restricted at early passages. SDM-
SCs express early (Pax7, MyoD) and late (myosin heavy chain, myogenin) myogenic markers
differently from PSDM-SCs resulting in a more efficient and faster cell differentiation.
Taken together, our results showed that PSDM-SCs elicit a stronger stem cell phenotype
compared to SDM ones. Finally, myomiR expression profile reveals a unique epigenetic
signature in GRMD SCs and miR-206, highly expressed in dystrophic SCs, seems to play
a critical role in muscle degeneration. Thus, miR-206 could represent a potential target for
novel therapeutic approaches.

Keywords: presomitic and somitic satellite cells, differentiation, dystrophic muscle, microRNA

INTRODUCTION
Satellite cells (SCs) are quiescent adult stem cells and they are
located between the basal lamina and sarcolemma of myofibers
(Mauro, 1961). Since SCs function to repair skeletal muscle
damaged by injury or disease, they are responsible for muscle
preservation and growth.

Satellite cells exhibit limited gene expression and protein syn-
thesis due to extremely low cellular turnover (Rando, 2006) and
upon activation they leave the quiescent state and move outside of
the basal lamina, enter the cell cycle and proliferate. The prolifer-
ating SCs, known as myogenic progenitor cells, co-express Pax7
and MyoD, and undergo multiple rounds of division (Chargé
and Rudnicki, 2004). Subsequently, SCs withdraw from the cell
cycle down-regulating Pax7 and expressing myogenin in order to
differentiate into multinucleated myofibers. A limited number of

SCs maintain Pax7 for self-renewing and enter again a quiescent
state. The fact that activated SCs can loose the expression of myo-
genic markers or eventually leave the cell cycle shows that they
are a heterogeneous mixture of stem cells and committed progen-
itors. The myogenic commitment of SCs is finely regulated by the
expression of a temporal class of myogenic transcription factors
(MRFs), which are important for the renewal of SCs (Porter et al.,
2006; McLoon et al., 2007) or for determining their differentia-
tion. However, the signaling pathways that maintain or suppress
SCs at different functional states are largely unknown and recent
studies have emphasized the role of microRNAs (miRNAs) as
novel post-transcriptional modulators of myogenic gene expres-
sion (Drummond et al., 2010). miRNAs are small non-coding
RNAs that negatively regulate gene expression by binding mRNA
target and interfering with protein synthesis, also by reducing the
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accumulation of target messengers. A recent analysis found that
between 74 and 92% of the transcriptome is potentially regulated
by miRNAs (Miranda et al., 2006).

Emerging evidence has demonstrated that miRNAs are essential
for several biological functions including homeostasis, apoptosis
(Huang et al., 2012), and deleterious changes in miRNA expres-
sion are associated with human diseases (Chen et al., 2008). Several
muscle-specific miRNAs in heart and skeletal muscle (myomiRs)
including miR-1, miR-26a, miR-125b, miR-133, miR-206, miR-
208, etc. (McCarthy and Esser, 2007; Small et al., 2010) are con-
sidered important for myoblast differentiation, proliferation, and
muscle remodeling. Among the various myomiRs, miR-1 and
miR-133 are involved in the modulation of muscle growth and
differentiation, while miR-206 specifically promotes muscle myo-
genesis. The regulation of these myomiRs is controlled by MRFs, as
MyoD and myogenin (Rao et al., 2006). SC regenerative potential
is impaired in Duchenne muscular dystrophies (DMD), a recessive
X-linked form of muscular degeneration, and in age-related loss of
muscle mass, i.e., a condition known as sarcopenia (Snijders et al.,
2009). In DMD patients, the SC-mediated regenerative process is
not sufficient to rescue the phenotype, resulting in a general tissue
inflammation. This culminates in continuous cycles of degenera-
tion/regeneration that finally deplete the pool of skeletal muscle
stem cells. However, masseter (Mas), extraocular, laryngeal, and
pharyngeal muscles are less affected during sarcopenic and dys-
trophic degeneration. These muscles present peculiar isoforms of
myosin heavy chain (MyHC) proteins, as MyHC 2B, EO, alpha-
cardiac, and M. For this peculiarity, some authors refer to cranial
facial muscles as “special muscles” (Sciote et al., 1994; Toniolo
et al., 2008; Schiaffino and Reggiani, 2011). The embryonic origin
of these special muscles is the presomitic mesoderm while trunk,
leg, and arm muscles derive from somites. As described by Biressi
and Rando (2010), signaling pathways responsible for myogenic
differentiation of SCs isolated from trunk and special muscles are
different. Interestingly, eye extrinsic muscles responsible for com-
plex and highly coordinated movements do not show signs of
sarcopenia and are not affected by DMD (McLoon et al., 2007).

The muscular dystrophy golden retriever (GRMD) dog is the
closest pathological counterpart of DMD patients (Collins and
Morgan, 2003). In addition, sarcopenia is an emerging syndrome
of importance in dogs (Freeman, 2012). Here, we report for the
first time the characterization of SCs isolated from presomitic
muscles of young, old, and GRMD dogs. We focus on stem cell
properties during aging and in the dystrophic context, highlighting
the epigenetic signature of SC-myotube transition.

MATERIALS AND METHODS
SAMPLING OF CANINE BIOPSIES
Muscle biopsies were collected from different institutions involved
in this study: (1) Veterinary University Clinics in Padua; (2) Vet-
erinary School of Maison-Alfort, Paris. In Padua, the samples
were obtained from dogs that had been euthanized in the Veteri-
nary University Clinics. Those dogs were diagnosed as terminally
ill following accidents. The muscle tissues were collected dur-
ing the normal surgical procedures. Biopsies from GRMD were
obtained from the Veterinary School of Maison-Alfort (Paris,
France). All GRMD dogs considered in this study (see Table 1)

Table 1 | Summary of canine muscle biopsies.

Group Dog Muscle biopsies Age Embryonic origin

HEALTHYYOUNG DOGS

#1 Rectus abdominis 1 year Somites

#2 Gluteus superficialis 3 years Somites

Rectus abdominis Somites

#3 Rectus abdominis 10 months Somites

#4 Biceps femoris 8 months Somites

#5 Extraocular 1 year Presomitic cranial

mesoderm

Vastus lateralis Somites

#6 Extraocular 5 months Presomitic cranial

mesoderm

Vastus lateralis Somites

#7 Extraocular 1 year Presomitic cranial

mesoderm

Vastus lateralis Somites

#8 Rectus abdominis 1 year Somites

Vastus lateralis Somites

HEALTHY AGED DOGS

#9 Psoas 9 years Presomitic cranial

mesoderm

Temporalis, M fiber Presomitic cranial

mesoderm

Rectus lateralis Presomitic cranial

mesoderm

#10 Masseter 18 years Presomitic cranial

mesoderm

Rectus lateralis Presomitic cranial

mesoderm

Retractor bulbi Presomitic cranial

mesoderm

#11 Rectus abdominis 13 years Somites

Vastus lateralis Somites

GRMD

#12 Extraocular 1 year Presomitic cranial

mesoderm

Vastus lateralis Somites

#13 Extraocular 1 year Presomitic cranial

mesoderm

Vastus lateralis Somites

were maintained until natural death, and underwent necropsy
only upon decease. The muscle sampling was done according to
Institutional Animal Care and Use Committee recommendations
and according to the local ethical rules and the Declaration of
Helsinki. The muscles were divided according to their embryonic
origin, MyHC isoform composition, and the anatomical location
(Table 1). Trunk and limb muscles: vastus lateralis (VL), psoas,
rectus abdominis (RA), gluteus superficialis (GS), biceps femoris
(BF) as somite-derived muscles (SDM). Head muscles: rectus lat-
eralis (RL), retractor bulbi (RB), temporalis-M fiber (MT), Mas as
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pre-somite-derived muscle (PSDM). GRMD SCs were collected
only from young dog, while samples from wild-type (WT) dogs
were collected from dogs of different ages.

ISOLATION AND CULTURE OF CANINE SCs
Satellite cells were isolated from muscle tissues stored in liquid
nitrogen in FBS (# ECS0100187, Euroclone, Milan, Italy)+ 10%
of DMSO (#D5879, Sigma-Aldrich, Milan, Italy). Frozen dis-
sected muscle biopsies were thawed at 37°C and washed with
PBS. Under sterile condition, few drops of enzymatic solution
of 0.4 mg/ml collagenase type V (#C9263, Sigma-Aldrich, Milan,
Italy), 0.6 mg/ml pancreatin (#P3292, Sigma-Aldrich, Milan, Italy)
dissolved in PBS (# ECB4004L, Euroclone, Milan, Italy), filtered
using a sterile syringe filter of 0.2 µm pore size, stored at 4°C
until use. The solution was added and the muscles were minced
to fine slurry using a scalpel. After transferring the minced tis-
sue into 50 ml tubes, 10 ml of enzymatic solution was added
and incubated at 37°C in a shaking incubator for 30 min. After
gravity sedimentation, the supernatant was collected into new
falcon tube, through filtration by 100 µm cell strainer; the diges-
tion was stopped by adding an equal volume of filtered FBS. The
cell suspension was centrifuged at 1200 rpm for 5 min, the super-
natant was discarded and the cells were resuspended in growth
medium (GM). GM contains (% vol/vol): DMEM high glucose (#
ECB7501L,Euroclone,Milan, Italy),0.1 gentamicin (# ECM0011B,
Euroclone, Milan, Italy), 20 FBS, 1 MEM NEAA 100× (#11140,
GIBCO, Life Technology, Carlsbad, CA, USA), 1 sodium pyruvate
100 mM (#11360, GIBCO, Life Technology, Carlsbad, CA, USA),
1 penicillin/streptomycin 100× (# ECB3001D, Euroclone, Milan,
Italy), 1 l-glutamine 100× (#25030-024, GIBCO, Life Technology,
Carlsbad, CA, USA), 2 chicken embryo extract (#2850145, MP,
Santa Ana, CA, USA), 2 heat-inactivated HS (# ECS0091L, Euro-
clone, Milan, Italy) (56°C, 36 min) plus 5 ng/ml bFGF (# PHG0026,
GIBCO, Life Technology, Carlsbad, CA, USA) in PBS. Canine cells
were pre-plated for 1 h on uncoated petri dishes to permit the
attachment of fibroblasts. Unattached cells were transferred to col-
lagen I-coated 60 mm cell culture dish. Five days later, small round
and poorly adhering cells appeared on collagen coated-plates and
were allowed to proliferate in GM until reaching 70–80% conflu-
ence. The cells were either cryoconserved or expanded for further
analysis. To generate batches, 70–80% confluent SCs were frozen
for long-term storage at density of 106 cells/ml in liquid nitro-
gen. To expand the culture, SCs were plated again until reaching
80% confluence and then again detached (passage). The popula-
tion doubling level (PDL) was calculated at each passage with the
following equation: log10(N /n)/ln2 with N as the number of cells
at the time of the passage and n as the number of cells initially
plated. At first passage, all SC populations were considered to be as
1 PDL and we evaluated the maximal PDL reached by the cultures.

SC PROLIFERATION ANALYSIS BY EDU (5-ETHYNYL-2′-DEOXYURIDINE)
FLOW CYTOMETRY
Cells were plated in six well at density of 5× 104/well; after 24 h the
cells were treated with 100 µM H2O2 (Sigma). The flow cytometry
method was performed at 24 and 48 h after treatment with hydro-
gen peroxide. Briefly, 10 µM Edu was added to the culture medium
for 2 h; after the cells were harvested and washed twice with 1%

BSA in PBS. The cells were fixed with 2% paraformaldehyde in
PBS for 15 min at RT. After wash, the cell pellet was resuspended
with permeabilization solution and incubated with FxCycle Vio-
let for DNA stain. After an incubation period of 15 min at 37°C
in the dark, cells were transferred on ice until analysis with FACS
Calibur™ (BD, USA).

CELL DIFFERENTIATION
Skeletal muscle differentiation was induced by culturing 5,000
cells/cm2 in differentiative medium (DM) for 7 days in the same
medium. DM contains (% vol/vol): DMEM high glucose, 0.1 gen-
tamicin, 5 heat-inactivated HS (56°C, 36 min), 10 µg/ml insulin,
100 µg/ml apo-transferrin (#T-2036, Sigma-Aldrich, Milan, Italy),
1 MEM NEAA 100×, 1 sodium pyruvate 100 mM, 1 peni-
cillin/streptomycin 100×, 1 l-glutamine 100×. The fusion index
(FI) was calculated as the ratio of the number of nuclei inside
myotubes to the number of total nuclei in 10–20 fields for each
sample. We considered myotubes exclusively the cells positive for
MyHC with two or more nuclei.

TELOMERASE ACTIVITY
Telomerase activity was assessed by TraPEZE RT Telomerase
Detection Kit (#S7710, Millipore, Merck KGaA, Darmstadt, Ger-
many), according to the recommendations of the manufacturer.
Briefly, cell pellets of the samples were resuspended in CHAPS
lysis buffer and protein concentrations were measured by the
Bradford Assay (#500-0205, Bio-Rad, Bio-Rad Laboratories s.r.l.,
Segrate, Milan, Italy). The quantification of telomerase activity
was obtained from the standard curve of TRS8 template. TRS8
template is an oligonucleotide with a sequence identical to the
oligonucleotide substrate primer extended with eight telomeric
repeats AG(GGTTAG). The kit provided cell pellets as positive
controls. According to the manufacturer’s instructions, we also
performed a negative control for each sample. Negative controls
were obtained incubating samples at 85°C for 10 min prior to the
TRAP assay to inactivate telomerase. For each sample, 100 ng of
total proteins were adjusted to a volume of 2 µl by CHAPS lysis
buffer and used for the telomerase activity assay. The quantitative
real-time polymerase chain reactions were performed in 96-well
optical reaction plates (Applied BioSystems, Life Technologies,
Molecular Device, Sunnyvale, CA, USA) using the ABI PRISM
7700 Sequence Detection System. Reactions were carried out in
triplicates using the recommended Titanium Taq Polymerase (BD
Clontech, #639208). The experiments were performed according
to the manufacturer’s instructions. We tested telomerase activity
in SC samples collected at early (II–III) and late (VIII–X) passages
and expressed as log copy number calculated using threshold cycle
values and the standard curve for each sample.

IMMUNOFLUORESCENCE ASSAY
Satellite cells were fixed for immunocytochemistry and immuno-
fluorescence analysis to reveal myogenic markers (MF-20 for
MyHC and Pax7 Abs DSHB, USA; MyoD Abs, Dako, USA) and
Ki67 (Dako, USA). Cells were washed twice with PBS and incu-
bated with 2% PFA (#P6148, Sigma-Aldrich, Milan, Italy) for
10 min at RT. Membrane permeabilization was obtained at RT
in 0.2% of Triton X-100 (#93443, Sigma-Aldrich, Milan, Italy),
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1% BSA (#A9647, Sigma-Aldrich, Milan, Italy) in PBS and non-
specific binding of secondary antibodies was blocked with PBS
containing 5% serum from the species in which the secondary
antibody was produced. Without washing, the cells were incu-
bated for 1 h with primary antibody diluted in 1% BSA–PBS.
Then, cells were washed twice with PBS and incubated in the dark
for 30 min at RT with the secondary antibody, diluted 1:500 in
1% BSA+PBS. Nuclei were stained with DAPI (#D1306, Invitro-
gen, Life Technologies, Molecular Device, Sunnyvale, CA, USA).
Unbound antibodies were washed out with PBS and samples were
mounted and analyzed with a fluorescence Nikon inverted micro-
scope Eclipse Ti-U equipped with a Qicam Fast1354 camera using
Pro-Plus software (Media Cybernetics).

IMMUNOCYTOCHEMISTRY
Immunocytochemistry to reveal desmin protein was performed
using LSAB+ System-AP Universal kit (#K0678, Dako, Dako-
cytomation, Glostrup, Denmark) according to manufacturer’s
protocols.

ISOLATION AND QUANTIFICATION OF microRNA
Small RNA extraction from both SDM and PSDM samples was
performed using the PureLink miRNA isolation kit (#K1570-01,
Invitrogen, Life Technologies, Molecular Device, Sunnyvale, CA,
USA) following manufacturer’s instructions. Briefly, 106 cells were
resuspended in 300 µl binding buffer and 300 µl of 70% alcohol
was added to the cell lysate. Cell lysate was added to a spin car-
tridge and centrifuged for 1 min at 12,000× g. Seven hundred
microliters of 100% alcohol was added to the supernatant and
centrifuged in a new spin cartridge for 1 min at 12,000× g. The
filtrate was discarded, then 500 µl wash buffer was added and cen-
trifuged for 1 min at 12000× g. This procedure was repeated twice.
Sterile RNase-free water (30 µl) was added to the spin cartridge
and incubated for 1 min at RT before centrifugation at maxi-
mum speed for 1 min to elute the RNA. The RNA concentration
was quantified using NanoDrop™ spectrophotometer readings of
A260, A260/280, and A260/230 ratios. RNA-free nuclease water
was used as blank.

RT REAL-TIME PCR FOR microRNAs SINGLE ASSAY EXPRESSION
RT-stem-loop real-time PCR was performed to evaluate miR-
NAs relative expression. Assays for miRNA profile analysis were
carried out according to Applied Biosystems protocols (Taq-
Man miRNA assay Kit). Briefly, RT reactions containing 20 ng
of small RNA preparation, specific stem-loop primers for each
miRNA, 1× buffer, dNTPs reverse transcriptase, and RNAse
inhibitor were incubated in Thermocycler for 30 min at 16°C,
30 min at 42°C, 5 min at 85°C, and then held at 4°C. Then, real-
time PCR for miRNA expression levels was performed using
miRNA specific TaqMan probes and TaqMan universal mas-
ter mix in a Eppendorf Mastercycler® ep realplex system in
96-well plates, in triplicate. Expression quantification was nor-
malized vs. miR-16 levels. Taqman-based qPCR were conducted
using miRNA-specific probes (Applied Biosystems) as: has-miR-
1 (UGGAAUGUAAAGAAGUAUGUAU; #002222); has-miR-206
(UGGAAUGUAAGGAAGUGUGUGG; #000510); hsamiR-133a
(UUUGGUCCCCUUCAACCAGCUG; #002246); has-miR-133b

(UUUGGUCCCCUUCAACCAGCUA; #002247); has-miR-16-5p
(UAGCAGCACGUAAAUAUUGGCG; #000391).

The quantitative real-time polymerase chain reactions were
performed in 96-well optical reaction plates (Applied BioSystems)
using the ABI PRISM 7700 Sequence Detection System. Reactions
were carried out in triplicates using the recommended Titanium
Taq Polymerase (#639208, BD Clontech, BD Bioscience, Clontech
Laboratories Inc., San Jose, CA, USA). The relative quantification
of target gene expression was evaluated using the arithmetical for-
mula 2−∆∆Ct, according to the comparative C t method, which
represents the amount of target, as normalized to the miR-16
endogenous control. The samples were analyzed as means of the
log base-10 of the ratios, log2 differentiated/undifferentiated. The
data were reported as Log10 RQ, in which upregulated miRNAs
have positive values and downregulated miRNAs have negative
values.

RELATIVE QUANTIFICATION OF MYOGENIC FACTOR GENES BY RT
REAL-TIME PCR
Total RNA from isolated canine SCs was extracted using the
Trizol reagent (Invitrogen, Paisley, UK), according to the man-
ufacturer’s protocol, from about 106 cells. To assess the integrity
and the amount of the RNA extracted, denaturing agarose gel elec-
trophoresis and spectrophotometric A260/280 readings were per-
formed. Two micrograms of total RNA was reverse transcribed into
cDNA with the Superscript III kit (Invitrogen) after treatment with
DNAse I (Invitrogen) to remove contaminating genomic DNA.
Real-time PCR reactions were achieved using an ABI 7500 real-
time PCR System (Applied Biosystems, Foster City, CA, USA) with
the following conditions: 1× PowerSybrGreen Master mix (con-
taining buffer, dNTPs, SybrGreen I dye and AmpliTaq Gold®DNA
Polymerase),300 nM forward and reverse primers each,1 µl cDNA
in 20 µl total volume. PCR primers for the specific target genes
and for the housekeeping gene (β-actin) were designed using the
Primer Express 3.0 software (Applied Biosystems). All the primer
sequences (Table 2) were designed to span introns in the genomic
DNA in order to minimize non-specific fluorescence signals due to
contaminating genomic DNA. Relative quantifications were calcu-
lated using the ∆∆C t method, normalized to the reference gene
(beta actin) and expressed in arbitrary units as fold change as
compared to the calibrator sample (1 unit).

MEASUREMENT OF INTRACELLULAR REACTIVE OXYGEN SPECIES
Cellular reactive oxygen species (ROS) were quantified by the 2,7-
dichlorofluorescein diacetate (DCFH-DA, #D6883, Sigma) assay
using a microplate reader (Fluorometer SPECTRAmax Gemini XS,
Molecular Devices), using excitation and emission wavelengths
of 480 and 530 nm, respectively and analyzed by SOFTmax Pro
software, according to Menghini et al. method (Menghini et al.,
2011).

NBT ASSAY
The NBT assay is based on the reduction of NBT (Nitro blue tetra-
zolium chloride, #N6639, Sigma) in formazan by O−2 . Reduced
formazan is then quantified at the spectrophotometer. In the
presence of potentially antioxidant substances, the superoxide is
detoxified (scavenger action) and decreases the amount of NBT
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La Rovere et al. Canine presomitic satellite cells

Table 2 | Primer sequences for RT real-time PCR.

Gene Forward sequence Reverse sequence

Myf5 5′-CTGTCTGGTCCCGAAAGAAC-3′ 5′-TGATTCGATCCAC

TATGCTG-3′

Myogenin 5′-AGTGACTGCAGCTCCCACAG-3′ 5′-GACGTGAGAGA

GTGCAGGTT-3′

MSTN 5′-CCCGTCAAGACTCCTACAACAG-3′ 5′-AATGCTCTGC

CAAATACCAGT-3′

MyHC 1 5′-CACCAACCTGTCCAAGTTCC-3′ 5′-CCGGGCAGAT

CAAGAGAAGATA-3′

β-actin 5′-CCATCTACGAGGGGTACGCCC-3′ 5′-TGCTCGAAGTCC

AGGGCGACGTA-3′

reduced, hence lower levels of reduced formazan are detected. Cells
(106 cells) were detached, centrifuged 5 min at 170× g and resus-
pended in 1 mg/ml of NBT with 1 ml 0.9% NaCl. Then, the cells
were left for 3 h at 37°C (incubator), centrifuged 10 min at 100× g
in microfuge, resuspended in 1 ml DMSO and left for 20 min at
37°C. For the assay, cells were plated in a 96-well plate (2× 105

cell/well) and assayed at the spectrophotometer at 550 nm on a
scanning multi-well reader (Microplate spectrometer SPECTRA-
max 190, Molecular Devices, Sunnyvale, CA, USA) according to
Sozio et al. (2013).

CALCIUM IMAGING
Satellite cells were plated at a confluence of 6,000 cells/cm2 in
96-well plates (Corning, Tewksbury, MA, USA). The measure-
ments were performed using Fura-2 AM (#F1221, Invitrogen)
as Ca2+ indicator. Myoblasts and myotubes were loaded with
5 µM Fura-2 AM in normal external solution (NES) supplemented
with 10 mg/ml of BSA for 40 min at 37°C and 5% CO2. NES
is composed of 10 mM glucose (#454337, Carlo Erba), 140 mM
NaCl (#S7653, Sigma), 2.8 mM KCl (#471177, Carlo Erba), 2 mM
CaCl2, 2 mM MgCl2 (Sigma), and 10 mM HEPES (#101926, ICN,
Biomedicals Inc.), pH 7.4, 290–300 mOsM. After loading, the
cells were rinsed and maintained in NES for 10 min at room
temperature (RT), to allow the de-esterification of the probe.
Myoblasts and myotubes of similar size were selected for mea-
surement and the region of interest (ROI) was drawn around
the cells. Then, living cells were sequentially excited at 340 or
380 nm with a high-speed wavelength switcher Polychrome II (Till
Photonics, Germany). Fluorescence images were collected using a
40× oil objective lens, acquired using an intensified CCD cam-
era (Hamamatsu Photonics, Hamamatsu), stored on a PC, and
analyzed off-line. The acquisition time for each fluorescence emis-
sion was 0.5 s and the background fluorescence was subtracted
from the signal in the ROI. The 340 and 380 traces and 340/380-
ratio were recorded and analyzed using Aquacosmos software
(Hamamatsu).

STATISTICAL ANALYSIS
Unpaired t -test with Welch’s correction and ANOVA as mentioned
in the figure legends, were performed using Prism5 GraphPad

software (Abacus Concepts, GraphPad Software, San Diego, CA,
USA). A p-value <0.05 was considered to indicate statistical
significance.

RESULTS
CANINE SATELLITE CELL CHARACTERIZATION
Following canine muscle biopsies dissociation with enzymatic
solution (as described in Materials and Methods), SCs gave rise
to myogenic progenitor cells in culture. To avoid confusion, we
used SCs throughout the manuscript to indicate also myogenic
progenitor cells, and the list of canine biopsies used to isolate SCs
in our study is reported in Table 1. WT SCs isolated from somitic
(SDM) and presomitic (PSDM) muscles were morphologically
similar (Figure 1A) and were organized in small clones derived
from single cell divisions (Figure 1B). We cultured the cells at
very low density in order to identify single cells. We plated 500
cells (SDM and PSDM) on 100 mm collagen I-coated Petri dishes
and marked those separate cells with a number. By counting the
number of cells per clone, we evaluated the clonogenic ability
of primary cell culture isolated from trunk and head muscles of
young and old dogs. The ability of a single cell to proliferate inde-
pendently to form a colony was similar in samples at comparable
ages (data not shown).

Satellite cells in culture were expanded until replicative senes-
cence was reached and the PDL was calculated. The growth
curves of young (age ranging between 5 and 36 months) and
old (age ranging between 9 and 18 years) showed higher rate
of doubling level in PSDM-SCs with respect to SDM-derived
SCs (Figures 1C,D). This difference was marked in SCs derived
from old dogs (Figure 1D) where SDM-SCs stopped their pro-
liferation at 25 days, after only 20 PDL. Differently, PSDM-SCs
could proliferate longer (until 40 days) and undergo to senes-
cence after about 30 PDL. No significant differences were observed
between old and young SCS derived from comparable muscles.
Figure 1E shows the growth curve of 1-year-old GRMD SCs iso-
lated from SDM and PSDM samples. PSDM-SCs from GRMD
samples (Figure 1E) showed a higher doublings activity in respect
to SDM-SCs. This is probably due to the fact that head muscles
are less affected in dystrophic dogs, and SCs were not exhausted
by multiple attempts to regenerate lost tissue as occurred in more
active muscles.

We tested the telomerase activity in SC samples collected at
early (2, 3 p) and late (8–10 p) passages and expressed as log copy
number calculated using threshold cycle values and the standard
curve for each sample. As shown in Figure 1F, in PSDM-SCs there
was a trend toward a higher telomerase activity (9.0± 0.6) com-
pared with SDM-SCs (8.0± 1.0) at early passages. At late passages,
the telomerase activities were similar among all analyzed samples.
Immunofluorescence analysis showed that 10% of PSDM-SCs still
express Ki67 after 30 days in culture, while SDM-SCs were com-
pletely negative (Figure S1 in Supplementary Material). Although
we cannot exclude that SDM-SCs enter in a quiescent status, the
results suggest that PSDM-SCs can still proliferate after 30 days
while SDM-SCs cannot. In addition, large nuclei in SDM-SCs
are further indicating senescent cells (De Cecco et al., 2011) as
indicated in Figure S1 in Supplementary Material, inset and right
panels.
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La Rovere et al. Canine presomitic satellite cells

FIGURE 1 | Characterization of canine satellite cells (SCs).
(A,B) Phase contrast morphology of freshly isolated SCs (A) from
somitic (SDM) and presomitic (PSDM) muscles biopsies;
bar=50 µm. SCs were cultured at low density to generate clones
(B) and cells were maintained in culture until they stop to divide;

bar=250 µm. Growth curves of (C) SDM- and PSDM-SCs from
young donors; (D) SDM- and PSDM-SCs from old donors; (E) SDM
and PSDM-SCs from dystrophic dogs. Telomerase activity (F) in SCs
collected at early and late passages from SDM and PSDM. Data are
represented as mean±SD.

EXPRESSION OF MYOGENIC REGULATORY FACTORS IN CANINE SCs
Taken into account the SC heterogeneity due to the adopted
enzymatic digestion method, the myogenic index (MI) was esti-
mated as a percentage of desmin (an early myogenic marker)
positive (Desm+) cells and revealed by immunocytochemistry
(Figure 2A). SCs are capable to spontaneously differentiate when
they reach 80–90% of confluence, however in all experiments
we differentiate SCs into myotubes by serum starvation in dif-
ferentiation medium containing 2% horse serum. In general,
PSDM biopsies have a lower content of myogenic cells com-
pared to SDM samples. Age-independent differences have been
found both in WT (Figure 2B, 79.1% in SDM vs. 56.5% in

PSDM of young dogs, and 91.1% in SDM vs. 54.2% in PSDM
of old dogs) and GRMD (72.0% in SDM vs. 47.8% in PSDM)
dogs. By immunofluorescence assay (Figures 2C,D), SDM-SCs
isolated from WT dog showed an higher content of Pax7+ (49.1 vs.
32.5%) and MyoD+ (65.5 vs. 29.0%) cells compared with PSDM-
SCs (Figure 2E); while GRMD SCs displayed an opposite result:
lower content of both Pax7+ (5.5 vs. 25.0%) and MyoD+ (8.0
vs. 54.7%) SDM vs. PSDM-SCs (Figure 2F). In addition, myo-
genin expression resulted upregulated during differentiation in
SCs isolated from SDM and PSDM and its expression was not
affected with aging (Figure 2G). However, in GRMD dogs myo-
genin was upregulated only in PSDM-SCs during differentiation,
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FIGURE 2 | Expression of myogenic markers in canine SCs.
(A) Desmin positive (Desm+) SCs were quantified (B) for WT young
SCs isolated from SDM and PSDM muscle biopsies; for WT old SCs
isolated from SDM and PSDM; similarly the percentage of Desm+ SCs
in SDM and PSDM isolated from GRMD dogs. (C,D) Examples of
immunofluorescence analysis for Pax7 and MyoD of WT SDM-SCs
(C) and PSDM-SCs (D). Quantifications of Pax7 and MyoD positive SCs
(E) normalized to percentage of Des+ from WT SDM and PSDM are
shown; in (F) are reported SCs from dystrophic dogs SDM and PSDM.

Myogenin expression in SCs during differentiation was measured by
quantitative real-time PCR (G). Myogenin is upregulated after 7 days of
differentiation in all samples expect in GRDM SDM-SCs. Three
independent experiments were performed in triplicates and statistically
analyzed using Dunn’s Multiple Comparison Test. MyHC staining
(H) was used to quantify the FI (I) of SCs isolated from SDM and PSDM
of WT young; from SDM and PSDM of WT old and of GRMD SCs
isolated from SDM and PSDM. Data are represented as mean±SD
and statistically analyzed using t -test; *p < 0.05. Bar=50 µm.

while SDM-SCs failed to increase the expression of myogenin at
day 7 (Figure 2G).

Then, we examined the ability of SCs to fuse into mult-
inucleated myotubes after 7 days in culture with low serum
(2% HS). Figure 2H shows an example of MyHC positive
canine myotubes used for the FI analysis. Young PSDM-SCs

presented a higher FI compared with SDM-SCs (Figure 2I,
58.5 vs. 39.8% in PSDM vs. SDM, respectively). Interestingly,
FI was drastically lower in PSDM-SCs compared to SDM-
SCs isolated from old dogs (4.7 vs. 27.4%, respectively). The
same trend was found in GRMD where SDM-SCs differentiate
more efficiently than PSDM-SCs (60.5 vs. 29.5%). These results
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suggest that SCs isolated from GRMD dogs act similarly as old
WT SCs.

OXIDANT LEVELS IN CANINE SCs
Oxidants such as ROS/RNS are known to affect cell function,
including the ability to differentiate. It has been proposed that
several factors, including ROS, are able to regulate skeletal muscle
gene expression. However, when the levels of oxidants consis-
tently remain high and are not reduced by endogenous scav-
enger systems, as occurring in elderly skeletal muscle (Musarò
et al., 2010), the cell undergoes oxidative stress, which may
affect its ability to differentiate (Beccafico et al., 2007). For this
reason, we analyzed the oxidant levels present in SCs isolated
from muscle biopsies (Figure 3). After an oxidant insult repre-
sented by H2O2, old SCs were less capable to reduce ROS lev-
els (SDM= 148.0± 26%; PSDM= 136.0± 9%) present in cells,
demonstrating a poor antioxidant capacity (Figures 3A,B). Fur-
thermore, the levels of superoxide anion (Figure 3C) were lower
in all SDM-SCs as compared to PSDM-SCs, but in old SCs these
values were very high (SDM= 0.34± 0.01; PSDM= 0.47± 0.04)
as compared to young (SDM= 0.15± 0.01; PSDM= 0.18± 0.01)
and GRMD (SDM= 0.11± 0.01; PSDM= 0.24± 0.01) SCs.

To address whether SCs from PSDM or SDM were still able
to proliferate under stress conditions, we evaluated the effect of
100 nM H2O2 on PSDM- and SDM-SCs by Edu (5-ethynyl-2’-
deoxyuridine) flow cytometry analysis (Figure S2 in Supplemen-
tary Material). The nucleoside analog EdU for thymidine substitu-
tion in cell proliferation assays has recently been proposed in FACS
analysis studies (Diermeier-Daucher et al., 2009). As reported in
Figure S2A in Supplementary Material, PSDM and SDM-SC did
not show any alterations of proliferative capability. However, a
higher number of cells in S phase were observed in PSDM-SCs
compared to SDM-SCs (28 vs. 16% after 24 h and 19 vs. 9%
after 48 h). In addition, cell viability revealed marginal differences
among the analyzed samples and the minimal viability rate was
observed in SDM-SCs at 24 h post treatment (approximately 93%,
Figure S2B in Supplementary Material).

The ability to fuse under stress condition was evaluated by
immunostaining. The H2O2 treatment was sufficient to dra-
matically reduce myogenic differentiation in SDM-SCs while
PSDM-SCs were not affected. This suggests that, differently from
SDM-SCs, PSDM-SCs are resistant to oxidative stress.

RESTING CYTOPLASMIC [CA2+]I

Myogenesis is a strictly Ca2+-dependent process and according to
Bijlenga et al. (2000) the biophysical properties of specific ionic
channels are important actors in the fusion process. We measured
the resting [Ca2+]i in myoblasts derived from somitic and pre-
somitic, young, old, and GRMD muscles. The findings for PSDM
GRMD SCs showed an increasing resting intracellular calcium
concentration (127.0± 18 nM, n= 24) as compared to the somitic
ones (SDM GRMD SCs; 63.5± 10 nM, n= 50) (Figure 3D). On
the contrary, SDM GRMD and SDM WT young had similar con-
tent in cytoplasmic calcium at resting condition (63.5± 10 nM,
n= 24; 65.0± 6 nM, n= 27) (Figure 3D). Likewise, the old SDM-
SCs presented a higher level of resting [Ca2+]i as compared to

FIGURE 3 | Oxidant and calcium levels. Quantification of intracellular
ROS levels by DCFH-DA assay expressed as a percentage respect to CTRL
in SCs isolated from SDM (A,B) PSDM. (C) Quantification of O−2 by rate
reduction of NBT. The OD 550 nm represents the quantity of formazan
revealed spectrophotometrically. (D) Basal levels of [Ca2+]i expressed in
nanomole measured on undifferentiated living cells by video-imaging
technique. Data are represented as mean±SD and statistically analyzed
using t -test; *p < 0.05; **p < 0.0001.

young and GRDM, but differently from those that did not show
an increase of Ca2+ level in PSDM.

CA2+ TRANSIENT INDUCED BY EXTRACELLULAR STIMULI
To verify the presence of functional receptors, Ca2+ imaging exper-
iments were performed on single myoblasts isolated from somitic
and presomitic muscles, young, old, and GRMD. The physiologi-
cal agents used on living cells were: (1) 100 µM ATP, which mainly
causes a release of Ca2+ via IP3/PKC (protein kinase) pathway in
muscle cells; (2) 400 µM nicotine, which acts on nicotine recep-
tors, a typical channel of neuromuscular junction; (3) 40 mM KCl,
which induces a chemical depolarization of external membranes
on myotube.

As shown in Table 3, all samples analyzed were responsive to
100 µM ATP with no significant differences, demonstrating that
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Table 3 | Small molecule responsiveness of undifferentiated SCs;

values are expressed as a percentage.

Young Old GRMD

SDM PSDM SDM PSDM SDM PSDM

Nicotine 0 90 3 80 50 65

KCl 6 0 3 35 4 66

ATP 100 65 93 65 100 56

the release of calcium via IP3 pathway was unaffected by aging, or
disease, or embryonic origin of SCs.

Surprisingly, a high percentage of stimulated cells of young
(90%), old (80%), and GRMD (65%) from PSDM were responsive
to 400 µM nicotine, revealing the presence of cholinergic receptors
on the external membrane of undifferentiated cells. Furthermore,
PSDM-SCs from old (35%) and GRDM (65.0%) dogs were also
shown to respond to depolarizing stimulus (40 mM KCl).

MUSCLE-SPECIFIC miRNAs IN WT CANINE SCs
Some miRNAs are involved in post-transcriptional regulation of
gene expression during skeletal muscle development. Therefore,
we examined the expression of miR-1, miR-206, miR-133a, miR-
133b (Figures 4–6), collectively known as myo-miRNAs and using
miR-16 ubiquitously expressed as internal control. The results
reported in Figures 4A,B showed no differences in miR-133a and
miR-133b expression after 7 days of differentiation (t7) in isolated
SCs from young SDM. However, we found that miR-133a and
miR-133b were highly expressed in PSDM-SCs upon differentia-
tion. The myogenic miR-1 was slightly upregulated at t7 only in
PSDM-SCs from young donors (Figure 4C). miR-206 was simi-
larly expressed in young PSDM- and to SDM-SCs (Figure 4D).
With aging, the expression levels of miR-133a (Figure 5A) and
miR-133b (Figure 5B) resulted affected and old PSDM-SCs did
not positively regulate those miRNAs, whereas the expression of
miR-1 was not modified in PSDM-SCs from old dogs (Figure 5C).
Also, miR-206 in PSDM-SCs from old donors was found downreg-
ulated as compared to values from young donors and not modified
during myogenic differentiation (Figure 5D). In summary, the
expressions of myomiRs appeared to be modulated in SCs isolated
from PSDM and this phenomenon seems to be age-dependent.

MUSCLE-SPECIFIC miRNAs IN GRMD SCs
Recent studies have shown that changes in miRNA expressions
are associated with various skeletal muscle disorders, including
muscular dystrophy (Eisenberg et al., 2009; Williams et al., 2009).
However, the contradictory literature motivated the investigation
for the expression profile of myomiRs during myogenic differ-
entiation of dystrophic SCs. In fact, some authors referred to
myo-miRNAs as markers of muscle regeneration while others sup-
port their critical role to sustain muscle degeneration. As for WT
SCs, we studied the expression of myogenic miRNAs in SCs iso-
lated from SDM and PSDM of GRMD dogs. As shown in Figure 6,
miR-133a and miR-133b were upregulated at day 7 in SCs isolated
from GRMD PSDM (Figures 6A,B). This result was consistent
with WT expression. In addition, similarly to WT cells, miR-133a

FIGURE 4 | Relative miR-133a, miR-133b, miR-1, and miR-206,
expression in canine SCs measured by quantitative real-time PCR. SCs
were isolated from SDM and PSDM of young dogs. Note that miR-133a (A)
and miR-133b (B) are upregulated only in PSDM-SCs after 7 days of
differentiation (t7). miR-1 is upregulated only in PSDM-SCs (C) after 7 days
of differentiation. At variance, miR-206 is highly expressed in PSDM-SCs
during proliferation (D). The ubiquitously produced miR-16 was used as an
internal control. Three independent experiments were performed in
triplicates and statistically analyzed using ANOVA. Data are presented as
mean±SD; *p < 0.05.

and miR-133b were not upregulated in SDM-SCs upon differenti-
ation (Figures 6A,B). Likewise, miR-1 and miR-206 were markedly
upregulated in PSDM-SCs after 7 days of differentiation in GRMD
dogs (Figures 6C,D) and not in GRDM SDM-SCs (Figures 6C,D).
The expression profile of myomiRs appeared to be affected by
the dystrophic niche and miR-206 miR-1 seem to be primarily
involved since they are highly expressed in differentiated SCs from
both SDM and PSDM of GRMD samples.

DISCUSSION
In the last decades, SCs have been shown as muscle stem cells
responsible for tissue regeneration in adulthood (Scharner and
Zammit, 2011). Most of clinically relevant protocols for testing
potential therapeutic approaches have been performed in small
animal models, meaning mice and rats (Blau, 2008; Kuang and
Rudnicki, 2008). However, large animal models have been consid-
ered essential to better mimic human diseases, to validate outcome
measures, and to obtain reliable protocols for novel pharmaceuti-
cal, gene, and cell therapies. Thus, GRMD dogs represent a valuable
large animal model to perform preclinical studies (Kornegay et al.,
1988; Sharp et al., 1992). However, our knowledge on biolog-
ical behavior of muscle regeneration in canine tissues remains
primitive and requires further investigations.

In this work, extensive analysis for the biological properties
of WT (young and old) and GRMD SCs isolated from somitic
(SDM) and presomitic (PSDM) muscles are carried out. Although
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FIGURE 5 | Relative miR-133a, miR-133b, miR-1, and miR-206,
expression in old canine PSDM-SCs measured by quantitative
real-time PCR. In old PSDM-SCs, miR-133a (A) and miR-133b (B) are
downregulated in both proliferating and differentiating cells. miR-1 and
miR-206 regulations seem age-dependent, since old PSDM-SCs did not
upregulate miR-1 during differentiation (C), while miR-206 is not highly
expressed during proliferation (D). The ubiquitously produced miR-16 was
used as an internal control. Three independent experiments were
performed in triplicates and statistically analyzed using ANOVA; Data are
presented as mean±SD; *p < 0.05.

the gross morphology is quite similar in these muscles, several
studies revealed unexpected molecular and cellular differences
depicting peculiar biological characteristics in proliferation, lifes-
pan, and differentiation potential of SDM and PSDM-SCs (Ono
et al., 2010). With enzymatic dissociation it was possible to isolate
SCs in all biopsies obtained by different research centers includ-
ing Ecole de Veterinaire Maison-Alfort, Veterinary and University
Clinics of Padua. In general, there were no observed differences
in terms of SC quality, among the samples obtained by fresh or
frozen biopsies. The proliferative lifespans of SCs derived from
SDM and PSDM in both WT and GRMD dogs at different ages
was also considered and compared. While the proliferative ability
of SCs isolated from young SDM was approximately 20 population
doublings before replicative senescence, SCs from young PSDM
had 25 divisions in vitro. These differences were remarkable in
WT old muscle as SCs isolated from PSDM stop to proliferate
after 28 divisions while the cells derived from SDM had only 18
divisions. At later stage although SDM-SCs isolated from GRMD
biopsies were phenotypically indistinguishable from WT SCs in
ex vivo cultures, the cells showed a slower proliferative rate com-
pared to the young WT SCs. Indeed, after 40 days they reached
about 18 divisions compared to 30 days necessary to SDM-SCs
isolated from WT samples. These findings suggest that SDM-SCs
in GRMD dogs were exhausted by multiple attempts to regenerate
lost tissues resulting in a limited proliferative ability. Nevertheless,
they were prone to differentiate into myotubes much faster when

FIGURE 6 | Relative miR-133a, miR-133b, miR-1, and miR-206
expression in GRMD SCs measured by quantitative real-time PCR. SCs
were isolated from SDM and PSDM of GRMD dogs. Consistent with data
obtained with WT canine SCs, miR-133a and miR-133b are highly expressed
after 7 days of differentiation in PSDM-SCs. At variance, miR-133a and
miR-133b are upregulated in SDM-SCs after 7 days of differentiation (A,B).
Intriguingly, miR-1 and miR-206 are highly upregulated after 7 days of
differentiation in PSDM-SCs (C,D). Three independent experiments were
performed in triplicates and statistically analyzed using ANOVA; miR-16 was
used as an internal control. Data are presented as mean±SD; *p < 0.05.

compared to their WT counterparts. It is possible that when cul-
tured in vitro they recapitulate their in vivo needs, i.e., to faster
replace damaged myofibers. In this view, several articles recently
showed a potential cell memory in reprogrammed cells (Kim et al.,
2010; Polo et al., 2010; Quattrocelli et al., 2011). Our group also
previously proposed that the SC pool is affected by the same
lifestyle or pathological condition of the muscle in which they
reside (Fulle et al., 2004). Similarly, SCs generated from degen-
eration/regeneration cycles appear to adapt to their biological
behavior to better counteract the following degenerative processes
(La Rovere et al., unpublished observation).

After isolation SCs are characterized by a period of rapid growth
upon serial passages, until their proliferation rate gradually slows
down and ultimately enters a non-dividing state called replicative
senescence (Allsopp et al., 1995). Each cell division is characterized
by a decrease of telomerase length and that has been proposed as a
mitotic clock that regulates proliferative capacity of somatic cells
in vitro (Di Donna et al., 2000). Thus, the higher telomerase activ-
ity observed in PSDM-SCs supports the hypothesis that those cells
preserve a better proliferation capability compared to SDM-SCs,
and consistently their lifespan is prolonged.

In our study, desmin expression was used as internal standard
for normalization to avoid misinterpretation of comparative eval-
uations. Generally, low content of myogenic cells were obtained
from head muscles compared to somite muscles and this difference
was independent of sample age and between WT and GRMD. The
FI and skeletal muscle differentiation potential of WT and GRMD
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SCs was evaluated and analyzed. Our data show that WT limb
muscles (SDM) contained a higher percentage of activated SCs
compared to PSDM, as indicated by Pax7 and MyoD expression
analysis. Conversely, SDM-SCs from GRMD dogs showed a lower
percentage of Pax7 and MyoD positive cells, whereas craniofacial
muscle (PSDM) contained significantly higher numbers of Pax7
and MyoD positive SCs. Overall, our analyses strongly support
the idea that PSDM-SCs retain a higher myogenic potential com-
pared to the SDM-SCs isolated from GRMD muscles. Despite a
higher number of MyoD positive cells in PSDM-SCs isolated from
GRDM dogs, they show less differentiation capacity compared to
the WT counterparts.

To verify if PSDM-SCs have an intrinsic capability to resist
to toxic insults, or whether their invulnerable behavior can be
justified from specific niche characteristics, the response of both
PSDM-SCs and SDM-SCs to hydrogen peroxide treatment has
been assessed. Notwithstanding that the proliferation ability of
SCs from PSDM and SDM samples were not affected, 100 nM
H2O2 treatment impaired the myogenic differentiation exclusively
in SDM-SCs.

To fully investigate if this reduced differentiative capability was
due to high oxidant levels, ROS contents have been evaluated.
Although for a long time the ROS formation has been believed
harmful, evidences are accumulating showing the key role of ROS
presence and production in cell signaling. In addition, changes in
ROS content seem to be modulated during myogenic processes
(Musarò et al., 2010). It was previously observed that human
SC derived from old subjects showed to have a high oxidative
stress with respect to young samples (Fulle et al., 2004; Beccafico
et al., 2007; Pietrangelo et al., 2009). This was associated to higher
[Ca2+]i, probably due to alteration of calcium homeostasis reg-
ulatory proteins functionality. Here, it is confirmed that elderly
SDM and PSDM canine SCs showed high ROS levels, however,
dystrophic SCs displayed ROS levels similarly to young WT sam-
ples. In all PSDM-SCs, high responsiveness to nicotine determined
the characteristic calcium transients and revealed the presence of
nicotinic receptors on undifferentiated cells (Krause et al., 1995).
SCs express low levels of functional nicotinic acetylcholine recep-
tors (nAChR) before myosin becomes detectable (Grassi et al.,
2004) and considered to be an early marker of myogenic differen-
tiation. Thus, this opens up new cues to examine presomitic aged
and dystrophic SCs that showed to still remain functional and able
to fuse with existing fibers.

To date, the crucial miRNAs involved in skeletal muscle dif-
ferentiation are miR-1, miR-206, miR-133a, miR-133b and are
collectively known as myomiRs. miR-1 and miR-206 are key myo-
miRNAs for Mef2c-dependent terminal myogenic differentiation.
miR-1 and miR-206 act as positive controls for the progression
of differentiation via Notch 3 and utrophin inhibition (Rosen-
berg et al., 2006; Gagan et al., 2012). Several studies have shown
that changes in miRNA expressions are associated with various
skeletal muscle disorders, including muscular dystrophy (Eisen-
berg et al., 2009; Williams et al., 2009). Thus, we examined the
expression of myomiRs during proliferation (day 0) and differ-
entiation (day 7) of SCs isolated from WT and GRMD samples.
Our data showed that miR-133a and miR-133b, involved in early

myogenic differentiation, were upregulated after 7 days of differ-
entiation in WT PSDM. However, this upregulation disappeared
with aging and the PSDM-SCs acted similarly to SDM-SCs. miR-1
is also upregulated at day 7 in WT PSDM-SCs and again aging
affected negatively its modulation. miR-206 is highly expressed in
young WT PSDM samples while in aged samples it is much less
expressed. Overall from the collected results, myomiRs are clearly
modulated in PSDM-SCs of WT canine muscles and this regula-
tion is lost with aging. In the GRMD, a similar modulation for
miR-133a, miR-133b, and miR-1 was found in the PSDM-SCs.
In addition, miR-206 was strongly upregulated at day 7 of dif-
ferentiation. Intriguingly, myomiR upregulation was observed in
SDM-SCs of GRMD dogs that feature worse locomotion ability.
In this view, myomiR overexpression could sustain the muscle
chronic degeneration of GRMD dogs by affecting the expression
of myomiR target genes.

Emerging literature confirmed that the expression of miR-206
is essentially confined to skeletal muscle (Baskerville and Bartel,
2005; Liang et al., 2007) and involved in muscle differentiation
by repressing the expression of DNA polymerase A, connexin 43,
follistatin-like 1, and utrophin. Intriguingly, miR-206 was found
highly expressed in the diaphragm of mdx mouse, the murine
counterpart of GRMD dogs, and not in the hindlimb muscles
(McCarthy et al., 2007). This result is significant because the
diaphragm of the mdx mouse displays DMD phenotype differ-
ently from hindlimb muscles. McCarthy et al. (2007) proposed
that increased miR-206 expression may contribute to the chronic
pathology of mdx diaphragm. In fact, miR-206 represses the
expression of genes, including utrophin, that otherwise would
serve as compensatory function. Utrophin is indeed a verified tar-
get of miR-206, and this observation explains at least in part the
higher expression of utrophin protein in the mdx hindlimb mus-
culature where miR-206 is barely detectable. Conversely, Eisenberg
et al. (2007) showed recently the expression profiling of 10 different
human dystrophies, including DMD, in which miR-206 expression
was similar to one observed in control muscles. One possible expla-
nation for this discrepancy is again the different muscles used to
evaluate miRNA expressions. In conclusion, the expression profile
of MRFs and myomiRs reveals a unique molecular signature in
canine SCs. In addition, miR-206 seems to be primarily involved
in GRMD SC impairment, although its precise role needs to be
carefully considered in the light of discordant literature.
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SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at http://www.frontiersin.org/Journal/10.3389/fnagi.2014.00090/
abstract

Figure S1 | Immunofluorescence analysis for Ki67 expression in early and
late passages of SC cultures. Examples of Ki67 staining indicating that up to
30% of SCs are proliferating in both SDM and PSDM samples. Consistent with
growth curve data at late stage (30 days) while up to 10% of PSDM-SCs (22
PDL) are still positive for Ki67, SDM-SCs (20 PDL) stopped proliferation and the
majority of cells present large nuclei (red arrow heads). Ki67 positive nuclei
(green arrow heads) are much smaller compared to negative ones (right lower
panel). Bar=100 µm.

Figure S2 | Effect of hydrogen peroxide on SC differentiation. SCs were
isolated from SDM and PSDM of WT dogs and harvested after 24 and 48 h of
treatment with 100 nM hydrogen peroxide. SCs did not show any differences
under this condition. However, a higher number of cells in S phase were
observed in PSDM-SCs compared to SDM-SCs (28 vs. 16% after 24 h and 19
vs. 9% after 48 h) (A). Cell viability was assessed using Countess Automated
Cell Counter (Life Technologies) after trypan blue staining (B). The H2O2

treatment was sufficient to dramatically reduce myogenic differentiation in
SDM-SCs while PSDM-SCs were not affected (C). Bar=100 µm.
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Functional denervation is a hallmark of aging sarcopenia as well as of muscular dystrophy.
It is thought to be a major factor reducing skeletal muscle mass, particularly in the case of
sarcopenia. Neuromuscular junctions (NMJs) serve as the interface between the nervous
and skeletal muscular systems, and thus they may receive pathophysiological input of both
pre- and post-synaptic origin. Consequently, NMJs are good indicators of motor health on
a systemic level. Indeed, upon sarcopenia and dystrophy, NMJs morphologically deterio-
rate and exhibit altered characteristics of primary signaling molecules, such as nicotinic
acetylcholine receptor and agrin. Since a remarkable reversibility of these changes can be
observed by exercise, there is significant interest in understanding the molecular mecha-
nisms underlying synaptic deterioration upon aging and dystrophy and how synapses are
reset by the aforementioned treatments. Here, we review the literature that describes
the phenomena observed at the NMJ in sarcopenic and dystrophic muscle as well as to
how these alterations can be reversed and to what extent. In a second part, the current
information about molecular machineries underlying these processes is reported.

Keywords: neuromuscular junction, dystrophy, aging, sarcopenia, exercise therapy

INTRODUCTION
Sarcopenia, a term coined by Rosenberg, literally means “poverty
of flesh” and originally referred to aging-related loss of muscle
mass (Rosenberg, 1997). The etiology of this loss is most likely
multi-factorial. Indeed, the functionality of skeletal muscle is
subject to regulation by several different tissues. Primarily, these
include muscle, tendons, skeleton, as well as central and peripheral
nervous systems (and their supporting cells), but also hormonal
glands, blood vessels, and others. Malfunctioning of any one of
these components will ultimately affect the other constituents,
although with different strength. This complexity of the motor
system is certainly an important aspect that leads to the ambiguity
in explaining the pathogenic mechanisms of many neuromus-
cular diseases. That is true even in disorders, in which simple
genetic abnormalities are the sole initiating factor, as in the case of
hereditary forms of muscular dystrophies. Indeed, although many
muscular dystrophies are linked to mutations of different members
of a single protein complex, i.e., the dystrophin-associated protein
complex (DAPC), insight into the precise links between DAPC and
the dystrophic symptoms remains limited. A similar uncertainty
characterizes our understanding of the etiology of aging sarcope-
nia. While there is a general consensus that functional muscle
denervation is one of the principal factors leading to sarcopenia,
the origin and exact role of the partial silence between nerve and
muscle are still debated as outlined below. Since many muscu-
lar dystrophies and sarcopenia share defects at the nerve–muscle
synapse, i.e., the neuromuscular junction (NMJ), we analyze in

this review whether this commonality could possibly reflect sim-
ilar molecular origins and whether this would allow speculation
about diagnostic or therapeutic interventions for these diseases.

COMMON FEATURES IN AGING AND DYSTROPHY WITH
RESPECT TO THE NMJ
Before addressing features that are common or different in mus-
cular dystrophy and sarcopenia, we need to briefly define both
terms. Muscular dystrophies: these form a group of more than
30 different hereditary or acquired diseases, which are character-
ized by progressive degeneration of the musculoskeletal system
leading in many cases to severe ambulation deficits and reduced
lifespan. As excellently reviewed previously (Blake et al., 2002;
Davies and Nowak, 2006; Mercuri and Muntoni, 2013), mus-
cular dystrophies can be due to mutations in many different
genes, including those encoding sarcomeric/sarcoplasmic pro-
teins like titin or calpain 3, nuclear proteins such as lamin or
emerin, and proteins of the sarcoplasmic reticulum like dystrophia
myotonica protein kinase. Some forms of muscular dystrophy are
also due to defective membrane repair (dysferlinopathy), but the
largest part of dystrophies is connected to the DAPC and can
be divided into two groups. Diseases originating from mutations
in members of the DAPC are often called as dystrophinopathies,
while conditions due to aberrant glycosylation of DAPC members
(in particular, α-dystroglycan) are termed dystroglycanopathies.
Duchenne muscular dystrophy is the most frequent form of dys-
trophinopathy, Fukuyama congenital muscular dystrophy, and
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Walker–Warburg syndrome represent typical examples of dystro-
glycanopathies. Since the DAPC is highly abundant at the NMJ
(Pilgram et al., 2009) and might play essential roles in maintain-
ing it (see below), we will limit the discussion in the following text
to dystrophinopathies and dystroglycanopathies. Sarcopenia: the
European Working Group on Sarcopenia in Older People (Cruz-
Jentoft et al., 2010), has defined sarcopenia as the loss of muscle
mass (atrophy) and muscle strength (dynapenia) as a direct con-
sequence of aging. Given that secondary conditions, like cancer,
cirrhosis, or ovariectomy can also lead to (non-sarcopenic) atro-
phy upon aging, it is not always easy to determine if age or other
reasons are the primary cause for muscle loss (Hepple, 2012).
This has spurred interest in defining more specific character-
istics for the clinical diagnosis of sarcopenia. In the following
text, we will examine a few of these criteria (Hepple, 2012) and
address to what extent these features are also present in muscular
dystrophies.

HISTOPATHOLOGICAL HALLMARKS OF SARCOPENIC MUSCLE
Apart from the eponymous loss in muscle mass, sarcopenic mus-
cle is characterized by histopathological traits that can distinguish
sarcopenia from other types of muscle atrophy. The first in a list
of such parameters is the occurrence of fiber size heterogeneity
in muscle from elderly people and analogous mouse/rat models
(reviewed in Berger and Doherty, 2010; Hepple, 2012). Notably,
while fiber size variability is not found in other types of atro-
phy like those related to cancer cachexia, it is a major feature
of dystrophinopathies (Engel and Ozawa, 2004) and dystrogly-
canopathies (Taniguchi et al., 2006; Krag et al., 2011; Costa et al.,
2013). Second, muscles from elderly exhibit extensive fiber type
grouping. This means that a disproportionally large number of
neighboring fibers exhibit the same fiber type. This has been found
in both humans (Andersen, 2003) and murine models (Kanda
and Hashizume, 1989; Rowan et al., 2011). Certainly, fiber type
grouping is not very extensive in most muscular dystrophies, but
the occurrence of smaller fiber groups was reported for samples
from Becker muscular dystrophy (ten Houten and De Visser, 1984;
Kaido et al., 1991) and also Duchenne muscular dystrophy (Engel
and Ozawa, 2004). Another fiber type-related alteration is the co-
expression of multiple myosin heavy chain isoforms, which is again
indicative of sarcopenia (Andersen et al., 1999; Patterson et al.,
2006; Rowan et al., 2012) and was also observed in Duchenne
muscular dystrophy (Marini et al., 1991).

The above-mentioned alterations in fiber size, distribution of
fiber type, and co-expression of multiple myosin heavy chain
isoforms all suggest the occurrence of reiterating cycles of degen-
eration/regeneration as well as denervation followed by reinner-
vation of the affected fibers. Since paucity of neurotransmission is
expected to modify the synapses of the involved fibers, it is intrigu-
ing that an additional common feature of aging sarcopenia (Valdez
et al., 2010; Li et al., 2011) and muscular dystrophies (Lyons and
Slater, 1991; Grady et al., 1997; Shiao et al., 2004) is fragmenta-
tion of NMJs. But what does fragmentation appear as? In normal
mammalian muscle, AChRs densely cluster in winding, band-like
arrays on the post-synaptic membrane. Mostly, these bands form
a continuous structure also referred to as “pretzel”-like. To achieve
maximally efficient neurotransmission, pre- and post-synaptic

FIGURE 1 | Pre- and post-synapse exhibit perfect complementarity in
young adult NMJs. (A,B) Pre-synaptic terminal as represented by
motoneuronal markers for synaptic vesicles [synaptophysin (A)] and
neuronal cytoskeleton [neurofilament (B)]. (C) Post-synaptic apparatus
contains large amounts of AChRs directly juxtaposed to pre-synaptic ACh
filled synaptic vesicles. (D) Overlay of synaptophysin (red), neurofilament
(green), and AChR stainings (blue) nicely shows the perfect
complementarity of pre- and post-synaptic portions of NMJ.

membranes exhibit the same band pattern (Figure 1). In aged
and dystrophic muscle, however, the “pretzel” is fragmented into
many individual gutters (Andonian and Fahim, 1987; Lyons and
Slater, 1991) (see also Figure 2).

ORIGINS OF SYNAPTIC FRAGMENTATION MIGHT BE DIFFERENT
The cause of fragmentation of NMJs in aged and dystrophic
muscle is rather unclear, but there are different possible expla-
nations. First, it is conceivable that fragmentation of NMJs is due
to degeneration of muscle fiber segments underlying the synapse.
Subsequent regeneration would then create a patch-like appear-
ance of the post-synaptic apparatus that could be mimicked by the
pre-synaptic terminal through adaptive structural reorganization.
This is a principal hypothesis for the occurrence of synaptic frag-
mentation in muscular dystrophy (Lyons and Slater, 1991) and
was also suggested to play a role in the aging process in a longi-
tudinal study in mice, where the same NMJs were followed over
extended periods of time (Li et al., 2011). Results showed not a
steady, progressive fragmentation, but rather complete fragmenta-
tion of individual synapses within short time ranges and mostly in
conjunction with the appearance of central nuclei, a sign of regen-
eration. Feedback from the post- to pre-synaptic regions leading
to adaptation of the pre-synaptic terminal to the scattered post-
synaptic morphology could be mediated by Lrp4 (Yumoto et al.,
2012), the co-receptor of MuSK in agrin-dependent signaling (Kim
et al., 2008; Zhang et al., 2008).
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FIGURE 2 |The phenomenon of NMJ fragmentation during aging and
dystrophy. Tibialis anterior muscles of wildtype (wt) or dystrophic mdx
mice were injected with fluorescently labeled α-bungarotoxin to mark
AChRs at the indicated ages and then imaged using in vivo confocal
microscopy. Images show maximum intensity projections of several NMJs
(left) and binarized pictures (right) to highlight the observation that in young
wt AChRs form contiguous, “pretzel-like,” bands while they align in
fragmented clusters in aged wt and middle aged dystrophic muscles.

Another possible cause of NMJ fragmentation can be traced
to the appearance of neuronal lesions or complete motor neuron
death leading to muscle fiber denervation followed by reinnerva-
tion of the same post-synaptic apparatus by a new neuronal sprout
from neighboring neurons. Indeed, in aging sarcopenia, there is
wide spread consensus that denervation due to motor neuron
apoptosis is a crucial feature. A fast decline in the number of alpha
motor neuron cell bodies in the spinal cords of humans beyond
the age of 60 was observed (Kawamura et al., 1977; Tomlinson
and Irving, 1977; Berger and Doherty, 2010), and was accompa-
nied by a decline in the number of motor units, i.e., the groups of
muscle fibers innervated by individual motor neurons (Doherty
et al., 1993). Since a massive reduction in the number of mus-
cle fibers in aged muscle was also reported (Lexell, 1993), dying
back of motor neurons due to loss of muscle fiber trophic signals

could be a possible explanation of sarcopenia. Evidence that aging
may induce peripheral nerve degeneration in muscle comes from
a recent study in mice, which found signs of marked degenera-
tion of pre- and post-synaptic portions of NMJs although counts
of motor neuron somata at the level of the lumbar region did
not reveal any difference between mice at 3 and 29 months of age
(Chai et al., 2011). Peripheral degeneration of nerves in aged ani-
mals was also observed in other reports (Stanmore et al., 1978;
Valdez et al., 2010) and investigations from other disease mod-
els imply that retrograde motor neuron death is possible (Wong
and Martin, 2010). However, in Duchenne muscular dystrophy,
motor neuron degeneration among patients has not been detected
(Tomlinson et al., 1974) and intramuscular nerves appear normal
(Engel and Ozawa, 2004). Given that massive muscle fiber death is
occurring in Duchenne patients, it follows that retrograde motor
neuron degeneration is not a logical consequence of muscle fiber
loss. Finally, smaller rearrangements of molecular events could
lead to a steady, slow decay of synaptic regions resulting in frag-
mented appearance of the synapse although findings in mice do
not support this possibility (Li et al., 2011). However, it is unlikely
that aging processes in rodents are fully comparable to those in
humans, particularly with respect to slowly accumulating ones.
In other words, it might well be that small rearrangements that
are not visible within the 2–3-year lifespan of mice would in fact
be detectable within the more than 80-year lifespan of humans.
Before addressing the involvement of different molecular path-
ways in regulating NMJ morphology and function, we will first
address how regular muscle activity affects NMJs. Due to the lack
of studies on dystrophic muscle, the ensuing section focuses on
the effects of training in healthy, young, and aged subjects and
corresponding murine models.

ROLE OF EXERCISE ON MUSCLE PERFORMANCE IN AGED – FOCUS ON
NMJ
There is growing epidemiological and experimental evidence sug-
gesting that certain types of physical exercise are effective in offset-
ting age-related decline in muscle size and strength (reviewed e.g.,
in Berger and Doherty, 2010). Notably, life-long high-intensity
physical activity significantly abates the loss of motor unit num-
bers (Power et al., 2010). Similar to the way in which chronic
exercise training is capable of mitigating the loss of strength and
muscle mass associated with aging, the same stimulus of regularly
performed exercise appears to influence aging-related adaptations
of the NMJ (Andonian and Fahim, 1987). This is evident with
respect to both NMJ morphology and function. Moreover, our
present understanding suggests that exercise training results in
age-specific remodeling of the NMJ. That is, among young adults
endurance training elicits an expansion of NMJ dimensions and
this enlargement is evident in both the pre- and post-synaptic
components of the NMJ. This is not surprising since there is con-
vincing evidence that pre- and post-synaptic relationships of the
NMJ are well maintained throughout aging and that this constancy
is apparent even when examining the NMJs of muscles display-
ing different patterns of neuromuscular activity (Deschenes et al.,
2013). It should be noted, however, that most of the exercise train-
ing studies conducted to date among aged animals have used only
moderately aged rodents (i.e., 20–25 months). This is important
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as it has been reported that during advanced aging (>25 months)
rodents display NMJ remodeling that is characterized by reduced
dimensions rather than the expansion of synaptic size observed
among animals with less advanced aging (Rosenheimer and Smith,
1985). Unclear at this point is how exercise training affects NMJ
structure in these more senescent animals and if gender-specific
differences occur.

Specific responses of NMJs to exercise training include an
increase in total length of nerve terminal branching, a greater
number of nerve terminal branches, and a more elaborate pattern
of nerve terminal branching, i.e., branching complexity (Fahim,
1997; Deschenes et al., 2011). Accompanying this training-related
amplification of nerve terminal branching is a greater total num-
ber of pre-synaptic vesicles containing the NMJ’s neurotransmit-
ter acetylcholine (ACh). The greater total nerve terminal branch
length in the NMJs of trained muscles is necessary to secure
increased numbers of ACh vesicles and total neurotransmitter in
light of the fact that the number of vesicles supported by a given
length of nerve terminal branching is consistent among young and
aged, as well as in muscles with high or low recruitment patterns
(Deschenes et al., 2013). It has also been established that the size
of individual pre-synaptic vesicles is unaffected by training, again
requiring the expression of greater numbers of vesicles if the total
amount of stored ACh is to be increased (Fahim, 1997).

As expected in synapses exhibiting tight coupling of pre-
and post-synaptic components, endurance training also promotes
remodeling with respect to the number and distribution of AChRs
at the muscle fiber’s endplate region where post-synaptic depolar-
ization occurs. Specific training-induced endplate modifications
are characterized by a higher number of AChRs, which occupy
a greater endplate area than in untrained muscle fibers (Desch-
enes et al., 1993, 2013; Cheng et al., 2013). The enhanced span of
the AChR stained area is necessitated by the fact that the density
of AChRs anchored within a given area within receptor clusters
(i.e., stained area) does not change with training (Deschenes et al.,
1993). Thus, to increase the total number of AChRs at the NMJ, the
area anchoring these receptors must be expanded. This is precisely
what is observed as a result of endurance training.

Other post-synaptic adaptations induced by training include a
greater total perimeter length encompassing the entire endplate
region, which includes clusters of receptors as well as interspers-
ing sections of the endplate that do not express receptors. Training
has also been found to increase the aggregate perimeter length
encompassing only the stained clusters of AChRs without taking
into account empty sections between those clusters (Deschenes
et al., 2011). Finally, the dispersion of clusters of AChRs within
the total endplate area – which includes stained AChR clusters
and receptor void sections between those clusters – is sensitive
to endurance training, with that stimulus responsible for a more
compact, less dispersed distribution of stained receptor clusters
(Deschenes et al., 2011). The quantitative technique used to assess
the dispersion of AChR clusters within the total endplate area
can be seen in Figure 3. As an aside, it is noteworthy that the
expanded dimensions detected in run trained NMJs occur despite
mild,e.g.,10–15%,atrophy in the size of the muscle fibers on which
the NMJs reside (Deschenes et al., 1993, 2011). Clearly, the mor-
phological modifications of NMJs brought about by endurance

FIGURE 3 | Determination of post-synaptic ACh receptor cluster
dispersion. Representative image of tracings made to determine total
endplate area (yellow) and stained receptors clusters (blue) within that total
area. To determine dispersion of AChRs within total endplate the stained
area is divided by the total area and multiplied by 100.

training cannot simply be attributed to similar remodeling of
muscle fiber size.

A basic tenet of the biological sciences is that form and function
are inextricably linked. The plasticity of the NMJ is another exam-
ple of how form and function change hand-in-hand. That is, the
endurance training-induced alterations of NMJ structure are asso-
ciated with significant changes in synaptic transmission. Examples
of such electrophysiological adaptations are training-induced ele-
vations in quantal content, or the amount of neurotransmitter
released from nerve terminals in response to a single electrical
impulse. This is true despite the fact that unstimulated, or random
release of ACh, is reduced among trained muscles (Fahim, 1997)
suggesting a more secure anchoring of vesicles at pre-synaptic
active zones. And during a continuous train of imposed electrical
stimuli to the NMJ, there is a slighter degree of depression in post-
synaptic response among trained compared to untrained neuro-
muscular systems (Fahim, 1997). This is viewed as evidence that
trained NMJs are more adept not only at recycling the pre-synaptic
ACh vesicles releasing neurotransmitter into the synaptic cleft, but
also of maintaining sensitivity of the post-synaptic receptors to
that ACh which is released.

In contrast to endurance training another form of exercise
training, i.e., resistance training, or weight lifting, is known to pro-
mote significant muscle fiber hypertrophy (Kraemer et al., 1995).
Mimicking the type, intensity, and volume of weight lifting that
human athletes routinely perform has proven to be difficult with
an animal model. Largely, because of this and because it is not
practicable to visually examine the NMJs in human muscle as that
synapse is located somewhere in the middle third of the length
of the whole muscle and stains must be used to make it visible,
much less is known about the effects of resistance training on
the NMJ. But in one study using a model of rats climbing a lad-
der with resistance attached to their tails, it was shown that this
mode of exercise brings about NMJ remodeling that is similar
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in nature to that observed with endurance training, albeit to a
smaller extent. More specifically, a 7-week program of resistance
training increased pre-synaptic area occupied by ACh contain-
ing vesicles, and post-synaptic endplate area stained for AChRs
by ~15% – compared to ~30% with endurance training – with
the coupling of ACh vesicles and receptors remaining constant
(Deschenes et al., 1993, 2000). It appears then, that the stimulus of
resistance training, while adequate to result in NMJ remodeling,
is not capable of yielding the same degree of synaptic remodeling
seen with endurance training.

Although a relatively new area of investigation, a number of
studies have reported that aging does, indeed, modify the respon-
siveness of the NMJ to exercise training. For example, when
young adult and aged rats participated in an identical 10-week
program of treadmill running, training was shown to result in
significant structural remodeling of NMJs (increased nerve ter-
minal total branch length and number of branches, increased
post-synaptic area occupied by ACh receptors, and perimeter
length surrounding those receptors) in young animals, without
such modifications occurring among aged rats (Deschenes et al.,
2011). Upon close examination, however, it was apparent that
aging alone had resulted in pre- and post-synaptic expansion, so
that when aged rats performed endurance training, the effect was
to reduce NMJ dimensions back to those observed in untrained
young NMJs. Figure 4 depicts the effects of exercise training on
post-synaptic structure in young and aged NMJs. A similar age and
exercise interaction on NMJ structure has recently been reported
(Valdez et al., 2010). In that investigation, it was determined that
aged mice displayed larger NMJs with more elaborate, and frag-
mented, architecture than those examined in young mice. But in
aged mice given access to free running wheels, NMJs in exercised
muscles were not morphologically distinct from those of young,
untrained mice. These studies, along with a more recent report
(Cheng et al., 2013), suggest that the morphological remodeling
of NMJs associated with aging may be prevented or even reversed
through regular participation in endurance type exercise. As aging
modulates training-induced structural alterations of the NMJ,
exercise-related adaptations in synaptic transmission across the
NMJ are similarly affected by aging. Finally, although there is no
information regarding the effect of controlled exercise on NMJs in
dystrophic muscle, a recent trial documented beneficial impact of
moderate bicycle training in a group of Duchenne patients (Jansen
et al., 2013).

MOLECULAR CHARACTERISTICS AND BIOMARKERS AT NMJ
As outlined above, the sequence of events that results in fragmenta-
tion of NMJs has yet to be fully revealed. With respect to molecular
pathways underlying pre- or post-synaptic processes leading to
degeneration of the NMJ there have been recent advancements.
Most studies that address the maintenance of the NMJ measure
the coherence of the AChR clusters in“pretzel”-shaped arrays. This
is mainly for two reasons: first, the AChR is the major ion channel
of the post-synaptic apparatus and thus reflects gross morpholog-
ical alterations of the NMJ with high fidelity. Second, visualization
of its distribution, also in vivo, is greatly facilitated by the use of the
snake venom, α-bungarotoxin, which does not permeate the cell
membrane, but binds with extremely high specificity and affinity

FIGURE 4 | Schematic representation of exercise-induced changes at
post-synaptic membrane of NMJ of young adult and aged rodents.
Both, exercise as well as the aging process come with augmented size of
individual NMJs and increased branching complexity of AChR clusters
within the NMJ organization. Aged NMJs are also often characterized by
enhanced discontinuity of AChR cluster branches. Of note, exercise of aged
animals partially reduces branching complexity, NMJ size, and
fragmentation and, thus, leads to a morphology of synapses that resembles
young adult sedentary NMJs. Relative density of AChR, indicated by gray
scales, is always highest at the branch borders and does not significantly
change under all conditions. Pre-synaptic branching and synaptic vesicle
numbers (not shown) are largely modified in congruency with post-synaptic
changes. However, upon aging partial loss of pre-to-post matching does
frequently occur.

to AChRs and can be labeled with a variety of dyes, radioactive
tracers, etc. To better understand possible scenarios that could
affect NMJ morphology in general and AChRs in particular, it is
useful to mention the principal steps of AChR lifecycle.

BIOGENESIS AND CLUSTERING OF AChRs
The AChR is a pentameric ligand-gated cation channel of the cys-
loop family of ion channels with a wide expression in the central
nervous system and skeletal muscle. In the latter, AChR subunit
composition depends on the developmental state of the tissue.
While embryonic and regenerating muscles express AChRs with
a subunit composition of αγαδβ, adult intact muscle expresses
receptors with αεαδβ composition (Witzemann et al., 1987, 1989;
Gu and Hall, 1988). By substituting the ε subunit for the γ subunit,
the gating properties of the channel change from displaying long
open times with slow conductance, to brief open times with high
ion conductance rates (Mishina et al., 1986; Schwarz et al., 2000).
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The γ to ε switch was found to be essential, because mice lacking
the adult-type AChRε subunit showed impaired neurotransmis-
sion, progressive muscle weakness, and died about 40–60 days after
birth (Witzemann et al., 1996). The AChR life cycle starts with
biogenesis and assembly of its subunits within the endoplasmic
reticulum and then proceeds in the Golgi apparatus, where gly-
cosylation occurs, before secretory vesicles transport the AChR
to the post-synaptic membrane (Figure 5). Already during this

transport, the 43 kDa receptor associated protein of the synapse
(rapsyn) escorts the AChRs (Marchand et al., 2000, 2002) in a
1:1 fashion. At the membrane, AChRs are then clustered and
maintained by the help of rapsyn that links AChRs to the under-
lying actin cytoskeleton via the DAPC (Gautam et al., 1995).
This process is mainly mediated by the agrin/MuSK/Lrp4 signal-
ing pathway (Figure 5) that is regulated by the presence of an
active motor neuron pre-synaptic terminal. As recently reviewed

FIGURE 5 | Scheme depicting the putative life cycle of AChR at the
vertebrate NMJ. Upon assembly in the ER and glycosylation in the Golgi
apparatus, AChR is delivered by exocytosis to the post-synaptic membrane
where it is clustered by means of agrin/MuSK/Lrp4/rapsyn complex, to fulfill
its major function, i.e., mediating neuromuscular transmission. Subsequently,

AChR is endocytosed and can then be recycled using a cooperative function
of myosin Va, PKA type I, and rapsyn, or degraded, presumably via autophagic
decay in a MuRF1-dependent manner. Decision-making between recycling or
degradation appears to be subject to manifold signals including CaMKII
and PKC.
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(Punga and Ruegg, 2012), the large proteoglycan, neural agrin,
activates the MuSK–Lrp4 complex to inhibit activity-dependent
AChR cluster disassembly that occurs outside the reach of neu-
ronal agrin. This involves the activation of effector molecules,
primarily Dok-7 and rapsyn. Thus, the agrin/MuSK/Lrp4 pathway
appears to perfectly explain the observed precise fit of pre- to post-
synaptic portions of healthy NMJs by release of a neuronal signal
and the subsequent response of muscle tissue. However, at least
two factors complicate this concept. First, the agrin/MuSK/Lrp4
pathway is not the only regulator of AChR clustering. Indeed,
a wealth of other signaling molecules also affects the presence
of AChRs at the membrane, as reviewed previously (Wu et al.,
2010). Second, it is increasingly appreciated that NMJ develop-
ment and maintenance are not controlled in a simple unidirec-
tional manner from nerve to muscle. For example, while agrin
is dispensable for AChR cluster formation during development,
cluster maintenance in the adult needs agrin to prohibit activity-
induced cluster dispersal (see Kummer et al., 2006 for review).
Furthermore, muscle-derived Lrp4 appears to also act in a retro-
grade manner, since it is necessary for early steps of pre-synaptic
development in vitro and in vivo (Yumoto et al., 2012). In the
context of aging research, it would be very interesting to know,
whether Lrp4 also signals from muscle to nerve in adult tissue
to maintain the nerve–muscle connectivity intact in a retrograde
manner.

LIFE OR DEATH AFTER LEAVING THE CLUSTER
Although AChRs in intact and innervated muscle exhibit a high
metabolic stability and are, thus, slowly turned over with a half-life
of about 13 days, they are at some point removed from the post-
synaptic region by endocytosis. Subsequent fates include storage
in an intracellular compartment, recycling to the post-synaptic
membrane in an activity-dependent manner, and degradation
(Figure 5). Given that about 25% of all surface receptors are
normally recycled within 4 days (Bruneau et al., 2005), positive
or negative tuning of the decision between recycling and dete-
rioration would also affect AChR density at the NMJ, and if
recycling is lacking spatial precision, this could potentially lead
to fragmentation of synapses due to receptor delivery at wrong
sites. A couple of reports indicate that second messenger-triggered
serine/threonine phosphorylation events are major determinants
controlling the decision-making between recycling and degrada-
tion. Observations from different laboratories have revealed the
positive and negative impacts of protein kinases A (PKA) and C
(PKC), respectively, on AChR lifetime and recycling (Nelson et al.,
2003; Röder et al., 2010; Martinez-Pena y Valenzuela et al., 2013).
Furthermore, Ca2+/calmodulin-dependent kinase II (CaMKII)
also appears to trigger AChR recycling in an electrical stimula-
tion and Ca2+-dependent manner (Martinez-Pena y Valenzuela
et al., 2010) (Figure 5).

The target molecules for these phosphorylation events are still
unclear, but one obvious candidate is the AChR itself, which can be
phosphorylated at different subunits by PKA and PKC (Miles et al.,
1987; Huganir and Miles, 1989; Nimnual et al., 1998). A potential
target for CaMKII at the NMJ could be myosin Va, which is crucial
to recruit AChR-containing recycling carriers to the post-synaptic
membrane (Röder et al., 2008; Yampolsky et al., 2010). Myosin

V molecules are CaMKII-regulated motor proteins (Costa et al.,
1999) and are also important for activity- and Ca2+-dependent
recycling of AMPA receptors at central synapses (Correia et al.,
2008; Wang et al., 2008). Furthermore, myosin V is dependent
on actin filaments to escort vesicles to their destination (Reck-
Peterson et al., 2000; Walker et al., 2000). This might partially
reflect the aberrant recycling of AChRs upon impairment of com-
ponents of the DAPC (Martinez-Pena y Valenzuela et al., 2011;
Schmidt et al., 2011), which is a major organizer of the actin
cytoskeleton in skeletal muscle and the NMJ (Pilgram et al., 2009).
Another general point that characterizes the organization of AChR
recycling is the compartmentalization of signaling by virtue of
anchoring molecules. While the cAMP necessary to recycle AChRs
in a PKA-dependent manner appears to be located in certain
microdomains (Röder et al., 2010), rapsyn was found to anchor
PKA in close vicinity to the vesicles that harbor recycling AChRs
and myosin Va (Röder et al., 2010; Choi et al., 2012). Similarly,
absence of the CaMKII-anchoring protein αkap (which itself is
a non-functional CaMKII), that is known to target CaMKII to
different subcellular sites (Bayer et al., 1998; O’Leary et al., 2006;
Singh et al., 2009), reduced AChR stability in myotubes (Mous-
lim et al., 2012). The presence and absence of αkap was claimed
to be associated with decreased and increased ubiquitination, of
AChRs (Mouslim et al., 2012), respectively, and regulation of this
process might be directly linked to degradation of AChRs. While
in this study, using myotubes and cell cultures, total AChR lev-
els could be modulated using proteasome inhibitors (Mouslim
et al., 2012), other reports show a role of lysosomal degradation of
surface-exposed AChRs (Libby et al., 1980; Engel and Fumagalli,
1982; Clementi et al., 1983; Hyman and Froehner, 1983; Valkova
et al., 2011). A likely explanation for the discrepancy regarding
the degradation path of AChRs is the time-point at which they
are to be eliminated. Whereas proteasome appears to be crucial
for degradation of unassembled AChR subunits at the level of ER
(Christianson and Green, 2004), lysosomal degradation should
affect receptors after their endocytosis from the plasma membrane.

A recent study has looked at this latter degradation pathway in
more detail and reported the involvement of autophagy that leads
to loss of AChRs from the NMJ (Khan et al., 2014) (Figure 5)
after ingestion of endosomal structures into autophagosomes
that subsequently fuse with lysosomes to terminally digest the
entire protein content as reviewed elsewhere (Shaid et al., 2013).
AChR-containing endocytosed carriers were accompanied by the
autophagy marker, LC3 and this was dependent on the presence
of the LC3-activating enzyme, Atg7 (Khan et al., 2014). Notably,
a strong increase in the amount of autophagic AChR-containing
vesicles upon denervation was observed and this was completely
blunted in the absence of the E3 ubiquitin ligase, MuRF1 (Khan
et al., 2014). MuRF1 is also known as one of the central play-
ers in muscle atrophy (Bodine et al., 2001; Centner et al., 2001)
and termed as atrogene (Lecker et al., 2004). This suggested a
role of ubiquitination in sorting AChRs to autophagic decay, an
assumption which was corroborated by the presence of the adaptor
protein, p62/SQSTM1 in AChR-containing carriers (Khan et al.,
2014). p62/SQSTM1 harbors both, ubiquitin binding site and
LC3 interacting regions to bridge ubiquitinated target molecules
to the autophagosomal membranes (Pankiv et al., 2007). So far,
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it is unclear, if ubiquitinated AChR serves as a direct target for
selective autophagy or whether other molecules in complex with
AChR do so.

PATHWAYS ALTERED IN AGING AND DYSTROPHY
The above discussion has mentioned a few molecular pathways
that could potentially play a role in the deterioration of the NMJ.
In the following text, actually observed alterations of these path-
ways in aging and dystrophy will be discussed. A recent genomic
and proteomic profiling of aging rats revealed that a group of
NMJ-related genes, including different subunits of AChR, MuSK,
and Lrp4, are significantly up-regulated with age and weight loss
(Ibebunjo et al., 2013). This has two implications. First, it corrob-
orates an important involvement of functional denervation in the
sarcopenia process, since synaptic genes are known targets upon
denervation (Bodine et al., 2001; Furlow et al., 2013). Second,
the MuSK pathway is apparently involved in the aging process
of skeletal muscle. This is further substantiated by recent stud-
ies. First, tamoxifen-inducible conditional knock-out mice lacking
agrin in a subset of motor neurons were recently created and ana-
lyzed (Samuel et al., 2012). Upon tamoxifen treatment of these
mice, it took 2–3 months for agrin to detectably diminish in the
affected neurons. Concurrently, NMJs displayed mild to severe
morphological alterations. Notably, pre-synaptic decay seemed to
follow deterioration of the post-synaptic apparatus, suggesting the
involvement of retrograde signaling from muscle to nerve (Samuel
et al., 2012). Five to six months after the administration of tamox-
ifen, there was marked withdrawal of motor axons and motor unit
sizes were decreased (Samuel et al., 2012). Another important con-
tribution was made by the finding that proteolytic cleavage of agrin
induces early onset sarcopenia in young adult mice (Bütikofer
et al., 2011). Agrin is cleaved at the NMJ by the protease, neuronal
neurotrypsin, and this leads to the formation of 90 and 22 kDa N-
and C-terminal fragments of agrin, respectively (Reif et al., 2007;
Stephan et al., 2008). Notably, 4 months old transgenic mice over-
expressing neurotrypsin in motor neurons displayed many facets
of sarcopenia including reduced fiber number, fiber caliber het-
erogeneity, fiber type grouping, increased amount of type I fibers,
and severely fragmented NMJs (Bütikofer et al., 2011). These find-
ings suggest that destabilization of NMJ alone can be sufficient for
leading to a pronounced sarcopenic phenotype and were substan-
tiated by a recent study, where injection of a neurotrypsin-resistant
agrin fragment stabilized NMJs and improved the phenotype of
neurotrypsin-overexpressing mice (Hettwer et al., 2014). A recent
clinical study identified significantly increased serum levels of the
C-terminal agrin fragment in sarcopenic patients as compared to
aged matched controls and a national blood donor cohort (Het-
twer et al., 2013). Thus, agrin fragments appear to be not only
promising candidates in the search for biomarkers in the field
of sarcopenia diagnosis, but also carry hope for use as poten-
tial therapeutic agents. However, it needs to be mentioned that
only about 38% of the sarcopenia patients displayed elevated lev-
els of the agrin fragment in serum, indicating that sarcopenia is
indeed likely a multi-factorial disease. This is also supported by
the observation that aged transgenic mice lacking neurotrypsin, or
overexpressing agrin develop sarcopenia (Bütikofer et al., 2011).
Whether agrin signaling is modified or relevant in the context

of NMJ maintenance in muscular dystrophies has yet to be
explored.

Conversely, when considering second messenger handling as a
major determinant of AChR turnover and NMJ continuity, this
is definitely aberrant in dystrophic muscle while its role in sar-
copenia is much less clear. With respect to dystrophies, alterations
in Ca2+ and cAMP handling were previously reviewed (Carlson,
1998; Rudolf et al., 2013). Although to our knowledge there are
no in-depth reports that have investigated modulation of second
messenger signaling upon aging by means of in vivo approaches,
genomic and proteomic profiling revealed a strong correlation
between muscle loss and at least three members of the cAMP sig-
naling system, i.e., adenylate cyclase 2, PKA type Iα, and phospho-
diesterase 4a (Ibebunjo et al., 2013). Future work will be necessary
to further tighten these links and to understand any possible rela-
tionship to age-related alterations of NMJ. Finally, NMJ remodel-
ing and particularly, AChR turnover are affected by the autophagy
process. So, what is the contribution of autophagy to sarcopenia
and dystrophy? This question has recently been addressed in a
nice review (Sandri et al., 2013). In brief, although to date genes
that are involved in autophagy have not been found to be directly
associated with dystrophinopathies and sarcopenia, autophagy is
impaired in muscles of dystrophic mdx mice and Duchenne dys-
trophy patients (De Palma et al., 2012). Furthermore, treatment
of mdx mice with the agonist, AICAR, for the autophagy-driving
AMP kinase not only leads to increased autophagic flux but also
improves the dystrophic phenotype significantly (Pauly et al.,
2012). In general, a fine tuned balance of autophagy seems to
be critical for keeping skeletal muscle intact (Neel et al., 2013).
While too little autophagic activity might lead to accumulation
of damaged organelles and proteins, such as mitochondria (Gru-
mati et al., 2010) or sarcoplasmic reticulum (Russ et al., 2014),
exacerbated autophagy would also entail muscle wasting.

CONCLUSION
In conclusion, the interplay between neurons and muscle is a prin-
cipal component that appears to be altered in both sarcopenia and
dystrophy. However, the origins of the degeneration in functional
interaction between both tissues are likely to be different between
those two conditions. Owing to anterograde and retrograde sig-
naling cascades active at the NMJ, it can be envisaged that neuronal
degradation may lead to muscle fiber atrophy as well as the reverse
of this. Regardless, functional denervation might trigger several
pathways leading to the morphological deterioration of NMJs and
to altered turnover of AChRs. This could become important in
the context of diagnosing and treating sarcopenia, given that with
the appearance of agrin fragments, first biomarkers and therapeu-
tic agents for a subset of sarcopenia are also apparent. Since the
agrin/MuSK/Lrp4 pathway is a major but not exclusive regulator
of NMJ maintenance, further research is needed to better under-
stand these additional physiological signals that decide over NMJ
morphology and AChR turnover.
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INTRODUCTION
In recent years, histochemistry at light and
electron microscopy has increasingly been
applied to investigate basic mechanisms
of skeletal muscle diseases; in particular,
the study in situ of skeletal muscle cell
nuclei proved to be crucial for elucidating
some pathogenetic mechanisms of skele-
tal muscle wasting in myotonic dystrophy
(DM) and sarcopenia. DM is an autosomal
dominant disorder whose multisystemic
features originate form nucleotide expan-
sions: (CTG)n in the dystrophy myotonic
protein kinase (DMPK) gene on chromo-
some 19q13 in DM type 1 (DM1), or
(CCTG)n in intron 1 of the CNBP gene
(previously known as zinc finger 9 gene,
ZNF9) on chromosome 3q21 in DM type
2 (DM2). Sarcopenia is an age-related con-
dition characterized by the decline of mus-
cle mass, strength, and function, whose
causes are still poorly known and proba-
bly manifold (e.g., altered levels of anabolic
hormones and inflammatory mediators,
impairment of proteolytic and autophagic
pathways, mitochondrial or neuromus-
cular dysfunction, and loss of satellite
cells). Interestingly, skeletal muscles in both
DM and sarcopenia show myofiber atro-
phy, fiber size variability, and centrally
located nuclei, as well as a reduced satel-
lite cells’ effectiveness. Based on ex vivo
and in vitro studies, we have demonstrated
that both myofibers and satellite cells of
DM and sarcopenic muscles exhibit a mas-
sive nuclear rearrangement of the struc-
tural and molecular factors responsible

for pre-mRNA transcription and matura-
tion; the impairment in the pre-mRNA
post-transcriptional pathways would thus
account for the aging-reminiscent muscle
phenotype of DM patients suggesting that
the skeletal muscle wasting observed in DM
and sarcopenia may result from similar
cellular mechanisms.

HISTOLOGICAL PHENOTYPE OF
SKELETAL MUSCLE IN SARCOPENIA
AND MYOTONIC DYSTROPHY
Myotonic dystrophy is an autosomal dom-
inant disorder causing multiorgan and
multisystemic pathological features among
which muscular dystrophy, characterized
at the histopathological level by fiber size
variability with concomitantly occurring
dystrophy and hypertrophy, and presence
of myofibers with centralized or grouped
nuclei (nuclear clumps) (Bertoni-Freddari
et al., 2004). Two types of DM exist; the
more severe Steinert’s disease (DM1) show-
ing dystrophy of slow/type I fibers, and
the milder DM2 or proximal myotonic
myopathy (PROMM), where fast/type II
fibers are affected (Bertoni-Freddari et al.,
2004; Biggiogera et al., 2008). It is widely
accepted that the pathogenesis of DMs
essentially depends on the expansion of tri-
or tetra-nucleotide sequences resulting in
the intranuclear accumulation of expanded
transcribed RNAs. DM1 is caused by
an expansion of a (CTG)n nucleotide
sequences in the 3′ untranslated region
(3′-UTR) of the DMPK gene, located on
chromosome 19 (ch19q13) (Brook et al.,

1992; Cardani et al., 2006; Bogolyubov
et al., 2009), whereas in DM2 a (CCTG)n

repeat expansion occurs in intron 1 of
the cellular nucleic acid-binding protein
(CNBP) gene (previously know as zinc fin-
ger 9 gene, ZNF9) (Cmarko et al., 1999) on
chromosome 3 (ch3q21.3) (Cruz-Jentoft
et al., 2010).

Sarcopenia is the age-related condition
characterized by the progressive loss of
mass, strength, and function of skeletal
muscles; it occurs, in humans, from the
age of 50 affecting even healthy, physically
active subjects and contributing to frailty,
disability, and premature death (Fu et al.,
1992; Fakan, 2004; Edstrom et al., 2007).
A reduction in the size of muscle fibers
occurs with selective atrophy of the fast,
type II fibers resulting in the shift in muscle
fiber composition, fiber size heterogeneity,
and centrally located nuclei (Giagnacovo
et al., 2011, 2012). The mechanisms causing
sarcopenia are still incompletely elucidated
and likely manifold, including altered lev-
els of anabolic hormones and inflamma-
tory mediators, impairment of the prote-
olytic and autophagic pathways, mitochon-
drial or neuromuscular dysfunction, loss of
satellite cells’ effectiveness, and myonuclei
depletion.

Interestingly, the skeletal muscles of DM
patients share apparent similarities with
the aging muscle; under both conditions,
fiber size variability with grouped atrophy
and centrally located or clumped nuclei
are observed, while the muscle regenera-
tion capabilities are decreased, likely due to
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a reduced responsiveness of satellite cells
to activating stimuli or a failure in their
myogenic effectiveness (Huichalaf et al.,
2010).

STRUCTURAL AND FUNCTIONAL
ALTERATIONS OF SKELETAL MUSCLE
CELL NUCLEI IN MYOTONIC
DYSTROPHY AND SARCOPENIA
In eukaryotic cells, primary transcripts
(pre-mRNAs) undergo extensive modifica-
tions before becoming mature mRNAs to
be exported to the cytoplasm. This pro-
cessing occurs in the spliceosome, i.e., the
molecular complex composed of five small
nuclear ribonucleoproteins (snRNPs) (U1,
U2, U4/U6, and U5 snRNPs) and many
non-snRNP splicing factors, as well as
by a large number of regulating mol-
ecules (Kanadia et al., 2003). The pre-
mRNA maturation events mostly occur
co-transcriptionally, with the simultane-
ous presence of different molecules at the
transcription sites. At transmission elec-
tron microscopy, the fine fibrillar struc-
tures at the edge of heterochromatin called
perichromatin fibrils (PF) are the in situ
form of nascent transcripts [reviewed in
Koopman and van Loon (2009)] as well as
of their splicing (Lexell, 1995) and 3′ end
processing (Liquori et al., 2001). Part of the
mature mRNA may migrate through the
interchromatin space toward the nuclear
pores as PF, while another part accumu-
lates in the perichromatin granules, i.e.,
roundish RNP structures in the perichro-
matin region acting as vectors and storage
sites for already spliced pre-mRNAs (Koop-
man and van Loon, 2009). Storage, assem-
bly, and phosphorylation of transcription
and splicing factors take place in the inter-
chromatin granules (IG) that occur in the
interchromatin space and are not directly
involved in pre-mRNA processing (Llorian
and Smith, 2011).

The intranuclear distribution of the
RNP-containing structures demonstrates
that RNA processing is chronologically
and spatially ordered; whenever tran-
scription and/or splicing are altered, the
organization, molecular composition, and
intranuclear location of RNP-containing
structures are also affected (Mahadevan
et al., 1992; Malatesta, 2012).

Defects in the RNA pathways have been
documented both in DM and sarcopenia.

In DM cells, the expanded CUG-
and CCUG-containing transcripts accu-
mulate in the nucleus forming typical foci
(Cmarko et al., 1999), which sequester
the splicing factors CUG-binding pro-
tein 1 (CUGBP1) and muscleblind-like 1
(MBLN1) (Malatesta et al., 2005, 2010a,b).
These factors are essential for the alterna-
tive splicing of many transcripts especially
coding for contractile proteins, and their
sequestration leads to abnormal expression
of protein isoforms (Malatesta et al., 2007,
2011a).

Our in vitro studies on DM2 fibrob-
lasts (Malatesta et al., 2011b) revealed
that MBNL1-containing foci are dynamic
domains undergoing periodic accumula-
tion (during interphase) and degradation
(at mitosis) in cycling cells, whereas in non-
proliferating cells, the foci cannot undergo
degradation and progressively increase in
number and size in senescing cells. This
explains the different impact of DM on
different tissues and organs; in cells from
self-renewing tissues (such as skin fibrob-
lasts or layering epithelial cells), the cyclic
degradation of the foci prevents a massive
intranuclear sequestration of MBNL1 thus
reducing the pathological effects, while tis-
sues where non-renewing cells are mainly
present (e.g., the skeletal muscle, heart, and
the central nervous system) are much more
affected. The size of foci and, consequently,
the MBNL1 sequestration rate also increase
with aging, as demonstrated by longitudi-
nal studies on skeletal muscles from DM2
patients (Malatesta et al., 2011b).

It is worth noting that DM foci do
not sequester alternative splicing regula-
tors only but also contain hnRNPs and
snRNPs, i.e., essential spliceosomal com-
ponents involved in early pre-mRNA pro-
cessing (Malatesta et al., 2011c).

In addition to its sequestration into the
nuclear foci, MBNL1 also shows an altered
intranuclear distribution in myonuclei of
DM skeletal muscle, occurring not only
on PF, where it plays post-transcriptional
functions, but also on IG, where it is usu-
ally absent in healthy subjects (Malatesta
et al., 2013). The high resolution and speci-
ficity of ultrastructural techniques allowed
to demonstrate that MBNL1 is not depleted
in DM myonuclei but actually accumulates
on RNP components while the amount of
heterochromatin increases, thus suggesting

a concomitant reduction of transcribing
DNA.

In skeletal muscle biopsies, we also
demonstrated that many molecular factors
responsible for pre-mRNA transcription
and maturation (i.e., snRNPs, hnRNP, and
CstF) undergo accumulation and altered
intranuclear distribution in both DM1 and
DM2 (Malatesta and Meola, 2010); as a
consequence, the function of the whole
splicing machinery would be affected and
the molecular trafficking slowed down,
reducing protein synthesis in DM myocytes
(Mankodi et al., 2003; Malatesta et al.,
2009).

Alterations of nuclear features such
as impairment of pre-mRNA maturation
pathways and accumulation of heterochro-
matin have been also found in DM satellite-
cell-derived myoblasts in vitro (Martin
et al., 1979); these myoblasts also show
cytoplasmic vacuolization and reduction
of the proteosynthetic apparatus, and dif-
ferentiate into myotubes exhibiting struc-
tural defects similar to senescent healthy
myotubes (Meola and Cardani, 2014). This
suggests that DM satellite cells have a
reduced regeneration capability, and may
generate defective myotubes thus con-
tributing to the muscular dystrophy.

In sarcopenia, foci have never been
observed in myonuclei; however, factors
acting in the post-transcriptional process-
ing of pre-mRNA accumulate in PF and
sometimes in IG, where they do not reg-
ularly localize (Meola and Moxley, 2004;
Perdoni et al., 2009). In particular, the alter-
native splicing factor, MBNL1 undergoes
similar relocation in the myonuclei of DM
and aged skeletal muscle (Malatesta et al.,
2013).

This intranuclear clustering/
rearrangement of RNP structures con-
taining splicing and cleavage factors was
observed not only in skeletal muscle but
also in other tissues (e.g., liver and brain)
from aged subjects (Ranum et al., 1998),
and frequently associates to an increased
heterochromatin content (Ryall et al., 2008;
Salisbury et al., 2009; Malatesta, 2012).
This indicates that in aging cells, the entire
production chain of mRNAs, from the syn-
thesis to the cytoplasmic export, becomes
less efficient reducing cell responsiveness
to metabolic stimuli. Such a reduced react-
ing capability, which is typical of elderly,
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would be especially critical for skeletal
muscles, where a deregulation of the pro-
tein turnover may lead to a prevalence
of proteolysis versus proteosynthesis with
catastrophic consequences on the myofiber
structure (Schul et al., 1996).

Abnormal intranuclear distribution of
splicing factors has been described in satel-
lite cells of aged muscles, suggesting that
RNA pathways undergo alterations also
in these quiescent cells, possibly ham-
pering their response to muscle damage
(Taneja et al., 1995; Perdoni et al., 2009).
Accordingly, ultrastructural and immuno-
cytochemical studies on in vitro cultured
satellite-cell-derived myoblasts from old
skeletal muscles revealed altered nuclear
features (low amounts of pre-mRNA tran-
scription and processing factors, increased
amounts of heterochromatin, and compact
nucleoli) and cytoplasmic modifications
(vacuolization, reduced proteosynthetic
apparatus, and disorganized cytoskeleton);
in addition, these myoblasts have dramat-
ically reduced myogenic capability giving
rise to structurally and functionally defec-
tive myotubes (Malatesta et al., submitted).

COMMON NUCLEAR FEATURES
ACCOUNTING FOR THE SARCOPENIC
AND DYSTROPHIC MUSCLE
PHENOTYPE
The experimental evidence here summa-
rized highlights that sarcopenia and DM
share not only similar abnormalities of
the skeletal muscle histological features but
also similar nuclear alterations of the struc-
tural and molecular constituents involved
in transcription and pre-mRNA matu-
ration (Verdijk et al., 2007; Thompson,
2009). As a consequence, important dys-
functions in the nuclear RNA pathways
occur, which are likely responsible, through
a cascade effect, for the multiple pheno-
typic alterations at the tissue and cellu-
lar level observed in the skeletal mus-
cles from DM patients and sarcopenic
subjects.

The deregulation of alternative splic-
ing due to MBNL1 loss-of-function and,
at least for DM1, to the increased CUGBP1
activity has for a long time been regarded
as the exclusive cause of the multiple
pathological features of DMs (Malatesta
et al., 2009); however, in recent years,
some authors have hypothesized that the
molecular mechanisms involved in DM

pathogenesis might be much more com-
plex than previously thought on the basis
of disrupted alternative splicing. Accord-
ingly, MBNL1 depletion alone is not able
to mimic the DM-like muscle wasting in
knockout mice (Vihola et al., 2003).

Using multiple immunolabeling
techniques at transmission electron
microscopy, it was possible to detect, at
high resolution, and to quantify specific
protein factors in the very place where
they localize in myocytes and satellite cells
from sarcopenic and dystrophic subjects;
by this approach, we demonstrated that
MBNL1 is not markedly depleted in DM
skeletal muscle nuclei but rather re-locates
(in association with other splicing factors)
to transcriptionally inactive domains as
much as it occurs in the skeletal mus-
cle nuclei from sarcopenic individuals.
Moreover, combined fluorescence and
immunoelectron microscopy conclusively
demonstrated that, in DM skeletal muscle,
nuclear foci sequester not only MBNL1
but also two major classes of splicing fac-
tors – snRNPs and hnRNPs – which are
essential for the early processing phases of
pre-mRNAs (Malatesta et al., 2011c).

It has repeatedly been demonstrated
that the proper location and composition
of the RNP-containing nuclear domains
is an essential pre-requisite for transcrip-
tion and pre-mRNA processing to cor-
rectly take place (Mahadevan et al., 1992).
Under normal conditions, a balance exists
between the amount of nascent hnR-
NAs and the quantity of protein needed
for their processing. If transcription is
reduced (as in sarcopenia), this condi-
tion cannot be reached, and the RNP
proteins that have a relatively long half-
life (Wahle and Rüegsegger, 1999) become
exceedingly predominant over the newly
formed hnRNA, and may form unusual
ectopic association with other protein fac-
tors (Mahadevan et al., 1992); at the oppo-
site, when an especially high quantity of
RNA accumulates in the nucleus (as it
occurs with the expanded RNA repeats in
DMs), different RNA-binding proteins are
sequestered giving rise to heterogeneous
RNP aggregates: in either case and irre-
spective of the causing event, the splicing
machinery is altered thus hampering the
whole RNA maturation process.

Ex vivo and in vitro studies demon-
strated that both myofibers and satellite

cells of DM and sarcopenic muscles exhibit
a massive nuclear reorganization of the
RNP-containing domains where the mol-
ecular factors responsible for pre-mRNA
transcription and maturation do localize;
we hypothesize that the impairment in the
RNA post-transcriptional pathways may
account for the aging-reminiscent muscle
phenotype of DM patients suggesting that
the skeletal muscle wasting observed in DM
and sarcopenia may result from similar
cellular mechanisms.
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INTRODUCTION
Diagnostic musculoskeletal ultrasound is a
non-invasive, low-cost, imaging modality
that may be used to characterize normal
and pathological muscle tissue. Sonogra-
phy has been long proposed as a method
of assessing muscle damage due to neuro-
muscular diseases such as muscular dys-
trophy (Reimers et al., 1996), and more
recently, changes in body and tissue com-
position associated with muscle wasting
disorders such as sarcopenia (Pillen and
van Alfen, 2011). The use of quantitative
ultrasound as an adjunct diagnostic proce-
dure has different technical challenges than
the traditional use of ultrasound in clin-
ical medicine. Examiner-dependent tech-
nique and variation are critical considera-
tions when assessing the presence of mus-
cle atrophy via tissue dimension estimates
using muscle thickness measures, or when
quantifying pathological changes in muscle
quality via estimates of echointensity using
grayscale analysis. Understanding 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 imaging
modality in the management of muscular
dystrophy and sarcopenia.

DIAGNOSTIC ULTRASOUND
UTILIZATION IN THE MANAGEMENT OF
MUSCULAR DYSTROPHY AND
SARCOPENIA: SIMILARITIES AND
DIFFERENCES IN APPROACH
COMMON MORPHOLOGICAL FEATURES
Muscular dystrophy is a broad term that
encompasses a disease group marked by

progressive skeletal muscle weakness, atro-
phy, and myofiber degeneration with het-
erogeneous genetic etiologies that include
epigenetic, monogenic, and repeat expan-
sion abnormalities (Leung and Wagner,
2013). Muscular dystrophy affects both
children and adults, which reflects its wide
ranging phenotypic expression. In con-
trast, many investigators regard sarcopenia
as an age-related condition denoted by a
loss of lean body mass (LBM) with dimin-
ished muscle strength or functional perfor-
mance (Newman et al., 2003; Cruz-Jentoft
et al., 2010; Morley et al., 2011). How-
ever, it is important to note that a more
expansive view of an “all cause” designa-
tion for muscle impairment, i.e., myope-
nia or skeletal muscle function deficit,
has been recognized as an approach to
nosology that may serve to limit the con-
founding effect of incongruent definitions,
and facilitate the discovery of linkages
among apparently disparate forms of mus-
cle dysfunction (Fearon et al., 2011; von
Haehling et al., 2012; Correa-de-Araujo
and Hadley, 2014). Muscular dystrophy is
recognized as a group of diseases, whereas
sarcopenia is widely regarded as a geri-
atric syndrome. Nevertheless, it has been
proposed that these two muscle disorders
have some common morphological fea-
tures such as the centralization of sar-
colemic nuclei, atrophic groups of muscle
fibers, and excessive variation of muscle
fiber size (Edström et al., 2007; Malat-
esta, 2012). Furthermore, individuals with
muscular dystrophy or sarcopenia may
exhibit excessive intramuscular adipose tis-
sue, intramyocellular triglyceride levels,

and non-contractile infiltrates (Pillen et al.,
2003; Miljkovic-Gacic et al., 2008; Jansen
et al., 2012). Therefore, sonographic mea-
sures of echointensity for the purpose of
tissue composition estimates, and digital
caliper measures of tissue dimensions to
assess muscle atrophy are both key ele-
ments of the ultrasound assessment of
muscular dystrophy and sarcopenia (Pillen
and van Alfen, 2011; Tieleman et al., 2012;
Janssen et al., 2014).

CONDITION-SPECIFIC APPROACH TO
DIAGNOSTIC ULTRASOUND
In muscular dystrophies, quantitative
ultrasound has been frequently proposed
for Duchenne muscular dystrophy (DMD)
(Pillen et al., 2003; Scholten et al., 2003;
Jansen et al., 2012). The measurement
of echointensity using grayscale histogram
analysis has been used as a proxy mea-
sure for the increased non-contractile fea-
tures associated with the pathologic mus-
cle changes that may result in DMD.
Jansen et al. (2012) reported that echoin-
tensity values were significantly associ-
ated with ambulation status, functional
performance, and hand-held dynamom-
etry peak force values in children with
DMD. The observed standardized response
mean (SRM) for their echointensity val-
ues over a 1-year period was 0.77 for
their summed scores, with the lower
extremities (SRM= 0.79–0.89) exhibiting
greater responsiveness in comparison with
the upper extremities (SRM= 0.35–0.36).
Additionally, Pillen et al. (2007) have
shown that echointensity and muscle
thickness values have diagnostic utility as
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supported by the demonstrated discrimi-
native validity of quantitative ultrasound
among children suspected of having a neu-
romuscular disorder. Moreover, in some
instances, M-mode ultrasound may have
advantages over electromyography for the
assessment of muscle fasciculations, which
is a clinical feature of some forms of mus-
cular dystrophy and myopathy (Walker
et al., 1990; Scheel et al., 1997; Pillen and
van Alfen, 2011).

The use of quantitative ultrasound for
the assessment of sarcopenia has been pre-
viously proposed (Pillen and van Alfen,
2011), but this approach has not been
embraced by the largest international soci-
eties that issue position stands and con-
sensus statements regarding the diagnos-
tic criteria for sarcopenia (Cruz-Jentoft
et al., 2010; Morley et al., 2011; Studen-
ski et al., 2014). Less developmental work
has been completed concerning the use
of ultrasound in the assessment of age-
related muscle changes in comparison to
more well-known approaches involving
dual-energy X-ray absorptiometry (DXA),
computed tomography (CT), or mag-
netic resonance imaging (MRI), bioelec-
trical impedance analysis (BIA), and other
anthropometric-based methods. However,
important foundational research concern-
ing the use of ultrasound to determine
body composition has been completed,
which merits the attention of clinicians and
investigators interested in the diagnosis and
management of sarcopenia. Previous study
findings suggest that ultrasound LBM esti-
mates have concurrent validity with MRI
(Abe et al., 1994) and hydrodensitometry
(Sanada et al., 2006) in Japanese adults. In
the study by Abe et al. (1994), a nine-site
anatomical model for ultrasound-derived
LBM displayed moderate to strong rela-
tionships with MRI muscle density val-
ues (r = 0.83–0.96 in men, r = 0.53–0.91
in women, n= 72, 18–61 years of age,
p < 0.05). Similar approaches to quantita-
tive ultrasound have also been successfully
employed to estimate body fat in adults
(Pineau et al., 2007, 2009; Wagner, 2013).
An emergent view concerning the effect
of the age-related increase in intramuscu-
lar adipose tissue on muscle performance
and lower extremity impairments (Good-
paster et al., 2001) has important implica-
tions concerning the optimal approach to
the sarcopenia diagnosis. The ultrasound

measurement of echointensity and mus-
cle thickness may provide a more com-
prehensive method of assessing LBM that
accounts for both muscle quantity and
muscle quality.

EXAMINER-DEPENDENT FACTORS
THAT AFFECT THE ULTRASOUND
IMAGE: FORCE AND ANGLE
EXAMINER-DEPENDENT FACTORS AND
QUANTITATIVE ULTRASOUND
Investigators have demonstrated that ultra-
sound is a reliable tool between raters and
examination sessions (Hides et al., 2007),
and with a variety of muscle groups (Bem-
ben, 2002; O’Sullivan et al., 2007; Cheng
et al.,2012; Temes et al.,2014). Nonetheless,
it is important to recognize that ultrasound
has a degree of examiner-dependency that
is higher in comparison with other modes
of imaging such as DXA, CT scanning,
or MRI. Consequently, extending the find-
ings of research reports on measurement
reliability to typical clinical environments
should be done with a degree of caution.
The orientation of the sound transducer
relative to the body surface and the com-
pressive or shear stress on tissue through
the force exerted by the examiner can alter
tissue dimensions and echointensity. Ishida
and Watanabe (2012) have cited the influ-
ence of compressive stress exerted by the
examiner with the ultrasound transducer
as a potential source of error in the assess-
ment of abdominal muscle thickness. Also,
it has been noted that alterations in the
sound transducer orientation may result in
measurement error when estimating mus-
cle size and ultrastructure features such
as pennation angle (Herbert and Gande-
via, 1995; Dupont et al., 2001). Whittaker
et al. (2009) reported that no significant
changes in transversus abdominis thick-
ness measurements were observed when
sound transducer rotation was <9° and
cranial/caudal tilting was <5°. The afore-
mentioned observations suggest that struc-
tured methods of training and standard-
ized procedures may benefit the clinical
application of the ultrasound imaging to
obtain quantitative measures.

FEEDBACK-AUGMENTED QUANTITATIVE
ULTRASOUND
Our group is exploring the use of real-
time augmented feedback for quantitative
ultrasound imaging. Real-time, free-hand,

diagnostic ultrasound inherently features
visual feedback of the region of interest
(ROI) during an imaging procedure. How-
ever, this mode of feedback alone may
be insufficient to control factors related
to examiner force and sound transducer
orientation. The serial ultrasound image
exemplar depicted in the Figure 1 illus-
trates the effect of compressive stress and
cranial/caudal tilting of the sound trans-
ducer on material characteristics within the
ROI. The B-mode images were obtained
with a portable ultrasound unit (SonoSite
Titan M-Turbo) using a 6 MHz linear array
sound transducer with a custom interface
featuring a load cell (FC22 Compression
Load Cell; 0–44.48± 0.45 N). Automated
image acquisition and sound transducer
positioning were performed with the Kuka
light weight arm (LWA) robot (7 degrees
of freedom; motion error, ±0.05 mm) to
attain uniform force and angle targets.
The scanned material was a custom cal-
ibration phantom designed as a skele-
tal muscle mimetic (i.e., anechoic gel,
15 kPa; speed of sound, 1540 m/s; attenu-
ation, 0.1 dB/cm/MHz; CIRS, Inc.). A sin-
gle examiner performed the digital caliper
measures and echointensity was estimated
via grayscale histogram analysis using a
method adapted from Scholten et al. (2003)
and Ismail et al. (2014). Our attained
measurement values are consistent with
the observations of Ishida and Watan-
abe (2012) regarding the negative effect
of excessive compressive stress on mate-
rial dimensions. Additionally, the serial
images illustrate that progressive shifts in
cranial/caudal tilting of 10° resulted in
a >15% decrease in echointensity. While
our use of automated image capture and
a muscle mimetic phantom are primar-
ily for testing and training purposes, the
custom feedback-augmented sound trans-
ducer interface is portable and may used to
guide free-hand ultrasound imaging.

ADOPTION OF QUANTITATIVE
ULTRASOUND IN THE ASSESSMENT OF
MUSCULAR DYSTROPHY AND
SARCOPENIA
Qualitative diagnostic ultrasound is often
focused on the identification and subjective
description of an anatomical structure or
pathological tissue anomaly. Sonographers
frequently use variable levels of force and
sound transducer angle to obtain images of
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FIGURE 1 | Changes in serial sonographic image characteristics based on examiner force and
sound transducer orientation. (A–C) Depict transverse views of a muscle tissue mimetic phantom
with a progressive magnitude of stress imposed on the phantom surface by the sound transducer. The
material deformation (thickness, centimeter) secondary to the stress progression was as follows:
(A) 3.78 cm, (B) 3.45 cm, and (C) 3.21 cm. (D–F) Depict similar sonographic views as the preceding
panels. The echointensity observed in the serial images is based on a progressively increasing
cranial/caudal tilt angle of the sound transducer applied to the phantom surface. The changes in
echointensity (grayscale, unitless, 0–255) secondary to the angle progression were as follows:
(D) 56.64, (E) 48.10, and (F) 36.90. (All images were acquired using a 6 MHz linear array sound
transducer and a muscle mimetic phantom with anechoic gel via automated image capture by the Kuka
LWA robot.)

deep structures with sufficient resolution
for clinical use. In contrast, quantitative
ultrasound is generally dependent on the
examiner exerting minimal stress on the
tissue or structure of interest, and using
consistent transducer orientation to attain
reliable serial or comparative measures.
Therefore, the use of calibration phan-
toms and force-feedback-augmented ultra-
sound may be viable methods of provid-
ing operator training and aiding real-time
ultrasound measurement consistency.

The constraints associated with quan-
titative ultrasound tend to limit this form
of assessment to superficial tissues (Pillen
and van Alfen, 2011), and additional nor-
mative datasets are needed to facilitate the
interpretation of cross-sectional data – par-
ticularly for older adults with sarcopenia.

Also, while muscle thickness measures may
be fairly uniform across ultrasound plat-
forms, echointensity values require a cor-
rection factor for comparisons involving
different ultrasound machines (Zaidman
et al., 2010). Notably, qualitative ultra-
sound has an important role in the man-
agement of neuromuscular disease as vari-
able examiner-force and transducer ori-
entation is needed to locate focal areas
of hyperechoic tissue for potential biopsy
sites (Pillen et al., 2007). Despite these
limitations and contingencies, quantitative
ultrasound remains a useful clinical and
research imaging option to characterize
skeletal muscle in muscular dystrophy and
sarcopenia. This imaging modality pro-
vides a non-invasive, inexpensive method
to assess muscle morphology and estimate

tissue and body composition without the
use of ionizing radiation. Attention to fac-
tors such as imaging site location, patient
positioning, examiner training, the stan-
dardization of specific assessment tech-
niques, and the optimal use of imaging
feedback may aid the wider adoption of
sonography for the management of muscle
disorders.
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Numerous natural or disease-related alterations occur in different tissues of the body with
advancing age. Sarcopenia is defined as age-related decrease of muscle mass and strength
beginning in mid-adulthood and accelerating in people older than 60 years. Pathophysiology
of sarcopenia involves both neural and muscle dependent mechanisms and is enhanced
by multiple factors. Aged muscles show loss in fiber number, fiber atrophy, and gradual
increase in the number of ragged red fibers and cytochrome c oxidase-negative fibers.
Generalized loss of muscle tissue and increased amount of intramuscular fat are seen on
muscle imaging. However, the degree of these changes varies greatly between individ-
uals, and the distinction between normal age-related weakening of muscle strength and
clinically significant muscle disease is not always obvious. Because some of the genetic
myopathies can present at a very old age and be mild in severity, the correct diagnosis is
easily missed. We highlight this difficult borderline zone between sarcopenia and muscle
disease by two examples: LGMD1D and myotonic dystrophy type 2. Muscle magnetic
resonance imaging (MRI) is a useful tool to help differentiate myopathies from sarcopenia
and to reach the correct diagnosis also in the elderly.

Keywords: sarcopenia, myopathy, late-onset, genetic, muscle imaging

INTRODUCTION
One of the most serious consequence of aging is its effects on
skeletal muscle. The aging in muscle is a complex process to which
various physiological and pathological mechanisms contribute
(Cruz-Jentoft et al., 2010). Sarcopenia, featuring the normal age-
related changes in muscle, is defined as the slow but progressing
loss of skeletal muscle mass and strength occurring with advanc-
ing age (Morley et al., 2001). A term, skeletal muscle function
deficit (SMFD), has also been introduced in an attempt to better
define the muscle problems in advanced age (Correa-de-Araujo
and Hadley,2014). Although sarcopenia is part of the normal aging
process, it has a great impact on health and functionality, because
the mobility is impaired, the risk of falls and injuries is increased,
ability to perform activities of daily living is decreased, and there
is an increased risk of lost independence and death (Rolland et al.,
2008). Sarcopenia is common in adults over the age of 65 years
and its prevalence increases with age. The prevalence varies from
5 to 13% in 60- to 70-year olds and 11–50% for the population
aged 80 years or older and depends on what diagnostic methods
and definitions are used (Iannuzzi-Sucich et al., 2002; Wang and
Bai, 2012; Patel et al., 2013).

Muscle mass is strongly age dependent. After the age of 50,
approximately 1–2% of muscle mass is expected to be lost every
year and between the ages of 20 and 80 years muscle mass is
reduced up to 50% (Wang and Bai, 2012). Pathophysiology of
sarcopenia involves both neural- and muscle-dependent mecha-
nisms and is enhanced by multiple factors (Cruz-Jentoft et al.,
2010). Continuous age-related decrease in the number of motor

neurons leads to chronic denervation of muscle tissue. This is
one of the most important factors leading to the loss of mus-
cle fibers and total muscle mass, although multiple other factors
contribute, such as decreased physical activity, altered hormonal
status, especially anabolic hormones, decreased total caloric and
protein intake, inflammatory mediators, and factors leading to
altered protein synthesis (Doherty, 2003; Ryall et al., 2008). Mus-
cle atrophy might be induced also by increased susceptibility to
apoptosis caused by mitochondrial dysfunction (Edström et al.,
2007). The degree of these changes varies greatly between individ-
uals, and an accepted definition of sarcopenia for use in clinical
practice is still lacking (Cruz-Jentoft et al., 2010).

Age-related generalized loss of muscle tissue and the decrease
in muscle volume and thickness are seen in muscle imaging using
different techniques, such as, magnetic resonance imaging (MRI),
computed tomography (CT), or ultrasonography (Figures 1A,B).
Also, increased amount of intramuscular and intermuscular fat is
observed (Wattjes and Fischer, 2013).

PATHOLOGICAL CHANGES WITH AGING
Aged muscles show loss in fiber number and fiber size. Fiber
size reduction is more prominent in type 2 fibers. The decrease
in fiber number affects both fiber types but preferential loss is
seen in type 2, resulting in increase in the proportion of type
1 fibers (Lexell et al., 1988). Some neurogenic changes due to
motor neuron loss may be seen in muscle biopsies of very aged
individuals: the “Checkerboard” appearance of the normal muscle
fibers is less distinct and certain fiber grouping can be observed
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FIGURE 1 | Muscle imaging at different ages and diseases. Normal muscle
imaging in a 40-year-old male (A). Normal muscle imaging in a 73-year-old
male with clear decrease in muscle volume (B). Slight increase of diffuse fatty
tissue is seen intramuscularly. Muscle CT in a 78-year-old male with LGMD2L
shows dystrophic changes in the hamstrings and gastrocnemius medialis

muscles (C). Muscle MRI findings in a patient with LGMD1D at age 73 with
typical fatty degenerative changes in the hamstring muscles and adductors at
thigh level in the soleus and gastrocnemius muscles in the calves (D). Muscle
MRI in a patient with DM2 (E) shows that muscle volume is normal, and fatty
degenerative changes are not seen at age 60.

in aging muscle tissue. The number of hybrid fibers, expressing
more than a single myosin heavy chain isoform, is also increased
(Doherty, 2003). Aging gradually increases the number of ragged
red fibers (RRF) and cytochrome c oxidase (COX)-negative

fibers (Müller-Höcker, 1992). There is no clear cut-point for
the amount of these changes between normal aging and mito-
chondrial myopathies. Thus, in cases where there are more than
occasional RRF or COX-negative fibers, late-onset mitochondrial
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or inflammatory myopathy (inclusion body myositis) should be
considered.

MUSCULAR DYSTROPHIES
Usually genetic myopathies manifest at birth, in childhood, or early
in adulthood, but many of them can also present at very old age
(Table 1). Typically, muscular dystrophies present with slowly pro-
gressive weakness and muscle atrophy. Especially, if the symptoms
are mild in severity and occur very late, the distinction between
normal age-related weakening of muscle strength and clinically
significant muscle disease is not always easy to make. Two entities
with disease manifestations beginning at an old age are discussed
in more detail.

LIMB-GIRDLE MUSCULAR DYSTROPHIES
Limb-girdle muscular dystrophies (LGMD) are a heterogeneous
group of muscle diseases affecting hip and shoulder region first.
There are eight autosomal dominant (LGMD1) and 23 autoso-
mal recessive (LGMD2) genes or loci identified to date (Nigro
and Savarese, 2014). Dominant diseases are usually adult-onset
and milder than recessive forms, and comprise around 10% of all
LGMD diseases. The age of onset of LGMD1 group of diseases
is typically before the age of 50 (Nigro and Savarese, 2014) but
occasional cases with later onset have been reported. LGMD1D
is caused by heterozygous missense mutations in DNAJB6 gene
(Sarparanta et al., 2012). The muscle symptoms start in the prox-
imal lower limbs at age 20–60 (Sandell et al., 2010). The weakness
progresses very slowly and most of the patients remain ambu-
lant even at very old age, although waddling gait is typical. In
recessive LGMD diseases, the severity of the symptoms varies sig-
nificantly. For example, LGMD2L disease caused by ANO5 gene

mutations can be very mild or even asymptomatic, especially in
female patients (Penttilä et al., 2012). Of the patients examined
in that study, one male patient’s symptoms started at age 70,
and at first, they were considered to be a consequence of statin
use. He had, however, proximal weakness in the lower limb on
examination and dystrophic changes on muscle MRI (Penttilä
et al., 2012). Another male patient with a very mild LGMD2L
disease is now 78 years old and still walking long distances without
aid. His muscle CT showed relatively severe dystrophic changes
(Figure 1C).

LGMD1D IN AN ELDERLY PATIENT
A 70-year-old sister, who at that time considered herself healthy,
accompanied her brother to the hospital who was known to carry
a DNAJB6 mutation and who had more severe weakness and
walking difficulties. She was found to carry the same mutation
confirming the diagnosis of LGMD1D. At the first examination,
she had mild weakness in the lower limbs, which progressed slowly
during the follow-up of 10 years. Muscle MRI showed, nonethe-
less, dystrophic changes in her muscles compatible with the earlier
findings of this disease (Figure 1D) (Sandell et al., 2013).

MYOTONIC DYSTROPHY TYPE 2
Myotonic dystrophies are the most common forms of muscular
dystrophies in adults, but exact epidemiological data for myotonic
dystrophy type 2 (DM2) are lacking. DM2 is, however, quite com-
mon at least in European populations. The mutation frequency is
1 in 1830 in the Finnish population, suggesting a clinical manifes-
tation frequency of 1 in 5000 (Suominen et al., 2011). Dominantly
inherited DM2 results from a (CCTG)n expansion in CNBP gene
(formerly ZNF9 gene) (Liquori et al., 2001). The phenotype of

Table 1 | Genetic muscle diseases that can present at a very old age.

Muscle disease Gene, locus Mutation type Age of onset

Tibial muscular dystrophy TTN (titin), 2q31 Dominant, insertion–deletion,

missense, truncating

35–40 distal weakness, rarely after

60 years; 60–80 proximal weakness

Welander distal myopathy TIA1, 2p13 Dominant, missense 40–60 infrequently after 60 years

LGMD1A TTID (myotilin), 5q31 Dominant, missense 50–60 up to 77 years

LGMD1D DNAJB6, 7q36.3 Dominant, missense 20–50 up to 70 years

IBMPFD VCP, 9p13.3 Dominant, missense Mean age 42 can be over 60

Oculopharyngeal muscular dystrophy PAPBN1, 14q11.2 Dominant/recessive, repeat expansion 50–60 or later in heterozygotes

DM1, late-onset oligosymptomatic DMPK, 19q13.3 Dominant, repeat expansion Over 50

DM2 CNBP (ZNF9), 3q21 Dominant, repeat expansion 20–60, proximal weakness

manifests later in typical cases

Acid maltase deficiency, adult-onset GAA (acid α-glucosidase),

17q25.2-q25.3

Recessive, missense, nonsense,

frameshift

Early adulthood up to 72 years

Mitochondrial myopathy mtDNA defects Dominant/recessive, maternal,

sporadic, point mutations, deletions

Any age up to 70 years

LGMD, limb-girdle muscular dystrophies; IBMPFD, inclusion body myopathy with Paget disease and frontotemporal dementia; DM1, myotonic dystrophy type 1;

DM2, myotonic dystrophy type 2; mtDNA, mitochondrial DNA.
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DM2 is highly variable in severity, characterized by adult- or late-
onset proximal muscle weakness, myalgia, and myotonia. Beyond
the skeletal muscle symptoms, it is a multi-system disease and can
cause cardiac conduction deficits, cataracts, and hormonal prob-
lems, such as insulin resistance, mild cerebral involvement, and
liver enzyme elevation (Machuca-Tzili et al., 2005; Udd and Krahe,
2012).

DM2 IN ELDERLY PATIENTS
A 64-year-old female has had a slowly progressing myalgic syn-
drome for 15 years. The investigations begun when she experi-
enced recurrent rhabdomyolysis at age 56 while on statin med-
ication. Electromyogram showed spontaneous activity high fre-
quency discharges and increased insertional activity but no myoto-
nia. Between rhabdomyolysis periods, the levels of creatine kinase
(CK) were normal. Myalgia reduced her physical performance;
she was only able to walk 100 m at normal pace. Otherwise, the
muscle strength was normal and muscle MRI was within normal
limits (Figure 1E). Muscle biopsy showed minor changes sugges-
tive of DM2: a subpopulation of highly atrophic type 2 fibers,
nuclear clump fibers, and increased amount of internal nuclei.
DNA analysis revealed (CCTG)n expansion in CNBP gene con-
firming the diagnosis of DM2. The mutation was transmitted by
her mother, now at age 90. The mother was investigated after the
diagnosis was made in the daughter and proved to have had some
progressive walking difficulties and used a stick for walking since
age 80. She had regular visits at the primary health care because
of type 2 diabetes but her muscle weakness had not been noted
as abnormal for age. At examination, she had moderate proximal
lower limb weakness, even though she thought herself healthy for
the age.

DISCUSSION
Muscle weakness, gradually worsening walking difficulties, muscle
pain, and stiffness are common complaints in the elderly. Sar-
copenia begins in mid-late adulthood, but the age of onset and
the rate of muscle loss vary greatly between individuals. Normal
age-related processes lead to certain findings in muscle histology
and imaging studies. It is not always self-evident to consider the
possibility of a late-onset myopathy as a cause of muscle symptoms
in elderly people. However, old age should not limit investigations.

Comprehensive studies on myopathies in the elderly are scarce.
Laguno et al. (2002) studied muscle biopsies from 239 patients over
65 years and diagnosed specific myopathies in 36% of them. Most
of the causes of myopathies were other than genetic, i.e., inflam-
matory myopathies and vasculitis being the most frequent. They
identified dystrophies or congenital myopathies in 9% and meta-
bolic myopathies in 10% of the patients. Elderly patients showed
more non-specific type 2 fiber atrophy and fewer normal muscle
biopsies compared to younger patients (Laguno et al., 2002). This
was also shown in a similar study by Lacomis et al. (1993). These
studies proved that muscle biopsies are useful also in the elderly.
The findings can be subtle or non-specific as in our patient with
DM2, although together with the myalgic syndrome, they were
suggestive of DM2.

DM2 is a heterogeneous disease, and in the mild end of the
spectrum, not always obvious to suspect. This is particularly

true for patients without myotonia even on EMG and with nor-
mal CK levels, as was the case in the DM2 patient and in the
LGMD1D patient examples. Electromyogram is usually myo-
pathic in muscular dystrophies but can be normal and with-
out myotonia in DM2 (Udd and Krahe, 2012). Many DM2
patients experience myalgia, typically induced by exercise, as ini-
tial manifestation. The myalgic syndrome in DM2 cannot be
distinguished from fibromyalgia (Udd and Krahe, 2012). Prox-
imal muscle weakness manifests later, usually after 50–60 years
of age, even though, patients can remain asymptomatic until old
age. Rhabdomyolysis is not a known manifestation of DM2, and
without rhabdomyolysis, our patient could still be undiagnosed.
She has probably a second unknown cause for rhabdomyolysis.
Otherwise, the muscle disease was quite mild and even milder
in her mother showing the milder end of symptom severity
of DM2.

Muscle MRI (or CT) is useful and currently a widely used
tool to assess the distribution of affected muscles and to aid in
obtaining targeted muscle biopsy. Dystrophic changes, i.e., fatty
degenerative changes in muscle, are more reliably detected on MRI
compared to clinical evaluation. The pattern of affected muscles
can direct the diagnostic genetic investigations, which is explicit
in the case of LGMD1D (Sandell et al., 2013). When evaluating
a patient with a possibility of a neuromuscular disorder, a con-
comitant neurogenic disease is more prevalent in the elderly, such
as neuropathy or degeneration of the lumbar vertebrae causing
radiculopathy. Neurogenic and myogenic changes can, to some
extent, be distinguished by muscle imaging and sometimes unnec-
essary investigations or even a surgical operation can be avoided
by correct diagnosis.

The specific cause of the symptoms is the key to assess the right
therapeutic and rehabilitation measures, and to estimate prog-
nosis. A possibility of a genetic myopathy is important to bear
in mind also in the patients with very late-onset symptoms. If a
genetic muscle disease is diagnosed, it can have an impact for the
wider family and genetic counseling can be applied. Muscle MRI
is useful in the distinction and a recommended tool to help dif-
ferentiate myopathies from sarcopenia and to reach the correct
diagnosis also in the elderly.
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Since the last decade, geriatrics and geron-
tology researchers have been devoting an
increasing amount of efforts in the attempt
of designing, developing, and implement-
ing preventive interventions against con-
ditions determining/driving the disabling
cascade. The urgency of moving ahead in
the field is not merely dictated by scientific
interests; such need has indeed become a
frequent and central item in the agendas of
public health authorities (Guralnik et al.,
1996). In fact, there is a growing demand
for the identification of effective solutions
against the detrimental consequences that
age-related conditions (in particular, dis-
abilities) exert on our healthcare systems.
Special attention has been given to sarcope-
nia (Janssen et al., 2004) and frailty (Clegg
et al., 2013) because both are (1) highly
prevalent in the elderly, (2) associated with
negative health-related events, (3) poten-
tially reversible, and (4) relatively easy to
implement in the clinical practice.

The term “sarcopenia” was coined by
Rosenberg to indicate the loss of muscle
mass that accompanies aging. He clearly
stated that “there is probably no decline in
structure and function more dramatic than
the decline in lean body mass or muscle
mass over the decades of life” (Rosenberg,
1997). The muscle loss was therefore seen
as a means of convenience for exploring the
aging process and its consequences on an
individual’s health. Nevertheless, the skele-
tal muscle cannot be isolated by the hosting
organism. As such, it is still subject to the
influence of all the positive and negative
stressors to which the organism is exposed.
In other words, the endogenous and exoge-
nous phenomena capable of modifying the
aging trajectory of the organism can also

(more or less directly) influence the quality
and quantity of the muscle.

Frailty is the term used to indicate a geri-
atric syndrome characterized by reduced
homeostatic reserves, which exposes the
individual at increased risk of negative
health-related events (including falls, hos-
pitalizations, worsening disability, institu-
tionalization, and mortality) (Rodríguez-
Mañas et al., 2012; Clegg et al., 2013).
Different operational definitions have been
proposed for capturing the frailty status,
each one focusing on specific aspects of the
syndrome and detecting slightly different
risk profiles (Theou et al., 2014). Never-
theless, there is an overall agreement about
the key role that physical function (in par-
ticular, mobility) plays in the determina-
tion of the status of extreme vulnerability
(Ferrucci et al., 2004; Daniels et al., 2008;
Abellan van Kan et al., 2009).

Since the beginning (roughly about 15–
20 years ago), sarcopenia and frailty have
been studied in parallel. Being organ-
specific, sarcopenia was more frequently
object of research in basic science, whereas
the concept of frailty tended to be more
easily applied in the clinical setting (Bauer
and Sieber, 2008). However, it was quite
inevitable that the two would have sooner
or later started converging due to their
close relationship with the aging process.
Unfortunately, the definition of a clear
framework within which sarcopenia and
frailty can be accommodated and stud-
ied has yet to come. One major issue in
this context is the long-lasting, tiring, and
potentially pointless controversy about the
causal relationship existing between the
two. Determining whether frailty is due
to sarcopenia, or sarcopenia is a clinical

manifestation of frailty is consuming con-
siderable efforts, and (from a very practical
viewpoint) rather resembles the problem
of “the egg and the chicken.”

We realize that the clarification of this
point might have major consequences in
the field, determining different risk profiles
to be detected and, consequently, redraw-
ing outcomes as well as interventions to be
adopted. Yet, the isolation of a single patho-
physiological determinant responsible for
these complex conditions (as well as for any
other age-related process) is quite unlikely
to be obtained, simply because aging is
a complicated and still largely unknown
phenomenon (Cesari et al., 2013).

By stating this, we are not surrendering
to the current limitations of science. We
are instead soliciting the taking of more
pragmatic decisions on this topic, waiting
that next-to-come scientific advancements
allow a better clarification and definition
of such urgent and pivotal matters. From
this perspective, deconstructing the inner
foundations of these “twin” conditions and
trying to focus on the shared and clinical
relevant features of them might represent
a possible solution. By this way, we might
have the opportunity to (1) define a unique
target for both sarcopenia and frailty, (2)
simplify their operational definition, and
(3) promote the implementation of the two
conditions in both clinical and research
settings.

As shown in Figure 1, sarcopenia and
frailty are characterized by a unique core
condition: the physical function impair-
ment (usually measured by objective tests
of gait speed and muscle strength). Such
impairment may be responsible for the
concurrent existence of a disability as well
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FIGURE 1 | Relationship among sarcopenia, frailty, and physical function impairment.

as represent a consequence of it. It is indeed
the presence of disability that influences
the framing under which the sarcopenia–
frailty relationship should be observed. In
fact, in the disabled individual, sarcope-
nia and frailty might more likely rep-
resent the consequences of a permanent
disruption of the organism’s homeostasis
with limited chances of reversibility. In
such situation, sarcopenia rather tends to
assume the lineaments of cachexia (Rol-
land et al., 2011), whereas the frailty status
is largely dominated by the disabling con-
dition (Fried et al., 2004). This scenario of
tertiary prevention requires the treatment
of disability plus ancillary interventions
aimed at reducing the risks of complica-
tions (Gordis, 2009). The physical function
impairment resulting from the combina-
tion of sarcopenia and frailty assumes com-
pletely different aspects when detected in
the absence of disability. In this case, it
will represent the first preliminary stage of
a process potentially driving the individ-
ual toward more severe functional losses
and incapacities. In other words, by act-
ing in the preclinical phase of the illness,
it will define an ideal target for activities
of secondary prevention against disability
(Gordis, 2009).

When sarcopenia, frailty, and disabil-
ity are simultaneously present, disentan-
gling one from the others becomes almost
impossible. In fact, the interactions among
sarcopenia, frailty, and disability will take
the shape of a vicious circle character-
ized by the exponential and concurrent

worsening of all the three. Differently,
if disability is absent, the relationship
between sarcopenia and frailty might be
conceptualized as a vector with a pre-
defined direction and for which the only
missing information is its sense. Such miss-
ing datum is not clinically relevant if the
intervention to be put in place is capable
of positively influence both the conditions
of interest at the same time. To put it dif-
ferently, by eliminating one condition (i.e.,
disability) from the framework, the pic-
ture becomes clearer and potentially easier
to address. Not surprisingly, most of the
clinical activities in the field of frailty and
sarcopenia are indeed aimed at prevent-
ing incident disability (Subra et al., 2012;
Maggio et al., 2014).

The shared features that make sar-
copenia and frailty particularly appeal-
ing in the study of age-related conditions
are contended with the common issue
represented by their difficult translation
from theory into practice. The theoret-
ical definitions of sarcopenia and frailty
are both well described and quite unani-
mously accepted. Nevertheless, both con-
cepts currently lack unique, standardized,
and universally agreed operational defin-
itions. Several consensus papers have pro-
vided recommendations on how to identify
sarcopenic individuals (Cruz-Jentoft et al.,
2010; Muscaritoli et al., 2010; Fielding et al.,
2011; Morley et al., 2011). Just recently, in
order to address the existing inconsisten-
cies, a set of articles by the foundation for
the national institutes of health (FNIH) has

been published (Alley et al., 2014; Cawthon
et al., 2014; Dam et al., 2014; McLean et al.,
2014; Studenski et al., 2014). One of the
major features of these recent publications
(besides of being based on ad hoc analyses
of large sample populations) is the attempt
to better discriminate the specific contri-
butions of the skeletal muscle mass and
function in the generation of the negative
outcomes (in particular, mobility disabil-
ity). Similar to sarcopenia, multiple defi-
nitions of frailty have also been developed
over the last years (Clegg et al., 2013; Theou
et al., 2014). Despite the existence of differ-
ent positions in the scientific community
about the concept of frailty and its opera-
tionalization, it is noteworthy the publica-
tion of a recent report by an international
panel of experts (Morley et al., 2013). In the
article, the authors (from different schools
of thought) unanimously convened about
the need of taking a step forward in the
study of frailty, avoiding any further delay,
and promoting the implementation of the
syndrome in clinics and research.

The heterogeneous modalities of
measuring sarcopenia and frailty make
them difficult to be accepted by public
health authorities and regulatory agen-
cies, inevitably endangering advancements
in the field. This issue is particularly
annoying, especially if it is realized that
no assessment tool in medicine will ever be
able to accurately replicate the measured
condition. In fact, the measurement may
be considered as the forcedly limited and
arbitrary mean through which we obtain
an estimate of a specific phenomenon of
the overall health status (mostly unknown
to us in its detailed pathophysiological
characteristics). The speculative aspect
of choosing one operational definition
over another is particularly frustrating in
geriatrics and gerontology where every
condition is watered and confused by
the effects of aging at both clinical and
subclinical levels (Cesari et al., 2013).

By acknowledging such limitations
[which are also responsible for the well
known “evidence-based” issue in geriatric
medicine (Straus and McAlister, 2000;
Scott and Guyatt, 2010)], it becomes rea-
sonable and practical to better pay atten-
tion to what really matters in the sar-
copenic and/or frail older person. If we
isolate the clinical manifestations shared
by both sarcopenia and frailty, we might
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easily agree that physical function is at the
very core of the two (Figure 1). In partic-
ular, mobility (resulting from the proper
functioning of muscles, coordination, and
balance) is a capacity common to almost
every living being (Dickinson et al., 2000).
This implies that animal models focused
on mobility may support the development
of novel interventions against disability by
providing crucial preliminary information
(Carter et al., 2012). Mobility decline is a
clear manifestation of aging and represents
a major negative event of life (Cummings
et al., 2014). It is also noteworthy that phys-
ical function can easily be measured in an
objective way (Studenski et al., 2003), is
predictive of adverse outcomes (Guralnik
et al., 1994, 1995; Studenski et al., 2011),
and represents the clearest (and most obvi-
ous) estimate of skeletal muscle production
(or in a broader sense, quality) (Lauretani
et al., 2003).

Freeing the concepts of sarcopenia and
frailty from what can be perceived as only
indirectly related to the target organ (i.e.,
skeletal muscle) may indeed represent a
possible solution for combining them into
a unique, objective, standardized, and clin-
ically relevant definition (Figure 1). The
implementation in clinical and research
settings might also be significantly facili-
tated by the huge body of literature explor-
ing/describing the condition of physical
impairment and the validity/acceptance of
dedicated instruments [in particular, the
short physical performance battery (Gural-
nik et al., 1994), usual gait speed (Stu-
denski et al., 2011), and handgrip strength
(Rantanen et al., 1999)].

In conclusion, we believe there is an
urgent need of refining the assessments of
sarcopenia and frailty. The physical func-
tion impairment occurring in the absence
of disability may represent the shared core
of the two conditions and optimally serve
for (1) defining a novel target for inter-
ventions against disability, (2) facilitating
the translation of the two conditions in the
clinical arena, and (3) providing an objec-
tive, standardized, and clinically relevant
condition to be adopted by public health
and regulatory agencies. Such conceptu-
alization might eventually encourage key
stakeholders to join their efforts for more
correctly and efficiently approaching the
age-related conditions of sarcopenia and

frailty, two entities that are still not yet
adequately considered.
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Background: Failure to meet an adequate dietary intake is involved in the pathogene-
sis of sarcopenia and osteoporosis, which in turn increase the risk for falls and fractures,
respectively. Older people with hip fracture are often protein-malnourished at hospitaliza-
tion. Whether low protein-energy intake is associated with muscle atrophy in hip-fractured
patients is presently unknown.This information is necessary for the development of novel
strategies to manage this especially vulnerable patient population. The aim of this study
was, therefore, to explore the relationship between dietary intake and muscle mass in
older hip-fractured patients.

Methods: Analyses were conducted in hip-fractured elderly admitted to an orthopedic
and trauma surgery ward (University Hospital). Muscle mass was estimated by bioelectri-
cal impedance analysis within 24 h from admission. Dietary information was collected via
24-h dietary recall and nutrient intake calculated by a nutrition software.

Results: Among 62 hip-fractured patients (mean age 84.6±7.6 years, 84% women),
the average energy intake was 929.2±170.3 Kcal day−1, with higher values reported by
men (1.046.8±231.4 Kcal day−1) relative to women (906.5±148.3 Kcal day−1; p=0.01).
Absolute and normalized protein intake was 50.0±13.5 g day−1 and 0.88±0.27 g kg (body
weight)–1 day–1, respectively, with no gender differences. A positive correlation was deter-
mined between total energy intake and muscle mass (r =0.384; p=0.003). Similarly,
protein and leucine consumption was positively correlated with muscle mass (r =0.367
and 0.311, respectively; p=0.005 for both).

Conclusion: A low intake of calories, protein, and leucine is associated with reduced mus-
cle mass in hip-fractured elderly. Given the relevance of sarcopenia as a risk factor for
adverse outcomes in this patient population, our findings highlight the importance of a
comprehensive dietary assessment for the detection of nutritional deficits predisposing to
or aggravating muscle atrophy.

Keywords: sarcopenia, diet, recommended dietary allowance, leucine, disability, malnutrition, bioelectrical imped-
ance analysis, muscle atrophy

INTRODUCTION
Hip fracture is a devastating event for elderly people, with over
25% per-year mortality and incomplete recovery of pre-fractural
conditions in more than 50% of survivors (Maggi et al., 2010).
Approximately 1.6 million older adults worldwide sustain a hip
fracture annually (Hung et al., 2012). What is worse, due to the
ongoing demographic transition, the incidence of hip fractures is
projected to increase up to 2.6 million by 2025 and reach 4.5 mil-
lion in 2050 (Cauley et al., 2014). This epidemiological figure has
a dramatic impact from both healthcare and societal perspectives,
given the enormous direct (e.g., acute in-hospital treatment, reha-
bilitation programs, and use of health services) and indirect costs
(e.g., burden to families related to the patient’s acquired or wors-
ened disability) associated with hip fracture and its consequences
(Pike et al., 2010). These considerations call for the development

of novel strategies to improve the survival and functional recovery
of this vulnerable patient population.

Among the factors that may impact the clinical outcome of
hip-fractured elderly, the age-related loss of muscle mass and func-
tion (sarcopenia) emerges as serious candidate for interventions.
Indeed, declines in muscle mass and strength are associated with
poor functional recovery following hip fracture repair (Visser et al.,
2000; D’Adamo et al., 2014). Given the role of protein–energy
malnutrition as a risk factor for the development of sarcopenia
(Calvani et al., 2013; Landi et al., 2013a; Martone et al., 2013), a
suboptimal nutritional status may mediate, at least partly, the asso-
ciation between sarcopenia and poor clinical outcomes in older
hip-fractured patients.

Malnutrition is commonly found in older adults admitted to
hospital with hip fracture (Murphy et al., 2000). Moreover, older
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hip-fractured patients who enter the hospital undernourished
do not usually meet the recommended dietary allowance (RDA)
for protein [0.8 g kg (body weight)–1 day–1] (Miller et al., 2006).
This in the face that a high protein intake reduces the risk of
perioperative complications (Milne et al., 2009; Botella-Carretero
et al., 2010), improves bone mineral density (Schürch et al., 1998;
Tengstrand et al., 2007), and shortens the rehabilitation time in
this patient population (Avenell and Handoll, 2005). Nevertheless,
a debate is ongoing as to whether the current RDA for protein is
sufficient to prevent major adverse events in older adults, especially
in frail, critically ill patients (Bauer et al., 2013).

Although one may expect a relationship exists that links low
protein and energy ingestion, muscle atrophy, and poor clinical
outcomes, no studies have yet assessed the association between
dietary intake and muscle wasting in hip-fractured older patients.
If such an association does exist, it would imply that a potentially
amenable causative factor of sarcopenia and related consequences
may be proposed as a therapeutic target in standard clinical prac-
tice. The present study was, therefore, undertaken to verify the
association between dietary intake and muscle atrophy in a sample
of hip-fractured elderly, with the aim of providing the foundation
for future intervention studies.

MATERIALS AND METHODS
STUDY SAMPLE
The study was performed between November 2012 and August
2013 among older adults admitted for hip fracture due to acciden-
tal fall to the Emergency Department (ED) of the Teaching Hos-
pital “Agostino Gemelli,” Catholic University of the Sacred Heart
(Rome, Italy). Exclusion criteria were age < 65 years, presence of
peripheral edema, bone metastasis, cognitive impairment (Cogni-
tive Performance Scale < 3), presence of pacemaker or implantable
cardioverter defibrillator, and unwillingness to take part to the
study. The study was approved by the Institutional Review Board
of the Catholic University of the Sacred Heart, and all participants
signed a written consent before enrollment.

DATA COLLECTION
Information pertaining to demographic, clinical, functional, and
lifestyle characteristics were collected by attending physicians
upon admission to the Orthopedic and Trauma Surgery ward
using the interRAI Acute Care instrument (Gray et al., 2008). Due
to practical difficulties in obtaining accurate weight and height
measurements in our patient population, body mass index (BMI)
was calculated based on self-reported weight and height. However,
an excellent agreement has been shown in older adults between
self-reported and measured anthropometric parameters (Ng et al.,
2011).

ASSESSMENT OF MUSCLE MASS
Whole-body fat-free mass was measured by bioelectrical imped-
ance analysis (BIA) using a Quantum/S Bioelectrical Body Com-
position Analyzer (Akern Srl, Florence, Italy) with an operating
frequency of 50 kHz at 800 µA, as previously described (Marzetti
et al., 2014). Measurements were taken within 24 h from ED admis-
sion adopting standard conditions (NIH Expert Panel, 1996), with
the subject in a supine position and surface electrodes placed on

wrist and ankle contralateral to the side of the fracture. Muscle
mass was estimated using the equation developed by Janssen et al.
(2000). The skeletal muscle index (SMI) was obtained dividing
absolute muscle mass by squared height (kg m−2).

DIETARY ASSESSMENT
Pre-hospital dietary information was collected within 24 h from
admission to the Orthopedic and Trauma Surgery ward via a
dietary interview on nutritional habits. The nutrient intake was
estimated by 24-h dietary recall of the day before fracture (Buzzard,
1998). Collected data were elaborated using a nutrition software
(MètaDieta, ME.TE.DA. LLC, San Benedetto del Tronto, Italy) to
estimate the daily intake of macro- and micronutrients.

STATISTICAL ANALYSES
All data are expressed as proportions (%) or mean± standard
deviation (SD). Differences between continuous variables were
assessed by ANOVA comparisons or the Kruskal–Wallis test, as
appropriate. Distributions of categorical variables were compared
by the Fisher exact test. The Pearson’s correlation test was used to
assess the strength of association between variables. All tests were
two sided, with significance set at p < 0.05. All analyses were run
using the SPSS software (version 18, SPSS Inc., Chicago, IL, USA).

RESULTS
The main characteristics of the study sample are shown in Table 1.
The mean age of participants was 84.6± 7.6 years, with no differ-
ences between genders. Women were predominant (84%), which is
coherent with epidemiological data showing a higher incidence of
hip fracture in the female gender (Cauley et al., 2014). Men showed
a trend toward higher muscle mass values relative to women (SMI:
10.00± 2.70 kg m−2 and 8.83± 1.73 kg m−2, respectively), but the
difference did not reach the statistical significance (p= 0.08)
(Table 1).

The mean pre-hospital energy intake was 929.2± 170.3 kcal
day−1, with a significantly higher energy consumption reported
by men (1046.8± 231.4 vs. 906.5± 148.3 kcal day−1; p= 0.01;
Table 1). Pre-hospital protein intake was 50.0± 13.5 g day−1,
corresponding to 0.88± 0.27 g kg (body weight)–1 day–1, with
no differences between genders (Table 1). Remarkably, more
than 75% of participants reported protein consumption below
1.0 g kg–1 day–1, which represents the minimum intake cur-
rently recommended for older people (Bauer et al., 2013; Deutz
et al., 2014). Finally, the average leucine consumption was
3.97± 1.13 g day–1, with similar values in men and women
(Table 1). A positive correlation was determined between SMI
and total daily energy intake (r = 0.384; p= 0.003; Figure 1). Pos-
itive, significant correlations were also found between SMI and
both absolute (r = 0.367, p= 0.005; Figure 2A) and normalized
daily protein intake (r = 0.311, p= 0.01; Figure 2B), as well as
daily leucine consumption (r = 0.360, p= 0.005; Figure 3).

DISCUSSION
Hip fracture is a dramatic event for older adults due to its detri-
mental consequences on the individual health status and quality
of life. Considerable efforts have, therefore, been directed toward
the development of interventions aimed at reducing the incidence
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Table 1 | Characteristics of study participants according to gender.

Total (n = 62), n (%) Men (n = 10), n (%) Women (n = 52), n (%) p value

Age (years) (mean±SD) 84.6±7.6 86.1±4.7 84.4±8.1 0.5

Pre-fracture ADL score (mean±SD)a 1.4±2.4 1.2±2.2 0.8±1.5 0.7

CPS score at admission (mean±SD)b 0.8±1.5 0.9±1.6 0.8±1.5 0.8

Number of diseases (mean±SD) 4.8±3.3 6.1±2.9 4.6±3.4 0.1

Number of medications (mean±SD) 2.7±1.7 4.1±1.7 2.4±1.6 0.03

BMI (mean±SD) 22.0±3.3 22.1±2.8 23.2±3.3 0.3

SMI (kg m−2) (mean±SD) 9.02±1.9 10.00±2.70 8.83±1.73 0.08

Pre-fracture daily energy intake (kcal) (mean±SD) 929.2±170.3 1046.8±231.4 906.5±148.3 0.01

Pre-fracture daily protein intake (absolute) (g) (mean±SD) 50.0±13.5 55.3±16.6 50.8±14.0 0.2

Pre-fracture daily protein intake (normalized) (g kg–1) (mean±SD) 0.88±0.27 0.86±0.31 0.88±0.26 0.9

Pre-fracture daily leucine intake (g) (mean±SD) 3.97±1.13 4.40±1.39 3.89±1.07 0.1

ADL: activities of daily living; BMI: body mass index; CPS: Cognitive Performance Scale; SMI: skeletal muscle index.
aADL: 0 (no impairment), 7 (severe impairment).
bCPS: 0 (no impairment), 6 (severe impairment).

FIGURE 1 | Scatter plot of total daily energy intake and skeletal muscle
index (SMI; n = 62).

of new fractures and improving health outcomes when the frac-
ture has occurred (Hung et al., 2012; Pioli et al., 2014). Over the
years, a shift of paradigm has emerged such that hip fracture is
no longer considered as a condition limited to the bone. Rather, it
represents a complex “geriatric syndrome” that affects the whole
organism (Pioli et al., 2014). As such, it is becoming increasingly
clear that the management of this condition requires a comprehen-
sive, multidisciplinary approach that goes beyond fracture repair
and osteoporosis treatment (Hung et al., 2012; Pioli et al., 2014).
Our results should be considered against this complex clinical and
pathophysiological backdrop.

Previous investigations have shown that older people with hip
fracture are often energy and protein malnourished at the time of
fracture (Lumbers et al., 2001) and that a high prevalence of sar-
copenia is observed in this patient population (Di Monaco et al.,
2011, 2012). The finding from the present study that these two
phenomena are correlated with each other extends our knowledge
on these frail patients and adds interesting cues on hip fracture
management. Indeed, muscle wasting is a powerful risk factor for
adverse outcomes among older adults hospitalized with acute con-
ditions. For instance, recent data from members of our group
have shown that among 770 older patients admitted to acute
care units, participants with sarcopenia experienced a threefold
higher in-hospital mortality as compared with non-sarcopenic
patients (Vetrano et al., 2014). This association remained signif-
icant after adjustment for a number of potential confounders,
including among others cancer, cardiovascular disease, chronic
obstructive pulmonary disease, dementia, chronic kidney disease,
and pre-hospital disability. Furthermore, reduced muscle mass and
strength were found to predict poor mobility recovery following
hip fracture repair (Visser et al., 2000; Di Monaco et al., 2007).

On the other hand, it is well established that an adequate intake
of dietary protein is required for the preservation of lean body
mass in late life (Calvani et al., 2013). For instance, in the Health,
Aging, and Body Composition Study, older adults in the highest
quintile of protein consumption lost nearly 40% less appendicu-
lar lean mass than did those in the lowest quintile over 3 years of
follow-up, after adjustment for potential confounders (Houston
et al., 2008). Notably, protein supplementation is per se sufficient
at increasing muscle mass in older hospitalized patients (Bos et al.,
2001). This effect may explain, at least partly, the improvement
in clinical outcomes observed in hip-fractured elderly undergoing
perioperative protein supplementation (Bauer et al., 2013).

A central aspect to consider is that a higher dietary protein
ingestion is necessary for the promotion of muscle health in older
persons relative to young adults (Bauer et al., 2013). In light of this
evidence, the average protein intake recorded in our study sample
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FIGURE 2 | Scatter plot of total (A) and normalized (B) protein intake and skeletal muscle index (SMI; n = 62).

FIGURE 3 | Scatter plot of daily leucine intake and skeletal muscle
index (SMI; n = 62).

(0.88 g kg–1 day–1), albeit slightly above the RDA for protein, may
not still be sufficient to sustain optimal muscle protein synthe-
sis. Notably, over 75% of participants did not reach the protein
intake currently recommended for older adults (1.0 g kg–1 day–1),
and only 8% reported a protein consumption between 1.2 and
1.5 g kg–1 day–1, which is the amount recommended by the Soci-
ety for Sarcopenia, Cachexia, and Wasting Disease to maximize
muscle health in advanced age (Morley et al., 2010).

Besides quantity, the quality of ingested protein plays an
important role in the context of muscle health (Calvani et al.,

2013; Landi et al., 2013b). In particular, given the role of leucine as
the master dietary regulator of muscle protein turnover, supple-
mentation with protein sources enriched with this essential amino
acid is thought to offer the greatest advantage in terms of preserva-
tion of muscle mass and function (Paddon-Jones and Rasmussen,
2009; Landi et al., 2013b). This evidence is in line with our find-
ing in that both total protein ingestion and leucine consumption
are positively correlated with muscle mass in hip-fractured elderly
patients (Figures 2 and 3).

Albeit dealing with a highly relevant issue, our study presents
several limitations that need to be discussed. First of all, the study is
exploratory in nature, evident by the relatively small sample size. In
addition, the cross-sectional design does not allow determining the
impact of low protein-energy intake and reduced muscle mass on
out-of-hospital survival and functional recovery. Along the same
line, the specific impact of individual nutrients on muscle mass
could not be established. 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 (Cesari et al., 2012). However, BIA measurements were taken
directly at the patient bed, which allowed minimizing discomfort
in the pre-operative phase. The lack of a control group of non-hip-
fractured older subjects does not allow establishing whether their
nutritional habits differ substantially from those of hip-fractured
elderly. For the same reason, no information can be provided on
eventual differences in the relationship between dietary intake and
muscle mass among fractured and non-fractured older adults.
Finally, dietary assessment in older adults poses special challenges
due to possible memory and cognitive impairment, hearing prob-
lems, or biases in diet reporting (Thompson and Subar, 2012).
Indeed, because of the high prevalence of chronic illnesses in this
age group, it is likely that prescription diets (e.g., low sodium, low
fat, and high fiber) are recommended. However, individuals may
report what they should eat rather than what they actually eat.
Alternatively, subjects on special diets may be more accurate in
reporting their actual food consumption. The dietary assessment

Frontiers in Aging Neuroscience www.frontiersin.org November 2014 | Volume 6 | Article 269 | 127

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


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calvani et al. Protein-energy malnutrition in hip fracture

tool chosen for the present investigation allowed collecting reliable
information about food consumption, while avoiding drops in
concentration due to excessively long interviews (Adamson et al.,
2009). In addition, the exclusion of cognitively impaired patients
increased the accuracy and reliability of dietary testing.

CONCLUSION
The worldwide epidemic of hip fractures and the dramatic impact
on the individual’s health and functionality urge the develop-
ment of effective strategies for the management of this condition.
The recognition of sarcopenia as a major risk factor for adverse
outcomes in this patient population indicates that the skeletal
muscle may represent a critical target for interventions. The asso-
ciation between low intake of calories, protein and leucine, and
reduced muscle mass in hip-fractured older patients revealed by
the present study highlights the importance of a comprehensive
dietary assessment for the early detection of nutritional deficits,
which may aggravate muscle wasting. The evidence provided by
this investigation could eventually serve as the foundation for the
design of studies testing whether the implementation of nutri-
tional interventions targeting the skeletal muscle (e.g., protein and
leucine supplementation) improves the clinical outcomes of older
hip-fractured patients.
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Pompe disease is a lysosomal storage disorder in which acid alpha-glucosidase (GAA) is
deficient or absent. Deficiency of this lysosomal enzyme results in progressive expansion
of glycogen-filled lysosomes in multiple tissues, with cardiac and skeletal muscle
being the most severely affected. The clinical spectrum ranges from fatal hypertrophic
cardiomyopathy and skeletal muscle myopathy in infants to relatively attenuated forms,
which manifest as a progressive myopathy without cardiac involvement. The currently
available enzyme replacement therapy (ERT) proved to be successful in reversing cardiac
but not skeletal muscle abnormalities. Although the overall understanding of the disease
has progressed, the pathophysiology of muscle damage remains poorly understood.
Lysosomal enlargement/rupture has long been considered a mechanism of relentless
muscle damage in Pompe disease. In past years, it became clear that this simple view
of the pathology is inadequate; the pathological cascade involves dysfunctional autophagy,
a major lysosome-dependent intracellular degradative pathway. The autophagic process in
Pompe skeletal muscle is affected at the termination stage—impaired autophagosomal-
lysosomal fusion. Yet another abnormality in the diseased muscle is the accelerated
production of large, unrelated to ageing, lipofuscin deposits—a marker of cellular oxidative
damage and a sign of mitochondrial dysfunction. The massive autophagic buildup and
lipofuscin inclusions appear to cause a greater effect on muscle architecture than the
enlarged lysosomes outside the autophagic regions. Furthermore, the dysfunctional
autophagy affects the trafficking of the replacement enzyme and interferes with its delivery
to the lysosomes. Several new therapeutic approaches have been tested in Pompe mouse
models: substrate reduction therapy, lysosomal exocytosis following the overexpression of
transcription factor EB and a closely related but distinct factor E3, and genetic manipulation
of autophagy.

Keywords: autophagy, lysosome, Pompe disease, lipofuscin, enzyme replacement therapy

BACKGROUND AND HISTORY
Pompe disease, also known as glycogen storage disease type II
(GSDII) or “acid maltase deficiency”, is caused by the absence or
deficiency of acid alpha-glucosidase (GAA), a lysosomal enzyme
that is responsible for the cleavage of the α-1,4- and α-1,6-
glycosidic bonds of glycogen to glucose. The deficiency of the
enzyme leads to the accumulation of glycogen in the lyso-
somes in numerous tissues, but clinical symptoms are primarily
due to cardiac and skeletal muscles involvement. The disease
is characterized by a wide variety of manifestations ranging
from severe infantile-onset muscle weakness, hypotonia, and
hypertrophic cardiomyopathy to a relatively mild slowly pro-
gressive skeletal muscle myopathy in adults (Hirschhorn and
Reuser, 2001). Pompe disease is a rare disorder with an esti-
mated frequency of 1:40,000 (Martiniuk et al., 1998; Ausems
et al., 1999). The neonatal screening program for lysosomal
storage diseases (LSDs) in Taiwan and Austria using dried
blood spots revealed a higher than expected frequency of the

disease in these populations (Chien et al., 2008; Mechtler et al.,
2012).

In 1932, Johannes Cassianus Pompe, a Dutch pathologist,
described the disease in a 7-month-old infant who died of
idiopathic hypertrophy of the heart; in addition to the cardiac
problems, the infant had generalized muscle weakness. Dr. Pompe
made the crucial observation that the baby’s symptoms were
associated with massive “vacuolar” glycogen storage in virtually
all tissues; reports of similar cases appeared in literature the same
year (Bischoff, 1932; Putschar, 1932) as well as in the following
years. In 1954 the disease was classified as glycogen storage disease
type II to reflect the abnormal metabolism of glycogen (Cori,
1954). However, at that time, the cause of the disease, the “vac-
uolar” nature of the storage, and the apparent normal molecular
structure of the accumulated glycogen all remained a mystery. The
connection between lysosomes, the enzyme defect, and Pompe
disease was made much later, in 1963, by a Belgian biochemist
Henri-Gery Hers. He discovered a new enzyme (maltase) that
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carried out the hydrolysis of glycogen to glucose at an acidic pH,
and he demonstrated that the enzyme was absent in patients with
Pompe disease (Hers, 1963). By a fortunate coincidence, Dr. Hers
had been previously working in the laboratory of Christian de
Duve, who in 1955 postulated the existence of a new group
of intracellular organelles, lysosomes. Dr. Hers realized that his
new enzyme resides in the lysosomes, and that this is the only
glycogen-degrading enzyme present in the lysosomes. Based on
this research, the concept of LSDs has been established, and
the search for other missing lysosomal enzymes began. Pompe
disease became the first in a diverse group of more than 50
currently recognized lysosomal storage disorders. The cause of
Pompe disease became known 30 years after its initial description,
and it would take even longer to develop the first therapy.

GENETIC DEFECTS AND CLINICAL MANIFESTATIONS
Pompe disease comes at different ages and with different degrees
of severity. The severity of the clinical presentations, the tissue
involvement, and the age of onset generally correlate well with the
nature of the mutation and the degree of residual enzyme activity.
A database containing all the reported mutations and polymor-
phisms of the GAA gene on chromosome 17 q25 (Hoefsloot
et al., 1988, 1990; Martiniuk et al., 1990; Kuo et al., 1996)
(>300 variants) may be accessed at http://www.pompecenter.nl.
The majority of mutations are private—found only in a single
family or a small population—and most patients are compound
heterozygotes. The mutations are spread throughout the gene
and affect one of the multiple steps involved in synthesis, post-
translational modifications, lysosomal trafficking, and proteolytic
processing of GAA (see below).

The most common mutation among Caucasian children and
adults is c.-32-13T>G (IVS1), a splicing defect which allows for
the synthesis of low levels (∼10–20%) of normal enzyme (Huie
et al., 1994; Boerkoel et al., 1995; Raben et al., 1996). A study
of a large cohort of patients with a similar genotype—IVS1 in
combination with a second null mutation—unexpectedly showed
a significant variability in the age at disease onset, suggesting the
role of secondary modifying factors on the clinical course (Kroos
et al., 2012). One of the possible factors responsible for the wide
clinical variability has recently come to light: the deletion/deletion
polymorphism in the gene coding for the angiotensin-converting
enzyme (ACE), which is known to increase the number of type II
fibers and influence muscle properties, is associated with earlier
onset, higher creatine kinase (CK) levels, muscle pain, and more
severe progression of the disease in patients with adult form (de
Filippi et al., 2010).

Two mutations—c.del525T and exon18 deletion—are fre-
quent in the Netherlands (Hermans et al., 1994; Hirschhorn and
Huie, 1999), and a common defect, c.1935C>A (p.Asp645Glu),
is shared by Chinese patients in Taiwan (Shieh and Lin, 1998).
The most common mutation in African-Americans, c.2560C>T
(p.Arg854Ter), most likely originated in their ancestral popula-
tion from north-central Africa and was brought to the Americas
during the slave trade (Becker et al., 1998).

The most severe end of the phenotypic continuum is the
disease in which symptoms begin within the first months of
life, and include profound muscle weakness, hypotonia (“floppy

baby”), and hypertrophic cardiomyopathy. Massive cardiomegaly,
which is easily detectable by chest X-rays, is one of the leading
manifestations of the disease in infants. The weakness of respira-
tory muscle and cardiomegaly often lead to diminished ventila-
tion and frequent infections. Macroglossia, mild hepatomegaly,
feeding difficulties, and significantly delayed motor milestones
are also typical manifestations of this rapidly progressive form;
most patients do not survive beyond the first year of life and die
from cardiac failure. This severe subtype, described by Dr. Pompe,
is called the classic infantile form, and is caused by complete
or near complete loss of GAA activity (van den Hout et al.,
2003; Kishnani et al., 2006). Similar clinical presentations in
infants with less severe cardiomyopathy, absence of left ventric-
ular outflow obstruction, and somewhat longer survival have
been classified as a non-classical infantile form (Slonim et al.,
2000).

Partial loss of enzyme activity (residual enzyme activity
between 1 and 30%) manifests as progressive muscle dysfunc-
tion and respiratory insufficiency without cardiac involvement.
A spectrum of phenotypic variation and genotypic heterogeneity
is characteristic of this less dismal form of the disease. The
lower limbs and paraspinal muscles are frequently affected first,
followed by the respiratory muscle, particularly the diaphragm,
intercostal, and accessory muscles. As the disease progresses,
patients may develop severe scoliosis and lumbar hyperlordosis
and many become wheelchair dependent and require assisted
ventilation. Respiratory failure is the main cause of increased
morbidity and mortality (Herzog et al., 2012; Schuller et al.,
2012). Although skeletal muscle weakness dominates the clinical
picture, there is increasing evidence of the involvement of non-
muscle tissues in this group of patients (Filosto et al., 2013).

A variety of scientific terms are used in literature to describe
these different forms of the disease, such as typical and atypi-
cal infantile, non-infantile, muscular, childhood-, juvenile-, and
adult-onset, etc.; the broad term, late-onset Pompe disease
(LOPD), is often used to describe patients with muscle weakness
without cardiac involvement and the onset of symptoms after
12 months of age. However, the continuum of phenotypes often
defies categorization. Recently, the Pompe community accepted
the following proposed nomenclature: (1) “classic infantile”, as
described above; (2) “childhood” form with onset of symptoms
from birth till adolescence without persisting and progressive car-
diac hypertrophy; and (3) “adult” form with onset of symptoms
from adolescence to late adulthood (Güngör and Reuser, 2013).

ACID ALPHA-GLUCOSIDASE AND ENZYME REPLACEMENT
THERAPY (ERT)
Like many other lysosomal enzymes, GAA is synthesized in
the rough endoplasmic reticulum (ER), where high mannose
oligosaccharides are added to the 110 kDa precursor molecules,
a process known as glycosylation (Hermans et al., 1993). The
glycosylation and proper folding in the ER are essential for the
trafficking of the enzyme through the Golgi complex to the lyso-
somes. On the way to the lysosomes, the protein undergoes sugar
chain modifications and proteolytic cleavage (Wisselaar et al.,
1993). In the Golgi, the addition of the mannose-6-phosphate
(M6P) moiety (phosphorylation) allows for the recognition of
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the enzyme by (M6P) receptors, which transport the enzyme to
early and late endosomes. The Golgi is also a site for the first
proteolytic cleavage of the precursor followed by the additional
cleavage at both the amino- and carboxyl-terminal ends before
and after entry to the lysosomes (Wisselaar et al., 1993; Moreland
et al., 2005). The posttranslational modifications of the precursor
protein, a process called maturation, increase its activity of the
enzyme for glycogen (Wisselaar et al., 1993). GAA along with
other lysosomal enzymes leaves the Golgi complex in a vesicle
which delivers its content to early/late endosomes and lysosomes.
Once inside the late endosomes, the receptor-ligand complexes
dissociate due to the low pH in these vesicles, and the enzyme
is delivered to the lysosome, whereas the receptors recycle back
for the next round of sorting (Kornfeld, 1992). A portion of the
GAA precursor is secreted, and can be taken up by neighboring
cells via cation independent mannose 6-phosphate receptor (CI-
MPR) on the plasma membrane, which directs the endocytosis
and transport of the enzyme to the lysosome. The ability of cells
to secrete and internalize lysosomal enzymes, first demonstrated
in cross-correction experiments, in which normal cells rescued
the nearby deficient cells (Neufeld and Fratantoni, 1970), became
the fundamental basis of enzyme replacement therapy (ERT) for
lysosomal storage diseases, including Pompe disease.

In Pompe disease, the CHO-produced recombinant human
GAA (rhGAA; alglucosidase alpha, Myozyme®, Genzyme Corpo-
ration, Framingham, MA) is a 110 kDa precursor containing M6P
groups that enable the enzyme to bind the receptor on the cell
surface. Once inside the cell, the rhGAA, like the endogenous
precursor, is cleaved to yield intermediate and fully mature 76 and
70 kDa lysosomal forms. In 2006 the drug received broad-label
marketing approval in Europe, and later in the U.S. This is the first
therapy for GSDII, and the first attempt to direct recombinant
enzyme to skeletal muscle. This therapy is based on a straight-
forward hypothesis to explain the disease pathogenesis, namely
that the progressive enlargement of glycogen-filled lysosomes,
lysosomal rupture (due to mechanical pressure in muscle fibers),
and release of glycogen and toxic substances into the cytosol
would ultimately result in organ dysfunctions (Griffin, 1984a;
Thurberg et al., 2006). The stages and progression of skeletal
muscle damage have been described for the classical infantile
form: small glycogen-filled lysosomes in between intact myofibrils
are typical for stage 1; an increase in cytoplasmic glycogen and the
size and number of lysosomes combined with fragmentation of
myofibrils constitute stage 2; after that, glycogen-filled lysosomes
are tightly packed, some show membrane rupture, and only few
myofibril fragments remain in stage 3; finally, in stages 4 and 5,
most glycogen is cytoplasmic, the contractile elements of muscle
cells are completely lost, and the cells bloat due to the influx of
water (Thurberg et al., 2006).

The assumption was that early treatment, initiated before lyso-
somal integrity was compromised, would reverse this pathogenic
cascade and cure the disease. The outcome, however, was some-
what unexpected—cardiac muscle responded remarkably well to
therapy, but skeletal muscle did not. Even with extremely high
dosages of the drug (20–40 mg/kg body weight, which is signif-
icantly higher than in other LSDs), patients with the childhood
and adult forms of the disease experience limited clinical benefit,

such as modest improvements in walking distance and respiratory
function, but skeletal muscle weakness often persists, and some
show signs of disease progression (Van den Hout et al., 2004;
Kishnani et al., 2007; Schoser et al., 2008; Strothotte et al., 2010;
Van der Ploeg et al., 2010; Angelini and Semplicini, 2012).

The reversal of cardiac abnormalities dramatically changed the
natural course of the disease in infants; most survive significantly
longer compared with untreated group analyzed by retrospective
studies (Kishnani et al., 2007; Nicolino et al., 2009). However, the
great success of ERT in Pompe disease comes with unintended
consequences: many long-term survivors suffer from debilitating
skeletal muscle myopathy and develop new previously unrecog-
nized symptoms such as ptosis, hypernasal speech, osteopenia,
hearing loss and gastroesophageal reflux. Although the response
to therapy varies significantly in this group of patients, an
emerging pattern—initial improvement followed by a decline and
chronic disability—indicates that even at a very high doses, the
drug does not halt the progression of the disease (Chakrapani
et al., 2010; Prater et al., 2012, 2013).

One thing appears to be clear: treatment of the infants should
start within days after birth, not months (Chien et al., 2009, 2013;
Prater et al., 2013). The effect of therapy in pre-symptomatic
infants who were diagnosed through a newborn screening pro-
gram (in Taiwan) was better than in those who were diagnosed
later based on clinical symptoms (Chien et al., 2009). It is also
clear that sustained high antibody titers on ERT, particularly
in infants with cross-reactive immunological material (CRIM)-
negative status, are associated with poor outcome (Banugaria
et al., 2011).

The neonatal screening program, which allows for the early
diagnosis and timely initiation of therapy in infants, would also
identify patients with mutations that are associated with onset
of symptoms in the second, fourth or six decade of life. The
appropriate age for the initiation of therapy in patients with
milder forms of the disease is not clear, thus adding to the com-
plexity of ethical issues related to such a program. The argument
in favor of such a program for Pompe disease comes from our
own experience (however limited), which indicates that the best
morphological results are achieved when the therapy is initiated in
asymptomatic patients. A case in point is a normal muscle biopsy
after only 6 months of therapy, in an infant who was diagnosed
through the newborn screening program, but whose genetic
makeup was consistent with the childhood form of the disease; the
baseline biopsy of this asymptomatic patient with slightly elevated
CK level showed well-preserved fibers with minimally enlarged
lysosomes and no autophagic buildup (Raben et al., 2010a).

The limitations of current therapy stimulated research on
more effective second-generation drugs. The evolving new
therapies are designed to improve the delivery of the recom-
binant enzyme to skeletal muscle. The poor capacity of the
current drug to reach skeletal muscle (most of the adminis-
tered enzyme is taken by liver) has been attributed to the low
number of M6P receptors on the plasma membrane of skeletal
muscle cells. Therefore, the development of chemically modified
recombinant human GAA with high affinity for the receptor
and enhanced targeting properties is currently being pursued
by academic institutions and pharmaceutical companies (Zhu
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et al., 2009; Tiels et al., 2012; Maga et al., 2013). Albuterol,
a drug that enhances the M6P receptor expression, is also in
clinical trial in combination with ERT (Koeberl et al., 2014).
Another therapeutic approach includes the use of pharmaco-
logical chaperones to increase the stability and half-life of the
current drug (Porto et al., 2009, 2012). It is, however, unclear
how much enzyme is needed to reverse the established pathol-
ogy in Pompe skeletal muscle, and this uncertainty remains a
concern with these new approaches. It is widely believed that
the levels of ∼30% of average normal activity would be suffi-
cient, since the disease manifests when the acid α-glucosidase
activity drops below this critical threshold. However, our data
in transgenic mice expressing human GAA in skeletal muscle of
the GAA knockout mice (see Models of Pompe disease) suggest
that much higher levels might be needed for the reversal of
the advanced disease (Raben et al., 2005). The benefits of these
new strategies for enzyme delivery are beyond the scope of this
review.

GENE THERAPY
A major development in the field is the commencement of the
first phase I/II clinical trial of rAAV1-hGAA intramuscular gene
transfer. Five children with chronic ventilator dependence (full-
time mechanical ventilation despite ERT) and severe phrenic
neuromusclular dysfunction were enrolled in the trial. All patients
were on ERT, which was continued throughout the study. The
outcome of the 180-day safety and ventilatory outcomes following
intradiaphragmatic delivery of AAV-mediated GAA gene therapy
has been reported (Smith et al., 2013). The results indicated
that rAAV1-hGAA was safe and led to a modest improvement
in ventilatory function. This trial is the first critical step in the
development of a successful AAV-based gene therapy for Pompe
disease. Extensive preclinical studies (both in vitro and in vivo in
the mouse model) by a number of groups established the basis and
feasibility of gene therapy for this disorder; the reader is referred
to a review on this subject (Byrne et al., 2011). Here, we will focus
on the pathogenesis of skeletal muscle damage in Pompe disease,
which turned out to be more complex than previously thought,
and involves a profound disturbance of autophagy.

MODELS OF POMPE DISEASE
Naturally occurring animal models of Pompe disease include
cattle, dogs, cats, sheep, and Japanese quails. The underlying
genetic defects have been identified in Brahman and Shorthorn
cattle breeds in Australia, in quails (AMD quails), and Finnish
and Swedish Lapphunds. Curiously, the two Scandinavian dog
breeds, which share a common origin and physical appearance,
have been recently shown (Seppala et al., 2013) to contain a
frameshift mutation similar to that found in patients with the
infantile form of the disease (the finding points to a “hot spot”
in the GAA gene). The presence of residual GAA activity in quails
(due to the expression of other alpha-glucosidases) accounts for
the milder form of the disease, which mimics human childhood
or adult forms without cardiac dysfunction; the birds show
progressive muscle weakness, difficulty in lifting their wings or
turning from the supine position. With the development of the
knockout mouse models, the usefulness of this model became

outdated, but AMD quails deserve a special mention because
they were the first to be used for testing ERT (Kikuchi et al.,
1998).

Genotypically and phenotypically more accurate models were
made in mice by targeted disruption of exon 6 and exon 13 of the
GAA gene [GAA-KO (Raben et al., 1998) and AGLU-/- (Bijvoet
et al., 1998)]. These two models have features of both infantile
and adult forms: the animals develop cardiomegaly, cardiomy-
opathy (Bijvoet et al., 1998) and skeletal muscle myopathy, but
obvious clinical signs of the disease, such as kyphosis and muscle
wasting manifest late relative to their lifespan—at ∼7–9 months.
Both strains are widely used for testing different therapeutic
approaches. Several transgenic lines and double knockouts on the
GAA-KO background are available: GFP- LC3:GAA-KO, in which
autophagosomes are labeled with green fluorescent protein; GAA-
KO:SCID, which do not produce antibody following administra-
tion of recombinant human GAA (Xu et al., 2004); and muscle-
specific autophagy-deficient GAA-KO, which will be discussed
below.

In addition, GAA-KO crosses to H-2Kb-tsA58 transgenic mice
(also called Immortomouse; Charles River Laboratories) allowed
for the generation of an in vitro model of Pompe disease—GAA-
deficient immortalized mouse muscle cell lines. The transgene
contains the temperature-sensitive immortalizing SV40 large T
antigen tsA58 (tsA58 TAg) under the control of the interferon-
inducible H-2Kb promoter; the SV40 large T antigen is func-
tional at permissive temperature (33◦C plus interferon-γ), but
is inactivated at 37◦ in the absence of interferon. The advantage
of this system is that myoblasts derived from the GAA-KO: H-
2Kb-tsA58 mice proliferate and undergo immortalization when
the oncogene is expressed, but the differentiation of the cells to
myotubes proceeds under “normal” condition when the oncogene
is silenced (Jat et al., 1991). Unlike primary myoblasts with their
limited proliferation capacity, the immortalized cells can undergo
multiple passages without losing the ability to differentiate. The
in vitro model replicates lysosomal, but not autophagic pathology
(see below) (Figure 1; Spampanato et al., 2013), and as such
can be used to decipher the early events which precede the
development of autophagic buildup—a hallmark of the disease
in Pompe muscle fibers.

PATHOGENESIS
AUTOPHAGY
At least three autophagic pathways have been described based
on the route by which the cargo enters the lysosomes. Microau-
tophagy is a direct engulfment of cytoplasmic components into
the lysosomal lumen; in chaperone-mediated autophagy (CMA),
a subset of soluble cytosolic proteins with a particular pentapep-
tide motif are recognized by molecular chaperones and directly
translocated into lysosomes through a receptor (LAMP-2A) on
the lysosomal membrane; the major third form, most relevant
to Pompe disease, is macroautophagy, which fulfils the role of
supplying amino acids and energy under starvation by “self-
digestion” of intracellular components (Klionsky, 2007; He and
Klionsky, 2009; Yang and Klionsky, 2010; Kaushik et al., 2011).
Macroautophagy also operates at a low level under a nutrient-
rich environment to rid the cells of misfolded proteins, protein
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FIGURE 1 | In vitro model of Pompe disease replicates lysosomal, but
not autophagic pathology. The images show wild type (WT) and GAA-KO
(KO) myotubes. Immortalized myoblasts were used for the differentiation into
multinucleated myotubes. WT myoblasts were derived from mice generated
by crosses of GFP-LC3:WT to Immortomice; GAA-KO myoblasts were derived

from mice generated by crosses of GFP-LC3:GAA-KO to Immortomice. LC3
(green) is a specific autophagosomal marker. No autophagosomal
accumulation is seen in the GAA-KO cells. Myotubes were fixed and stained
for lysosomal marker LAMP1 (red). Enlarged lysosomes are seen in the
GAA-KO, but not in control WT muscle cells. Bars: 10 µm.

aggregates, and worn-out organelles such as mitochondria. Upon
induction, the process of macroautophagy (often referred to
simply as autophagy) begins with the development of a double
membrane, which engulfs part of the cytoplasm, resulting in the
formation of the double-membrane structure called autophago-
some. Autophagosomes fuses with the lysosome, where the inner
membrane and the content of the autophagosome are degraded
and recycled. The two pathways, autophagic and endocytic, by
which the recombinant human GAA traffics to the lysosomes are
interconnected; autophagosomes can fuse with early/late endo-
somes before fusion with the lysosome, giving rise to an inter-
mediate structure, called amphisome (Berg et al., 1998).

AUTOPHAGY IN POMPE MOUSE MODELS
The morphological evidence for abnormal autophagy in mus-
cle biopsies from adult Pompe patients was first reported
by Andrew Engel in 1970 (Engel, 1970), at the time when
the field of autophagy was still in its infancy. Perhaps not
surprisingly, this pathology and its contribution to the patho-
genesis of Pompe disease have been largely ignored until
recently. Studies in a GAA-KO model developed in our lab
(Raben et al., 1998) clearly demonstrated that abnormalities
in Pompe muscle cells were not limited to the enlarge-
ment of lysosomes. Analysis of myoblasts derived from GAA-
KO mice showed an acidification defect in a subset of late
endosomes/lysosomes, a dramatic expansion of all vesicles of
the endocytic/autophagic pathways, and a slowdown in the
vesicular trafficking in the overcrowded cells (Fukuda et al.,
2006).

Electron microscopy (EM) of skeletal muscle from the KO
mice revealed large areas of autophagic accumulation containing

vesicular structures at different stages of a stalled autophagic
process: small and large double-membrane autophagosomes with
undigested cytosolic material or glycogen particles, multivesicular
bodies, multimembrane structures, autofluorescent material, as
well other cellular debris (Figure 2). EM established the presence
of autophagic accumulation of Pompe muscle, but the extent
of this pathology became clear when single muscle fibers were
immunostained for lysosomal marker, LAMP1, and autophagoso-
mal marker, LC3, followed by confocal microscopy—an approach
best-suited for the detection of autophagic accumulation within
the fibers (Raben et al., 2009). Two forms of LC3 are docu-
mented: the soluble cytosolic LC3I and lipidated LC3II; the latter
remains on the autophagosomal membrane during autophagic
process and serves as a highly specific marker of autophagosomes
(Kabeya et al., 2000). LAMP1/LC3-double staining showed that
the core of the fibers was filled with clusters of densely packed late
endosomes/lysosomes and autophagosomes, collectively called
autophagic buildup. This buildup often spans the entire length
of the fibers, and in many fibers the enlarged lysosomes in the
periphery of the fibers look inconsequential (Raben et al., 2007a).

Autophagy is a dynamic multi-step process which encom-
passes autophagosome formation, maturation, fusion with lyso-
somes, and breakdown and recycling of autophagic substrates.
The term “autophagic flux” refers to the whole process—the
flux is complete if the formation of autophagosomes is followed
by their fusion with lysosomes and degradation of the cargo.
The failure of a downstream step of autophagy, fusion between
autophagosomes and lysosomes, would result in incomplete flux,
a condition known as autophagic block (Mizushima et al., 2010).
Therefore, the increase in the number of autophagosomes (as
shown by a significant increase in the LC3II levels) in Pompe
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FIGURE 2 | Electron microscopy images show the presence and the
extent (A) of autophagic buildup in skeletal muscle from a 5
month-old GAA-KO mouse. Larger magnification images (B and C)
show classical double membrane autophagosomes with undigested

cytosolic material (black arrows) or glycogen particles (arrowhead),
multimembrane structures (most prominent in C), multivesicular body
(white arrow), electron dense material (asterisk), as well other cellular
debris of unknown origin. Bars: 0.5 µm.

muscle fibers could indicate an upregulation of autophagy or
defects in autophagosome-lysosome fusion. An ubiquitin-binding
scaffold protein, p62, also known as sequestosome 1 (SQSTM1),
is commonly used as a marker of autophagic flux. The protein
accumulates in cells from autophagy-deficient mice (Komatsu
et al., 2007), and an increase in the level of p62 is an indication
of a functional deficiency of autophagy. The protein itself is a sub-
strate for autophagy-mediated degradation; in addition, p62 can
directly bind to LC3, thus connecting ubiquitinated (Ub) proteins
which are destined for degradation and autophagic machinery
(Pankiv et al., 2007; Bjørkøy et al., 2009).

The levels of potentially toxic high molecular mass
Ub-proteins in Pompe muscle were significantly increased
suggesting a failure of autophagosomal–lysosomal fusion
and a block in autophagosomal turnover. The accumulation
of Ub-proteins in the GAA-KO muscle, particularly in the
non-soluble fraction, preceded the development of clinical
symptoms and increased with age. In addition, immunostaining
of isolated muscle fibers showed that both the Ub-proteins
and p62/SQSTM1 were seen within the autophagic areas, again
indicating that the recycling process is inefficient in Pompe
skeletal muscle (Raben et al., 2008; Shea and Raben, 2009).
A direct evidence of the impaired autophagosomal-lysosomal
fusion came from time-lapse microscopy of muscle fibers
in which autophagosomes were labeled with GFP-LC3 and
lysosomes were labeled with mCherry-LAMP1. These fibers
were derived from transgenic GFP-LC3:GAA-KO mice, in which
muscles had been in vivo transfected with mCherry-LAMP1
(Figure 3). The autophagosomal-lysosomal fusion events were
essentially non-existent in the autophagic areas over the course
of several hours of time-lapse microscopy (Spampanato et al.,
2013).

The autophagic buildup containing cellular debris repre-
sents a huge non-contractile inclusion in the diseased muscle
fibers. Studies in a different mouse model of Pompe disease,
AGLU-/- (Bijvoet et al., 1998), have shown that the enlarged

lysosomes in skeletal muscle cannot adequately account for
the reduction in mechanical performance, and that the pres-
ence of large inclusions greatly contributes to the impair-
ment of muscle function (Hesselink et al., 2003; Drost et al.,
2005). Unlike sarcomeres, these inclusions are unable to gen-
erate force leading to a significant loss of force per unit of
muscle mass. It has also been shown that skeletal muscle weak-
ness in old AGLU-/- mice is caused by both loss of contrac-
tility and muscle mass (Hesselink et al., 2003; Drost et al.,
2005).

Furthermore, our data demonstrated that the autophagic
buildup affects the trafficking and delivery of the recombinant
enzyme. The fate of the therapeutic enzyme was analyzed by
monitoring the trafficking of the labeled rhGAA (Alexa-Fluor
546) in GFP-LC3:GAA-KO mice. The recombinant enzyme was
detected almost exclusively within autophagosomes clustered in
the buildup areas (Spampanato et al., 2013). This finding is not
unexpected, considering the relationship between the autophagic
pathway and the endocytic pathway; as mentioned above, the
autophagic and endocytic pathways converge not only at the
lysosome, but also at other steps along the way. It appears that
the therapeutic drug is diverted away from its intended desti-
nation, the lysosome, and instead ends up in the autophagic
area, which becomes a sink for the recombinant enzyme (Fukuda
et al., 2006; Spampanato et al., 2013). Thus, in Pompe disease,
a profoundly disordered intracellular recycling system appears
to be an important contributor to the muscle weakness and to
the incomplete response to treatment. The autophagic dead-end
found in the muscle of Pompe mice is largely limited to muscles
rich in glycolytic type II muscle fibers, which are most resis-
tant to therapy, thus confirming the link between the defective
autophagy, and the unresponsiveness to ERT with recombinant
human enzyme. Abnormal autophagy and toxicity from accumu-
lated Ub material may also be a general mechanism of cellular
damage in other lysosomal storage disorders (Lieberman et al.,
2012).
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FIGURE 3 | Confocal microscopy images of fibers from GFP-LC3:WT (A)
and GFP-LC3:GAA-KO (B) mice. In these strains autophagosomes are
labeled with green fluorescent protein. Accumulation of autophagosomes
(green) can be seen in live unstained muscle fibers derived from GAA-KO,
but not from WT mice. Muscle was transfected in vivo by electroporation
with mCherry-LAMP1 to visualize lysosomes (red); fibers were isolated
6 days after the procedure. (A) Autophagosomes are not detectable in the
control muscle. (B) This still image shows autophagic buildup in the core of
a fiber from the diseased muscle. Time-lapse microscopy of
mCherry-LAMP1 transfected fibers demonstrated that there is little, if any,
fusion between lysosomes and autophagosomes in the areas of autophagic
buildup. Bar: 10 µm.

AUTOPHAGY IN POMPE PATIENTS
The apparent disconnect between the findings in Pompe mice,
in which dysfunctional autophagy seemed to be a prominent
feature of skeletal muscle pathology, and the morphological data
(described above) on the stages of the disease progression in
infants (Thurberg et al., 2006) raised some skepticism regarding
the relevance of mouse studies to human disease. A closer look at
muscle biopsies of untreated patients with severe classic infantile
form aimed specifically to detect autophagy (namely, immunos-
taining of isolated fibers for lysosomal and autophagosomal
markers) showed that, indeed, the overwhelming characteristic
of muscle fibers in infants was the presence of hugely expanded
lysosomes often without clear borders, a feature consistent with
the long-held hypothesis of lysosomal rupture and the release

of glycogen and lytic enzymes into the cytoplasm as a cause of
muscle destruction (Griffin, 1984b; Thurberg et al., 2006).

However, analyses of muscle biopsies from patients with
milder childhood/juvenile and adult forms of the disease justified
the role of autophagy as a critical player in the pathogenesis of
Pompe disease in this subset of patients. The pathological changes
in many muscle fibers from these patients, even more so than in
mice, reflected the autophagic abnormalities leading to muscle
destruction. Large autophagic buildup often dwarfs the enlarged
glycogen-filled lysosomes that lie outside the autophagic region,
and in some fibers the buildup appears to be the only pathology
(Raben et al., 2007b; Lewandowska et al., 2008; Raben et al.,
2010a); unlike in mice, there is no selective involvement of the
different histochemical fiber types. Similar to the findings in the
murine model, the defective autophagic flux in muscle of patients
with these forms impinges on the maturation of GAA and the
uptake of recombinant enzyme during ERT (Nascimbeni et al.,
2012a,b).

Notably, autophagic accumulation, closely resembling that in
children and adults, becomes prominent (although limited in
size) in infants who benefit most from ERT and survive beyond
infancy (Raben et al., 2010a). The autophagic buildup in muscle
biopsies from these patients is usually seen in fibers with minimal
or no lysosomal enlargement outside the autophagic area, sug-
gesting that the therapeutic enzyme reached these lysosomes, and
digested the accumulated glycogen. The emergence of autophagic
buildup on therapy is clearly not a “side effect” of the treatment,
but rather an indication that the drug reverses the pathology only
partially, and leaves a subset of lysosomes that are unable to fuse
with the autophagosomes. It remains unclear to what extent this
autophagic buildup could grow in size in patients on therapy;
it is also not clear whether the clinical decline is caused by this
emerging pathology.

LIPOFUSCINOSIS
There is yet another abnormality in both untreated and treated
children and adults as well as in treated infants which recently
came to light: muscle biopsies in the majority of patients contain
large, irregularly shaped autofluorescent inclusions (Figure 4). In
some patients, more than 75% of fibers contained these struc-
tures, which can span up to several hundred microns along the
length of the fiber. These structures are usually located in the
area of autophagic buildup within LAMP-positive lysosomes or
LAMP/LC3-double positive autolysosomes (vesicles formed by
autophagosomal-lysosomal fusion) or free in the cytoplasm. Their
characteristics—electron density, contrast in transmitted light, a
wide-spectrum of autofluorescence, which is quenched by Sudan
Black B, and positive staining for lipid markers—unequivocally
identify the particles as lipofuscin (Schoser et al., 2007; Feeney
et al., 2014). Similar inclusions, although much smaller in size,
have been found in muscle of old knockout mice.

Lipofuscin is an autofluorescent lipopigment, which is com-
posed of highly cross-linked undegradable protein aggregates,
lipids, carbohydrates, and metals (particularly iron) (Terman
et al., 2010). Gradual intralysosomal accumulation of lipofuscin,
particularly in terminally differentiated cells (i.e., neurons, retinal
pigment epithelium, cardiac myocytes, and muscle cells) is a
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FIGURE 4 | Autofluorescent lipofuscin inclusions in a muscle biopsy
from a patient (NBSL9a) with a childhood form of Pompe disease. The
patient was diagnosed during a family study and began therapy at 7 years of
age. The biopsy was taken prior to the initiation of ERT. Bar: 10 µm.

characteristic sign of cellular oxidative damage and aging (Brunk
and Terman, 2002; Terman and Brunk, 2006; Terman et al.,
2006). Given the unique role of autophagy and lysosomes in
mitochondrial degradation, the diminished degradative capacity
of lysosomes due to the progressive deposition of lipofuscin in
these organelles would lead to a decrease in the autophagic turn-
over of damaged mitochondria, which in turn would result in the
generation of reactive oxygen species and formation of oxidized
proteins and aggregates, thus perpetuating the production of
lipofuscin. In addition, intralysosomal accumulation of lipofuscin
affects the trafficking of the newly synthesized lysosomal enzymes,
thus further diminishing the degrading capacity of the lysosomes.
This “vicious circle” of mitochondrial oxidative damage and
lysosomal deposition of lipofuscin is at the heart of a well-known
“mitochondrial-lysosomal axis theory of ageing”, which was put
forward by Ulf Brunk and Alexei Terman (Brunk and Terman,
2002). According to this model, accumulation of “biological
garbage” results from the natural decline in the ability of the
cellular degradative machinery to efficiently clear the cells from
damaged structures (Terman et al., 2010).

The view of lysosomes as the only site for lipofuscin formation
has been recently challenged; it was shown that inhibition of
autophagy and reduced lysosomal uptake of protein aggregates
did not prevent the formation of lipofuscin, suggesting that
lipofuscin can be formed in the cytoplasm (Höhn et al., 2012).
If lysosomes are not required for the formation of lipofuscin, then
their engulfment by autophagosomes may serve as a protective
mechanism designed to mitigate the toxicity (Höhn et al., 2014).
In Pompe skeletal muscle, lipofuscin deposits are seen both inside
and outside of lysosomes/autophagosomes; the presence of free

cytoplasmic lipofuscin may reflect its extralysosomal formation
or release into cytoplasm due to lysosomal rupture. Whatever the
origin, these deposits are strikingly large in size (Figure 4) and are
not associated with advanced age; they are seen in muscle biopsies
from patients at different ages, including very young children
(Schoser et al., 2007; Raben et al., 2010a; Feeney et al., 2014).

In retrospect, the reported in literature abnormal inclu-
sions in muscle biopsies from Pompe patients—called “reducing
body-like inclusions”, “peculiar globular inclusions”, “autofluores-
cent balloon-like structures”, “acid phosphatase-positive globular
inclusions”—all represent lipofuscin (Jay et al., 1992; Sharma
et al., 2005; Raben et al., 2010a; Tsuburaya et al., 2012). Given
the reduced autophagic activity and a failure of autophagosomal
turnover, the presence of lipofuscin in the diseased muscle is
not unexpected, but the magnitude of this pathology is. Inter-
estingly, lipofuscin inclusions are often seen in otherwise normal
looking fibers. It was suggested that these acid phosphatase-
positive/periodic acid Schiff (PAS)-negative inclusions may be
a hallmark of the disease and a diagnostic marker, particularly
in adult form, which every so often represent the diagnostic
challenge (Tsuburaya et al., 2012; Fujimoto et al., 2013).

Thus, our view of the pathogenesis of skeletal muscle damage
in Pompe disease (at least in milder childhood and adult forms)
evolved from a simple idea of gradual glycogen accumulation and
lysosomal expansion to a much more complex picture, which
involves a profound dysregulation of autophagy, accumulation
of potentially toxic undegradable materials and non-contractile
inclusion, as well as oxidative stress. Mitochondrial abnormalities,
no doubt, contribute to the pathogenic cascade (our unpublished
data). The disease has the characteristics of autophagic myopathy,
premature “muscle ageing” or “muscle lipofuscinosis”.

The evolution of our understanding of the pathogenesis of
muscle destruction in Pompe disease reflects to a large degree
the expansion of the role of the lysosomes themselves. The days
of looking at the lysosomes as cellular “garbage disposal unit”
or “suicide bags” [the latter term used by Christian de Duve
who discovered this organelle (Appelmans et al., 1955)] are long
gone. Lysosomes are now viewed more like “the center of cellular
universe” (Walkley, 2008). In addition to their role in the diges-
tion and recycling of various extra- and intracellular materials,
lysosomes carry multiple tasks—they are implicated in choles-
terol homeostasis, plasma membrane repair, tissue remodeling,
pathogen defense, MHC class II antigen presentation, down-
regulation of surface receptors, and cell death and proliferation
(Saftig and Klumperman, 2009). Furthermore, recent studies
indicate that lysosomes control their own biogenesis and provide
a platform for both activation and deactivation of mTORC1
(mechanistic target of rapamycin complex1), a powerful anabolic
regulator of cell growth and metabolism (Zoncu et al., 2011; Bar-
Peled and Sabatini, 2014; Demetriades et al., 2014; Menon et al.,
2014; Settembre and Ballabio, 2014).

EXPERIMENTAL APPROACHES TO THERAPY
SUBSTRATE REDUCTION THERAPY (SRT)
Successful application of SRT to other lysosomal diseases (Hollak
and Wijburg, 2014) stimulated efforts to test a similar approach
in Pompe disease. Inhibition of the two major enzymes involved
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in glycogen synthesis, glycogenin (GYG) and glycogen synthase
(GYS), in primary myoblasts from GAA-KO mice by shRNAs
resulted in a decrease in cytoplasmic and lysosomal glycogen
accumulation and a reduction in the lysosomal size. A single
intramuscular injection of recombinant AAV-1 vectors expressing
shGYS into newborn knockout mice led to a significant reduction
of glycogen accumulation in skeletal muscle (Douillard-Guilloux
et al., 2008). Furthermore, genetic inactivation of GYS1 in the
GAA-KO mice reversed cardiac abnormalities, reduced glycogen
storage and autophagic buildup, and improved exercise capacity
(Douillard-Guilloux et al., 2010). Of note, the disruption of GYS1
(muscle form) in the wild type mice (known as MGSKO) leads
to abnormal cardiac development and a severe early perinatal
mortality; 90% of GYS1-null pups die due to impaired cardiac
function (Pederson et al., 2004). However, the lack of glycogen in
skeletal muscle in the surviving 10% mice does not affect either
the morphology of this tissues or the animals’ ability to exercise.
A severe deficiency of muscle glycogen synthase (mutations in the
GYS1 gene; glycogen storage disease type 0), leading to cardiac
arrest, has been described in several families (Kollberg et al., 2007;
Cameron et al., 2009; Sukigara et al., 2012), thus highlighting
the risk of GYS1 suppression in Pompe disease—only muscle-
targeted inhibition of GYS1 can be considered.

FIBER TYPE CONVERSION
A selective resistance of glycolytic type II muscle fibers (fast
muscle) to ERT in the GAA-KO mice combined with massive
accumulation of autophagic debris in these fibers suggested that
a switch from fast to slow fibers may be beneficial in Pompe
disease. A successful fiber type conversion was achieved by
transgenic expression of PGC-1α—a transcription factor that
promotes mitochondrial biogenesis and muscle remodeling (Lin
et al., 2002)—in skeletal muscle of the GAA-KO mice. The con-
version of fast muscle into muscle with slow metabolic profile
restored autophagic flux, reduced the amount of accumulated
Ub-proteins, and completely eliminated autophagic buildup. The
absence of buildup was unexpectedly associated with induc-
tion rather than suppression of autophagy, as shown by a
significant upregulation of several autophagy-related proteins,
such as LC3II, GABARAP, Beclin-1, and BNIP3. A concomitant
dramatic increase in the number of lysosomes in the PGC-1α-
overexpressing muscle accounts for this apparent paradox. How-
ever, overexpression of PGC-1α in the diseased muscle failed to
improve the ERT, mainly because of the considerable increase in
the lysosomal glycogen load (Takikita et al., 2010). Although dis-
appointing, these results are interesting in two respects: (1) a slight
PGC-1α-induced increase in the levels of cytoplasmic glycogen
(seen in wild type muscle) leads to a massive accumulation of
lysosomal glycogen in GAA-deficient muscle, suggesting a high
rate of lysosomal glycogen disposal in skeletal muscle. This may
explain a much higher requirement for the therapeutic drug
in skeletal muscle than in the heart; and (2) the biogenesis of
lysosomes and autophagosomes is regulated coordinately.

SUPPRESSION OF AUTOPHAGY IN SKELETAL MUSCLE
The association between autophagic buildup and resistance to
therapy in Pompe skeletal muscle suggested that suppression

of autophagy would be helpful. Since autophagy is a presumed
mechanism of glycogen transport to the lysosomes (Schiaffino
and Hanzlikova, 1972; Kotoulas et al., 2006; Schiaffino et al.,
2008), this approach also had a potential to reduce or even
eliminate lysosomal glycogen accumulation. The genetic suppres-
sion of autophagy in GAA-KO mice was achieved by selective
inactivation of a critical autophagic gene, Atg7, in skeletal muscles
(Atg7/GAA double knockout). Indeed, inactivation of autophagy
resulted in a significant decrease in the amount of accumulated
glycogen, supporting the idea that autophagic pathway is at least
partially responsible for the delivery of glycogen to the lysosomes;
microautophagy could be another route by which glycogen enters
the lysosome. As expected, autophagic buildup was not observed
in the double knockout mice, although small clusters of double-
membrane vesicles were detected by electron microscopy. In our
experience, the phenotype of these muscle-specific autophagy-
deficient GAA-KO mice is not worse (if not better) compared to
that of the GAA-KO; however, an assessment of muscle strength
by functional tests are needed to clarify this point (Raben et al.,
2010b). The loss of autophagy alone in skeletal muscle of wild
type mice is associated with the accumulations of dysfunctional
mitochondria, mild atrophy, and age-dependent decrease in mus-
cle strength (Masiero et al., 2009; Wu et al., 2009; Masiero and
Sandri, 2010). The negative effects of suppression of autophagy in
the GAA-KO mice are likely balanced by the beneficial effect of
glycogen reduction.

Inactivation of a different autophagic gene, Atg5, in skeletal
muscle of the GAA-KO mice, led to a modest glycogen reduction
and worsening of clinical manifestations: these Atg5/GAA double
knockouts develop early signs of muscle wasting and do not sur-
vive beyond 9–12 months of age (both GAA-KO and Atg7/GAA-
KO have near normal lifespan) (Raben et al., 2008). The reason
for the difference between the two double knockouts (expected to
be indistinguishable), is not clear; a various degree of autophagy
inactivation due to the difference in the promoters, which were
used to excise the autophagic genes (human skeletal actin for
the Atg5 and myosin light chain for the Atg7), may explain the
discrepancy. However, both autophagy-deficient GAA-KO strains
responded remarkably well to ERT—a near complete removal of
stored lysosomal glycogen was observed in skeletal muscle—an
outcome never seen in the ERT-treated GAA-KO mice. These data
established the rational for autophagy-targeted therapy (Raben
et al., 2010b).

STIMULATION OF LYSOSOMAL EXOCYTOSIS
Perhaps the most intriguing approach is that which exploits
the intrinsic property of lysosomes to undergo regulated exo-
cytosis. The process involves translocation and docking of lyso-
somes to the plasma membrane, followed by fusion with the
membrane and release of the lysosomal content into the extracel-
lular space. Initially ascribed to a subset of secretory lysosome-
related organelles in hematopoietic cells or melanocytes, this
calcium-dependent process is now attributed to all conventional
lysosomes—a finding that changed the view of lysosomes as a
terminal, dead-end degradation compartment (Andrews, 2000).
Furthermore, this ability of lysosomes to exocytose is now seen as
an integral part of the lysosomal function—to accomplish cellular
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clearance by degrading the cargo or by discharging it (Settembre
and Ballabio, 2014). However, it was not until the discovery of
transcription factor EB (TFEB) that the induction of lysosomal
exocytosis became a therapeutic strategy in a variety of lysosomal
storage disease and disorders with accumulation of abnormal
proteins (Sardiello et al., 2009; Medina et al., 2011; Settembre and
Ballabio, 2011).

The bHLH-leucine zipper TFEB, a master regulator of lyso-
somal biogenesis and autophagy, has been shown to stimulate
the generation of new lysosomes and autophagosomes, and to
promote fusion of lysosomes with autophagosomes and plasma
membrane in a variety of cell types (Sardiello et al., 2009; Settem-
bre and Ballabio, 2011; Settembre et al., 2011). The mechanism of
TFEB-mediated gene regulation involves its ability to directly bind
a 10-base pair sequence (called CLEAR: Coordinated Lysosomal
Expression and Regulation) in the promoter regions of many
lysosomal and autophagic genes (Sardiello et al., 2009).

Indeed, overexpression of TFEB in both GAA-KO mice and
cultured Pompe muscle cells reduced glycogen load and lyso-
somal size, improved autophagosome processing, and alleviated
excessive accumulation of autophagic vacuoles, thus establishing
TFEB as a valid therapeutic target in Pompe disease. Lysosomal
docking/fusion with the plasma membrane was visualized during
time-lapse microscopy of live muscle fibers isolated from TFEB-
treated GAA-KO mice (Feeney et al., 2013; Spampanato et al.,
2013). More recent studies showed that a closely related but
distinct transcription factor E3 (TFE3) is another target (perhaps
even more attractive) since it is abundant in skeletal muscle,
whereas TFEB is not. Similar to TFEB, TFE3 binds to the CLEAR
elements in the promoter region of multiple lysosomal genes
(Martina et al., 2014a,b). Furthermore, mapping TFE3 binding
sites across the genome in the wild type muscle cells by ChIP-seq
analysis showed similarity to known TFEB binding locations (our
unpublished data). Overexpression of TFE3 induced lysosomal
exocytosis and promoted glycogen clearance in Pompe muscle
cells (Martina et al., 2014b).

The appeal of TFEB or TFE3 modulation as a therapeutic
option in Pompe disease is twofold: (1) this approach circumvents
the major hurdle of the current therapy—inefficient enzyme
delivery to skeletal muscle; and (2) unlike other efforts, it restores
autophagic flux and addresses both lysosomal and autophagic
pathologies.

CONCLUSION AND FUTURE STUDIES
The limitations of enzyme replacement therapy in Pompe disease
have led to reassessment of the basic skeletal muscle pathology,
which in turn uncovered new pathogenic mechanisms, in partic-
ular the role of autophagy. This new understanding allowed for
the identification of novel therapeutic targets that hopefully will
guide us toward the development of fresh strategies independent
of or complementary to ERT.

In spite of all the advances, many questions still remain.
The signaling pathways which are linked to the lysosomes are
still an unexplored area in Pompe disease. Recent findings have
positioned the lysosome at the center of the mTORC1 signaling
pathway; mTORC1 is a protein kinase complex that functions as a
central regulator of cellular growth and metabolism by integrating

signals from nutrients, energy, and growth factors (Zoncu et al.,
2011; Bar-Peled and Sabatini, 2014). A skeleton explanation of the
activation and inhibition of the mTORC1 is as follows. Accumu-
lation of amino acids in the lysosomal lumen initiates a signal
to a multiprotein lysosome-based complex, which culminates in
the mTORC1 recruitment to the lysosome where it is activated
by Rheb (Ras homolog enriched in brain). The recruitment and
activation of mTORC1 depends on the nucleotide-bound state
of the Rags (Bar-Peled and Sabatini, 2014). The inhibition of
lysosomal function or depletion of amino acids from the lysosome
results in the release of mTORC1 from the lysosome and its
inactivation (Zoncu et al., 2011). Perhaps even more relevant to
Pompe disease is the data indicating that the Rag family also
signals glucose concentration to mTOR; in other words, glucose,
like amino acids, controls mTORC1 recruitment to the lysosomal
surface and its activation (Efeyan et al., 2013).

Activation of mTORC1 also induces phosphorylation of TFEB
and TFE3 and their retention in the cytosol where these tran-
scription factors remain inactive; inhibition of phosphorylation
(for example, by nutrient deprivation) stimulates their nuclear
translocation and activation leading to the induction of multiple
target gens including lysosomal genes (Settembre et al., 2011;
Martina et al., 2012; Settembre et al., 2012; Martina et al., 2014b).
Thus, the lysosome regulates its own biogenesis by a lysosome-
to-nucleus signaling mechanism (Settembre et al., 2012). There-
fore, pharmacological inhibition of TFE3 phosphorylation would
promote cellular clearance in Pompe disease as well as in other
lysosomal storage disorders. The regulation of TFEB and TFE3
in skeletal muscle in general and in Pompe disease in particular
remains an open question. This is a rewarding field for future
studies.
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Muscular dystrophies are a group of genetic and heterogeneous neuromuscular disorders
characterized by the primary wasting of skeletal muscle. In Duchenne muscular dystrophy
(DMD), the most severe form of these diseases, the mutations in the dystrophin gene
lead to muscle weakness and wasting, exhaustion of muscular regenerative capacity, and
chronic local inflammation leading to substitution of myofibers by connective and adipose
tissue. DMD patients suffer from continuous and progressive skeletal muscle damage fol-
lowed by complete paralysis and death, usually by respiratory and/or cardiac failure. No
cure is yet available, but several therapeutic approaches aiming at reversing the ongoing
degeneration have been investigated in preclinical and clinical settings. Autophagy is an
important proteolytic system of the cell and has a crucial role in the removal of proteins,
aggregates, and organelles. Autophagy is constantly active in skeletal muscle and its role
in tissue homeostasis is complex: at high levels, it can be detrimental and contribute to
muscle wasting; at low levels, it can cause weakness and muscle degeneration, due to
the unchecked accumulation of damaged proteins and organelles. The causal relationship
between DMD pathogenesis and dysfunctional autophagy has been recently investigated.
At molecular level, the Akt axis is one of the key dysregulated pathways, although the
molecular events are not completely understood.The aim of this review is to describe and
discuss the clinical relevance of the recent advances dissecting autophagy and its signaling
pathway in DMD.The picture might pave the way for the development of interventions that
are able to boost muscle growth and/or prevent muscle wasting.

Keywords: skeletal muscle, Duchenne muscular dystrophy, muscle wasting, autophagy,Akt–mTOR axis, mdx mice,
therapeutic target

PATHOLOGICAL FEATURES OF DYSTROPHIN DEFICIENCY
Duchenne muscular dystrophy (DMD) is the most frequent and
lethal form of muscular dystrophy, affecting 1 out of 3,500 new-
borns (Govoni et al., 2013). DMD is an X-linked disorder caused by
mutations of the largest gene of the human genome, the dystrophin
gene. So far, more than 4,700 mutations have been identified and
classified as deletions (65.8%), duplications (13.6%), and point
mutations (micro-insertions, microdeletions, and nonsense, mis-
sense, and splicing mutations; 20.6%) (Magri et al., 2011). Muta-
tions that change the reading frame of the gene generally result in
premature stop codons with complete loss of dystrophin in DMD
muscles. Other mutations can result in the generation of a smaller
size-dystrophin or in a lesser amount of the protein being pro-
duced leading to the allelic dystrophinopathy disorder known as
Becker muscular dystrophy, a disease milder than DMD, affecting
1 of 18,518 male births (Emery, 1991).

The diagnosis of DMD and Becker muscular dystrophy is
based on careful analysis of the clinical features and confirmed by
additional investigations including muscle biopsy and/or genetic

testing. In particular, DMD is characterized by an early onset
before 3 years of age, then ambulation loss occurs between 10
and 14 years of age, and finally death takes place between 20 and
30 years of age (Davies et al., 1988).

The most impaired muscle in DMD patients is the diaphragm,
and its wasting is responsible for the respiratory failure (reduced
wall and lung compliance, hypoventilation, hypercapnia, and
hypoxemia) and thus death (Fayssoil et al., 2010; Mosqueira et al.,
2013). DMD also affects cardiac muscle, and to a lesser extent,
smooth muscle (Fayssoil et al., 2010; Mosqueira et al., 2013). More
than 90% of DMD patients are affected by some degree of car-
diomyopathy (Fayssoil et al., 2010; Mosqueira et al., 2013), which
causes a progressive reduction in the ejection fraction, which may
hesitate in heart failure with or without concomitant arrhythmias
(Jefferies et al., 2005). The onset of cardiomyopathy is variable,
starting from 18 years of age in DMD patients (Spurney, 2011;
Politano and Nigro, 2012). Cardiac decline is observed also in
Becker muscular dystrophy patients, which progresses faster than
skeletal muscle decline (Bushby et al., 2010).
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Functionally, dystrophic skeletal muscles are more susceptible
to eccentric contraction than the healthy ones (Lynch et al., 2000).
In response to this type of injury, altered muscle fibers undergo
repeated cycles of necrosis and regeneration, during which satellite
cells, the primary myogenic precursor cells of the muscle, activate
muscle regeneration process (Le Grand and Rudnicki, 2007; Biressi
and Rando, 2010). However, the regenerative process is rather inef-
ficient and the repeated cycles of necrosis and regeneration lead
to satellite cell depletion and gradual replacement of muscle by fat
and connective tissue; this process is responsible for progressive
muscle wasting and weakness. This may be attributed to a great
extent to the loss of dystrophin.

Dystrophin is essential for maintenance of muscle membrane
integrity; it is a scaffolding protein that recruits other struc-
tural and signaling proteins to the sarcolemma, forming a well-
organized multimeric dystrophin-associated glycoprotein com-
plex. The dystrophin-associated glycoprotein complex is com-
posed of several transmembrane and peripheral proteins, depend-
ing on the tissue, in particular it encloses different sarcoplas-
mic proteins [α- and β-dystrobrevins, α1-, β1-, β2-, γ1-, and
γ2-syntrophins, and neuronal nitric oxide synthase (nNOS)],
transmembrane proteins (β-dystroglycan, α-, β-, γ-, δ-, ε-, and
ζ-sarcoglycans, sarcospan, and caveolin-3), and extracellular pro-
teins (α-dystroglycan and laminin). Dystrophin-associated glyco-
protein complex plays a key role in the mechanical stabilization of
the sarcolemma during muscle contractions (Straub and Camp-
bell, 1997), and acts as a scaffold for different proteins implicated in
intracellular signaling. The proteins inside dystrophin-associated
glycoprotein complex are tightly connected to each other and
abnormalities affecting one of these proteins lead to changes in the
others impairing muscle function. Of importance, the disruption
of the dystrophin-associated glycoprotein complex in DMD also
causes the delocalization of the nNOS from sarcolemma, leading
to a reduced generation of NO. NO is important in skeletal mus-
cle physiology as it controls excitation–contraction coupling and
energy balance (De Palma and Clementi, 2012). The loss of NO-
dependent signaling pathways contributes significantly to impair
muscle bulk and force generation with increased fatigability (De
Palma and Clementi, 2012). Moreover, the loss of sarcolemmal
nNOS contributes to increase the muscle fibers susceptibility to
ischemia during exercise, and to mechanical damage resulting in
a focal muscle injury, dependent on muscle use (Thomas, 2013).

MOUSE MODELS
In DMD, different mouse models with mutations in dystrophin
gene have been generated. The mdx mouse on C57BL/10ScSn
genetic background (C57BL/10ScSn-Dmdmdx, here referred as
“mdx mouse”) (Coulton et al., 1988) shows a point mutation in
exon 23, generating an early stop codon and leading to the absence
of full-length dystrophin (Willmann et al., 2009). Other mod-
els bearing different mutations have been also generated, as for
instance mdx2cv, mdx3cv, mdx4cv, or mdx5cv mouse (Im et al.,
1996), mdx52 (with mutation on exon 52; Araki et al., 1997), and
mdx/utr−/− (mdx mouse with additional knockout of utrophin)
(Deconinck et al., 1997).

Among these models, the mdx mouse is the most commonly
used (Nakamura and Takeda, 2011). The mutation on exon 23

is wide spread and affects one-third of DMD patients (Willmann
et al., 2009). mdx mice have a shorter life compared to controls and
display a decreased relative muscle force, whereas absolute muscle
force is unaffected. Isolated muscles show a reduced force contrac-
tion, even if lacking standard condition of analysis is difficult to
compare results from different groups.

Degeneration, regeneration, and necrosis are processes
observed in young mdx mice (2–4 weeks) that result in increased
number of regenerating-centronucleated fibers and in the het-
erogeneity of myofibers area (McGeachie et al., 1993). Necrotic
fibers can be found at any age with very high frequency after
18 months (Nakamura and Takeda, 2011). Muscles undergo fre-
quent cycles of necrosis/regeneration, associated with weakness
and muscle loss. These cycles of regeneration lead to a muscle
phenotype milder than the one observed in human patients. Fibro-
sis appears to be much less than in DMD patients, except for
diaphragm muscle (Nakamura and Takeda, 2011). Although the
mdx mouse diaphragm reproduces the degenerative changes of
DMD, respiratory complications are visible only in 16-month-old
mice (Stedman et al., 1991; Nakamura and Takeda, 2011). Muscle
pathology can be worsened by forced exercise; this is a viable strat-
egy to worsen the disease phenotype and better reveal the efficacy
of new therapies.

Of importance, mdx mouse also displays cardiomyopathy, char-
acterized by fibrosis and presence of necrosis and inflammation,
thus sharing some aspects of DMD-patients cardiomyopathy and
constitute a good model to investigate cardio-protective candidate
molecules (Quinlan et al., 2004).

AUTOPHAGY AND ITS ROLE IN SKELETAL MUSCLE
HOMEOSTASIS
Autophagy is a crucial mechanism involved in the turnover
of cell components both in constitutive and catabolic (stress,
nutrient deprivation, cytokines, amino acids deprivation) condi-
tions. Autophagy classically functions as a physiological process
to degrade cytoplasmic components, protein aggregates, and/or
organelles, and as a regulator of cellular architecture. Autophagy
in mammals generally protects the cells from death and defective
autophagy can be associated with several diseases including can-
cer, neurodegenerative diseases, infectious diseases, and metabolic
diseases (Cervia et al., 2013; Jiang and Mizushima, 2014; Schneider
and Cuervo, 2014).

So far, three different mechanisms of autophagy have been
described: macroautophagy, microautophagy, and chaperone-
mediated autophagy. The most part of the information on
autophagy in skeletal muscle is about macroautophagy, a process
characterized by membranes that grow in size to generate dou-
ble membrane-structures termed autophagosome, that enclose
organelles, portion of cytoplasm, or protein aggregates. In this
process, small ubiquitin-like proteins are required for the for-
mation of autophagosomes and they are covalently bound to
phosphatidylethanolamine.

Autophagy was considered initially as a non-specific degrada-
tion mechanism, but over the years selective forms of autophagy
have been identified. For instance, selective removal of organelles,
such as mitochondria or peroxisomes occurs via specific types of
autophagy, termed mitophagy or peroxophagy, respectively.
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AUTOPHAGIC SIGNALING
The molecular signaling pathway leading to autophagy is
very complex and regulated by autophagy-related genes (Atgs),
which are connected with the formation of autophago-
somes (Hurley and Schulman, 2014). The protein products
of Atgs are organized in five functional groups, namely:
(i) the Unc-51-like kinase (Ulk):Atg13:FIP200 initiation com-
plex (Ganley et al., 2009; Hosokawa et al., 2009); (ii)
the beclin1:hVps34[phosphatidylinositol 3 (PI3) kinase]:Atg14L
nucleation complex (Itakura et al., 2008); (iii) the PI3–phosphate-
binding WIPI-1/2 complex (Proikas-Cezanne et al., 2004; Vergne
et al., 2009); (iv) the Atg5–Atg12 conjugation complex activated by
Atg7 (Mizushima et al., 1998); and (v) the Atg8 (LC3) conjugation
system (Kabeya et al., 2000). These protein complexes participate
at specific stages in the autophagic process: initiation, formation,
elongation, and fusion (Mehrpour et al., 2010; Awan and Deng,
2014); they are also controlled by several other signaling pathways
that fine tune autophagy to regulate the pace of autophagosome
formation.

A key player in the control of autophagy is the mammalian tar-
get of rapamycin (mTOR), which together with raptor (regulatory
associated protein of mTOR), G protein β-subunit-like protein
(GβL) and proline-rich Akt substrate of 40 kDa (PRAS40) forms
the multiprotein complex, mTORC1. The activity of mTOR, a
negative regulator of autophagy, depends on several positive sig-
nals including normoxia, amino acid supply, high energy levels,
or growth factors. Upon stimulation by growth factors or nutri-
ents (glucose, amino acids), mTORC1 negatively regulates the
macromolecular initiation complex Ulk:Atg13:FIP200 leading to
autophagy suppression (Ganley et al., 2009; Hosokawa et al., 2009;
Wong et al., 2013). Conversely, starvation and energy depletion,
which stimulate autophagy, inhibit mTORC1, leading to the acti-
vation of Ulk (Jung et al., 2010; Kim et al., 2011; Mihaylova and
Shaw, 2011).

The main signaling pathway controlling mTORC1 is the PI3
kinase/Akt pathway activated by the binding of growth factors or
insulin to their cell surface receptors. Activated Akt in turn phos-
phorylates and inhibits the tuberous sclerosis complex 2 (TSC2),
thus preventing the formation of the inhibitory TSC1/TSC2 het-
erodimer. This inhibition allows the small GTPase Rheb to activate
directly mTORC1 (Long et al., 2005a,b; Huang and Manning,
2009) and to inhibit autophagy. Another signaling pathway con-
trolling mTOR is the adenosine monophosphate-activated protein
kinase (AMPK) pathway activated under energy-low conditions
(Alers et al., 2012). Activated AMPK is known to regulate mTORC1
activity mainly through the phosphorylation and consequent acti-
vation of the negative regulator TSC2 (Inoki et al., 2003). However,
the discovery that TSC2-deficient cells can respond to a decrease
in energy levels has led to the investigation of additional mecha-
nisms. Recently, it has been demonstrated that both mTORC1 and
AMPK can act on the same substrate, Ulk1, with opposite effects:
mTORC1 inhibits Ulk1 activation by phosphorylating Ser757;
conversely, AMPK activates Ulk1 through its phosphorylation on
Ser317 and Ser777 (Kim et al., 2011).

Additional proteins have been found to be associated with
mTOR, i.e., rictor (rapamycin-insensitive companion of mTOR),
GβL, SAPK-interacting protein 1 (SIN1), and protein observed

with rictor (PROTOR), to form the multiprotein complex
mTORC2 (Sarbassov et al., 2006). mTORC2 is involved in the
phosphorylation and activation of Akt, thereby promoting its
prosurvival action. Through this activation, mTOR determines
the downregulation of the transcription factor Forkhead Box O3
(FoxO3), particularly important in muscle where it stimulates
autophagy by enhancing the expression of genes including Atg12,
Ulk1, Atg4b, and Gabarapl1 (Mammucari et al., 2007).

AUTOPHAGY LEVELS AND SKELETAL MUSCLE IMPAIRMENT
The role of autophagy in skeletal muscle has been investigated
extensively (Sandri, 2010; Neel et al., 2013). Muscle mass repre-
sents 40–50% of the human body and is one of the most important
sites for the regulation of metabolism. Excessive protein degrada-
tion in the skeletal muscle is detrimental for the economy of the
body and can lead to death. Studies in mice with muscle-specific
inactivation of autophagic genes have been used to identify the
role of autophagy in muscles (Sandri, 2010; Neel et al., 2013).
Briefly, ablation of Atg7 gene led to an altered muscle struc-
ture, with sarcomere disorganization and myofibers degeneration
due to activation of an unfolded protein response, accumula-
tion of abnormal mitochondria, enhanced oxidative stress, and
increased concentration of polyubiquitinated proteins (Masiero
et al., 2009). Altogether, these effects accounted for muscle weak-
ness, atrophy, and other signs of myopathy such as an irregular
distribution of fibers’ shape as well as fibers with a vacuolated
cytosol. In general, the blocking of basal autophagy in muscle
enhanced the accumulation of damaged and dysfunctional mito-
chondria, suggesting that mitophagy was impaired and critical
to maintain muscle homeostasis (Masiero et al., 2009). Further,
muscle-specific Atg5−/− mice displayed an atrophic phenotype
in the fibers of the fast type, associated to accumulation of
autophagic substrates, for instance, ubiquitinated proteins (Raben
et al., 2008). In particular, in fast muscles of Atg5−/− mice, the
size and density of lysosomes were increased and their distribu-
tion on the microtubules altered. Microtubules displayed a more
linear organization compared to that of wild-type mice, demon-
strating that autophagy is crucial also for the correct arrangement
of microtubules (Raben et al., 2008).

Finally, in studies in which the transcription of FoxO3
was upregulated an enhanced autophagy–lysosome system was
observed, especially during muscle wasting and the factor itself
was enough to enhance autophagy process and to trigger atro-
phy (Mammucari et al., 2007). Noteworthy, a recent study
showed that mice lacking the nutrient-deprivation autophagy
factor-1, displayed muscle weakness, associated with an increased
autophagy, dysregulation of calcium and accumulation of enlarged
mitochondria (Chang et al., 2012).

The lesson from these results is complex and indicates a dual
role for autophagy in skeletal muscle homeostasis: at high lev-
els, it can be detrimental and contribute to muscle atrophy; at
low levels, it can cause weakness and muscle degeneration, due to
the unchecked accumulation of damaged proteins and organelles
(Sandri, 2010; Sandri et al., 2013). Thus, a proper autophagic
process is vital for both functional skeletal muscle, which con-
trols the support and movement of the skeleton, and muscle
metabolism (Neel et al., 2013).
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DEREGULATION OF AUTOPHAGY IN DUCHENNE MUSCULAR
DYSTROPHY
The fact that manipulation of animal models to dysregulate
autophagy also leads to muscle pathology has prompted studies
to investigate whether this process is altered in muscle diseases
(Neel et al., 2013; Sandri et al., 2013). Of interest, our under-
standing on the role of detective autophagy in different forms of
inherited muscular dystrophies, including Bethlem myopathy, Ull-
rich congenital muscular dystrophy, merosin-deficient congenital
muscular dystrophy, and Emery–Dreifuss muscular dystrophy has
emerged in the past 5 years (Sandri et al., 2013).

As initially postulated from indirect evidence, deficient
autophagy was suggested to contribute to DMD pathogenesis.
The presence of swollen and damaged mitochondria, protein
aggregation, and distension of sarcoplasmic reticulum, which are
cyto-pathological hallmarks of DMD, are often observed when
autophagy is impaired (Culligan et al., 2002; Zhao et al., 2007). In
addition, activation of Akt was significantly higher in muscles from
mdx mice and dystrophin-deficient primary myotubes, thereby
suggesting a defective autophagic process (Dogra et al., 2006; Peter
and Crosbie, 2006). In line with these observations, DMD patients
were found to exhibit a similar pattern of Akt activation (Peter and
Crosbie, 2006).

The causal relationship between DMD pathogenesis and dys-
functional autophagy has been investigated more recently in
studies addressing this issue specifically. A severe impairment of
autophagy was indeed demonstrated by biochemical and ultra-
structural analyses in muscles from patients affected by DMD
and mdx mice. In particular, these muscles display a significant
reduction in the lipidated form of the protein LC3, which is a com-
mon marker of autophagy induction (De Palma et al., 2012; Bibee
et al., 2014). The reduction in lipidated LC3 has been found to be
accompanied by clear signs of impaired autophagy at the ultra-
structural level, i.e., by the presence of damaged organelles, the
increase in the signaling adaptor p62 protein (a marker inversely
correlated with autophagic flux), and the decrease of Bnip3, a
mitochondrial protein, which recruits LC3 to mitochondria (De
Palma et al., 2012; Bibee et al., 2014). Recent studies have also
shown a role for the TNF receptor-associated factor 6 (TRAF6) as
an important regulator of autophagy. In skeletal muscle of mdx
mice, the activity of TRAF6 is increased and its absence corre-
lates with a reduced autophagy (Hindi et al., 2014). Strikingly, this
study also reported that the inhibition of TRAF6 signaling deterio-
rates muscle pathology at later stages of disease progression. It has
been thus hypothesized that the initial inhibition of autophagy in
young mdx mice in the absence of TRAF6 gene may be a protective
mechanism to preserve skeletal muscle mass. Autophagy emerges
then as an essential process for the clearance of defunct cellular
organelles and a continued inhibition of autophagy exaggerates
dystrophic phenotype (Hindi et al., 2014). The beneficial effects
of activating autophagy in mdx mice have been also confirmed
by overexpressing peroxisome proliferator-activated receptor γ

coactivator 1α (PGC-1a), a transcriptional coactivator, which is
a powerful mediator of muscle plasticity (Hollinger et al., 2013)
and by pharmacological treatment with an agonist drug against
the energy sensor AMPK, i.e., 5-aminoimidazole-4-carboxamide-
1-β-d-ribofuranoside (AICAR) (Pauly et al., 2012). In particular,

AICAR treatment led to a significant activation of the autophagy,
as indicated by the characteristic biochemical changes of increased
lipidated LC3 content, an upregulation of other prototypical
autophagy-associated proteins, and to significant improvements
in both muscle structure and maximum force-generating capacity
(Pauly et al., 2012).

From a functional point of view, it has been recently shown that
voluntary exercise in mdx mice enhances markers of autophagy to
or above the levels observed in healthy mice, thus suggesting that
beneficial autophagy can be induced by exercise (Hulmi et al.,
2013). In agreement with these data, fasting induced autophagy in
wild-type and mdx mice diaphragm (Spitali et al., 2013). Interest-
ingly in mdx mice, the ability of upregulating autophagy appears
restricted to certain muscles: tibialis anterior muscle of mdx mice
are unable to enhance autophagy in response to fasting, which
induces autophagy in tibialis anterior muscle of wild-type mice.

MOLECULAR CHARACTERISTICS
The defect in autophagy of mdx mouse muscles is accompanied
by persistent activation of the Akt–mTOR axis (Figure 1) and
its related autophagy-inhibiting pathways, and the concomitant
downregulation of several autophagy-inducing genes (Dogra et al.,
2006; Peter and Crosbie, 2006; De Palma et al., 2012). In particular,
Akt activation has been established to occur at very early, pre-
necrotic stages of disease pathogenesis, with a progressive increase
with disease worsening (Peter and Crosbie, 2006). This high acti-
vation of Akt stimulates in turn the mTOR-dependent pathways
whereas the mTOR-independent axis is not significantly altered
(Dogra et al., 2006; Peter and Crosbie, 2006). The involvement
of the mTOR axis in the pathogenesis of mdx mice is demon-
strated also by the effects of the mTOR-targeting, immunosup-
pressant drug rapamycin. Oral or injected rapamycin treatment
has been shown to improve histopathological features of dystrophy
(Eghtesad et al., 2011) and the treatment with rapamycin-loaded
nanoparticles (RNPs) has been shown to increase skeletal mus-
cle strength in both young and adult mice concomitantly to an
increased mTOR-dependent autophagy (Bibee et al., 2014). Con-
sistently, mdx mice treatment with a long-term low-protein diet
reactivates autophagy in muscle fibers, with increased lipidation
of LC3, reduced levels of p62, normalization of Akt and mTOR
signaling, a reduced accumulation of damaged organelles, and a
significant recovery of muscle inflammation, fibrosis, myofiber
damage and muscle function (De Palma et al., 2012). Since the
long-term low-protein diet was shown to preserve the regener-
ating ability of mdx mouse muscle, it is tempting to speculate
that physiological levels of autophagy maintain the number and
function of myogenic precursor cells.

The picture is not completely clear and some controversies still
exist and issues remain to be solved. Spitali et al. (2013) reported
that autophagy levels and Akt axis activation in mdx mice is sim-
ilar to wild-type control mice. Likewise, a study on Akt–mTOR
axis activation in very old mdx mice correlated the advancing
of age with a reduction in mTOR signaling in dystrophic mus-
cles (Mouisel et al., 2010). In another study, however, it was also
reported that mTOR activation is increased by age in diaphragm
muscle of wild-type mice, but not in mdx mice, while similar lev-
els of mTOR activation were found in tibialis anterior muscles
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FIGURE 1 | Schematic illustration of the correlation between autophagy
and Duchenne muscular dystrophy. Basal autophagy levels are required for
muscle homeostasis and for the maintenance of healthy myofibers. In DMD,
muscle autophagy is impaired contributing to muscle degeneration. This
autophagy inhibition is dependent on the iper-activation of Akt–mTOR axis.

Treatments with rapamycin or low-protein diet, acting on Akt pathway, restore
autophagy ameliorating DMD muscle phenotype and function. The impaired
autophagy may also occur independently of Akt. Treatments with AMPK
agonists, which increase AMPK activation, counteract the Akt-independent
axes enhancing autophagy and inducing a positive effect in DMD muscle.

(Eghtesad et al., 2011). Although these data are apparently diffi-
cult to reconcile, different confounding factors may explain them,
as for instance the fact that mdx mice undergo extensive muscle
regeneration between 6 and 12 weeks. Furthermore, the fact that
the regulation of autophagy in mdx mice was indicated to differ
depending on the muscle type (Spitali et al., 2013) should be taken
into consideration, with the glycolytic muscles showing a process
of vesicles formation significantly greater than oxidative muscles
(Mizushima et al., 2004).

Autophagy can be modulated in mdx mice also through mTOR-
independent mechanisms (Figure 1). Chronic AICAR adminis-
tration induced autophagy in mdx muscles, with a significant
upregulation of Ulk1 and an increased expression of Bnip3 in
the absence of mTOR inhibition (Pauly et al., 2012). In addition, it
has been suggested that TRAF6 regulation of Akt signaling is inde-
pendent of TRAF6 regulation of autophagy (Hindi et al., 2014).
The evidence for potentially augmented autophagic signaling may
thus be suggestive of an adaptive response to attempt to rid dys-
trophic myofibers of defective and/or detrimental constituents,
such as dysfunctional mitochondria (Ljubicic and Jasmin, 2013).
The complex and apparently contrasting evidence on the role of
authophagy in mdx mice suggests that the autophagic machinery
in these mice is more complex than in wild-type mice and that a
systematic analysis taking into account the variable of time has to
be undertaken to clarify each single aspect in distinct muscles and
during disease progression.

THERAPEUTIC IMPLICATIONS OF CORRECTIVE AUTOPHAGY
IN DUCHENNE MUSCULAR DYSTROPHY
At present, there is no satisfactory therapy for DMD. The treat-
ment with corticosteroids is the actual gold standard. Treatment

with glucocorticoids significantly delays the impairment of mus-
cle force and function, extends ambulation period, and retards the
onset of pulmonary failure, cardiomyopathy, and scoliosis (Bushby
et al., 2010). These effects, however, are often only temporary and
associated with severe side effects. More than 25% of patients are
not treated with glucocorticoids due to adverse effects, such as
obesity, immune suppression, bone demineralization, associated
with negative behavioral changes, or lack of response (Bushby
et al., 2010). This strongly indicates an urgent requirement of new
clinical intervention for DMD patients.

The genetic approaches [exon skipping, viral vector-mediated
gene delivery, and cell therapy (Pichavant et al., 2011; Mendell
et al., 2012)], currently being investigated, show some degree of
success and some of them have been recently granted orphan status
by either the European Medicines Agency or the Food and Drug
Administration (http://orphandruganaut.wordpress.com/2013/
12/14/duchenne-muscular-dystrophy-2013-fda-orphan-drug-de
signations-2/). They, however, are directed to specific subsets of
population and cannot restore fully the damage already caused
by the disease to the muscle. Alternative strategies are therefore
needed and to this end identification of suitable therapeutic targets
is necessary.

In this context, pharmacological modulation of autophagy can
be considered a possible strategy aimed at delaying muscle degen-
eration (Figure 1). As mentioned above, the AICAR activating
AMPK, ameliorated phenotypic and functional features of dys-
trophic muscle (Pauly et al., 2012). AMPK pharmacological ago-
nists exist; they are clinically approved and AICAR has been tested
for ischemic damage in the heart and used in clinical trial for meta-
bolic disorders (Ljubicic and Jasmin, 2013). The beneficial effects
of AICAR in dystrophic muscle could be due to a well-known
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effect in stimulating the slow, oxidative phenotype (Ljubicic et al.,
2011). It could also be due to induction of autophagic pathways,
since AICAR stimulates the removal of damaged mitochondria via
mitophagy (Pauly et al., 2012).

A second pharmacological approach that targets autophagy
has been proposed by Bibee et al. (2014) in which RNPs were
used to successfully enhance grip strength and the left-ventricular
ejection fraction in mdx mice, ameliorating both physical and car-
diac performances. These effects with RNPs have been achieved
after administration of only eight doses of RNPs, with the final
dose within the range of recommended oral doses for immune-
suppressive therapy in patients. Interestingly, oral administration
of rapamycin at pharmacological doses was of no efficacy on
muscle strength. It appears that the way RNPs worked was via
autophagy induction, dependent on nanoparticles delivery of the
drug: rapamycin was locally delivered at high concentration thus
becoming able to trigger autophagy (Bibee et al., 2014). Inter-
estingly, at least in the mdx mice also corticosteroids induce
autophagy and this may contribute to explain their beneficial
effects.

Autophagy cannot certainly be envisaged as a stand-alone
therapeutic option. Low-protein diet regimen has been recently
hypothesized to be safely usable in the treatment of DMD patients
in combination with pharmacological treatment and cell and gene
therapies (De Palma et al., 2012). RPNs and low-protein diet might
also be used in combination with corticosteroids to act as steroids
sparing drugs, reducing their toxic effects. Low-protein diet has
been demonstrated safe and useful also in Col6a1-deficient mouse,
considered an animal model of Bethlem myopathy (Grumati et al.,
2010). Of interest, a very recent clinical study showed a clear induc-
tion of autophagy with a low-protein diet regimen in muscles from
Becker and Ulrich patients (Merlini and Nishino, 2014), further
suggesting that also in humans a strategy of autophagy reactivation
is applicable.

CONCLUSION
Autophagy has emerged as a key process whose dysregulation con-
tributes to the pathogenesis of several muscular dystrophies. The
relevance of this process is that its normalization by pharma-
cological approaches leads to an amelioration of the dystrophic
phenotype. While drugs targeting autophagy have good perspec-
tive in terms of therapy, we still need to refine them, by identifying
appropriate targets in the autophagic pathway against which to
design selected modulating drugs.

ACKNOWLEDGMENTS
This work was supported by: “Ministero della Salute” “Giovani
Ricercatori 2011–2012” grant to Clara De Palma and “Ricerca cor-
rente 2014” grant to Emilio Clementi; “Ministero dell’Istruzione,
Università e Ricerca,” PRIN 2010–2011 grants to Emilio Clementi
and Davide Cervia; European Community’s framework program
FP7/2007–2013 under the agreement no. 223098 (OPTISTEM)
and no. 241440 (ENDOSTEM) to Emilio Clementi.

REFERENCES
Alers, S., Loffler, A. S., Wesselborg, S., and Stork, B. (2012). Role of AMPK-mTOR-

Ulk1/2 in the regulation of autophagy: cross talk, shortcuts, and feedbacks. Mol.
Cell. Biol. 32, 2–11. doi:10.1128/MCB.06159-11

Araki, E., Nakamura, K., Nakao, K., Kameya, S., Kobayashi, O., Nonaka, I., et al.
(1997). Targeted disruption of exon 52 in the mouse dystrophin gene induced
muscle degeneration similar to that observed in Duchenne muscular dystrophy.
Biochem. Biophys. Res. Commun. 238, 492–497. doi:10.1006/bbrc.1997.7328

Awan, M. U., and Deng, Y. (2014). Role of autophagy and its significance in cellu-
lar homeostasis. Appl. Microbiol. Biotechnol. 98, 5319–5328. doi:10.1007/s00253-
014-5721-8

Bibee, K. P., Cheng, Y. J., Ching, J. K., Marsh, J. N., Li, A. J., Keeling, R. M., et al.
(2014). Rapamycin nanoparticles target defective autophagy in muscular dys-
trophy to enhance both strength and cardiac function. FASEB J. 28, 2047–2061.
doi:10.1096/fj.13-237388

Biressi, S., and Rando, T. A. (2010). Heterogeneity in the muscle satellite cell popu-
lation. Semin. Cell Dev. Biol. 21, 845–854. doi:10.1016/j.semcdb.2010.09.003

Bushby, K., Finkel, R., Birnkrant, D. J., Case, L. E., Clemens, P. R., Cripe, L., et al.
(2010). Diagnosis and management of Duchenne muscular dystrophy, part 1:
diagnosis, and pharmacological and psychosocial management. Lancet Neurol.
9, 77–93. doi:10.1016/S1474-4422(09)70271-6

Cervia, D., Perrotta, C., Moscheni, C., De Palma, C., and Clementi, E. (2013). Nitric
oxide and sphingolipids control apoptosis and autophagy with a significant
impact on Alzheimer’s disease. J. Biol. Regul. Homeost. Agents 27, 11–22.

Chang, N. C., Nguyen, M., Bourdon, J., Risse, P. A., Martin, J., Danialou, G., et al.
(2012). Bcl-2-associated autophagy regulator Naf-1 required for maintenance of
skeletal muscle. Hum. Mol. Genet. 21, 2277–2287. doi:10.1093/hmg/dds048

Coulton, G. R., Curtin, N. A., Morgan, J. E., and Partridge, T. A. (1988). The mdx
mouse skeletal muscle myopathy: II. Contractile properties. Neuropathol. Appl.
Neurobiol. 14, 299–314. doi:10.1111/j.1365-2990.1988.tb00890.x

Culligan, K., Banville, N., Dowling, P., and Ohlendieck, K. (2002). Drastic reduction
of calsequestrin-like proteins and impaired calcium binding in dystrophic mdx
muscle. J. Appl. Physiol. 92, 435–445. doi:10.1152/japplphysiol.00903.2001

Davies, K. E., Smith, T. J., Bundey, S., Read, A. P., Flint, T., Bell, M., et al. (1988). Mild
and severe muscular dystrophy associated with deletions in Xp21 of the human
X chromosome. J. Med. Genet. 25, 9–13. doi:10.1136/jmg.25.1.9

De Palma, C., and Clementi, E. (2012). Nitric oxide in myogenesis and therapeutic
muscle repair. Mol. Neurobiol. 46, 682–692. doi:10.1007/s12035-012-8311-8

De Palma, C., Morisi, F., Cheli, S., Pambianco, S., Cappello, V., Vezzoli, M., et al.
(2012). Autophagy as a new therapeutic target in Duchenne muscular dystrophy.
Cell Death Dis. 3, e418. doi:10.1038/cddis.2012.159

Deconinck, A. E., Rafael, J. A., Skinner, J. A., Brown, S. C., Potter, A. C., Metzinger,
L., et al. (1997). Utrophin-dystrophin-deficient mice as a model for Duchenne
muscular dystrophy. Cell 90, 717–727. doi:10.1016/S0092-8674(00)80532-2

Dogra, C., Changotra, H., Wergedal, J. E., and Kumar, A. (2006). Regulation of phos-
phatidylinositol 3-kinase (PI3K)/Akt and nuclear factor-kappa B signaling path-
ways in dystrophin-deficient skeletal muscle in response to mechanical stretch.
J. Cell. Physiol. 208, 575–585. doi:10.1002/jcp.20696

Eghtesad, S., Jhunjhunwala, S., Little, S. R., and Clemens, P. R. (2011). Rapamycin
ameliorates dystrophic phenotype in mdx mouse skeletal muscle. Mol. Med. 17,
917–924. doi:10.2119/molmed.2010.00256

Emery, A. E. (1991). Population frequencies of inherited neuromuscular diseases – a
world survey. Neuromuscul. Disord. 1, 19–29. doi:10.1016/0960-8966(91)90039-
U

Fayssoil, A., Nardi, O., Orlikowski, D., and Annane, D. (2010). Cardiomyopathy in
Duchenne muscular dystrophy: pathogenesis and therapeutics. Heart Fail. Rev.
15, 103–107. doi:10.1007/s10741-009-9156-8

Ganley, I. G., Lam du, H., Wang, J., Ding, X., Chen, S., and Jiang, X. (2009).
ULK1.ATG13.FIP200 complex mediates mTOR signaling and is essential for
autophagy. J. Biol. Chem. 284, 12297–12305. doi:10.1074/jbc.M900573200

Govoni, A., Magri, F., Brajkovic, S., Zanetta, C., Faravelli, I., Corti, S., et al. (2013).
Ongoing therapeutic trials and outcome measures for Duchenne muscular dys-
trophy. Cell. Mol. Life Sci. 70, 4585–4602. doi:10.1007/s00018-013-1396-z

Grumati, P., Coletto, L., Sabatelli, P., Cescon, M., Angelin, A., Bertaggia, E., et al.
(2010). Autophagy is defective in collagen VI muscular dystrophies, and its reac-
tivation rescues myofiber degeneration. Nat. Med. 16, 1313–1320. doi:10.1038/
nm.2247

Hindi, S. M., Sato, S., Choi,Y., and Kumar, A. (2014). Distinct roles of TRAF6 at early
and late stages of muscle pathology in the mdx model of Duchenne muscular
dystrophy. Hum. Mol. Genet. 23, 1492–1505. doi:10.1093/hmg/ddt536

Hollinger, K., Gardan-Salmon, D., Santana, C., Rice, D., Snella, E., and Selsby,
J. T. (2013). Rescue of dystrophic skeletal muscle by PGC-1alpha involves
restored expression of dystrophin-associated protein complex components and

Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 188 | 149

http://dx.doi.org/10.1128/MCB.06159-11
http://dx.doi.org/10.1006/bbrc.1997.7328
http://dx.doi.org/10.1007/s00253-014-5721-8
http://dx.doi.org/10.1007/s00253-014-5721-8
http://dx.doi.org/10.1096/fj.13-237388
http://dx.doi.org/10.1016/j.semcdb.2010.09.003
http://dx.doi.org/10.1016/S1474-4422(09)70271-6
http://dx.doi.org/10.1093/hmg/dds048
http://dx.doi.org/10.1111/j.1365-2990.1988.tb00890.x
http://dx.doi.org/10.1152/japplphysiol.00903.2001
http://dx.doi.org/10.1136/jmg.25.1.9
http://dx.doi.org/10.1007/s12035-012-8311-8
http://dx.doi.org/10.1038/cddis.2012.159
http://dx.doi.org/10.1016/S0092-8674(00)80532-2
http://dx.doi.org/10.1002/jcp.20696
http://dx.doi.org/10.2119/molmed.2010.00256
http://dx.doi.org/10.1016/0960-8966(91)90039-U
http://dx.doi.org/10.1016/0960-8966(91)90039-U
http://dx.doi.org/10.1007/s10741-009-9156-8
http://dx.doi.org/10.1074/jbc.M900573200
http://dx.doi.org/10.1007/s00018-013-1396-z
http://dx.doi.org/10.1038/nm.2247
http://dx.doi.org/10.1038/nm.2247
http://dx.doi.org/10.1093/hmg/ddt536
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

De Palma et al. Autophagy and Duchenne muscular dystrophy

satellite cell signaling. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R13–R23.
doi:10.1152/ajpregu.00221.2012

Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y., et al. (2009).
Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 com-
plex required for autophagy. Mol. Biol. Cell 20, 1981–1991. doi:10.1091/mbc.
E08-12-1248

Huang, J., and Manning, B. D. (2009). A complex interplay between Akt, TSC2
and the two mTOR complexes. Biochem. Soc. Trans. 37, 217–222. doi:10.1042/
BST0370217

Hulmi, J. J., Oliveira, B. M., Silvennoinen, M., Hoogaars, W. M., Pasternack, A.,
Kainulainen, H., et al. (2013). Exercise restores decreased physical activity levels
and increases markers of autophagy and oxidative capacity in myostatin/activin-
blocked mdx mice. Am. J. Physiol. Endocrinol. Metab. 305, E171–E182. doi:10.
1152/ajpendo.00065.2013

Hurley, J. H., and Schulman, B. A. (2014). Atomistic autophagy: the structures of
cellular self-digestion. Cell 157, 300–311. doi:10.1016/j.cell.2014.01.070

Im, W. B., Phelps, S. F., Copen, E. H., Adams, E. G., Slightom, J. L., and
Chamberlain, J. S. (1996). Differential expression of dystrophin isoforms in
strains of mdx mice with different mutations. Hum. Mol. Genet. 5, 1149–1153.
doi:10.1093/hmg/5.8.1149

Inoki, K., Zhu, T., and Guan, K. L. (2003). TSC2 mediates cellular energy response to
control cell growth and survival. Cell 115, 577–590. doi:10.1016/S0092-8674(03)
00929-2

Itakura, E., Kishi, C., Inoue, K., and Mizushima, N. (2008). Beclin 1 forms two
distinct phosphatidylinositol 3-kinase complexes with mammalian Atg14 and
UVRAG. Mol. Biol. Cell 19, 5360–5372. doi:10.1091/mbc.E08-01-0080

Jefferies, J. L., Eidem, B. W., Belmont, J. W., Craigen, W. J., Ware, S. M., Fern-
bach, S. D., et al. (2005). Genetic predictors and remodeling of dilated car-
diomyopathy in muscular dystrophy. Circulation 112, 2799–2804. doi:10.1161/
CIRCULATIONAHA.104.528281

Jiang, P., and Mizushima, N. (2014). Autophagy and human diseases. Cell Res. 24,
69–79. doi:10.1038/cr.2013.161

Jung, C. H., Ro, S. H., Cao, J., Otto, N. M., and Kim, D. H. (2010). mTOR regulation
of autophagy. FEBS Lett. 584, 1287–1295. doi:10.1016/j.febslet.2010.01.017

Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., et al.
(2000). LC3, a mammalian homologue of yeast Apg8p, is localized in autophago-
some membranes after processing. EMBO J. 19, 5720–5728. doi:10.1093/emboj/
19.21.5720

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141.
doi:10.1038/ncb2152

Le Grand, F., and Rudnicki, M. A. (2007). Skeletal muscle satellite cells and adult
myogenesis. Curr. Opin. Cell Biol. 19, 628–633. doi:10.1016/j.ceb.2007.09.012

Ljubicic, V., and Jasmin, B. J. (2013). AMP-activated protein kinase at the nexus of
therapeutic skeletal muscle plasticity in Duchenne muscular dystrophy. Trends
Mol. Med. 19, 614–624. doi:10.1016/j.molmed.2013.07.002

Ljubicic, V., Miura, P., Burt, M., Boudreault, L., Khogali, S., Lunde, J. A., et al. (2011).
Chronic AMPK activation evokes the slow, oxidative myogenic program and trig-
gers beneficial adaptations in mdx mouse skeletal muscle. Hum. Mol. Genet. 20,
3478–3493. doi:10.1093/hmg/ddr265

Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K., and Avruch, J. (2005a). Rheb binds
and regulates the mTOR kinase. Curr. Biol. 15, 702–713. doi:10.1016/j.cub.2005.
02.053

Long, X., Ortiz-Vega, S., Lin,Y., and Avruch, J. (2005b). Rheb binding to mammalian
target of rapamycin (mTOR) is regulated by amino acid sufficiency. J. Biol. Chem.
280, 23433–23436. doi:10.1074/jbc.C500169200

Lynch, G. S., Rafael, J. A., Chamberlain, J. S., and Faulkner, J. A. (2000). Contraction-
induced injury to single permeabilized muscle fibers from mdx, transgenic mdx,
and control mice. Am. J. Physiol. Cell Physiol. 279, C1290–C1294.

Magri, F., Govoni, A., D’Angelo, M. G., Del Bo, R., Ghezzi, S., Sandra, G., et al.
(2011). Genotype and phenotype characterization in a large dystrophinopathic
cohort with extended follow-up. J. Neurol. 258, 1610–1623. doi:10.1007/s00415-
011-5979-z

Mammucari, C., Milan, G., Romanello, V., Masiero, E., Rudolf, R., Del Piccolo, P.,
et al. (2007). FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab. 6,
458–471. doi:10.1016/j.cmet.2007.11.001

Masiero, E., Agatea, L., Mammucari, C., Blaauw, B., Loro, E., Komatsu, M., et al.
(2009). Autophagy is required to maintain muscle mass. Cell Metab. 10, 507–515.
doi:10.1016/j.cmet.2009.10.008

McGeachie, J. K., Grounds, M. D., Partridge, T. A., and Morgan, J. E. (1993).
Age-related changes in replication of myogenic cells in mdx mice: quantitative
autoradiographic studies. J. Neurol. Sci. 119, 169–179. doi:10.1016/0022-
510X(93)90130-Q

Mehrpour, M., Esclatine,A., Beau, I., and Codogno, P. (2010). Overview of macroau-
tophagy regulation in mammalian cells. Cell Res. 20, 748–762. doi:10.1038/cr.
2010.82

Mendell, J. R., Rodino-Klapac, L., Sahenk, Z., Malik, V., Kaspar, B. K., Walker, C.
M., et al. (2012). Gene therapy for muscular dystrophy: lessons learned and path
forward. Neurosci. Lett. 527, 90–99. doi:10.1016/j.neulet.2012.04.078

Merlini, L., and Nishino, I. (2014). 201St ENMC international workshop: autophagy
in muscular dystrophies – translational approach, 1-3 November 2013, Bussum,
The Netherlands. Neuromuscul. Disord. 24, 546–561. doi:10.1016/j.nmd.2014.
03.009

Mihaylova, M. M., and Shaw, R. J. (2011). The AMPK signalling pathway coor-
dinates cell growth, autophagy and metabolism. Nat. Cell Biol. 13, 1016–1023.
doi:10.1038/ncb2329

Mizushima, N., Sugita, H., Yoshimori, T., and Ohsumi, Y. (1998). A new pro-
tein conjugation system in human. The counterpart of the yeast Apg12p con-
jugation system essential for autophagy. J. Biol. Chem. 273, 33889–33892.
doi:10.1074/jbc.273.51.33889

Mizushima, N., Yamamoto, A., Matsui, M., Yoshimori, T., and Ohsumi, Y. (2004).
In vivo analysis of autophagy in response to nutrient starvation using trans-
genic mice expressing a fluorescent autophagosome marker. Mol. Biol. Cell 15,
1101–1111. doi:10.1091/mbc.E03-09-0704

Mosqueira, M., Zeiger, U., Forderer, M., Brinkmeier, H., and Fink, R. H. (2013). Car-
diac and respiratory dysfunction in Duchenne muscular dystrophy and the role
of second messengers. Med. Res. Rev. 33, 1174–1213. doi:10.1002/med.21279

Mouisel, E., Vignaud, A., Hourde, C., Butler-Browne, G., and Ferry, A. (2010). Mus-
cle weakness and atrophy are associated with decreased regenerative capacity and
changes in mTOR signaling in skeletal muscles of venerable (18-24-month-old)
dystrophic mdx mice. Muscle Nerve 41, 809–818. doi:10.1002/mus.21624

Nakamura, A., and Takeda, S. (2011). Mammalian models of Duchenne Muscular
Dystrophy: pathological characteristics and therapeutic applications. J. Biomed.
Biotechnol. 2011, 184393. doi:10.1155/2011/184393

Neel, B. A., Lin, Y., and Pessin, J. E. (2013). Skeletal muscle autophagy: a new meta-
bolic regulator. Trends Endocrinol. Metab. 24, 635–643. doi:10.1016/j.tem.2013.
09.004

Pauly, M., Daussin, F., Burelle,Y., Li, T., Godin, R., Fauconnier, J., et al. (2012). AMPK
activation stimulates autophagy and ameliorates muscular dystrophy in the mdx
mouse diaphragm. Am. J. Pathol. 181, 583–592. doi:10.1016/j.ajpath.2012.04.004

Peter, A. K., and Crosbie, R. H. (2006). Hypertrophic response of Duchenne and
limb-girdle muscular dystrophies is associated with activation of Akt pathway.
Exp. Cell Res. 312, 2580–2591. doi:10.1016/j.yexcr.2006.04.024

Pichavant, C., Aartsma-Rus, A., Clemens, P. R., Davies, K. E., Dickson, G., Takeda,
S., et al. (2011). Current status of pharmaceutical and genetic therapeutic
approaches to treat DMD. Mol. Ther. 19, 830–840. doi:10.1038/mt.2011.59

Politano, L., and Nigro, G. (2012). Treatment of dystrophinopathic cardiomyopathy:
review of the literature and personal results. Acta Myol. 31, 24–30.

Proikas-Cezanne, T., Waddell, S., Gaugel, A., Frickey, T., Lupas, A., and Nordheim, A.
(2004). WIPI-1alpha (WIPI49), a member of the novel 7-bladed WIPI protein
family, is aberrantly expressed in human cancer and is linked to starvation-
induced autophagy. Oncogene 23, 9314–9325. doi:10.1038/sj.onc.1208331

Quinlan, J. G., Hahn, H. S., Wong, B. L., Lorenz, J. N., Wenisch, A. S., and Levin,
L. S. (2004). Evolution of the mdx mouse cardiomyopathy: physiological and
morphological findings. Neuromuscul. Disord. 14, 491–496. doi:10.1016/j.nmd.
2004.04.007

Raben, N., Hill, V., Shea, L., Takikita, S., Baum, R., Mizushima, N., et al. (2008).
Suppression of autophagy in skeletal muscle uncovers the accumulation of ubiq-
uitinated proteins and their potential role in muscle damage in Pompe disease.
Hum. Mol. Genet. 17, 3897–3908. doi:10.1093/hmg/ddn292

Sandri, M. (2010). Autophagy in skeletal muscle. FEBS Lett. 584, 1411–1416.
doi:10.1016/j.febslet.2010.01.056

Sandri, M., Coletto, L., Grumati, P., and Bonaldo, P. (2013). Misregulation of
autophagy and protein degradation systems in myopathies and muscular dys-
trophies. J. Cell. Sci. 126, 5325–5333. doi:10.1242/jcs.114041

Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J. H., Hsu, P. P., Bagley, A. F.,
et al. (2006). Prolonged rapamycin treatment inhibits mTORC2 assembly and
Akt/PKB. Mol. Cell 22, 159–168. doi:10.1016/j.molcel.2006.03.029

Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 188 | 150

http://dx.doi.org/10.1152/ajpregu.00221.2012
http://dx.doi.org/10.1091/mbc.E08-12-1248
http://dx.doi.org/10.1091/mbc.E08-12-1248
http://dx.doi.org/10.1042/BST0370217
http://dx.doi.org/10.1042/BST0370217
http://dx.doi.org/10.1152/ajpendo.00065.2013
http://dx.doi.org/10.1152/ajpendo.00065.2013
http://dx.doi.org/10.1016/j.cell.2014.01.070
http://dx.doi.org/10.1093/hmg/5.8.1149
http://dx.doi.org/10.1016/S0092-8674(03)00929-2
http://dx.doi.org/10.1016/S0092-8674(03)00929-2
http://dx.doi.org/10.1091/mbc.E08-01-0080
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.528281
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.528281
http://dx.doi.org/10.1038/cr.2013.161
http://dx.doi.org/10.1016/j.febslet.2010.01.017
http://dx.doi.org/10.1093/emboj/19.21.5720
http://dx.doi.org/10.1093/emboj/19.21.5720
http://dx.doi.org/10.1038/ncb2152
http://dx.doi.org/10.1016/j.ceb.2007.09.012
http://dx.doi.org/10.1016/j.molmed.2013.07.002
http://dx.doi.org/10.1093/hmg/ddr265
http://dx.doi.org/10.1016/j.cub.2005.02.053
http://dx.doi.org/10.1016/j.cub.2005.02.053
http://dx.doi.org/10.1074/jbc.C500169200
http://dx.doi.org/10.1007/s00415-011-5979-z
http://dx.doi.org/10.1007/s00415-011-5979-z
http://dx.doi.org/10.1016/j.cmet.2007.11.001
http://dx.doi.org/10.1016/j.cmet.2009.10.008
http://dx.doi.org/10.1016/0022-510X(93)90130-Q
http://dx.doi.org/10.1016/0022-510X(93)90130-Q
http://dx.doi.org/10.1038/cr.2010.82
http://dx.doi.org/10.1038/cr.2010.82
http://dx.doi.org/10.1016/j.neulet.2012.04.078
http://dx.doi.org/10.1016/j.nmd.2014.03.009
http://dx.doi.org/10.1016/j.nmd.2014.03.009
http://dx.doi.org/10.1038/ncb2329
http://dx.doi.org/10.1074/jbc.273.51.33889
http://dx.doi.org/10.1091/mbc.E03-09-0704
http://dx.doi.org/10.1002/med.21279
http://dx.doi.org/10.1002/mus.21624
http://dx.doi.org/10.1155/2011/184393
http://dx.doi.org/10.1016/j.tem.2013.09.004
http://dx.doi.org/10.1016/j.tem.2013.09.004
http://dx.doi.org/10.1016/j.ajpath.2012.04.004
http://dx.doi.org/10.1016/j.yexcr.2006.04.024
http://dx.doi.org/10.1038/mt.2011.59
http://dx.doi.org/10.1038/sj.onc.1208331
http://dx.doi.org/10.1016/j.nmd.2004.04.007
http://dx.doi.org/10.1016/j.nmd.2004.04.007
http://dx.doi.org/10.1093/hmg/ddn292
http://dx.doi.org/10.1016/j.febslet.2010.01.056
http://dx.doi.org/10.1242/jcs.114041
http://dx.doi.org/10.1016/j.molcel.2006.03.029
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

De Palma et al. Autophagy and Duchenne muscular dystrophy

Schneider, J. L., and Cuervo, A. M. (2014). Autophagy and human disease:
emerging themes. Curr. Opin. Genet. Dev. 26C, 16–23. doi:10.1016/j.gde.2014.
04.003

Spitali, P., Grumati, P., Hiller, M., Chrisam, M., Aartsma-Rus, A., and Bonaldo, P.
(2013). Autophagy is impaired in the tibialis anterior of dystrophin null mice.
PLoS Curr. 5. doi:10.1371/currents.md.e1226cefa851a2f079bbc406c0a21e80

Spurney, C. F. (2011). Cardiomyopathy of Duchenne muscular dystrophy: current
understanding and future directions. Muscle Nerve 44, 8–19. doi:10.1002/mus.
22097

Stedman, H. H., Sweeney, H. L., Shrager, J. B., Maguire, H. C., Panettieri, R. A.,
Petrof, B., et al. (1991). The mdx mouse diaphragm reproduces the degenerative
changes of Duchenne muscular dystrophy. Nature 352, 536–539. doi:10.1038/
352536a0

Straub, V., and Campbell, K. P. (1997). Muscular dystrophies and the dystrophin-
glycoprotein complex. Curr. Opin. Neurol. 10, 168–175. doi:10.1097/00019052-
199704000-00016

Thomas, G. D. (2013). Functional muscle ischemia in Duchenne and Becker mus-
cular dystrophy. Front. Physiol. 4:381. doi:10.3389/fphys.2013.00381

Vergne, I., Roberts, E., Elmaoued, R. A., Tosch, V., Delgado, M. A.,
Proikas-Cezanne, T., et al. (2009). Control of autophagy initiation by phospho-
inositide 3-phosphatase Jumpy. EMBO J. 28, 2244–2258. doi:10.1038/emboj.
2009.159

Willmann, R., Possekel, S., Dubach-Powell, J., Meier, T., and Ruegg, M. A. (2009).
Mammalian animal models for Duchenne muscular dystrophy. Neuromuscul.
Disord. 19, 241–249. doi:10.1016/j.nmd.2008.11.015

Wong, P. M., Puente, C., Ganley, I. G., and Jiang, X. (2013). The ULK1 com-
plex: sensing nutrient signals for autophagy activation. Autophagy 9, 124–137.
doi:10.4161/auto.23323

Zhao, J., Brault, J. J., Schild, A., Cao, P., Sandri, M., Schiaffino, S., et al. (2007).
FoxO3 coordinately activates protein degradation by the autophagic/lysosomal
and proteasomal pathways in atrophying muscle cells. Cell Metab. 6, 472–483.
doi:10.1016/j.cmet.2007.11.004

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 16 June 2014; paper pending published: 27 June 2014; accepted: 10 July 2014;
published online: 24 July 2014.
Citation: De Palma C, Perrotta C, Pellegrino P, Clementi E and Cervia D
(2014) Skeletal muscle homeostasis in Duchenne muscular dystrophy: modulating
autophagy as a promising therapeutic strategy. Front. Aging Neurosci. 6:188. doi:
10.3389/fnagi.2014.00188
This article was submitted to the journal Frontiers in Aging Neuroscience.
Copyright © 2014 De Palma, Perrotta, Pellegrino, Clementi and Cervia. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 188 | 151

http://dx.doi.org/10.1016/j.gde.2014.04.003
http://dx.doi.org/10.1016/j.gde.2014.04.003
http://dx.doi.org/10.1371/currents.md.e1226cefa851a2f079bbc406c0a21e80
http://dx.doi.org/10.1002/mus.22097
http://dx.doi.org/10.1002/mus.22097
http://dx.doi.org/10.1038/352536a0
http://dx.doi.org/10.1038/352536a0
http://dx.doi.org/10.1097/00019052-199704000-00016
http://dx.doi.org/10.1097/00019052-199704000-00016
http://dx.doi.org/10.3389/fphys.2013.00381
http://dx.doi.org/10.1038/emboj.2009.159
http://dx.doi.org/10.1038/emboj.2009.159
http://dx.doi.org/10.1016/j.nmd.2008.11.015
http://dx.doi.org/10.4161/auto.23323
http://dx.doi.org/10.1016/j.cmet.2007.11.004
http://dx.doi.org/10.3389/fnagi.2014.00188
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AGING NEUROSCIENCE
ORIGINAL RESEARCH ARTICLE

published: 03 July 2014
doi: 10.3389/fnagi.2014.00155

Laminin α2 chain-deficiency is associated with microRNA
deregulation in skeletal muscle and plasma
Johan Holmberg*, Azra Alajbegovic, Kinga Izabela Gawlik , Linda Elowsson and Madeleine Durbeej

Muscle Biology Unit, Department of Experimental Medical Science, University of Lund, Lund, Sweden

Edited by:
Luciano Merlini, Istituto Ortopedico
Rizzoli IRCCS, Italy

Reviewed by:
J. Arturo García-Horsman, University
of Helsinki, Finland
Maurilio Sampaolesi, University of
Leuven, Belgium
Anne Rutkowski, Cure CMD, USA

*Correspondence:
Johan Holmberg, Muscle Biology
Unit, Department of Experimental
Medical Science, University of Lund,
BMC B12, Lund 221 84, Sweden
e-mail: johan_k.holmberg@med.lu.se

microRNAs (miRNAs) are widespread regulators of gene expression, but little is known of
their potential roles in congenital muscular dystrophy type 1A (MDC1A). MDC1A is a severe
form of muscular dystrophy caused by mutations in the gene encoding laminin α2 chain.To
gain insight into the pathophysiological roles of miRNAs associated with MDC1A pathology,
laminin α2 chain-deficient mice were evaluated by quantitative PCR. We demonstrate that
expression of muscle-specific miR-1, miR-133a, and miR-206 is deregulated in laminin α2
chain-deficient muscle. Furthermore, expression of miR-223 and miR-21, associated with
immune cell infiltration and fibrosis, respectively, is altered. Finally, we show that plasma
levels of muscle-specific miRNAs are markedly elevated in laminin α2 chain-deficient mice
and partially normalized in response to proteasome inhibition therapy. Altogether, our data
suggest important roles for miRNAs in MDC1A pathology and we propose plasma levels
of muscle-specific miRNAs as promising biomarkers for the progression of MDC1A.

Keywords: fibrosis, inflammation, laminin, MDC1A, microRNA, muscular dystrophy

INTRODUCTION
Muscular dystrophy encompasses a group of inherited disorders
mainly affecting skeletal muscle. Different types of muscular dys-
trophy are genetically diverse but share common phenotypic fea-
tures including progressive myofiber degeneration, muscle weak-
ness, and declined muscle function (Cohn and Campbell, 2000).
Mutations in the human LAMA2 gene, encoding the laminin α2
chain, lead to congenital muscular dystrophy type 1A (MDC1A).
MDC1A is a severe form of muscular dystrophy characterized
by hypotonia at birth, muscle weakness, delayed motor develop-
ment, and joint contractures (Tome et al., 1994). Laminins are
cruciform or T-shaped heterotrimeric molecules composed of
one α, one β, and one γ subunit. To date, at least 18 different
laminin isoforms have been identified. However, the most abun-
dant laminin isoform in the skeletal muscle basement membrane
is laminin-211 (α2, β1, and γ1) (Ehrig et al., 1990). Together with
the dystrophin–glycoprotein complex laminin-211 forms a link
between the basement membrane and the intracellular cytoskele-
ton protecting the muscle fiber from contraction-induced damage
(Ervasti and Campbell, 1993).

Despite considerable research efforts there is currently no
cure for MDC1A. Hence, the discovery that microRNAs (miR-
NAs) are deregulated in muscle diseases makes them attractive
therapeutic targets (Eisenberg et al., 2007). miRNAs are small
non-protein-coding RNAs, which regulate gene expression at the
post-transcriptional level (Chen and Rajewsky, 2007). Investiga-
tions of miRNA expression and function in dystrophic muscles
have identified a large number of deregulated miRNAs. Among
the best characterized are three muscle-specific miRNAs: miR-1,
miR-133a, and miR-206 (Chen et al., 2006; Yuasa et al., 2008).
Moreover, miRNAs associated with specific features of muscular
dystrophy such as infiltration of inflammatory cells (miR-223) and
fibrogenesis (miR-21 and miR-29), are also altered in dystrophic

muscles (Eisenberg et al., 2007; Greco et al., 2009). In addition,
miRNAs are released into the blood stream of muscular dystro-
phy patients and mouse models, indicating that they represent
biomarkers for disease progression and experimental therapies
(Cacchiarelli et al., 2011; Mizuno et al., 2011).

An extended analysis of miRNA expression in MDC1A patients
or mouse models has never been performed. Hence, in this
study, we have analyzed expression of six miRNAs (miR-1, miR-
133a, miR-206, miR-21, miR-29c, and miR-223) in muscle and
plasma from two different MDC1A mouse models (dy3K/dy3K

and dy2J/dy2J). The dy3K/dy3K mouse is completely deficient for
laminin α2 and displays very severe muscle pathology whereas
the dy2J/dy2J mouse, which expresses reduced levels of a truncated
laminin α2, displays a milder muscular phenotype. Together, these
mouse models are representative of the complexity of the MDC1A
pathology.

Finally, our research group recently observed increased protea-
somal activity in skeletal muscle from dy3K/dy3K mice, an obser-
vation that seems to be specific for muscular dystrophy caused
by loss of laminin-211. Here, we have taken advantage of a pro-
teasome inhibitor that reduces the dy3K/dy3K pathology (Körner
et al., 2014), to investigate whether reduction in muscle pathology
correlates with levels of muscle-specific miRNAs in plasma.

MATERIALS AND METHODS
ANIMAL MODELS
Laminin α2 chain-deficient dy3K/dy3K mice have been described
(Miyagoe et al., 1997). Wild-type and dy2J/dy2J (B6.WK-
Lama2dy-2J/J) (Xu et al., 1994; Sunada et al., 1995) were purchased
from Jackson laboratory and bred in the Biomedical Center vivar-
ium in accordance with the animal care guidelines set by the
Malmö/Lund (Sweden) ethical committee for animal research.
Mice were analyzed at 6 weeks of age (dy2J/dy2J), 3 weeks of age
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(dy3K/dy3K),or at 9 days of age (young dy3K/dy3K). All comparisons
were made against age-matched wild-type mice.

RNA ISOLATION
Skeletal muscle total RNA was extracted from quadriceps muscles
snap-frozen in liquid nitrogen using the miRCURY RNA Isolation
Kit following the manufacturer’s instructions (Exiqon). Blood was
collected from heart puncture and transferred to anticoagulant
tubes (EDTA) and centrifuged at 1100× g for 10 min. Total RNA
from blood plasma was extracted following the manufacturer’s
instructions (Qiagen miRNeasy® Mini Kit). Briefly, plasma was
thawed on ice and centrifuged at 3000× g for 5 min in a 4°C cen-
trifuge. Fifty microliters of plasma per sample was transferred to a
new microcentrifuge tube and 190 µl of QIAzol mixture contain-
ing 0.8 µg/µl MS2 bacteriophage RNA (Roche Applied Science)
was added to each tube. Fifty microliters of chloroform was added
to each tube followed by centrifugation at 12000× g for 15 min
in a 4°C microcentrifuge. The supernatant was transferred to a
new microcentrifuge tube and 435 µl ethanol was added to each
sample. A rinse step was performed with 1× 500 µl RWT buffer
and 3× 500 µl RPE buffer. Total RNA was eluted by adding 50 µl
RNase-free water to the membrane of the Qiagen RNeasy Mini
spin column followed by centrifugation at 15000× g for 1 min.
The RNA was stored at−80°C.

QUANTITATIVE RT-PCR
Twenty nanograms of muscle RNA was reverse transcribed using
the miRCURY LNA Universal RT cDNA Synthesis Kit (Exiqon).
The cDNA was diluted 80× and assayed in 10 µl PCR reactions
according to the protocol for the miRCURY LNA Universal RT
miRNA PCR system. The amplification was performed in a Light-
Cycler 480 Real-Time PCR System (Roche) in 96-well plates.
Primers were designed by Exiqon. Delta–delta Ct values were
calculated relative to let-7a and miR-16 (Roberts et al., 2012).

One microliter of RNA blood plasma eluate was reverse tran-
scribed in a 10 µl reaction using the miRCURY LNA Universal RT
cDNA Synthesis Kit (Exiqon). The cDNA was diluted 40× and
assayed in a 10 µl reaction according to the protocol for the miR-
CURY LNA™ Universal RT miRNA PCR system (Exiqon). miRNA
plasma levels were calculated relative to miR-21a and miR-223
(Roberts et al., 2012).

No-RT control reactions were performed to ensure no DNA
carryover. All amplifications were performed in triplicate on a
LightCycler 480 Real-Time PCR System (Roche) in 96-well plates.
The amplification curves were analyzed using the Roche LC soft-
ware for determination of Cp (by second derivate method) and for
melting curve analysis. The miRCURY RNA spike-in kit (synthetic
control template) was used to control for the quality of the cDNA
synthesis reaction. All oligonucleotide sequences were designed
by and ordered from Exiqon with the following product num-
bers: hsa-miR-1, 204344; hsa-let-7a-5p, 204775; hsa-miR-16-5p,
204409; hsa-miR-21-5p, 204230; hsa-miR-29c-3p, 204729; hsa-
miR-133a, 204788; hsa-miR-206, 204616; and hsa-miR-223-3p,
204256.

HISTOLOGY
Quadriceps muscles were isolated and frozen in OCT (Tissue
Tek) in liquid nitrogen. Transverse cryosections of 8 µm were

transferred to positively charged glass slides and stored in−80°C.
Sections were stained with hematoxylin and eosin (H&E) for quan-
tification of centrally nucleated fibers or with Sirius red and Fast
green (Sigma-Aldrich) for visualization of collagenous and non-
collagenous tissue, respectively. Central nucleation is represented
as a percentage of the total number of fibers counted in entire
transverse quadriceps sections. For Sirius red and Fast green stain-
ing, sections were acclimated to RT for 15 min and fixated in
Bouin’s solution at 55°C for 1 h, incubated in 0.1% Fast green
for 10 min followed by incubation in 0.1% Picro Sirius red for
30 min. Sections were then dehydrated in ethanol and cleared in
xylene.

IMMUNOFLUORESCENCE ASSAYS
Transverse sections of 8 µm were fixed in ice-cold acetone for
8 min. For CD11b (rat monoclonal M1/70, 1:300, BD Pharmin-
gen), CD68 (rat monoclonal FA-11, 1:100, AbD Serotec), and
laminin γ1 chain (rabbit polyclonal 1083+ E1, 1:100, kindly pro-
vided by Dr. T. Sasaki), sections were blocked in 3% BSA in PBS
at RT for 30 min followed by incubation in primary antibody at
RT for 1 h. For embryonic myosin heavy chain (mouse mon-
oclonal F1.652, 1:10, Developmental Studies Hybridoma Bank),
sections were blocked in 4% goat serum and 0.05% Triton-X in
PBS at RT for 40 min followed by incubation in primary anti-
body at RT for 90 min. Primary antibodies were incubated with
appropriate secondary antibodies for 60 or 45 min (embryonic
myosin heavy chain). Antibody stained sections were analyzed
using a Zeiss Axioplan fluorescent microscope using Openlab 3
and an ORCA 1394 ER digital camera. The percentage of embry-
onic myosin heavy chain–positive fibers was obtained by counting
the number of fibers positive for embryonic myosin heavy chain
in a whole quadriceps section and dividing by the total number of
myofibers.

HYDROXYPROLINE ASSAY (COLLAGEN CONTENT IN MUSCLE)
Quadriceps muscles were isolated and frozen in liquid nitro-
gen. Samples were weighed and incubated overnight in 200 µl
concentrated HCl (12 M) at 95°C. Twenty five microliters of
hydrolyzate was neutralized with 25 µl NaOH (0.6 M) and incu-
bated with 450 µl Chloramine-T reagent (0.056 M) at RT for
25 min. A volume of 500 µl freshly prepared Ehrlich’s reagent
[1 M 4-(dimethylamino)benzaldehyde] was added to each sam-
ple and incubated at 65°C for 1 h. After cooling on ice, 100 µl in
duplicates was transferred to a 96-well plate and absorbance was
read at 560 nm. Standards from 4-hydroxyproline at concentra-
tions (microgram per milliliter); 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.4
were treated the same way as the samples. Absorbance (A560) of
standards was plotted against amount of hydroxyproline (micro-
gram) and a linear regression was performed to determine slope
and intercept. All absorbance values were subtracted with blank
(0 µg/ml hydroxyproline). Content of hydroxyproline in samples
was calculated by equation:

x
(
µg

)
=

(
A560 − Yaxis intercept

)
/slope

Collagen conversion factor= 13.5 (Neuman and Logan, 1950).
Values are presented as relative amount of collagen.
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CREATINE KINASE ASSAY
Blood was collected from heart puncture and transferred to anti-
coagulant tubes (EDTA) and centrifuged at 1100× g for 10 min
at 4°C. Plasma was analyzed at Clinical Chemistry Laboratory at
Skåne University Hospital. The CK_P_S Cobas method was used
to quantify enzyme activity.

BORTEZOMIB TREATMENT
Briefly, dy3K/dy3K mice were administered 0.4 mg/kg bortezomib
(LC Laboratories) via tail vein injection at 2.5 and 3.5 weeks of age.
Mice were analyzed 14 days after injection (Körner et al., 2014).

STATISTICAL ANALYSES
Data shown in qRT-PCR analyses are the result of at least three
independent experiments. Statistical significance of differences
between means was assessed by one-way analysis of variance.
Multiple comparisons were performed using the Holm–Sidak
method. Unpaired t -test was used when two groups were com-
pared. P < 0.05 was considered significant. All statistical analysis
was performed using PRISM 6.0b software (GraphPad).

RESULTS
ALTERED EXPRESSION OF MUSCLE-SPECIFIC miRNAs IN dy 3 K /dy 3 K

AND dy 2 J /dy 2 J QUADRICEPS MUSCLE
To determine whether miRNAs previously shown to be differen-
tially expressed in dystrophic muscle (Eisenberg et al., 2007; Greco
et al., 2009) are deregulated in MDC1A, we investigated miRNA
expression in two different mouse models: dy3K/dy3K (completely
devoid of laminin α2 chain) and dy2J/dy2J mice (expressing slightly
reduced levels of a truncated laminin α2 chain) (Xu et al., 1994;
Miyagoe et al., 1997). The dy3K/dy3K mice were analyzed at 3 weeks
of age due to lethality between 4 and 5 weeks of age. The dy2J/dy2J

mice however do not display any obvious signs of muscle pathol-
ogy at that time point. Hence, these mice were instead analyzed at
6 weeks of age correlating with clear signs of muscle pathology.

We observed a decreased expression of miR-1 and miR-133a
and an increase in miR-206 expression in dy3K/dy3K and dy2J/dy2J

quadriceps muscle compared with wild-type controls (Figure 1A).
Moreover, both miR-1 and miR-206 were differentially expressed
in dy3K/dy3K and dy2J/dy2J mice, which may reflect differences in
disease development. The observation that miR-206 expression
was significantly higher in muscle from dy3K/dy3K mice compared
with dy2J/dy2J, together with the established role of miR-206 in
muscle regeneration prompted us to investigate the number of
myofibers with central nuclei (reflecting overall muscle regener-
ation) and the number of fibers expressing embryonic myosin
heavy chain (eMHC, reflecting the initial phase of myofiber regen-
eration) in dy3K/dy3K and dy2J/dy2J mice (Yuasa et al., 2008;
Liu et al., 2012). We observed a significant increase in overall
myofiber regeneration in dy3K/dy3K compared with dy2J/dy2J mice,
closely resembling miR-206 expression (Figures 1A–C). How-
ever, staining against eMHC, which is transiently expressed in
nascent myofibers revealed a low number of positive fibers, both in
dy3K/dy3K and dy2J/dy2J mice, indicating that miR-206 expression
reflects the overall regenerative status of the muscle rather than
the initial stages of regeneration (Figures 1B,C). These findings

are consistent with the effect of induced muscle damage on miR-
206 expression, which increased markedly on day 5 post-injury
(Yuasa et al., 2008).

Taken together, miR-1 and miR-133a are significantly downreg-
ulated in dy3K/dy3K and dy2J/dy2J muscle while miR-206 expression
is upregulated, reflecting the overall regenerative status of the
dystrophic muscle.

EXPRESSION OF miR-21 IS DEREGULATED IN dy 3 K /dy 3 K AND dy 2 J /dy 2 J

QUADRICEPS MUSCLE
Dystrophic myofibers are progressively replaced by adipose and
fibrotic tissue leading to irreversible loss of muscle (Mann et al.,
2011). Laminin α2 chain-deficient muscles display extensive fibro-
sis, both in MDC1A patients and in dy3K/dy3K and dy2J/dy2J

mice as shown by Fast green and Sirius red staining (visualizing
non-collagenous and collagenous tissue, respectively) and bio-
chemical collagen quantification (Figure 2A). Newly published
data demonstrate a role of miR-21 and miR-29 as regulators of
fibrogenesis (Ardite et al., 2012; Wang et al., 2012).

Based on these observations we analyzed the expression of miR-
21 and miR-29c in muscle from dy3K/dy3K and dy2J/dy2J mice. We
noticed a significant upregulation of miR-21 in both dy3K/dy3K

and dy2J/dy2J mice compared with wild-type controls (Figure 2B).
However, we did not observe any significant difference in miR-29c
expression. Previous data suggest that miR-29c expression in dys-
trophic muscle depends on muscle group and age (Greco et al.,
2009; Roberts et al., 2012). It may be that the effect of laminin α2
chain-deficiency on miR-29c expression is influenced by similar
factors.

Dystrophic muscles are characterized by infiltration of inflam-
matory cells (Mann et al., 2011). This is also true for laminin
α2 chain-deficient muscle (Pegoraro et al., 1996). miR-223 has
been shown to be involved in granulocyte production and sev-
eral studies report increased expression of miR-223 in dys-
trophic muscle (Eisenberg et al., 2007; Johnnidis et al., 2008).
We did not observe any significant upregulation of miR-223
in quadriceps muscles from dy3K/dy3K or dy2J/dy2J mice at 3
and 6 weeks of age, respectively (Figure 2B). This is consistent
with the relatively low number of CD11b- and CD68-positive
immune cells (monocytes/macrophages) at the indicated time
points (Figure 2C).

CIRCULATING MUSCLE-SPECIFIC miRNAs ARE ENRICHED IN dy 3 K /dy 3 K

AND dy 2 J /dy 2 J MICE
In addition to aberrant miRNA expression in skeletal muscle, mus-
cular dystrophy patients and mice display altered levels of miRNAs
in the blood (Cacchiarelli et al., 2011; Mizuno et al., 2011; Vignier
et al., 2013). Hence, we investigated levels of muscle-specific miR-
1, miR-133a, and miR-206 in plasma from 3-week-old dy3K/dy3K

and 6-week-old dy2J/dy2J mice. We observed a significant increase
in miR-1 (~7-fold), miR-133a (~15-fold), and miR-206 (~15-
fold) compared with wild-type controls, however no significant
differences were observed between dy3K/dy3K and dy2J/dy2J mice
(Figure 3A).

Recent data suggest that extra-cellular miRNAs is the result of
selective rather than uncontrolled release from damaged myofibers
(Roberts et al., 2013). To investigate this further we analyzed
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FIGURE 1 | Laminin α2 chain-deficiency results in altered expression of
muscle-specific miRNAs. (A) RT-qPCR analysis of indicated miRNAs in
muscles from 3-week-old dy3K/dy3K and 6-week-old dy2J/dy2J mice (n≥4).
(B) Transverse sections of muscles from WT, dy3K/dy3K, and dy2J/dy2J mice
stained for H&E to visualize histopathology and eMHC/Lamγ1 to identify early

regenerating fibers. Arrows indicate eMHC positive cells (green). Bar, 100 µm.
(C) Percentage of fibers with centralized nuclei or positive for eMHC in
muscles from WT, dy3K/dy3K, and dy2J/dy2J mice (n≥3). WT, wild-type; H&E,
hematoxylin/eosin; eMHC, embryonic myosin heavy chain; Lamγ1, laminin γ1
chain. Error bars represent SEM, *P <0.05, **P <0.01, ***P <0.001.

plasma creatine kinase (CK) levels, a classical index of sarcolem-
mal integrity. Significant increase in CK levels was observed only
in dy3K/dy3K mice (Figure 3B). Notably, the degree of sarcolemmal
damage between dy3K/dy3K and dy2J/dy2J mice is in sharp contrast
to levels of muscle-specific miRNAs in circulation, supporting the
observation that release of miRNAs into circulation is a regulated
process rather than simple leakage from damaged fibers. Taken
together, the abundance of circulating muscle-specific miRNAs is
significantly increased upon laminin α2 chain-deficiency.

Increased proteasomal activity is a feature of MDC1A and
recent studies demonstrated that proteasome inhibition partially

improves muscle integrity in dy3K/dy3K mice accompanied by
increased expression of miR-1 and miR-133a (Carmignac et al.,
2011; Körner et al., 2014). To determine if reduced muscle pathol-
ogy had an impact on plasma levels of dysregulated miRNAs,
dy3K/dy3K mice were given bortezomib (a proteasome inhibitor).
Notably, administration of bortezomib resulted in a partial nor-
malization of plasma levels of miR-1 and miR-133a in dy3K/dy3K

mice (Figure 3C). However, bortezomib did not affect miR-206
plasma levels. This is consistent with observations that bortezomib
does not significantly reduce myofiber regeneration in dy3K/dy3K

mice (Körner et al., 2014). In summary, the partial normalization
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FIGURE 2 | Fibrosis in laminin α2 chain-deficient muscle is associated
with increased expression of miR-21. (A) Left: transverse sections of
muscles from WT, dy3K/dy3K, and dy2J/dy2J mice stained for Fast green/Sirius
red to visualize non-collagenous and collagenous tissue, respectively. Bar,
100 µm. Right: quantification of relative collagen content (fibrosis) in dy3K/dy3K

and dy2J/dy2J mice (n≥5). (B) RT-qPCR analysis of indicated miRNAs in
muscles from dy3K/dy3K and dy2J/dy2J mice (n≥4). (C) CD11b/CD68/Lamγ1
stained sections of muscles from WT, dy3K/dy3K, and dy2J/dy2J mice. Arrows
indicate CD11b and CD68-positive cells (green). Bar, 100 µm. WT, wild-type;
Lamγ1, laminin γ1 chain. Error bars represent SEM, ***P <0.001.

of miR-1 and miR-133a in response to bortezomib administration
indicates that these miRNAs are promising disease biomarkers for
MDC1A.

miRNA EXPRESSION IN dy 3 K /dy 3 K MICE CHANGES DYNAMICALLY
OVER TIME
microRNA expression is a dynamic process possibly reflecting the
development of the underlying dystrophic pathology (Roberts
et al., 2013). Hence, we analyzed the expression of miRNAs in
dy3K/dy3K muscles and plasma at an early age (9 days of age). At
this time point, the number of regenerating fibers positive for
eMHC is high while the level of overall myofiber regeneration
is low, reflected in unaltered expression of miR-206 in muscle
(Figures 4A–C). In addition, at 9 days of age dy3K/dy3K mice

display extensive infiltration of inflammatory cells and accumu-
lation of extra-cellular matrix components (Figure 4A). Accord-
ingly, we noticed a significant increase in miR-223 (immune cells)
and miR-21 expression (fibrosis) in muscle from dy3K/dy3K mice
compared with wild-type controls (Figure 4C). Notably, expres-
sion of muscle-specific miR-1 and miR-133a were unaffected at
young ages (Figure 4C).

We also investigated levels of circulating muscle-specific miR-
NAs in young dy3K/dy3K mice. Extra-cellular levels of miR-1 and
miR-133a were unaltered whereas levels of miR-206 were signif-
icantly increased compared with wild-type controls (in contrast
to muscle) (Figures 4C,D). The discrepancy between muscle and
plasma levels of miR-206 could be due to plasma levels preceding
the increase in miR-206 expression in muscle. It is also possible that

Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 155 | 156

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


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Holmberg et al. Laminin-211 is required for correct miRNA expression

FIGURE 3 | Enrichment of muscle-specific miRNAs in plasma upon
laminin α2-deficiency. (A) RT-qPCR analysis of plasma levels of indicated
miRNAs in 3-week-old dy3K/dy3K and 6-week-old dy2J/dy2J mice (n≥4).
(B) Analysis of CK levels in plasma from WT, dy3K/dy3K, and dy2J/dy2J mice

(n≥4). (C) RT-qPCR analysis of plasma levels of indicated miRNAs in WT,
dy3K/dy3K, and bortezomib injected dy3K/dy3K mice (n≥4). WT, wild-type; CK,
creatine kinase. Error bars represent SEM, *P <0.05, **P <0.01,
***P <0.001.

additional muscle groups contribute to the increase in miR-206
plasma levels (Roberts et al., 2013). Taken together, abundance of
miRNAs in dy3K/dy3K mice is dynamic and changes as the muscular
dystrophy develops.

DISCUSSION
In the current study, we present evidences that MDC1A phys-
iopathology is associated with altered expression of miRNAs, both
in muscle and plasma. Specifically, we demonstrate that loss of
laminin α2 chain leads to downregulation of muscle-specific miR-
1 and miR-133a together with increased expression of miR-206 in
muscle, consistent with data on other types of muscular dystrophy.

The role of miR-206 in myofiber regeneration is well characterized
and loss of miR-206 leads to delayed regeneration upon induced
muscle damage (Liu et al., 2012). In contrast, the precise function
of miR-1 and miR-133a in skeletal muscle is less clear. Studies
on C2C12 myoblasts suggest that miR-133a and miR-1 promote
proliferation and differentiation, respectively (Chen et al., 2006).
However, mice deficient for miR-133a do not display any skeletal
muscle anomalies until they are adult and skeletal muscle from
miR-1-deficient mice is grossly normal (Zhao et al., 2007; Liu
et al., 2011). These observations make it difficult to draw any
firm conclusions regarding the impact of miR-133a and miR-1
dysregulation on the MDC1A pathology.
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FIGURE 4 | Dynamic miRNA expression in laminin α2-deficient
mice over time. (A) Transverse sections of muscles from 9-day-old WT
and dy3K/dy3K mice stained for eMHC/Lamγ1, H&E, Fast green/Sirius
red, and CD11b/CD68/Lamγ1. Arrows indicate CD11b and CD68-positive
cells (green). Bar, 100 µm. (B) Percentage of fibers with centralized
nuclei or positive for eMHC in muscles from WT and dy3K/dy3K mice

(n≥3). (C) RT-qPCR analysis of indicated miRNAs in muscles from
9-day-old WT and dy3K/dy3K mice (n≥3). (D) RT-qPCR analysis of plasma
levels of indicated miRNAs in 9-day-old WT and dy3K/dy3K mice (n=4).
WT, wild-type; H&E, hematoxylin/eosin; eMHC, embryonic myosin
heavy chain; Lamγ1, laminin γ1 chain. Error bars represent SEM,
*P <0.05, **P <0.01.
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In this report, we also describe that miR-223 and miR-21
expression is positively associated with inflammation and fibro-
sis, respectively, in dy3K/dy3K and dy2J/dy2J muscle. Inflammation
in MDC1A muscles ultimately results in progressive and irre-
versible replacement of muscle by adipose and fibrotic tissue.
Severe inflammation in muscle from dy3K/dy3K mice is evident
already at 7 days of age (Gawlik et al., 2014). However, inflam-
mation appears arrested in older muscles (Figures 2C and 4A)
(Gawlik et al., 2014). Importantly, we show that miR-223 expres-
sion reflects the degree of immune cell infiltration in muscle from
dy3K/dy3K mice and could therefore be involved in modulating the
inflammatory response in MDC1A. The importance of immune
cells in chronic myopathic conditions is emphasized by exper-
iments on dystrophin-deficient mdx mice lacking functional B
and/or T lymphocytes. These mice displayed reduced levels of the
profibrotic cytokine transforming growth factor (TGF)-β and less
diaphragm fibrosis (Morrison et al., 2000; Farini et al., 2007).

Furthermore, muscle fibrosis is associated with disease progres-
sion in MDC1A. Despite efforts to combat fibrogenesis in laminin
α2-deficient mice, clinical applications for MDC1A remain years
away (Elbaz et al., 2012; Meinen et al., 2012). Hence, the recent
discovery that miR-21 and miR-29c can function as antifibrotic
molecules in dystrophic muscles suggests miRNAs as attractive
therapeutic candidates (Cacchiarelli et al., 2010; Ardite et al., 2012;
Wang et al.,2012). In contrast to miR-21,we did not observe altered
expression of miR-29c in dy3K/dy3K and dy2J/dy2J muscle. Expres-
sion of miR-29c is downregulated by TGF-β signaling, which is
increased in dystrophic skeletal muscle (Bernasconi et al., 1995,
1999). However, TGF-β signaling seems to be less pronounced
in MDC1A muscle, which may explain the unaltered expression
of miR-29c in dy3K/dy3K and dy2J/dy2J muscle (Bernasconi et al.,
1999). Collectively, these data suggest that fibrosis in MDC1A may
be driven by other molecules than TGF-β.

It should be noted that Roberts and colleagues demonstrated
important differences in miRNA expression between individual
muscle groups in the mdx mouse (Roberts et al., 2012). In this
report, miRNA expression analysis was limited to quadriceps mus-
cles. Future studies on miRNA expression in laminin α2-deficient
mice should include additional skeletal muscle groups.

Finally, we demonstrate that MDC1A is accompanied by
increased levels of circulating muscle-specific miRNAs, which are
partially normalized upon reduction of the dystrophic pathology.
The precise biological function for extra-cellular miRNA remains
largely unknown. However, we and others have demonstrated that
expression of muscle-specific miRNAs in muscle does not reflect
miRNA abundance in plasma or serum, indicating that miRNAs
could enter circulation by exocytosis or be released in vesicles
rather than by uncontrolled leakage. Moreover, the enrichment
of circulating muscle-specific miRNAs in laminin α2-deficient
mice is similar to observations in the mdx mouse, despite sig-
nificantly more sarcolemmal damage in the latter (Straub et al.,
1997; Roberts et al., 2012).

We also demonstrate that levels of plasma miRNAs in dy3K/dy3K

change over time. These observations are consistent with data from
other muscle disorders and suggest that levels of circulating miR-
NAs could serve as biomarkers for monitoring treatment strategies
and diagnosis of MDC1A. Current methods are largely based on

muscle biopsies and CK assays. In contrast to CK, extra-cellular
miRNAs are resistant to stress and more accurately reflects disease
severity (Cacchiarelli et al., 2011; Mizuno et al., 2011). In addition,
miRNAs are present in numerous biological fluids easily accessi-
ble for analysis, including saliva and urine (De Guire et al., 2013).
However, we observed a significant variability in levels of muscle-
specific miRNAs in plasma from dy3K/dy3K and dy2J/dy2J mice,
similar to studies on mdx mice (Cacchiarelli et al., 2011; Roberts
et al., 2012).

A possible reason is that dystrophic muscles typically enter
cycles of myofiber degeneration/regeneration, which lead to irre-
versible muscle wasting over time. Variation in onset of these
regeneration cycles between mice could at least explain the vari-
ability in miR-206 levels in circulation. To establish miRNAs as
biomarkers in MDC1A pathology, additional studies identifying
and coupling miRNA levels in biofluids to pathology markers
need to be performed. Moreover, global analysis of extra-cellular
miRNA levels in laminin α2-deficient animals should facilitate the
identification of miRNA profiles that correlate well with degree of
muscle pathology.

Taken together, the discovery that miRNA expression is altered
in MDC1A mouse models opens new strategies to combat this dev-
astating disorder. Despite several challenges, recent refinements in
delivery carriers, miRNA mimic molecules, and anti-miRs have
improved delivery, specificity, and stability of miRNA therapeu-
tics. Currently, one miRNA drug (miravirsen) has reached clinical
trials and additional miRNA drugs are likely to enter clinical trials
soon (Gebert et al., 2014).
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Centronuclear myopathies (CNMs) are a genetically heterogeneous group of inherited
neuromuscular disorders characterized by clinical features of a congenital myopathy and
abundant central nuclei as the most prominent histopathological feature. The most com-
mon forms of congenital myopathies with central nuclei have been attributed to X-linked
recessive mutations in the MTM1 gene encoding myotubularin (“X-linked myotubular
myopathy”), autosomal-dominant mutations in the DNM2 gene encoding dynamin-2 and
the BIN1 gene encoding amphiphysin-2 (also named bridging integrator-1, BIN1, or SH3P9),
and autosomal-recessive mutations in BIN1, the RYR1 gene encoding the skeletal mus-
cle ryanodine receptor, and the TTN gene encoding titin. Models to study and rescue the
affected cellular pathways are now available in yeast, C. elegans, drosophila, zebrafish,
mouse, and dog. Defects in membrane trafficking have emerged as a key pathogenic
mechanisms, with aberrant T-tubule formation, abnormalities of triadic assembly, and dis-
turbance of the excitation–contraction machinery the main downstream effects studied
to date. Abnormal autophagy has recently been recognized as another important collat-
eral of defective membrane trafficking in different genetic forms of CNM, suggesting an
intriguing link to primary disorders of defective autophagy with overlapping histopatholog-
ical features. The following review will provide an overview of clinical, histopathological,
and genetic aspects of the CNMs in the context of the key pathogenic mechanism, outline
unresolved questions, and indicate promising future lines of enquiry.

Keywords: centronuclear myopathy, myotubular myopathy, MTM1 myotubularin gene, DNM2 dynamin-2 gene,
BIN1 bridging integrator-1/amphiphysin-2 gene, RYR1 ryanodine receptor-1 gene,TTN titin gene, autophagy

INTRODUCTION
Centronuclear myopathies (CNMs) are a genetically heteroge-
neous group of inherited neuromuscular disorders characterized
by clinical features of a congenital myopathy and abundant central
nuclei as the most prominent histopathological feature [for review,
see Jungbluth et al. (2008)]. CNMs are genetically widely heteroge-
neous and have been attributed to X-linked recessive mutations in
MTM1 encoding myotubularin [“X-linked myotubular myopathy
(XLMTM)”] (Laporte et al., 1996), autosomal-dominant muta-
tions in DNM2 encoding dynamin-2 (Bitoun et al., 2005) and
the BIN1 gene encoding amphiphysin-2 (also named bridging
integrator-1, BIN1, or SH3P9) (Bohm et al., 2014), and autosomal-
recessive mutations in BIN1 (Nicot et al., 2007), RYR1 encoding
the skeletal muscle ryanodine receptor (Wilmshurst et al., 2010),
and TTN encoding titin (Ceyhan-Birsoy et al., 2013).

Whilst histopathological abnormalities other than abundant
central nuclei are not typically observed in association with
MTM1 and BIN1 mutations, the common occurrence of cen-
tral nuclei, marked variability in fiber size and cores with some
of the other genetic backgrounds, in particular recessive RYR1
(Bevilacqua et al., 2011) and TTN mutations (Ceyhan-Birsoy
et al., 2013; Chauveau et al., 2014a), have challenged the concept
of CNM as a “pure” entity (Romero, 2010) and have suggested
a continuum with other congenital myopathies, in particular

the core myopathies [for review, see Jungbluth et al. (2011)]
and congenital fiber type disproportion (CFTD) (Clarke et al.,
2010). The neuromuscular disorder due to dominant mutations
in the CCDC78 gene encoding Coiled-Coil Domain-Containing
78 (Majczenko et al., 2012) is another example of a congenital
myopathy difficult to classify on histopathological grounds due
to the common occurrence of internalized nuclei and cores, con-
taining sarcoplasmic aggregated CCDC78, desmin (DES), actin
(ACTA1), and RYR1.

Models to study and rescue the cellular pathways affected
in various forms of CNM are now available in yeast (Parrish
et al., 2004; Cebollero et al., 2012), C. elegans (Dang et al., 2004;
Zou et al., 2009; Neukomm et al., 2011), drosophila (Velichkova
et al., 2010), zebrafish (Dowling et al., 2009; Gibbs et al., 2013),
mouse (Buj-Bello et al., 2002; Durieux et al., 2010b; Pierson
et al., 2012; Fetalvero et al., 2013; Reifler et al., 2014), and
dog (Beggs et al., 2010; Bohm et al., 2013). Based on obser-
vations in these models, several pathogenic mechanisms have
now been suggested, including abnormalities of triads and cal-
cium handling (Al-Qusairi et al., 2009; Dowling et al., 2009;
Bohm et al., 2014), as well as defects of the neuromuscular
junction (Robb et al., 2011; Dowling et al., 2012), satellite cells
(Lawlor et al., 2012), mitochondria, and the DES cytoskeleton
(Hnia et al., 2011).
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Alterations of the autophagy pathway have recently emerged
as a pathogenic mechanism common to different genetic forms of
CNM (Al-Qusairi et al., 2013; Fetalvero et al., 2013). Autophagy is a
fundamental cellular degradation pathway conserved throughout
evolution with important roles in the removal of defective proteins
and organelles, defense against infections and adaptation to chang-
ing metabolic demands (Mizushima, 2007; Sandri et al., 2013;
Wang and Robbins, 2013). Autophagy is physiologically enhanced
in neurons and muscle, and in conjunction with the ubiquitin–
proteasome pathway, plays a major role in the pathogenesis of
muscle atrophy (Sandri, 2013). The autophagy pathway involves
several tightly regulated steps, evolving from the initial formation
of phagophores to autophagosomes, whose fusion with lysosomes
results in the final structures of degradation, autolysosomes [for
review, see Mizushima (2007)]. The recent implication of defective
autophagy in CNM corresponds to the recognition of its increas-
ing role in a wide range of neuromuscular disorders with both
primary and secondary autophagy defects (Merlini and Nishino,
2014). The observation of histopathological features closely resem-
bling CNM in Vici syndrome (McClelland et al., 2010), a severe
human multisystem disorders due to recessive mutations affecting
the key autophagy regulator epg5 (Cullup et al., 2013), provides
additional support for a link between the CNMs and the autophagy
pathway.

The majority of the defective proteins implicated in the CNMs
to date – myotubularin, dynamin-2, and amphiphysin-2 – are
involved in various aspects of membrane trafficking and remod-
eling relevant to essential cellular processes including endocytosis,
intracellular vesicle trafficking, and autophagy [for review, see
Cowling et al. (2012)], suggesting a pathogenic “master mech-
anism” upstream of the more specific downstream pathogenic
mechanisms outlined above. However, a link between membrane
trafficking and other genes implicated in the CNMs is not imme-
diately obvious, and the communality of clinico-pathological fea-
tures between MTM1, DNM2, and BIN1-related CNM on one
hand and the more recently reported forms due to recessive muta-
tions in RYR1 and TTN on the other hand remains currently
unaccounted for on the molecular level.

The following review will give an overview of the key clini-
cal, histopathological, and genetic aspects of the different forms
of CNM, outline pathogenic mechanisms where already known,
with a particular emphasis on defects in membrane trafficking and
autophagy, and summarize unresolved questions and future lines
of enquiry. Table 1 summarizes the genes and proteins implicated
in the CNMs and outlines their main function(s) where known.
Figure 1 illustrates tentative links between the different pathways
implicated in the CNMs.

MTM1-RELATED CNM (“X-LINKED MYOTUBULAR
MYOPATHY”)
Centronuclear myopathy due to X-linked recessive mutations in
the myotubularin (MTM1) gene (also commonly referred to as
XLMTM) is a rare congenital myopathy that affects approximately
2/100000 male births per year [for review, see Jungbluth et al.
(2008)].

X-linked myotubular myopathy is characterized by a severe
phenotype in males with often antenatal onset, profound

hypotonia, and weakness at birth with associated severe respi-
ratory and bulbar involvement necessitating invasive ventilation
and nasogastric tube feeds. Extraocular muscle involvement is
common. The condition is usually fatal within the first year of
life but a proportion of more mildly affected males may survive
into adolescence or adulthood, sometimes even without requiring
constant ventilatory support. Although profound muscle involve-
ment is the most dramatic and earliest feature of myotubularin
deficiency, long-term survivors show additional organ manifesta-
tions such as hepatic peliosis suggestive of a multisystem disorder
(Herman et al., 1999), indicating that myotubularin does play a
vital role in tissues other than muscle. Moreover, despite muscle
atrophy and weakness, males with XLMTM typically exhibit signs
of macrosomia consistent with an overgrowth syndrome (Leguen-
nec et al., 1988; Joseph et al., 1995), suggesting a differential effect
of myotubularin deficiency on muscle and other growth pathways.
A dilated cardiomyopathy has been reported in two adult brothers
with a mild form of XLMTM (Yu et al., 2003), raising the possi-
bility of a cardiac phenotype in long-term survivors that remains
to be systematically evaluated. Histopathological features in addi-
tion to numerous central nuclei include type 1 predominance and
hypotrophy, a region devoid of myofibrils surrounding the cen-
tral nucleus and necklace fibers (Romero and Bitoun, 2011), but
additional sarcomeric disorganization or overt cores are unusual
in contrast to the DNM2-, RYR1- and TTN -related forms.

More than 300 MTM1 mutations have been identified to date
(Laporte et al., 2000; Herman et al., 2002; Biancalana et al.,
2003; Tsai et al., 2005), distributed throughout the entire coding
sequence and with only few recurrent substitutions. Genotype–
phenotype studies have been limited due to the private nature
of many MTM1 mutations, however, not unexpectedly truncat-
ing mutations usually give rise to the more severe phenotype
whilst non-truncating mutations outside the myotubularin cat-
alytic domain have been associated with milder presentations.
Markedly skewed X-inactivation in manifesting females (Jung-
bluth et al., 2003), as well as complex rearrangements involving
the MTM1 locus have also been recently reported (Trump et al.,
2011; Amburgey et al., 2013).

Myotubularin defines a family of 14 phosphoinositide phos-
phatases in mammals [for review, see Laporte et al. (1998, 2001,
2003), Begley and Dixon (2005), Clague and Lorenzo (2005),
Robinson and Dixon (2006), and Amoasii et al. (2012)], two of
which, MTMR2 and MTMR13, have also been implicated in dif-
ferent forms of Charcot-Marie-Tooth (CMT) disease, CMT4B1
(Berger et al., 2002) and CMT4B2 (Azzedine et al., 2003), respec-
tively. In addition to the catalytic and enzymatically active domain,
myotubularin contains four other domains, including a coiled–
coiled domain involved in homo- and heterodimer formation.
Apart from the recognized interaction with DES, only little is
known about interactions with other proteins in skeletal muscle.

Myotubularin dephosphorylates phosphatidylinositol 3-
phosphate [PI(3)P] and phosphatidylinositol 3,5-phosphate
[PI(3,5)P] [(Blondeau et al., 2000; Taylor et al., 2000;
Tronchere et al., 2004); for review, see Tronchere et al. (2003),
Robinson and Dixon (2006), and Rohde et al. (2009)], second
messengers with a crucial role in membrane trafficking whose
production is under the control of specific phosphatidylinositide
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Table 1 | Genes and proteins implicated in various forms of centronuclear myopathy (CNM).

Gene Inheritance Protein Principal function(s) Main pathogenic effects in muscle

MTM1 XL Myotubularin PI3P regulation

Membrane formation/trafficking

Endocytosis

Endo(lyso)some formation

Abnormal nuclear positioning

Abnormalities of triad positioning and function

Abnormal autophagy

Abnormal cytoskeletal architecture

Abnormal mitochondrial positioning

Autophagosome formation

DNM2 AD Dynamin-2 Membrane formation/trafficking

Vesicle formation and fission

Abnormal nuclear positioning

Abnormalities of triad positioning and function

Abnormal autophagy

Abnormal cytoskeletal architecture

Abnormal mitochondrial positioning

BIN1 AR, AD Amphiphysin-2 Membrane remodeling Abnormalities of nuclear positioning, triad

assembly and function

RYR1 AR Skeletal muscle

ryanodine receptor

Sarcoplasmic reticulum calcium release Abnormal nuclear positioning

Abnormalities of triad assembly and function

Abnormal SR calcium release

TTN AR Titin Elastic link between actin and myosin filaments

Organizer of Z-disk and M-band assembly

Organizer of myosin filament, possibly by regulating

myosin motor domains

Mechanosensor

Signaling scaffold organizing ubiquitin–proteasome

and autophagy–lysosomal protein turnover

Abnormal sarcomere assembly and turnover

Disrupted force transmission

Abnormal myosin force generation

Abnormal transcriptional regulation

MTMR14 AR? Digenic? hJUMPY PI3P regulation

Membrane formation/trafficking

Abnormal nuclear positioning

Abnormal excitation–contraction coupling

Abnormal autophagy

CCDC78 AD Coiled-coil domain-

containing protein 78

Centriole biogenesis? Abnormal nuclear positioning

Core formation?

kinases. In skeletal muscle, the main generator of PI(3)P is the PI3
kinase PIK3C3 (Backer, 2008; Meijer and Klionsky, 2011), a key
regulator of a wide range of cellular processes including autophagy,
in particular formation and maturation of autophagosomes
(Funderburk et al., 2010).

The fundamental role of myotubularin and its orthologs in
PI3P regulation, endocytosis, and endo(lyso)somal function has
been documented in drosophila, C. elegans, zebrafish, mouse,
and higher mammalian models of myotubularin deficiency [for
review, see Cowling et al. (2012)]. Zebrafish morphants following
mtm1 morpholino knockdown show abnormal motor behavior
and reproduce some of the histopathological features also seen in
human XLMTM, associated with increased PI3P levels in muscle
(Dowling et al., 2009). In contrast to human XLMTM, the mtm1
knockout mouse develops muscle weakness and atrophy only in
the postnatal period, suggesting an effect of myotubularin defi-
ciency on muscle maintenance rather than muscle development
(Buj-Bello et al., 2002). Secondary abnormalities of T-tubules, sar-
coplasmic reticulum (SR) and the triads (Al-Qusairi et al., 2009;
Dowling et al., 2009; Beggs et al., 2010; Toussaint et al., 2011)
and, less frequently, abnormalities of intermediate filaments and
mitochondrial dynamics (Hnia et al., 2011) have been reported

as an important common downstream effect of myotubularin
deficiency in zebrafish, mouse, dog, and humans.

Initiation of autophagy, in particular formation of autophago-
somes and autophagosome–lysosome fusion, depends on PI3P
synthesis (Vergne and Deretic, 2010; Cebollero et al., 2012), and
the concerted interaction of autophagy-related (Atg) proteins at
the phagophore assembly site (PAS) (Lamb et al., 2013; Ge et al.,
2014); considering the important role of myotubularin in regu-
lating PI3P levels in muscle, it is not surprising that alterations of
muscle autophagy have now been reported in animal models of
XLMTM: In particular, a marked disturbance of autophagy has
been reported in zebrafish following double knockdown of the
myotubularin family members MTM1 and MTMR14 (Dowling
et al., 2010), the latter also known as Jumpy and implicated in very
rare digenic forms of CNM (Tosch et al., 2006). Mytotubularin
deficiency has also been associated with increased mTORC1 activ-
ity, disconnection between starvation and autophagy induction
(Fetalvero et al., 2013), increased IGF1R/Akt signaling, upreg-
ulation of atrogenes and an increase in autophagy markers in
the mtm1 knockout mouse (Al-Qusairi et al., 2013), indicating
both up- and downstream effects of murine myotubularin defi-
ciency on the autophagy pathway that are potentially amenable
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FIGURE 1 |Tentative links between membrane signaling, sarcomere
activity, and nuclear positioning. T-tubules (T) link the sarcolemma to the
sarcoplasmic reticulum (SR) at the triads by contacts between
dihydropyridine receptors (small orange oval) and ryanodine receptors
(small green oval). Phosphoinositol phosphates (PIP; blue hexagonal
symbols at SR membrane) are turned over by the lipid phosphatase
myotubularin, regulating membrane dynamics, and PIP-dependent
downstream signaling. This affects multiple pathways, including autophagy.
Altered membrane remodeling and microtubular transport will converge on
these pathways. Defects affecting Titin’s scaffolding role concerning
multiple components of the protein quality control machinery impinge on
contractile function, sarcomere turnover and possibly sarcomere-nuclear
links. Nuclei and sarcomeres are joined by peripheral cytoskeletal
networks, including desmin intermediate filaments and nesprin via
“transmembrane actin-associated nuclear links” (Luxton et al., 2011). 1,
Mutations affecting lipid phosphatase activity of myotubularin (MTM1 and
MTMR14); 2, mutations in components of the membrane remodeling
machinery (BIN1); 3, defects in vesicular traffic or microtubule dynamics
(DNM2); 4, mutations in the endosomal–autophagosomal–lysosomal
pathway (EPG5); 5, defective calcium homeostasis and
excitation–contraction coupling (RYR1); 6, defective sarcomeric
maintenance and protein quality control (TTN); 7, disrupted nuclear
cytoskeleton links, abnormal nuclear positioning and possibly impaired triad
function via impaired microtubule/centriole function (CCDC78).

to mTOR inhibition with Rapamycin (Fetalvero et al., 2013)
and adeno-associated virus (AAV)-mediated delivery of func-
tional myotubularin (Al-Qusairi et al., 2013). Interestingly, a
recent study reporting a muscle-specific conditional knockout
of PIK3C3, the phosphatidylinositide 3-kinase critical for PI3P
levels in muscle, indicates marked autophagolysosomal abnormal-
ities with histopathological features more suggestive of a muscular
dystrophy rather than CNM (Reifler et al., 2014). These observa-
tions suggest the autophagy pathway and its upstream regulators
as potential therapeutic targets in CNM and, possibly, other forms
of neuromuscular disorders.

DNM2 -RELATED CNM
Dominantly inherited DNM2-related CNM is usually much
milder than X-linked and recessive forms of CNM although more
severe presentations have been reported [for review, see Jungbluth
et al. (2008)]. Onset is typically in adolescence or early adulthood,

featuring predominant proximal weakness with additional distal
involvement particularly in the lower limbs, ptosis with exter-
nal ophthalmoplegia, and a stable or slowly progressive course.
Exertional myalgia may be the presenting feature before the evo-
lution of overt weakness and muscle hypertrophy, occasionally
localized, has been observed (Liewluck et al., 2010). Specific dom-
inant intermediate (CMTDIB) and axonal forms of CMT disease
(CMT2), respectively, are allelic conditions (Zuchner et al., 2005;
Fabrizi et al., 2007). In addition to myopathic changes, EMG and
nerve conduction studies may show mild signs of axonal peripheral
nerve involvement also in DNM2-related CNM patients (Fischer
et al., 2006; Echaniz-Laguna et al., 2007), suggesting a clinical
continuum between myopathic and neuropathic manifestations
of DNM2 mutations. Other DNM2-mutated patients may fea-
ture additional neutropenia (Liewluck et al., 2010) or cataracts
(Jungbluth et al., 2010), suggesting a role of dynamin-2 in tissues
other than muscle, as well as clinical overlap with multisystem
disorders due to primary autophagy defects such as EPG5-related
Vici syndrome (Cullup et al., 2013), where cataracts and hemato-
logical abnormalities are common. Homozygosity for the DNM2
Phe379Val missense mutation has been recently associated with a
congenital lethal syndrome in humans (Koutsopoulos et al., 2013).
Histopathological features in addition to centralized nuclei may
include type 1 predominance, typical sarcoplasmic radial strands
surrounding the central nuclei, increases in connective tissues
and cores (Fischer et al., 2006; Schessl et al., 2007; Jeub et al.,
2008; Hanisch et al., 2011; Bohm et al., 2012a; Catteruccia et al.,
2013).

The DNM2 gene is one of three members of the dynamin fam-
ily (Praefcke and McMahon, 2004) and ubiquitously expressed, in
contrast to DNM1 that is mainly expressed in the brain, and DNM3
expressed in brain and testes. DNM2 encodes a large GTPase pro-
tein organized in five functional domains, an N-terminal GTPase
domain, a middle domain (MD), a pleckstrin homology (PH)
domain, a GTPase effector domain, and a C-terminal proline
rich domain (PRD) (McNiven, 2005). Through its PH and PRD
domains, dynamin-2 binds to phosphoinositides and SH3 domain
proteins such as amphiphysin, respectively. Dominant mutations
affecting the dynamin-2 MD have been associated with a mild
phenotype of CNM (Bitoun et al., 2005), whilst more severe
presentations with neonatal onset have been attributed to het-
erozygous de novo dominant mutations affecting the PH domain
(Bitoun et al., 2007; Jungbluth et al., 2010). The dynamin-2 PH
domain is also predominantly affected by DNM2 mutations caus-
ing primary neuropathic phenotypes. A recurrent DNM2 muta-
tion (c.1393C > T; p.Arg465Trp) has been identified in a number
of unrelated autosomal-dominant pedigrees with a mild form
of CNM.

Dynamins are involved in membrane fission, and the role of
various isoforms including dynamin-2 in clathrin-dependent and
independent endocytosis, vesicle formation and processing (Jones
et al., 1998; Praefcke and McMahon, 2004; Durieux et al., 2010a)
has been documented in various models of dynamin deficiency.
Additional roles have been proposed in the microtubule network,
actin cytoskeleton assembly (Gu et al., 2010), and centrosome
cohesion (Thompson et al., 2004), the latter of potential relevance
for the nuclear abnormalities observed in DNM2-related CNM.
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Murine models of the common human DNM2 R465W domi-
nant CNM mutation do replicate aspects of the human pheno-
type, and not unexpected considering the close links between
endocytic and autophagic pathways, show variable abnormali-
ties of autophagy: Durieux et al. (2010b, 2012) demonstrated a
slowly progressive myopathy with upregulation of genes involved
in ubiquitin–proteosome (UPS) and autophagy pathways in a
heterozygous knock-in mouse model of the common CMT-
associated heterozygous DNM2 mutation R465W. Mice homozy-
gous for the R465W mutation showed a severe phenotype similar
to what has been observed in other mouse models of dysregulated
autophagy (Durieux et al., 2012), characterized by increased glyco-
gen storage, hepatomegaly, hypoglycemia, and early lethality. The
same mice showed microscopic evidence of delayed autophago-
some maturation and of reduced autophagic flux on in vitro
studies. Another mouse model generated by intramuscular AAV
injection of mutant R465W–DNM2 generated histopathological
abnormalities and T-tubule defects similar to those observed in
humans and animal models of other forms of CNM, suggest-
ing a muscle maintenance defect as the principal abnormality
also in DNM2-related CNM. An intriguing and potentially ther-
apeutically exploitable link between DNM2- and MTM1-related
pathways has been recently indicated by demonstrating rescue of
the XLMTM phenotype through dynamin-2 reduction in mice
(Cowling et al., 2014).

BIN1-RELATED CNM
Autosomal-recessive BIN1-related CNM has only been reported
in a small number of families associated with a mild to moder-
ate phenotype characterized by early-childhood onset, extraocular
muscle involvement and slowly progressive muscle weakness, and
atrophy (Nicot et al., 2007; Claeys et al., 2010). However, more
severe, early-onset lethal (Nicot et al., 2007) and rapidly progres-
sive presentations due to homozygous BIN1 mutations affecting
splicing have been reported (Bohm et al., 2010, 2013). Dominant
inheritance of BIN1 mutations has also been recently recognized
(Bohm et al., 2014). In addition to central nuclei, type 1 fiber-type
predominance may be an additional feature, but sarcomeric dis-
organization and core-like areas are uncommon [for review, see
Jungbluth et al. (2008)].

BIN1 encodes amphiphysin-2, a protein belonging to the BAR
(Bin/Amphiphysin/Rvs) domain-containing family of proteins
(Peter et al., 2004) involved in various key cellular processes
including membrane recycling and endocyotosis [for review, see
Prokic et al. (2014)]. Corresponding to other proteins implicated
in the CNMs, BIN1 also contains a phosphoinositide-binding
domain and is involved in T-tubule formation. Mutations affect-
ing the BIN1 BAR domain impair membrane tubulation and result
in structural abnormalities (Wu et al., 2014). BIN1 is ubiqui-
tously expressed but subject to tissue-specific alternative splicing,
whereas amphiphysin 1, the other member of the amphiphysin
family, is mainly expressed in brain. BIN1 downregulation has been
associated with cancer progression and cardiac disease, whereas
BIN1 overexpression has been linked to an increased risk for
late-onset Alzheimer disease [for review, see Prokic et al. (2014)].

The essential role of amphiphysins and their orthologs in
endocytosis, membrane remodeling and recycling has been

documented in drosophila and C. elegans models of amphiphysin
deficiency [for review, see Cowling et al. (2012)]. A recent Bin1-
deficient zebrafish model of BIN1-related CNM reproduces the
histopathological features of the human phenotype, and indicates
abnormal calcium release resulting from aberrant triad formation
as an important pathogenic mechanism downstream of the prin-
cipal membrane remodeling abnormality (Smith et al., 2014). The
T-tubule and triadic abnormalities observed in the Bin1-deficient
zebrafish model are similar to those observed in MTM1- and
DNM2-related CNM (Toussaint et al., 2011), indicating a shared
pathogenic mechanism due to implication of the defective pro-
teins in the same pathway. BIN1-deficient mice show early lethality
(Muller et al., 2003), but murine skeletal muscle has not yet been
thoroughly analyzed. A recent mouse model of Bin1 depletion in
the heart shows abnormalities of T-tubule folding resulting in free
diffusion of local extracellular calcium and potassium ions, pro-
longed action-potential duration and increased susceptibility to
ventricular arrhythmias (Hong et al., 2014).

BIN1 deficiency has not yet been associated with defects in the
autophagy pathway, however, it is of note that structurally related
BAR domain-containing proteins such as SH3P2 translocate to the
PAS following autophagy induction and appear to play a role in
autophagosome formation (Zhuang et al., 2013).

RYR1-RELATED CNM
Recessive mutations in RYR1 are another cause of congenital
myopathies with central nuclei (Wilmshurst et al., 2010). RYR1
mutations are one of the most common causes of inherited
neuromuscular disorders, ranging from the malignant hyperther-
mia susceptibility (MHS) trait without any associated weakness
to various congenital myopathies, including mainly dominantly
inherited Central Core Disease (CCD) as well as mainly reces-
sively inherited Multi-minicore Disease (MmD) [for review, see
Jungbluth et al. (2011)], CFTD (Clarke et al., 2010), and CNM
(Wilmshurst et al.,2010). The genetics of RYR1-related myopathies
are not infrequently complex, occasionally with two clearly path-
ogenic RYR1 mutations occurring on the same allele or run-
ning independently in the same family, possibly accounting for
the wide phenotypical variability and variable penetrance (Klein
et al., 2012). There is substantial clinical and pathological overlap
between MmD, CFTD, and CNM due to recessive RYR1 mutations,
and it appears appropriate to view these conditions as part of a
recessive RYR1-related continuum rather than completely distinct
entities.

Clinically, RYR1-related CNM is of intermediate severity com-
pared to other genetic forms, with facial weakness, external oph-
thalmoplegia, predominantly proximal muscle involvement but
less pronounced bulbar or respiratory impairment (Wilmshurst
et al., 2010). There is however, a more severe end of the spec-
trum, with some profoundly affected males showing clinical
presentations indistinguishable from the XLMTM phenotype.
Patients with RYR1-related CNM show a marked tendency to
improve over time, even following an initially severe presentation,
a feature also in other recessive RYR1-related myopathies (Bohm
et al., 2012b) that remains currently unexplained.

On the pathological level, central and multiple internalized
nuclei are often the principal histopathological feature when
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muscle biopsy is performed early in life (Jungbluth et al., 2007), but
other histopathological features typically associated with recessive
RYR1-related myopathies – marked type 1 predominance or uni-
formity, fiber type disproportion and cores – may evolve over time
(Bevilacqua et al., 2011).

In contrast to dominantly inherited MHS and CCD where most
features can be explained by abnormal calcium release from the
mutant RyR1 channel [for review, see Treves et al. (2005)], the
pathogenesis of recessive RYR1-related myopathies is currently
only partly understood and probably more complex. Recessive
RYR1 genotypes, often featuring compound heterozygosity for
RYR1 missense and truncating mutations, result in reduced expres-
sion of the RyR1 protein and secondary reduction of the DHPR
receptor, its principal ligand (Wilmshurst et al., 2010; Bevilac-
qua et al., 2011; Zhou et al., 2013). Additional upregulation of
the IP3R receptor may be found in some cases, an observation
currently of uncertain significance (Zhou et al., 2013). Whilst
the concomitant reduction of RyR1 and DHPR and the resulting
excitation–contraction (EC) coupling defect are likely to explain
the weakness, muscle atrophy as well as histopathological fea-
tures of fiber-type disproportion and centralized nuclei are not
readily explained by alterations of calcium release in recessive
RYR1-related myopathies.

In contrast to other genetic forms of CNM, defects in mem-
brane trafficking and autophagy have not been implicated in
recessive RYR1-related CNM. However, it is of note that marked
autophagy abnormalities have been observed in mice follow-
ing induced reduction of the DHPR receptor (Pietri-Rouxel
et al., 2010), a secondary feature also in recessive RYR1-related
myopathies. In addition, the recent implication of annexin-1
and annexin-5, members of the annexin family of proteins that
bind to phospholipid membranes in a calcium-dependent man-
ner, in autophagosome maturation (Ghislat and Knecht, 2012)
suggests a potential link between disturbed calcium homeostasis
and autophagy regulation that may warrant further investigation.
Effect of altered calcium release on autophagic pathways have been
previously considered but with conflicting conclusions (East and
Campanella, 2013).

TTN -RELATED CNM
Recessive mutations in TTN encoding the giant sarcomeric
ruler protein titin have recently been identified by next gener-
ation sequencing in five individuals selected from a cohort of
29 unrelated and genetically unresolved patients with a clinico-
pathological diagnosis of CNM (Ceyhan-Birsoy et al., 2013). TTN
mutations have recently also been indicated as one of the most
common identifiable genetic causes of dilated cardiomyopathy
(Herman et al., 2012), and have been implicated in a wide range
of neuromuscular disorders, including late-onset tibial muscu-
lar dystrophy, limb girdle muscular dystrophy type 2J (LGMD2J),
hereditary myopathy with early respiratory failure (HMERF),
and early-onset myopathy with fatal cardiomyopathy [reviewed
recently in Chauveau et al. (2014b)]. Although the functional
relevance and clear genotype–phenotype correlations have been
established for many unequivocally pathogenic TTN mutations,
it is also important to bear in mind that truncating TTN vari-
ants are exceedingly common [over 6000 in the December 2014

release of the 1000 genomes database, and ca. 3% of controls
reported in Herman et al. (2012)] and that pathogenicity is not
always immediately evident even if those variants are truncating.
This might be due to tissue-specific and developmentally regu-
lated exon usage, especially in the extensively differentially spliced
I-band region of titin (Bang et al., 2001), making some truncating
variants penetrant in only a small subset of titin isoforms. But also,
truncating mutations near the C-terminus appear, on the whole, to
be recessive without an adult phenotype (Carmignac et al., 2007;
Ceyhan-Birsoy et al., 2013; Chauveau et al., 2014a). The reasons
for the recessive inheritance of truncating variants in constitutively
expressed exons remains to be understood.

Clinical features of the five patients with TTN -related CNM
in the study by Ceyhan-Birsoy et al. (2013) were characterized
by early-childhood onset, generalized weakness, and respiratory
impairment, but without evidence of cardiac involvement at the
time of the last follow-up in childhood or late adolescence (5–
19 years). In contrast to other genetic forms of CNM, extraocular
muscles were spared and in one case CK levels were increased
>1000 IU/l. Histopathological features included increases in con-
nective tissue, fiber type disproportion, and type 1 predominance
and hypotrophy. In contrast to MTM1-related CNM, but cor-
responding to findings in the RYR1-related form, central and
internalized nuclei were typically multiple rather than single. Sim-
ilar observations were made in the seminal paper on the recessive
truncating TTN -linked early-onset Salih myopathy (Carmignac
et al., 2007) and in four families with compound heterozygous
TTN variants in Autosomal-Recessive Multi-minicore Disease
with Heart Disease (AR MmD-HD) (Chauveau et al., 2014a).
Patients with AR MmD-HD show marked centronucleation with
additional morphological changes, notably the formation of pro-
tein aggregates and Z-disk streaming that show ultrastructural
similarities to those found in myofibrillar myopathy. Patients also
display various cardiac phenotypes, from left-ventricular non-
compaction to septal defects (ASD and VSD) and dilated car-
diomyopathy, in some instances requiring transplantation (Chau-
veau et al., 2014a). Additional findings of core-like areas on
oxidative stain and myofibrillar disruption on EM, in partic-
ular Z-disk streaming and sarcomere disruption, suggest that
TTN -related CNM and AR MmD-HD may be part of a TTN -
related histopathological spectrum rather than a pure entity, again
corresponding to observations in the RYR1-related form.

The pathogenesis of TTN-related CNM and in particular its
association with pathways affected in other forms of CNM, if any,
remains currently uncertain. Most mutations identified in TTN -
related CNM give rise to significant C-terminal truncations, with
or without the expression of disruptive missense variants, result-
ing in secondary reduction of interacting proteins such as nebulin
and calpain-3 that may contribute to the phenotype. Calpain-3 is
required for the normal recruitment of RyR1 receptors to the triad,
a function that, if disturbed, may give rise to similar abnormalities
of triad assembly and EC coupling as seen in other genetic forms of
CNM. A common feature of TTN -linked AR MmD-HD and CNM
is, however, the disruption of titin M-band linked interactions; of
these, three are possibly mechanistically related to pathways linked
to the “classical” CNM variants. Firstly, M-band titin links the
sarcomere to the SR via its interactions with the giant protein
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obscurin (Bagnato et al., 2003; Kontrogianni-Konstantopoulos
et al., 2003; Fukuzawa et al., 2008) and thus contributes to the
organized integration of the EC-coupling machinery of T-tubules,
junctional SR, and sarcomeres. Intriguingly, obscurin knockout
mice also develop a myopathic phenotype with centralized nuclei
and disordered SR (Lange et al., 2009). Secondly, the M-band asso-
ciated kinase domain of titin is linked to the control of protein
turnover via the autophagy cargo adaptors Nbr1 and SQSTM1
[reviewed in Gautel (2011)]. Lastly, mutations in the C-terminus
of titin are linked to secondary calpain-3 deficiency also in the
case of adult titinopathies (Udd, 2012), likely due to the abro-
gation of a calpain-3 binding site near the C-terminus of titin
(Charton et al., 2010). While the connections between titin muta-
tions, protein turnover, and abnormal nuclear positioning in
titin-associated CNM-like myopathies are currently unclear, accu-
mulating evidence suggests that protein turnover via autophagy
and calpain-mediated turnover converge on M-band titin and that
these connections are concerted with physical links to the SR and
triad systems. If such links exist, it seems plausible that the abla-
tion or functional disruption of titin-linked autophagy functions
in M-band titinopathies (Chauveau et al., 2014a) result in partial
phenotypic overlap with membrane-associated components of the
autophagy machinery.

RARE CONGENITAL MYOPATHIES WITH CENTRAL NUCLEI
Congenital myopathies with features of CNM with or without
additional histopathological abnormalities due to uncommon
genetic backgrounds have been observed in isolated families.

Tosch and colleagues reported single heterozygous missense
variants in hJUMPY (also known as MTMR14, a member of the
myotubularin family) in two sporadic cases with features of CNM
and uncertain inheritance (Tosch et al., 2006). Although both
variants were demonstrated to reduce the enzymatic activity of
hJUMPY, identification of an additional DNM2 mutation in one
patient suggests that a second mutation may be required for full
manifestation of clinical features; this is also in keeping with the
observation of a more severe phenotype in the MTM1–MTMR14
zebrafish double knockout compared to knockout of each single
gene (Dowling et al., 2010).

Autosomal-dominant mutations in CCDC78 have also recently
been identified in a single family characterized by core-like
areas and increased internalized nuclei (Majczenko et al., 2012);
CCDC78 encodes a skeletal muscle protein enriched in the
perinuclear region and at the sarcolemma and possibly triad
(Majczenko et al., 2012), suggesting a possible link with a path-
ogenic mechanism, abnormal triad assembly, and resulting dis-
turbance of EC coupling, common to other forms of CNM.
CCDC78 plays a key role in centriole biogenesis (Klos Dehring
et al., 2013); the impaired function in CNM4 and the link to
potential triad malfunction or abnormal nuclear positioning via
impaired microtubule function is currently elusive.

CONCLUSION AND OUTLOOK
Recent years have seen substantial advances in our understanding
of the CNMs, in particular those due to mutations in MTM1,
DNM2, and BIN1, encoding proteins intricately linked in var-
ious aspects of phosphoinositide metabolism and membrane

trafficking, with aberrant T-tubule formation, abnormalities of
triad assembly and disturbance of the EC machinery as the
most important downstream effects studied to date. Abnor-
mal autophagy has recently been recognized as another impor-
tant pathogenic mechanism in different genetic forms of CNM,
suggesting an intriguing link to primary disorders of defec-
tive autophagy with overlapping histopathological features. These
findings have illustrated the role of defective pathways common to
several genetic forms of CNM that may be potentially amenable to
therapeutic intervention. It remains currently uncertain if the pro-
teins encoded by genes more recently implicated in the CNMs, in
particular RYR1 and TTN, are involved with the same pathways or
linked with altogether different mechanisms. The functional links
between the genetic mechanisms implicated in CNM are tenta-
tive at the moment, and it has to be seen whether all myopathies
clinically classified as CNM indeed join into a common pathome-
chanistic pathway. Although the mechanisms outlined above may
at least partially explain the muscle weakness and atrophy observed
in different forms of CNM, other aspects such as the consistent
abnormality of nuclear positioning remain currently unaccounted
for. The molecular machinery involved in nuclear positioning is
currently only partially understood [for review, see Osorio and
Gomes (2014)], but emerging evidence suggests that normal posi-
tioning of the nucleus is a prerequisite for its normal function-
ing (Metzger et al., 2012). Recent work has already suggested a
link between N-WASP and BIN1-related nuclear positioning and
triad organization (Falcone et al., 2014). Further investigation of
the CNMs as a paradigm of disorders with nuclear positioning
as the most prominent pathological hallmark will advance our
understanding of the intricate interaction between the nucleus,
microtubules and the actomyosin cytoskeleton (Luxton et al., 2011;
Cadot et al., 2012), and delineate the importance of the interplay
of these structures for cellular function in health and disease.
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Muscle mass and function are gradually lost in age-related, degenerative neuromuscular
disorders, which also reflect the clinical hallmarks of sarcopenia. The consensus defini-
tion of sarcopenia includes a condition of age-related loss of muscle mass, quality, and
strength. The most common acquired muscle disease affecting adults aged over 50 years
is sporadic inclusion body myositis (sIBM). Besides inflammatory effects and immune-
mediated muscle injury, degenerative myofiber changes are characteristic features of the
disease. Although the earliest triggering events in sIBM remain elusive, a plethora of down-
stream mechanisms are implicated in the pathophysiology of muscle wasting. Although it
remains controversial whether hereditary forms of inclusion body myopathy (IBM) may be
considered as degenerative sIBM disease models, partial pathophysiological aspects can
mimic the much more frequent sporadic condition, in particular the occurrence of inclusion
bodies in skeletal muscle. Various clinical aspects in genetically determined skeletal mus-
cle disorders reflect age-related alterations observed in sarcopenia. Several intriguing clues
from monogenic defects in heritable IBMs contributing to the molecular basis of muscle
loss will be discussed with special emphasis on inclusion body myopathy with Paget’s
disease of bone and frontotemporal dementia (IBMPFD) and GNE myopathy. Finally, also
the recently identified dominant multisystem proteinopathy will be considered, which may
rarely present as IBM.

Keywords:VCP/p97, IBMPFD, GNE myopathy, multisystem proteinopathy, HNRNPA1

INTRODUCTION
Pathogenic mutations in genes involved in diverse cellular path-
ways as VCP/p97, also called valosin-containing protein [resulting
in autosomal-dominant inclusion body myopathy (IBM) asso-
ciated with Paget’s disease of bone and frontotemporal demen-
tia, IBMPFD] and GNE, also referred to as UDP-N -acetyl-d-
glucosamine 2-epimerase/N -acetylmannosamine kinase (GNE)
(resulting in biallelic GNE myopathy) can elicit a pathophys-
iological phenotype in skeletal muscle that partially overlaps
with histopathology findings in sporadic inclusion body myositis
(sIBM), in particular the detection of inclusion bodies in skeletal
muscle. While formal proof is lacking, it remains a hypothesis that
genetically determined IBM syndromes may share some aspects of
the pathogenetic cascade.

However, immune-mediated, inflammatory changes are a hall-
mark of sIBM and only a very rare exception in GNE myopathy
(Krause et al., 2003; Yabe et al., 2003). Furthermore, the typical
clinical presentation of sIBM features progressive muscle weakness
in the knee extensors and the long finger flexors (Rose and ENMC
IBM Working Group, 2013). By contrast, in GNE myopathy the
quadriceps muscles are remarkably spared from muscle weakness
(reviewed in Nishino et al., 2014). IBMPFD patients present clin-
ically with a variable pattern of slowly progressive proximal and
distal pareses (reviewed in Weihl et al., 2009). Scapular winging
in IBMPFD may be as prominent as in neuromuscular shoulder
girdle or limb girdle syndromes (Kimonis et al., 2008; Stojkovic
et al., 2009).

VCP/p97 acts as an ubiquitin-selective multitasking switch-
board in regulating basic cellular proteostasis including autophagy
and myosin assembly in skeletal muscle (reviewed by Pokrzywa
and Hoppe, 2013; Meyer and Weihl, 2014). GNE, the key enzyme
of sialic acid biosynthesis, can regulate muscle glycoprotein sialyla-
tion and might contribute to additional cellular signaling pathways
(reviewed by Nishino et al., 2014). HNRNPA1, the ubiquitously
expressed gene for the heterogeneous nuclear ribonucleoprotein
A1 is the causative gene for the rare multisystem proteinopathy,
which may be associated with IBM was identified only very recently
(Kim et al., 2013a).

In the adult-onset, heritable degenerative neuromuscular dis-
orders, muscle mass and function are gradually lost and reflect
the clinical hallmarks of sarcopenia. The consensus definition of
sarcopenia includes a condition of age-related loss of muscle mass,
quality, and strength (Cruz-Jentoft et al., 2010; Fielding et al.,
2011). Key findings potentially related to sarcopenia at multiple
levels of muscle metabolism in hereditary IBMs like IBMPFD and
GNE myopathy as well as the HNRNPA1-associated multisystem
proteinopathy presenting as IBM will be highlighted.

IBMPFD ASSOCIATED WITH VCP/p97 MUTATIONS
The multifaceted role of the AAA-family ATPase VCP/p97 in the
pathophysiology of IBMPFD involves numerous essential signal-
ing pathways governing cellular homeostasis and depends on the
cellular context. To exploit the therapeutic potential of VCP/p97,
it is important to understand how its activity is regulated and
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how specific organs and cells can be targeted to regulate the versa-
tile enzyme. The specificity of VCP/p97 depends significantly on
cofactors, which confer precise catalytic function. The majority
of pathogenic mutations in VCP/p97 resulting in neuromuscu-
lar disorders are localized in the cofactor binding domain (Tang
et al., 2010) and abrogate binding to a distinct subset of cofactors
(Fernandez-Saiz and Buchberger, 2010).

Myosin filament assembly is disturbed in myogenic cells from
IBMPFD patients in vitro (Janiesch et al., 2007). Functional devel-
opment of striated muscle depends on the accurate organization
of regulatory, structural, and motor proteins into basic contrac-
tile elements called the sarcomeres. VCP/p97 acts in a ternary
complex together with the cofactors CHIP and UFD2a to tightly
regulate the level of the myosin-directed chaperone Unc45 within
confined limits, which allow proper myosin filament assembly
and sarcomere formation (Janiesch et al., 2007). CHIP is also
called carboxyl terminus of Hsp70-interacting protein. UFD2a is
the human homolog of yeast UFD2a, also known as ubiquitina-
tion factor E4B (UBE4B) and human Unc45 is the homolog of
the C. elegans Unc45 chaperone, which is essential to regulate
myosin-directed functions from fungi to vertebrates (reviewed
in Hellerschmied and Clausen, 2014). Defective myosin assem-
bly may contribute to myofiber fragility and reduced mechanical
stability. Inclusion bodies might develop secondary and due high
amounts of accumulated, unassembled myosin in the sarcoplasm.
Similarly, in another form of familial IBM (IBM 3), dominantly
inherited mutations in the head domain of MYH2 (adult skeletal
muscle myosin heavy chain 2, fast myosin IIa) render MYH2 fil-
ament proteins to aggregate (Martinsson et al., 2000; Tajsharghi
et al., 2005). Deregulated, elevated levels of Unc45 in skeletal mus-
cle of affected IBMPFD patients suggest a related, relevant myosin
biosynthesis defect in vivo.

Furthermore, deregulation of major protein degradation path-
ways has been implicated in VCP/p97-related disorders (Ju et al.,
2009a,b; Tresse et al., 2010). An imbalance in protein turnover
contributes also to muscle loss in sarcopenia (Barns et al., 2014).

Primary human myoblasts containing disease-related VCP/p97
mutations revealed increased apoptosis and defective matura-
tion to myotubes in vitro (Vesa et al., 2009). This suggests that
IBMPFD satellite cells have a reduced regeneration capability,
and may generate defective myotubes thus contributing to muscle
degeneration.

Furthermore, VCP/p97 is essential for mitochondrial quality
control by PINK1/Parkin (PTEN induced putative kinase 1), which
is associated with autosomal-recessive early-onset Parkinson dis-
ease. PINK1 prevents stress-induced mitochondrial dysfunction.
This important protective capacity is impaired by disease-related
VCP/p97 mutations (Kim et al., 2013b). Mutant VCP/p97 mal-
function involves recruitment to and clearance of damaged mito-
chondria. These processes are paralleled in part by the mito-
chondrial theory of aging, which predicts the accumulation of
damage by reactive oxygen species (ROS) over time to lead to age-
associated mitochondrial impairment (Cesari et al., 2012; Johnson
et al., 2013).

Epigenetic changes have been implicated in sarcopenia; how-
ever, detailed evidence is limited (Ong and Holbrook, 2014). For
efficient gene expression, dynamic cycles of monoubiquitylation

and de-ubiquitylation are indispensable (Wyce et al., 2007). In
a collaborative project, we defined a novel regulatory role of
VCP/p97 in histone H2B metabolism, which is conserved from
yeast to man. Moreover, in IBMPFD cells carrying a point muta-
tion at the highly conserved residue R155H that does not affect the
ATPase activity, H2B de-ubiquitylation was significantly delayed
48 h after induction of differentiation in vitro. Our findings fur-
ther extend the functional spectrum of VCP/p97 and suggest an
additional molecular pathomechanism for IBMPFD at the level of
chromatin remodeling and transcription control (Bonizec et al.,
2015).

GNE MYOPATHY
GNE myopathy is an inherited autosomal-recessive IBM. The
causative gene was identified more than a decade ago (Eisen-
berg et al., 2001). The bi-functional enzyme UDP-N -acetyl-d-
glucosamine 2-epimerase/N -acetylmannosamine kinase GNE is
the key enzyme of the sialic acid biosynthesis pathway (Hinder-
lich et al., 1997; Stasche et al., 1997). Sialic acid deficiency and
hyposialylation of glycoproteins and glycolipids appear to be a
major underlying defect in GNE myopathy. Consistent with this
hypothesis, a murine disease model for GNE myopathy shows
clinical improvement of muscle strength and function upon
metabolite supplementation of sialic acid or its precursor N -
acetylmannosamine (ManNAc) (Malicdan et al., 2009). Notably
in this context, monomeric sialic acids are decreased in quadriceps
muscle of normal elder males (Marini et al., 2014). Although GNE
myopathy patients can benefit from metabolic precursor supple-
mentation (reviewed by Nishino et al., 2014), it cannot be excluded
that GNE myopathy is caused by additional pathomechanisms
(Krause et al., 2005; Wang et al., 2006; Amsili et al., 2008).

In a GNE myopathy patient myoblast culture model, a primary
defect in response to apoptotic stimuli was observed, in particular
an extended stabilization of pAkt expression (Amsili et al., 2007).
Moreover, in age-related muscle deterioration a critical role for Akt
has also been demonstrated (reviewed by Glass, 2003; Schiaffino
and Mammucari, 2011).

Disturbance of apoptotic signaling was further supported by
proteomic profiling of GNE myopathy muscle biopsy (Sela et al.,
2011). In line with the hypothesis that alterations in mitochon-
drial metabolism might be a primary event in the pathogenetic
cascade of GNE myopathy, mitochondrial deregulation was sug-
gested at the transcriptome and morphological level (Eisenberg
et al., 2008). It is well established that mitochondria are impor-
tant regulators of apoptotic signaling and mitochondrial dysfunc-
tion can contribute to sarcopenia (reviewed in Marzetti et al.,
2012; Marzetti et al., 2013). Although the data sets of individ-
ual proteins regulated in aging skeletal muscle differ substan-
tially between individual proteomic surveys (Gelfi et al., 2006;
Doran et al., 2007; O’Connell et al., 2007, 2008), the main trends
of differentially expressed proteins involved in the cytoskele-
ton architecture, energy metabolism, contraction, cellular sig-
naling and the stress response agree between various studies.
These processes refer to general disturbances in skeletal mus-
cle common to many myopathies and muscular dystrophies.
In search of upstream events more specific to GNE myopa-
thy, previously established transcriptomic data from 10 patients’
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muscle biopsies (Eisenberg et al., 2008; Table S1 in Supplemen-
tary Material) were revisited. Differentially upregulated genes in
GNE myopathy (vs. control samples with p ≤ 0.002) were re-
assessed utilizing the DAVID bioinformatics enrichment tool
(Huang da et al., 2009a,b). Interestingly, a significant upregula-
tion of HNRNPA2B1 (1.3-fold; p ≤ 0.002) was revealed along with
additional RNA processing and transcription regulators includ-
ing small nuclear ribonucleoprotein polypeptide G (SNRNPG),
arginine/serine-rich-splicing factor 14 (SUGP2/SFRS14), TAR
DNA binding protein (TARDBP), and heterogeneous nuclear
ribonucleoprotein A3 (HNRNPA3). Although the upregulation
of these RNA regulatory factors was comparably small, their
impact on myocellular metabolism might be pathophysiologically
meaningful.

Moreover, Activin A receptor, type II (ACVR2) was among the
most significantly downregulated genes (−0.88-fold; p ≤ 0.002)
in GNE myopathy (Eisenberg et al., 2008; Table S1 in Supplemen-
tary Material). Activins are the most efficient negative regulators
of muscle mass (Chen et al., 2014). It remains to be determined
whether reduced ACVR2 expression might represent a compen-
satory mechanism in GNE myopathy to escape or decrease loss of
muscle mass.

Finally, re-evaluation by functional annotation clustering of
downregulated genes in GNE myopathy (Eisenberg et al., 2008)
with the DAVID bioinformatics resources revealed slightly reduced
expression of nuclear or steroid hormone receptors including
hepatocyte nuclear factor 4-gamma (HNF4G), nuclear receptor
subfamily 1, group I, member 3 (NR1I3), and nuclear receptor sub-
family 1, group H, member 2 (NR1H2). Also, vitamin D receptor
(VDR) belongs to the large family of steroid hormone receptors.
Intriguingly, VDR signaling has been implicated in the regulation
of calcium homeostasis, myoblast proliferation, and differentia-
tion and might be a future approach for treatment of sarcopenia
(reviewed in Wagatsuma and Sakuma, 2014). It cannot be excluded
that deregulation of other components of the nuclear or steroid
hormone pathway can contribute to muscle weakness and wasting
in GNE myopathy.

MULTISYSTEM PROTEINOPATHY ASSOCIATED WITH
hnRNPA1 AND hnRNPA2B1 MUTATIONS
Autosomal-dominant mutations in the genes for the heteroge-
neous nuclear ribonucleoproteins HNRNPA1 or HNRNPA2B1 are
rare causes for multisystem proteinopathy (Kim et al., 2013a).
HnRNPA1 and hnRNPA2B1 are multifunctional RNA-binding
proteins involved in the regulation of RNA biogenesis. The clinical
phenotype may present as IBM and may be initially indistinguish-
able from the VCP/p97-related neuromuscular syndromes. The
identified missense mutations are predicted to generate hyper-
stable multimers by their so-called “prion-like” domains (PrLDs),
facilitate recruitment to stress granules, and drive cytoplasmic
aggregate formation (Shorter and Taylor, 2013). Interestingly, also
in sporadic IBM and VCP-associated myopathy, the subcellular
distribution of wild type HNRNPs is altered in skeletal muscle
suggesting disturbances in RNA metabolism (Pinkus et al., 2014)
that might be a secondary event downstream of inflammation or
protein dyshomeostasis. In multisystem proteinopathy, it remains
to be determined whether hnRNPA1 or hnRNPA2B1 mutants

(i) may form immediately cytotoxic oligomers, (ii) overload the
proteolytic capacity of the cell, or (iii) sequester other essential
proteins in cytoplasmic and nuclear aggregates. At the molecu-
lar level, also additional disease mechanisms are conceivable that
may be reminiscent of sarcopenia and relate to age-dependent
alterations in skeletal muscle. A well-established biomarker for
cellular aging is the length of the protective caps at the physical
ends of eukaryotic chromosomes, called telomeres, which shorten
with each cell division cycle and with increasing chronological age.
Telomerase activity is inhibited by large non-coding RNA referred
to as telomeric repeat containing RNA (TERRA), which is tran-
scribed from telomeres. Recent evidence suggests that balanced
levels of hnRNPA1 and TERRA are required to regulate telom-
erase activity (Redon et al., 2013). This finding supports the idea
that hnRNPA1 mutants might also disturb telomere formation
and maintenance thereby contributing to premature aging and
possibly sarcopenia.

Cellular senescence was initially defined as permanent growth
arrest of primary human cells after repeated serial passaging
in vitro (Hayflick and Moorhead, 1961). Cellular senescence is
not only a safeguard against cancer but also of multifunctional
physiological relevance in embryonic development, tissue repair,
and aging. Novel discoveries support the hypothesis that senes-
cence can be a highly dynamic, multi-step process (reviewed
by van Deursen, 2014). Recent evidence demonstrated a close
link between cellular senescence and age-dependent tissue dete-
rioration (Baker et al., 2008). Aging increases CCN1/CYR61
expression leading to muscle senescence (Du et al., 2014).
CCN1/CYR61 depends on exon skipping to provide functional
protein (Hirschfeld et al., 2009). The matricellular protein
CCN1/CYR61 contains several possible binding motifs (YAGR)
in the exon 3–intron 3–exon 4 system for the transcription factor
hnRNPA1. Disturbed or lacking HNRNPA1 due to sequestration
in aggregates as suggested in multisystem proteinopathy might
promote exon 3 inclusion, resulting in non-functional protein
that might compromise muscle angiogenesis and endothelial cell
survival (Leu et al., 2002).

CORRELATION WITH GENETIC SUSCEPTIBILITY OF
SARCOPENIA AND AGE-RELATED GENE EXPRESSION IN
SKELETAL MUSCLE
Hereditary IBM syndromes might involve cellular mechanisms
previously related to sarcopenia and aging. Therefore, several
representative susceptibility genes for sarcopenia (reviewed in
Garatachea and Lucia, 2013) were evaluated to elucidate potential
genetic correlations with hereditary IBMs.

A certain polymorphism in the ACTN3 gene (R577X,
rs1815739) is a well-established marker of a muscular endurance
phenotype in humans. The precise localization of α-actinin 1
and GNE in the myofibrillar apparatus centered on the Z line
remains elusive (Amsili et al., 2008). It is conceivable that phys-
iological interaction by GNE with other resident components
of the sarcomeric Z -disk might modulate cytoskeletal architec-
ture and functions. Interestingly, GNE showed predominant pro-
tein expression in type II fibers in transversal muscle sections
(Krause et al., 2007) and α-actinin 3 is also exclusively detected
in fast-twitch (type II) fibers (Mills et al., 2001).
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The myostatin phenotype is among the most favorable candi-
dates to clarify variance among muscle phenotypes in the elder
population (Garatachea and Lucia, 2013). Accordingly, also the
downregulation of myostatin receptors can modulate myostatin
signaling. As suggested in GNE myopathy, this mechanism could
prevent muscle degeneration and might be considered an adaptive
muscular response.

Epigenetic studies revealed that the differentially methylated
regions related to aging are significantly enriched for muscle
biogenesis (Ong and Holbrook, 2014). Similarly, VCP/p97 can
regulate dynamics and chromatin organization by monoubiquity-
lation of histone H2B (Bonizec et al., 2015) and might contribute
to pathogenic gene expression in IBMPFD.

CONCLUSION
In conclusion, it will be essential to continue studying fundamental
cellular pathways underlying muscular hypertrophy and atrophy
to advance the discovery of promising targets for the development
of causative and safe therapies for skeletal muscle disorders.

An encouraging approach is a novel strategy to promote muscle
maintenance and delay muscular atrophy by utilizing an antibody,
which modulates the activin type II receptor (ActRII) response
(Lach-Trifilieff et al., 2014). The wide therapeutic spectrum holds
promise to treat a variety of progressive neuromuscular conditions
regardless of the underlying molecular defect. Another example of
a non-disease specific treatment option is the molecular chap-
erone 4-phenylbutyrate (4-PBA), an FDA-approved substance to
treat children suffering from urea cycle disorders. 4-PBA acts as
an ER stress inhibitor by aiding in protein folding and preventing
misfolded protein accumulation and aggregation. Recently, con-
vincing evidence was provided that 4-PBA might be also functional
to resolve protein aggregates in vitro and in vivo and to improve
grip strength in a mouse model for plectinopathy, a hereditary
protein aggregate myopathy (Winter et al., 2014).

In summary, recent history of gene identification in heredi-
tary inclusion body myopathies has fostered enthusiasm to facil-
itate detailed understanding of molecular disease mechanisms in
these familial disorders. However, the involved genes show an
unprecedented functional diversity.

Therefore, a plethora of key mechanisms underlying disease
onset in hereditary IBMs remain to be elucidated at the molecu-
lar and physiological level, some of which may be also relevant
for the etiology of sarcopenia. Neglected aspects that may be
specific to the discussed hIBMs include regulation of RNA tran-
scription and processing, cellular senescence, angiogenesis, and
Z -disk architecture.

Understanding the deleterious combination of disease mech-
anisms in detail will be an important goal for future research to
establish targeted intervention strategies and to prevent sarcopenia
in those at risk to develop disease-associated or age-related muscle
loss. Additionally and regardless of the underlying defect, it will be
important for affected patients to immediately translate current
broad understanding of muscle wasting and general advances to
improve muscle function into safe, approved therapy. Clinically,
meaningful improvements for patients suffering from sarcopenia,
hereditary, or degenerative myopathies will be the challenging goal
for the immediate future.
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Mutations of genes encoding for collagen VI cause various muscle diseases in humans,
including Bethlem myopathy and Ullrich congenital muscular dystrophy. Collagen VI null
(Col6a1−/−) mice are affected by a myopathic phenotype with mitochondrial dysfunction,
spontaneous apoptosis of muscle fibers, and defective autophagy. Moreover, Col6a1−/−

mice display impaired muscle regeneration and defective self-renewal of satellite cells
after injury. Treatment with cyclosporin A (CsA) is effective in normalizing the mitochondr-
ial, apoptotic, and autophagic defects of myofibers in Col6a1−/− mice. A pilot clinical trial
with CsA in Ullrich patients suggested that CsA may increase the number of regenerat-
ing myofibers. Here, we report the effects of CsA administration at 5 mg/kg body weight
every 12 h in Col6a1−/− mice on muscle regeneration under physiological conditions and
after cardiotoxin (CdTx)-induced muscle injury. Our findings indicate that CsA influences
satellite cell activity and triggers the formation of regenerating fibers in Col6a1−/− mice.
Data obtained on injured muscles show that under appropriate administration, regimens
CsA is able to stimulate myogenesis in Col6a1−/− mice by significantly increasing the num-
ber of myogenin (MyoG)-positive cells and of regenerating myofibers at the early stages
of muscle regeneration. CsA is also able to ameliorate muscle regeneration of Col6a1−/−

mice subjected to multiple CdTx injuries, with a concurrent maintenance of the satellite
cell pool. Our data show that CsA is beneficial for muscle regeneration in Col6a1−/− mice.

Keywords: collagen VI, skeletal muscle, congenital muscular dystrophy, animal model, cyclosporin A, muscle
regeneration

INTRODUCTION
Collagen VI is an extracellular matrix protein that forms a
microfibrillar network in the endomysium of skeletal muscle.
The critical role played by this protein in muscle is clearly
shown by collagen VI null (Col6a1−/−) mice, which display an
early onset myopathic phenotype characterized by mitochondr-
ial dysfunction, defective autophagy, and spontaneous apopto-
sis of muscle fibers (Bonaldo et al., 1998; Irwin et al., 2003;
Grumati et al., 2010). Cyclosporin A (CsA) is a well-known
immunosuppressant drug that was found to have multiple ben-
eficial effects on the myopathic phenotype of Col6a1-/- mice,
including (i) decreased opening of the mitochondrial perme-
ability transition pore; (ii) rescue of myofiber apoptosis; (iii)
stimulation of autophagy in muscle fibers; and (iv) recovery of
muscle strength (Irwin et al., 2003; Grumati et al., 2010). Muta-
tions of COL6 genes in humans cause several muscle disorders,
including Bethlem myopathy and Ullrich congenital muscular
dystrophy (Lampe and Bushby, 2005). A pilot clinical trial in
Ullrich and Bethlem patients showed that CsA favorably affects
mitochondrial function and dramatically decreases the incidence
of apoptosis in muscle fibers. Notably, a significant increase in
the number of regenerating myofibers was observed in younger
patients undergoing CsA treatment, suggesting that CsA may also

increase the overall efficiency of muscle regeneration in patients
(Merlini et al., 2008, 2011).

Muscle regeneration relies on the presence of satellite cells,
which are quiescent under physiological conditions but become
activated upon damage, thus undergoing proliferation and ter-
minal differentiation. At the same time, a subset of activated
satellite cells returns to the quiescent state in their original niche
under the basal lamina, through a self-renewal process (Tedesco
et al., 2010). The differentiation of satellite cells is regulated by
a number of transcription factors, where Pax7 is required for
satellite cell specification and survival, whereas MyoD, myogenin
(MyoG), and MRF4 are essential for satellite cell proliferation and
differentiation (Buckingham and Rigby, 2014). Terminal differ-
entiation coincides with the abundant synthesis of myosin heavy
chain (MHC). The cardiotoxin (CdTx) injury model is widely
used to investigate skeletal muscle regeneration (Chargé and Rud-
nicki, 2004; Shi and Garry, 2006). We recently demonstrated that
collagen VI is a critical component of satellite cell niche and
that ablation of collagen VI leads to impaired muscle regenera-
tion and reduced satellite cell self-renewal after injury (Urciuolo
et al., 2013). Studies performed in tibialis anterior (TA) mus-
cle showed that Col6a1−/− mice undergo a marked depletion of
the satellite cell pool 7 days after CdTx injection, and this defect
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becomes much more dramatic after multiple rounds of CdTx
injury (Urciuolo et al., 2013). Given the effects displayed by CsA
in collagen VI-deficient mice and Ullrich/Bethlem patients (Irwin
et al., 2003; Merlini et al., 2008), here we analyzed in detail the out-
comes of CsA administration on muscle regeneration and satellite
cells in Col6a1−/− mice under physiological conditions and after
CdTx-induced injury.

MATERIALS AND METHODS
MICE
We performed experiments in wild-type mice of the inbred
C57BL/6NCrl strain and in Col6a1−/−mice that were backcrossed
in the C57BL/6NCrl strain for eight generations (Irwin et al.,
2003). All data were obtained from 6-month-old mice. Mice were
housed in individual cages in an environmentally controlled room
(23°C, 12 h light/12 h dark cycle) and provided food and water
ad libitum. Mouse procedures were approved by the Ethics Com-
mittee of the University of Padova and authorized by the Italian
Ministry of Health.

IN VIVO TREATMENTS
Cyclosporin A (Sandimmun 50 mg/ml, Novartis) was dissolved
in olive oil and a stock solution at a concentration of 10 mg/ml
was prepared. For CsA administration under physiological con-
ditions, mice were subjected to intraperitoneal (i.p.) injection
of vehicle (olive oil) or CsA at 5 mg/kg body weight every 12 h
for 10 days. In experiments with higher dosage CsA, mice were
subjected to i.p. injection of vehicle or CsA at 25 mg/kg body
weight every 24 h for 10 days. Animals were sacrificed 12 h after
the last administration of CsA or vehicle. For single CdTx injury
(Couteaux et al., 1988), mice were treated by i.p. injection with
vehicle or CsA at 5 mg/kg body weight every 12 h for 10 days. At
day 4 from the first administration of vehicle or CsA, mice were
anesthetized with isoflurane (Merial) and TA muscles injected with
30 µl CdTx (Naja mossambica mossambica, 10 µM; Sigma). Anal-
gesia (Rimadyl) was administered subcutaneously for 3 days and
mice were sacrificed 7 days after muscle damage (i.e., 10 days after
the first injection of vehicle or CsA). For multiple injury experi-
ments, TA muscles were subjected to three distinct injections of
CdTx, each one every 30 days. Four days before the third CdTx
injection, mice were treated by i.p. injection with vehicle or CsA
at 5 mg/kg body weight every 12 h for 10 days. Mice were sacri-
ficed 30 days after the third CdTx injury (i.e., 24 days after the last
injection of vehicle or CsA).

HISTOLOGICAL ANALYSIS
Tibialis anterior muscles were isolated from mice, frozen in liq-
uid nitrogen, weighted on a precision balance, and kept at −80°C
until use. Cross-sections (10 µm thick) were used and processed
for hematoxylin–eosin or Azan-Mallory staining following stan-
dard protocols. Samples were analyzed with a Zeiss Axioplan light
microscope equipped with Leica DC500 digital camera. Myofiber
cross-sectional area and the area of fibrosis were evaluated with
the IM1000 software (Leica).

ISOLATION OF EXTENSOR DIGITORUM LONGUS SINGLE MYOFIBERS
We carefully dissected extensor digitorum longus (EDL) mus-
cles from 6-month-old mice and subjected them to enzymatic

digestion with collagenase I (2 mg/ml, Gibco) for 80 min at
37°C. We blocked the digestion with Dulbecco’s Modified
Eagle Medium (DMEM, Sigma), supplemented with 0.2 M l-
glutamine (Invitrogen), 1:100 penicillin-streptomycin (Invitro-
gen), 1:100 fungizone (Invitrogen), and 10% horse serum (Gibco),
and gently released single myofibers from muscles. Every 15–
25 min, undamaged and non-contracted fibers were transferred
in a new dish containing fresh medium, and this procedure
was repeated five times in order to remove debris and inter-
stitial cells. Freshly isolated fibers were finally fixed in 4%
paraformaldehyde in PBS for 15 min and maintained at 4°C in
PBS until use.

IMMUNOFLUORESCENCE
For immunofluorescence on muscle sections, frozen TA sections
(7 µm) were fixed for 20 min with 4% paraformaldehyde in
PBS and permeabilized for 6 min with cold methanol. For the
unmasking of Pax7 and MyoG, slides were treated twice with
0.01 M citric acid (pH 6) at 90°C for 5 min. For mouse anti-
bodies staining, samples were first incubated for 2.5 h with 4%
bovine serum albumin (BSA IgG-Free, Jackson Immunoresearch)
in PBS and then treated for 30 min with a blocking solution
containing 0.05 mg/ml Fab fragment anti-mouse IgG (Jackson
Immunoresearch). When mouse antibodies were not used, sam-
ples were only incubated for 1 h at room temperature with 4%
bovine serum albumin in PBS. After the blocking step, sam-
ples were incubated with primary antibodies at 4°C overnight.
The following primary antibodies were used: mouse anti-Pax7
(1:20; Developmental Studies Hybridoma Bank); mouse anti-
MyoG (F5D, 1:15; Developmental Studies Hybridoma Bank);
mouse anti-embryonic MHC (eMHC) (F1.652, 1:20; Develop-
mental Studies Hybridoma Bank); rabbit anti-laminin (L9393,
1:800; Sigma). After washing, samples were incubated with the
appropriate secondary antibody for 1 h at room temperature.
Secondary antibodies used were biotinylated anti-mouse (115-
007-003, 1:1000), Cy2 or Cy3 anti-mouse (115-226-062, 1:500,
or 115-165-006, 1:1000), Cy2 or Cy3 anti-rabbit (111-225-144,
1:500, or 115-165-006, 1:1000) (all Jackson Immunoresearch). To
reveal the biotinylated antibody, Cy2 or Cy3 streptavidin (016-220-
084, 1:1500, or 016-160-084, 1:2500; Jackson Immunoresearch)
was used. For immunofluorescence of EDL single myofibers,
cells were permeabilized with 0.5% Triton X-100 in PBS, treated
with 20% goat serum (Invitrogen) in PBS for 1 h, and incu-
bated at 37°C for 1 h or at 4°C overnight with mouse anti-Pax7
antibody (1:20; Developmental Studies Hybridoma Bank). After
washing, samples were incubated with the appropriate secondary
antibody as described above. Nuclei were stained with Hoechst
33258 (Sigma). Samples were analyzed with a Zeiss Axioplan Leica
DC500 epifluorescence microscope or with a Leica SP5 confocal
microscope.

TUNEL
For apoptosis analysis on TA cryosections, the DeadEnd™ Fluo-
rometric TUNEL assay (Promega) was used. Samples were fixed
for 15 min with 4% paraformaldehyde, permeabilized for 5 min
with 0.5% Triton X-100, and processed following manufacturer
instructions.
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FIGURE 1 | Cyclosporin A induces muscle regeneration and increases
satellite cell number in Col6a1−/− mice. (A) Schematic diagram of CsA
treatment. Wild-type and Col6a1−/− mice were treated with vehicle or with
CsA (5 mg/kg body weight) every 12 h for 10 days. Animals were sacrificed
12 h after the last administration of CsA or vehicle. (B) Mean
cross-sectional area of regenerating centrally nucleated myofibers in TA
muscles derived from wild-type and Col6a1−/− mice treated with vehicle or
CsA. Fibers were divided into four size ranges, and at least 150 centrally
nucleated myofibers were analyzed for each group. Error bars indicate
SEM (*P < 0.05 for Col6a1−/− CsA vs. Col6a1−/− vehicle; n=3–4, each

group). (C) Left panel, representative images of immunofluorescence
labeling for laminin (green) and Pax7 (red) in TA cross-sections of
CsA-treated Col6a1−/− mice. The arrowhead points at one satellite cell,
shown at higher magnification in the inset. Nuclei were stained with
Hoechst (blue). Scale bar, 25 µm. Right panel, quantification of total
Pax7-positive cells and of satellite cells, calculated as the number on 100
myofibers in TA muscles derived from wild-type and Col6a1−/− mice
treated with vehicle or CsA. Error bars indicate SEM (*P < 0.05; n=5–7,
each group). CNF, centrally nucleated fibers; CSA, cross-sectional area;
SCs, satellite cells; WT, wild-type.

STATISTICAL ANALYSES
Data are expressed as means± SEM. We determined statistical
significance by unequal variance Student’s t -test, and a P value of
<0.05 was considered statistically significant.

RESULTS
CsA INDUCES MUSCLE REGENERATION IN Col6a1−/− MICE UNDER
PHYSIOLOGICAL CONDITIONS
To investigate the effects of CsA administration in Col6a1−/−mice
under physiological conditions, we subjected animals to i.p. injec-
tion of vehicle or CsA at 5 mg/kg body weight every 12 h and
analyzed muscles after 10 days of treatment (Figure 1A). This
dosage of CsA was previously found to trigger a marked ameliora-
tion of the myopathic phenotype of Col6a1−/− mice, with rescue
from mitochondrial depolarization and apoptosis and reactiva-
tion of the autophagic flux in muscle fibers (Irwin et al., 2003;
Grumati et al., 2010). To evaluate whether this CsA treatment
triggered de novo formation of myofibers in Col6a1−/− mice, we
first analyzed the cross-sectional area of regenerating, centrally
nucleated fibers in TA muscle, by dividing regenerating myofibers

into four different size ranges. Unlike wild-type animals, CsA
treatment led to a significant increase of the percentage of regen-
erating myofibers with small area (<500 µm2) in Col6a1−/− mice
when compared to vehicle-treated Col6a1−/− animals (Figure 1B).
These data were also confirmed by immunofluorescence analysis
for eMHC, an established marker of newly forming fibers (Ciciliot
and Schiaffino, 2010). Immature myofibers expressing eMHC were
present in TA muscles of Col6a1−/−mice treated with CsA, but not
in those treated with vehicle (Figure S1A in Supplementary Mater-
ial). Based on these results, we evaluated the number of myogenic
cells by performing immunostaining for Pax7. CsA administra-
tion increased the total number of Pax7-positive cells and also the
number of satellite cells (i.e., Pax7-positive cells located under-
neath the basal lamina) in Col6a1−/− TA but not in wild-type
TA (Figure 1C). These data were confirmed by analyzing freshly
isolated EDL myofibers, which showed a significant increase in
the number of Pax7-positive cells on myofibers derived from CsA-
treated Col6a1−/−mice when compared to vehicle-treated animals
(Figure S1B in Supplementary Material). To assess whether the
increased number of Pax7-positive cells in Col6a1−/− animals was
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FIGURE 2 | Continuous administration of CsA during a single CdTx
injury stimulates muscle differentiation in Col6a1−/− mice.
(A) Schematic diagram of CsA treatment and CdTx injury. Wild-type and
Col6a1−/− mice were treated with vehicle or CsA (5 mg/kg body weight)
every 12 h for 10 days. Four days after the first injection of vehicle or CsA,
TA muscles were injured with CdTx and drug treatment continued for
other 7 days. Animals were sacrificed 12 h from the last administration of
CsA or vehicle. (B) Left panels, representative images of
immunofluorescence labeling for laminin (green) and Pax7 (red) in
7-day-post-injury TA cross-sections of wild-type and Col6a1−/− mice
treated with vehicle or CsA. Scale bar, 25 µm. Right panel, quantification

of total Pax7-positive cells and of satellite cells, calculated as the number
on 100 myofibers in 7-day-post-injury TA muscles of wild-type and
Col6a1−/− mice treated with vehicle or CsA. Error bars indicate SEM
(**P < 0.01; *P < 0.05; n.s. not significant; n=3–5, each group). (C) Left
panels, representative images of immunofluorescence labeling for laminin
(green) and MyoG (red) in 7-day-post-injury TA cross-sections of Col6a1−/−

mice treated with vehicle or CsA. Nuclei were stained with Hoechst (blue).
The arrowheads point at MyoG-positive cells outside the basal lamina, and
the asterisks mark MyoG-positive cells located underneath the basal
lamina (corresponding to myogenic cells that are undergoing fusion).

(Continued)
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FIGURE 2 | Continued
Scale bar, 50 µm. Right panel, quantification of total MyoG-positive cells,
calculated as the number on 100 myofibers in 7-day-post-injury TA muscles of
wild-type and Col6a1−/− mice treated with vehicle or CsA. Error bars indicate
SEM (*P < 0.05; n=3–5, each group). (D) Left panels, representative images
of immunofluorescence for laminin (green) and eMHC (red) in

7-day-post-injury TA cross-sections of wild-type and Col6a1−/− mice treated
with vehicle or CsA. Nuclei were stained with Hoechst (blue). Scale bar,
50 µm. Right panel, quantification of the number of eMHC-positive myofibers
per regenerating area in 7-day-post-injury TA cross-sections of wild-type and
Col6a1−/− mice treated with vehicle or CsA. Error bars indicate SEM
(**P < 0.01; n=3–5, each group). SCs, satellite cells; WT, wild-type.

only provided by this drug dosage or could be also elicited by
higher CsA concentrations known to cause strong immunosup-
pressive effects (Homan et al., 1980), we subjected mice to i.p.
injection of CsA at 25 mg/kg body weight every 24 h for 10 days.
Interestingly, at this higher dosage, CsA led to a dramatic decrease
in the number of total Pax7-positive cells and of satellite cells both
in wild-type and in Col6a1−/− mice when compared to vehicle-
treated animals (Figure S1C in Supplementary Material). These
results highlight the relevance of CsA dosage in inducing beneficial
effects in Col6a1−/− muscles and accordingly with previous stud-
ies carried out with the immunosuppressive drug FK506 (Irwin
et al., 2003), they suggest that immunosuppression exacerbates
the phenotype of Col6a1−/− mice.

CONTINUOUS ADMINISTRATION OF CsA DURING CdTx INJURY
STIMULATES THE EARLY PHASES OF MUSCLE DIFFERENTIATION IN
Col6a1−/− MICE
To further assess the capability of CsA to ameliorate the muscle
regenerative defects of Col6a1−/− mice, we carried out CsA treat-
ment under experimentally induced muscle injury. Toward this
aim, wild-type and Col6a1−/− mice were treated for 10 days with
vehicle or CsA at 5 mg/kg body weight every 12 h; 4 days after the
start of treatment, TA muscles were subjected to CdTx damage and
mice were sacrificed 7 days after injury (Figure 2A). TUNEL assay
showed that the incidence of apoptotic nuclei 7 days after CdTx
injection was very low in wild-type TA, in agreement with the con-
cept that myofiber demise is almost completed at this stage from
injury (Hawke et al., 2003). Conversely, Col6a1−/− TA showed a
higher number of TUNEL-positive myonuclei 7 days after injury,
and CsA administration was able to significantly decrease the
incidence of apoptotic myofibers triggered by CdTx injury in
Col6a1−/− TA muscles (Figure S2 in Supplementary Material).
We next evaluated the number of myogenic cells by immunoflu-
orescence for the Pax7 and MyoG markers. CsA administration
led to a significant decrease in the number of total Pax7-positive
cells in both wild-type and Col6a1−/− injured TA, without any
significant change in the number of satellite cells (i.e., Pax7-
positive cells located underneath basal lamina) (Figure 2B). This
response was paralleled by a significant increase of the total num-
ber of MyoG-positive cells in injured TA muscles of CsA-treated
Col6a1−/− mice when compared to vehicle-treated Col6a1−/−

mice, whereas wild-type injured TA muscles did not show any
significant difference in MyoG positivity between vehicle and
CsA-treated animals (Figure 2C). Additionally, Col6a1−/− mice
treated with CsA showed an increased number of regenerating
myofibers expressing eMHC, whereas no differences in eMHC-
positive regenerating myofibers were found in wild-type animals
(Figure 2D). As the defective satellite self-renewal of Col6a1−/−

mice is strictly dependent on the lack of extracellular collagen VI
and on the lower muscle stiffness (Urciuolo et al., 2013), it was

not surprising to observe that in this experimental condition CsA
does not display any overt effect on satellite cell maintenance. On
the other hand, the remarkable increase in the number of differ-
entiated (i.e., MyoG-positive) myogenic cells, together with the
higher number of newly forming (i.e., eMHC-positive) myofibers,
indicates that CsA administration is able to improve muscle dif-
ferentiation upon damage in the Col6a1−/− myopathic mouse
model.

ADMINISTRATION OF CsA DURING REPEATED MUSCLE INJURY
COUNTERACTS MUSCLE LOSS AND FIBROSIS AND PRESERVES THE
SATELLITE CELL POOL IN Col6a1−/− MICE
Although muscles of Col6a1−/− animals display a delayed regen-
eration after injury, we have previously shown that at 30 days
after CdTx injury they are still able to complete the regeneration
process (Urciuolo et al., 2013). However, and at difference from
wild-type mice, the capability of Col6a1−/− animals to undergo
muscle regeneration and preserve the satellite cell pool is lost after
multiple muscle injuries, leading to a severe loss of muscle mass
(Urciuolo et al., 2013). Therefore, we investigated whether CsA
is able to counteract the defective muscle regeneration and the
depletion of the satellite cell pool triggered by multiple injuries
in Col6a1−/− mice. Toward this aim, we subjected TA muscles of
wild-type and Col6a1−/− mice to three rounds of CdTx injury.
Animals were treated for 10 days with vehicle or CsA at 5 mg/kg
body weight every 12 h during the third injury and sacrificed
30 days after the last injury (Figure 3A). Interestingly, CsA admin-
istration was highly effective in reducing the extensive muscle
fibrosis triggered by triple injury in Col6a1−/− mice (Figure 3B).
The beneficial effects of CsA in Col6a1−/− muscles undergoing
multiple injuries were also confirmed by the increased myofiber
cross-sectional area and by the improvement of the muscle mass
in CsA-treated Col6a1−/− mice when compared to vehicle-treated
Col6a1−/− mice (Figure S3 in Supplementary Material). Notably,
CsA administration led to marked increase of both total Pax7-
positive cell number and satellite cell number in Col6a1−/− TA
muscles subjected to multiple injuries (Figures 3C,D). Altogether,
these results show that at this regimen CsA is capable to preserve
not only muscle fibers but also the satellite cell pool of collagen
VI-deficient mice.

DISCUSSION
In the present study, we evaluated the potential beneficial effects
exerted by CsA on skeletal muscle regeneration in Col6a1−/−

mice, both under physiological condition and after muscle dam-
age. The rationale for this study was based on previous findings
in patients affected by collagen VI myopathies, suggesting that
besides counteracting myofiber apoptosis and mitochondrial dys-
function, CsA treatment may also increase muscle regeneration
(Merlini et al., 2008, 2011). In addition, our recent findings
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FIGURE 3 | Administration of CsA during a triple muscle injury
counteracts muscle loss and fibrosis and preserves the satellite cell
pool in Col6a1−/− mice. (A) Schematic diagram of CsA treatment and
CdTx injuries. TA muscles of wild-type and Col6a1−/− mice were given three
repeated injections of CdTx every 30 days. Four days before the last injury,
Col6a1−/− mice were treated with vehicle or CsA (5 mg/kg body weight)
every 12 h for 10 days. Mice were sacrificed 30 days after the third injury
(i.e., 24 days from the last administration of vehicle or CsA). (B) Left panels,
Azan-Mallory staining of triple injured TA cross-sections from wild-type and
Col6a1−/− mice treated with vehicle or CsA. Scale bar, 50 µm. Right panel,
quantification of the fibrotic area in triple-injured TA cross-sections from

wild-type and Col6a1−/− mice treated with vehicle or CsA. Error bars
indicate SEM (**P < 0.01; *P < 0.05; n=4–8, each group).
(C) Representative images of immunofluorescence labeling for laminin
(red) and Pax7 (green) in triple-injured TA cross-sections from wild-type and
Col6a1−/− treated with vehicle or CsA. Arrows point at Pax7-positive nuclei.
Nuclei were stained with Hoechst (blue). Scale bar, 100 µm.
(D) Quantification of total Pax7-positive cells and of satellite cells,
calculated as the number on 100 myofibers in triple-injured TA
cross-sections from wild-type and Col6a1−/− mice treated with vehicle or
CsA. Error bars indicate SEM (**P < 0.01; n=4–8, each group). SC,
satellite cells; WT, wild-type.

showed impaired regeneration and defective satellite cell self-
renewal in collagen VI-deficient muscles (Urciuolo et al., 2013).
Therefore, we investigated how CsA treatment impacts on the

regeneration of collagen VI-deficient mice. Under physiological
conditions, CsA was capable to amplify the pool of total Pax7-
positive cells and of satellite cells and increased the amount of
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newly formed centrally nucleated myofibers, thus suggesting a
new role for CsA in stimulating myogenesis in Col6a1−/− mus-
cles. Notably, these beneficial effects were dose-dependent, as they
were observed at 10 mg/kg/day but not at a higher immunosup-
pressant dose (25 mg/kg/day), which conversely had a negative
impact on the satellite cell pool. These data are in agreement
with previous results in which the same protocol of CsA admin-
istration was found to desensitize the mitochondrial permeabil-
ity transition pore and reduce myofiber apoptosis in Col6a1−/−

mice (Irwin et al., 2003). Although we previously demonstrated
that CsA stimulates autophagy in skeletal myofibers (Grumati
et al., 2010), the increased number of satellite cells in muscles
of CsA-treated Col6a1−/− animals is not a direct consequence
of a stimulatory effect on autophagy. Indeed, reactivation of the
autophagic flux in Col6a1−/− mice by different pharmacologi-
cal or dietary treatments does not exert any significant effect on
satellite cells (Urciuolo et al., 2013). Our present findings are con-
sistent with the strong amelioration of the myophatic phenotype
in Col6a1−/−mice following CsA administration and indicate that
besides decreasing mitochondrial dysfunction and apoptosis and
reactivating autophagy in muscle fibers (Irwin et al., 2003; Grumati
et al., 2010), the drug is also able to increase the pool of functional
Pax7-positive cells and stimulate the formation of newly formed
fibers.

The beneficial effects exerted by CsA on the regeneration capa-
bilities of Col6a1−/− mice become very evident under experi-
mentally induced single and multiple muscle injuries. Our data
indicate that CsA is capable to induce myogenesis in Col6a1−/−

mice after muscle damage. In fact, when TA muscles were dam-
aged during a continuous CsA administration, analysis at 7 days
post-injury showed that CsA elicits a significant increase in the
number of MyoG-positive cells and of regenerating myofibers in
Col6a1−/− muscles. Interestingly, this response is not associated
with an improvement of the number of satellite cells, suggesting
that under these conditions CsA is unable to ameliorate satellite
cell self-renewal. The effect of CsA on muscle regeneration was
even more remarkable when we exacerbated the muscle pheno-
type of Col6a1−/−mice through triple CdTx damage. Our findings
indicate that CsA is protective against fibrotic tissue formation,
maybe exerting this effect through an indirect regulation of the
inflammatory state that occurs during muscle regeneration (Ser-
rano et al., 2011). A similar beneficial effect of CsA in reducing
muscle fibrosis was reported for mdx mice undergoing exercise
(De Luca et al., 2005). Furthermore, CsA administration was able
to counteract the loss of satellite cells elicited by repeated muscle
injuries in Col6a1−/− animals, concurrently guaranteeing myo-
genic differentiation, as confirmed by the increase of myofiber
cross-sectional area and muscle mass. Although it was beyond
the scope of this study to dissect the mechanism(s) through which
CsA leads to increased satellite cell number in Col6a1−/−mice after
repeated injuries, it can be hypothesized that CsA administration
may not directly influence the self-renewal capability of satellite
cells and that the preservation of satellite cell pool may be medi-
ated by an increase of their survival. This assumption is supported
by the fact that the defective satellite cell self-renewal of Col6a1−/−

mice is strictly dependent on the lack of collagen VI itself and its
consequences on muscle stiffness (Urciuolo et al., 2013) and that

CsA treatment is able to reduce apoptosis in Col6a1−/− muscles
(Irwin et al., 2003). To our knowledge, no literature work has
investigated in detail the effects of in vivo CsA administration on
stem cell homeostasis in skeletal muscles. A recent study reported
some beneficial effects of CsA on neuronal stem cells, showing that
in vivo CsA administration increases the number of neurospheres
due to enhanced neuronal stem cell survival, rather than increased
proliferation (Hunt et al., 2010).

The pharmacology of CsA is complex, and the drug binds a
family of cellular peptidyl-prolyl cis–trans isomerases known as
cyclophilins. Binding of CsA with the abundant cyclophilin A
leads to inhibition of calcineurin, a cytosolic phosphatase found
in many cell types, thus preventing dephosphorylation of its sub-
strates (Liu et al., 1991). A number of studies have shown that
calcineurin signals are involved in the control of myofiber size,
myofiber type, and skeletal muscle regeneration (Schiaffino and
Serrano, 2002; Sakuma and Yamaguchi, 2010; Hudson and Price,
2013). Although inhibition of calcineurin was shown to delay
muscle regeneration (Sakuma et al., 2003, 2005), literature stud-
ies investigating the outcomes of calcineurin inhibition by genetic
approaches or by CsA administration in animal models of muscle
diseases have produced contrasting results (Stupka et al., 2004; De
Luca et al., 2005; Parsons et al., 2007). The reasons for these dis-
crepancies rely upon multiple factors, including the genetic model
studied, the dose of the drug, the type of muscle, the duration
of treatment, and the route of treatment. For instance, the effi-
cacy of CsA in the mdx mice, an animal model of Duchenne
muscular dystrophy, was reported to be dependent on the dosage
and length of the treatment (Stupka et al., 2004; De Luca et al.,
2005). Notably, the protective effects of CsA in Col6a1−/− mice
do not rely upon calcineurin inhibition, as the same beneficial
effects are also displayed by non-immunosuppressive CsA analogs
that do not bind calcineurin, such as Debio 025 and NIM811
(Angelin et al., 2007; Zulian et al., 2014), whereas they cannot be
mimicked by the calcineurin inhibitor FK506 (Irwin et al., 2003).
Although our interest was far from the study of calcineurin activ-
ity, in this work we used a definite CsA dosage (5 mg/kg every
12 h, i.e., the same dose shown to be effective in rescuing differ-
ent aspects of the muscle pathology of Col6a1−/− mice), and this
dosage is known to only partially reduce the activity of calcineurin
(Dunn et al., 2002; Michel et al., 2004).

In conclusion, our results indicate that besides the already
known beneficial effects of CsA administration in ameliorating
the myophatic phenotype of Col6a1−/− mice through the rescue
from mitochondrial and autophagic dysfunction of muscle fibers,
CsA is also capable to stimulate muscle regeneration and preserve
the satellite cell pool in this disease model. These findings sup-
port and strengthen the increased muscle regeneration observed
in Ullrich patients undergoing clinical trial with CsA, pointing at
CsA and its non-immunosuppressive derivatives as a promising
therapeutic route for this group of inherited muscle diseases.
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Aging sarcopenia and muscular dystrophy (MD) are two conditions characterized by lower
skeletal muscle quantity, lower muscle strength, and lower physical performance. Aging
is associated with a peculiar alteration in body composition called “sarcopenic obesity”
characterized by a decrease in lean body mass and increase in fat mass. To evaluate the
presence of sarcopenia and obesity in a cohort of adult patients with MD, we have used
the measurement techniques considered golden standard for sarcopenia that is for muscle
mass dual-energy X-ray absorptiometry (DXA), for muscle strength hand-held dynamom-
etry (HHD), and for physical performance gait speed. The study involved 14 adult patients
with different types of MD. We were able to demonstrate that all patients were sarcopenic
obese. We showed, in fact, that all were sarcopenic based on appendicular lean, fat and
bone free, mass index (ALMI). In addition, all resulted obese according to the percentage
of body fat determined by DXA in contrast to their body mass index ranging from under-
weight to obese. Skeletal muscle mass determined by DXA was markedly reduced in all
patients and correlated with residual muscle strength determined by HHD, and physical
performances determined by gait speed and respiratory function. Finally, we showed that
ALMI was the best linear explicator of muscle strength and physical function. Altogether,
our study suggests the relevance of a proper evaluation of body composition in MD and
we propose to use, both in research and practice, the measurement techniques that has
already been demonstrated effective in aging sarcopenia.

Keywords: muscular dystrophy, sarcopenia, sarcopenic obesity, body composition, muscle strength, physical
performance

INTRODUCTION
Muscular dystrophies (MDs) are a clinically and genetically hetero-
geneous group of inherited diseases characterized by progressive
muscle wasting and weakness (Emery, 2002). In the dystrophic
muscle, there is a progressive loss of muscle fibers that are substi-
tuted by fat and connective tissue. The dystrophic muscle weakness
reflects the loss of muscle tissue and compromises physical perfor-
mance. In summary, MD can specifically be defined as a condition
characterized by lower skeletal muscle quantity, lower muscle
strength, and lower physical performance. The other condition
that combines these three characteristics is sarcopenia.

Sarcopenia is defined according to European consensus group
(Cruz-Jentoft et al., 2010) as a condition that involves a loss
of muscle mass and declining strength and/or physical perfor-
mance. In particular, “severe sarcopenia” is the stage identified
when all three criteria of the definition are met (low muscle
mass, low muscle strength, and low physical performance) (Cruz-
Jentoft et al., 2010). With aging, skeletal muscle atrophy in human
beings appears to be inevitable. A gradual loss of muscle fibers
begins at approximately 50 years of age and continues such that
by 80 years of age, approximately 50% of the fibers are lost from
the limb muscles that have been studied (Faulkner et al., 2007).
Although primarily a disease of the elderly, sarcopenia can be
observed at any age resulting associated with conditions like

disuse, malnutrition, and neuromuscular diseases (Muscaritoli
et al., 2010).

Body composition changes with aging. Cross-sectional and lon-
gitudinal data have shown that aging is associated with a peculiar
alteration in body composition – a decrease in lean body mass
and increase in fat mass (FM). Baumgartner et al. (2004) have
proposed criteria for this new condition that combines sarcopenia
and obesity, which has been called sarcopenic/obesity (Baumgart-
ner et al., 2004). High body mass index (BMI), low muscle mass,
and the combination of excess FM with low muscle mass have
been associated with increased risk for physical disability in older
adults (Fielding et al., 2011). It is, therefore, recognized that sar-
copenic/obesity has an important impact on physical capacity in
older individuals as the prevalence of this condition is <10% of the
elderly population (Baumgartner et al., 2004; Batsis et al., 2013),
whereas the prevalence of sarcopenia is 13–36% and circa 30% of
older Americans are obese (Jankowski et al., 2008).

The aim of this study was to evaluate the presence and sever-
ity of sarcopenia and of sarcopenic obesity in a cohort of adult
patients with MD. In order to conduct a valid and reliable diagnosis
of these conditions in patients with MD, we have measured muscle
mass, muscle strength, and physical performance. The measure-
ment techniques were the ones suggested by the European Working
Group, recognized useful both in research and practice that is for
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muscle mass dual-energy X-ray absorptiometry (DXA), for mus-
cle strength hand-held dynamometry (HHD), and for physical
performance gait speed (Mijnarends et al., 2013).

MATERIALS AND METHODS
PATIENTS
We included in the study, adult patients with a clinical and molecu-
lar diagnosis of MD and clinical and body composition evaluations
performed within 1 month and with the same equipment. Data
of 14 adult patients (7 were women) with a clinical/laboratory
phenotype compatible with the diagnosis of MD were collected.
The mean age of women was 35.6 (range 19–56) years and of
men 29.5 (range 18–64) years; this difference was not significant
(p= 0.47). All the patients had a definite molecular diagnosis.
There were six patients with Bethlem myopathy (BM) and one
with Ullrich congenital muscular dystrophy (UCMD) with recog-
nition of a pathogenetic mutation/s in one of the three COL6
genes (Pepe et al., 1999; Lucioli et al., 2005; Merlini et al., 2008b;
Gualandi et al., 2009, 2011; Martoni et al., 2009; Sabatelli et al.,
2011, 2012). Two patients had a rigid spine syndrome due to a
mutation of the FHL1 gene. One patient had a limb girdle MD
type 2D (LGMD2D) due to a homozygous mutation in the alpha-
sarcoglycan gene. Three patients had a Duchenne MD (DMD) and
one a Becker MD (BMD) with mutations in the DMD gene. Three
patients were non-ambulatory: the UCMD patient was never able
to walk and was on nocturnal non-invasive ventilation, the patient
with LGMD2D and one with rigid spine lost ambulation at 15
and 21 years of age, respectively. The study protocol was approved
for patients with MD by the institutional ethical committee in
1994 and specifically for patients with COL6 related myopathies
in 2011 (ClinicalTrials.gov identifier: NCT01438788). All subjects
were fully informed and gave their written informed consent.

BODY COMPOSITION
Body composition was obtained by DXA (Hologic 4500 W; soft-
ware version 11.2; Hologic, Inc., Waltham, MA). According to
the tree-compartment model of body composition, the Hologic
software provided regional and whole body estimation of lean
mass (LM), FM, and bone mineral content (BMC). BMC and
LM were added to obtain fat-free mass (FFM). Appendicular lean
mass (ALM) was the sum of bone-free and fat-free tissue mass
in the arms and legs. Body mass, FM, LM, FFM, and ALM were
normalized to height2 to control for skeletal size. ALM/height2,
appendicular lean mass index (ALMI), was considered the sar-
copenia index. ALMI two standard deviations (Baumgartner et al.,
1998) or more (Tanko et al., 2002; Newman et al., 2003) lower
than a mean derived from young male and female reference
groups was defined as the gender-specific cut point for sarcope-
nia (Baumgartner et al., 1998; Tanko et al., 2002; Newman et al.,
2003). BMI, an index of obesity, was derived from body mass
measured by DXA to the nearest gram and height measured to
the nearest 0.1 cm. We used BMI to categorized participants as
obese (BMI≥ 30), overweight (25≤BMI < 30), normal weight
(18.5 < BMI < 25), or underweight (≤18.5) (WHO, 2000). Sar-
copenic obesity was defined according to Baumgartner et al. (2004)
as ALMI < 7.26 kg/m2 in men and 5.45 kg/m2 in women and per-
centage body fat greater than 28% in men and 40% in women
(Baumgartner et al., 2004).

MUSCLE STRENGTH AND PHYSICAL PERFORMANCES
Maximal isometric strength was assessed using a hand-held
dynamometer (Type CT 3001, Citec, C.I.T. Technics BV, Gronin-
gen, The Netherlands) (van der Ploeg et al., 1991). Two muscle
groups were examined bilaterally: handgrip (HG) and knee exten-
sor (KE) (Merlini et al., 2002, 2003, 2004). The maximum force
from three attempts was used in analysis. Patients were considered
to have low muscle strength if HG strength was <20 kg in women
and <30 kg in men (Bohannon et al., 2006; Cruz-Jentoft et al.,
2010). This is also the diagnostic threshold in handgrip strength
that best discriminates subjects with mobility limitations to be
used in clinical practice (Fried et al., 2001; Lauretani et al., 2003).
A ratio of maximal muscular strength of knee extensors to body
weight was calculated by dividing the muscular strength (N) by
body weight (kg). In older adults (81–89 years), muscular strength
thresholds to perform activities of daily living (ADL) indepen-
dently were 2.8 N/kg for knee extensors (Hasegawa et al., 2008).
Ploutz-Snyder et al. (2002) have found similar figures: ambula-
tory tasks (chair rise, gait speed, and stair ascent and descent)
were compromised in individuals with a ratio of isometric leg
extension peak torque to body weight (STR/WT) <3.0 N m/kg
(Ploutz-Snyder et al., 2002).

Forced vital capacity (FVC) was determined with an electronic
spirometer, and percent-predicted values were calculated based
on normal published values. A value between 50 and 70% was
considered moderately reduced; a value less than 50% was con-
sidered severely reduced (van der Kooi et al., 2006). Timed test
included the time to walk 10 m. Patients were considered to have
a low mobility based on the walking speed threshold of 1.22 m/s
proposed by Langlois et al. (1997), evaluating the ability to cross
the street in the time typically allotted at signalized intersections
(Langlois et al., 1997).

STATISTICAL ANALYSIS
In order to determine the separate relative contributions of the var-
ious indices to the strength variables, we used the linear regression
models. Due to the limited sample size, we chose to estimate the
linear regression model without intercept, y i= bx i+ e i, via ordi-
nary least squares. Each b coefficient is the slope of the regression
line and represents the increment/decrement of the dependent
variable for a unit increment of each explanatory variable. Lin-
ear correlation coefficients have, therefore, been computed for
various couples of variables with the aim of choosing the vari-
ables for simple linear models without intercept. High values of
the linear correlation coefficients helped in the choice of iden-
tifying the body mass and muscularity as explanatory variables
to the dependent variables muscle strength, gait speed, and pul-
monary function. The strength of each simple linear relationship
was investigated via the adjusted R2, which represents a well-
known goodness of fit measure. Measurable variables are pre-
sented as mean (x)± SD and their range of variation is presented
in parentheses.

RESULTS
BODY COMPOSITION
Six participants were normal weight, four overweight, three under-
weight, and one obese based on BMI (Table 1). All were sarcopenic
based on ALMI, which was well below of the cut off for the
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Table 1 | Body mass, adiposity, and muscularity.

Women (n = 7) Men (n = 7) p-value

Total mass (kg) 60.90±13.09

(45.47–76.38)

61.05±16.80

(40.01–79.63)

0.99

BMI (kg/m2) 22.41±4.61

(16.10–29.20)

23.99±4.79

(17.40–31.70)

0.54

Total fat (%) 50.66±6.02

(41.30–58.50)

42.93±8.61

(29.70–58.80)

0.08

FMI (kg/m2) 11.54±3.58

(7.10–17.10)

10.53±4.04

(5.70–18.60)

0.63

FFMI (kg/m2) 10.86±1.23

(9.00–12.70)

13.30±2.01

(9.60–15.40)

0.02

LMI (kg/m2) 10.20±1.19

(8.50–12.10)

12.76±1.87

(9.40–14.70)

0.01

ALMI (kg/m2) 3.84±0.69

(3.14–4.78)

4.82±0.81

(3.67–5.55)

0.03

Kg, kilogram; BMI, body mass index; m2, square meter; FMI, fat mass index;

FFMI, fat-free mass index; LMI, lean mass index; ALMI, appendicular lean mass

index.

Summaries of individual data grouped according to sex. p-Value of the two sample

t-test for the mean.

sarcopenia index of 7.26 kg/m2 for men and 5.45 for women,
and all were sarcopenic obese based on ALMI and % FM that
was greater than 28% in men and 40% in women. In addition,
ALMI was significantly different (p≈ 0.00) between walkers and
non-walkers (4.6± 0.8 vs. 3.4± 0.3). FFMI was well below the
fifth percentile for all the patients as compared to the normal
age-related Italian population and also to the 70–80–year olds
(17 kg/m2 in men and 13.4 kg/m2 in women) (Coin et al., 2008).
Gender differences in body composition were significant for the
indices of muscularity (FFMI, LMI, and ALMI) but not for total
mass, BMI, and FMI.

MUSCLE STRENGTH AND PHYSICAL FUNCTION
Muscle strength was markedly reduced comparing with the nor-
mative values (van der Ploeg et al., 1991; Beenakker et al., 2001)
(Table 2). Knee extension strength (KES) with a mean value of
60 N (range 15–132 N) was very weak comparing with healthy
subjects in which it exceeded in both genders 250 N (van der Ploeg
et al., 1991; Beenakker et al., 2001). Non-walkers had a signifi-
cant lower (p≈ 0.00) KES mean value as compared with walkers
(22.5 N vs. 69.2 N). HGS was also very weak, and in all well below
the T -score value less than−2 (20 kg in women and 30 kg in men).
Again, there was a significant difference (p= 0.011) between mean
HGS of non-walkers and walkers (2.9 kg vs. 13.0 kg), confirm-
ing that HGS is a good indicator of global muscle strength. The
ratio between KES and body weight was in all well below (range
0.3–1.7 N/kg) the threshold (2.8 N/kg) in which performance on
ambulatory tasks is compromised. Walking speed was below the
threshold of 1.22 m/s, indicating a low mobility, in 10 patients
(range 0–1, 11 m/s), and above it in 4 (range 1.25–1.72 m/s).
% FVC was moderately (<70%) reduced in four, and severely

Table 2 | Muscle strength and measured physical function.

Women (n = 7) Men (n = 7) p-value

HGS (kg) 9.69±5.98

(1.00–18.50)

11.91±6.35

(4.50–22.50)

0.51

KES (N) 62.86±41.22

(15.00–131.00)

56.29±40.67

(18.00–132.00)

0.77

KES/body

weight (N/kg)

1.00±0.57

(0.30–1.80)

0.90±0.57

(0.40–1.70)

0.75

Gait speed

(m/s)

1.01± 0.73

(0.00–1.72)

0.81±0.40

(0.00–1.25)

0.55

FVC (L) 1.74±0.97

(0.46–2.77)

3.06±0.62

(2.09–3.93)

0.01

% FVC 49.71±29.12

(13.00–90.00)

79.43±14.63

(53.00–90.00)

0.04

HGS, handgrip strength; kg, kilogram; KES, knee extension strength; N, Newton;

m, meter; s, second; FVC, forced vital capacity; L, liter.

Summaries of individual data grouped according to sex. p-value of the two sample

t-test for the equality of the means.

Table 3 | Linear correlation coefficients between muscle strength

(lines) and physical function (columns) variables.

Gait speed (m/s) FVC (L) % FVC

HGS (kg) 0.72 (0.00) 0.59 (0.03) 0.59 (0.03)

KES (N) 0.57 (0.03) 0.12 (0.68) 0.08 (0.77)

KES/body weight (N/kg) 0.55 (0.03) 0.05 (0.87) 0.11 (0.70)

HGS, handgrip strength; kg, kilogram; KES, knee extension strength; N, Newton;

m, meter; s, second; FVC, forced vital capacity; L, liter.

In parentheses, the p-value of the test for equality to zero of the correlation

coefficient.

reduced (<50%) in three patients (range 13–41%); non-walkers
had a significantly lower (p= 0.03) % FVC as compared with walk-
ers (39 vs. 72). Gender differences were significant only for FVC
and % FVC.

CORRELATION BETWEEN BODY COMPOSITION, MUSCLE STRENGTH,
AND PHYSICAL FUNCTION
Knee extension strength measures and gait speed showed moderate
correlation coefficient significantly different from zero (Table 3).
On the other hand, the coefficient between HGS and the phys-
ical function variables were all significant, showing a moderate
to strong correlation (Table 3). The linear correlation coefficients
between couples of possible explicative variables of muscularity
showed values oscillating between 0.01 and 0.58 in absolute value.
The indices of adiposity, total fat % and FMI, had non-significant
linear correlation coefficient with all the muscle strength and phys-
ical function variables (Table 4). On the contrary, the indices of
muscularity showed moderate positive values (0.40–0.58) when
associated with FFMI and ALMI (Table 4); moreover, the HGS,
FVC, and % FVC are significantly different from zero. The good-
ness of fit of the relationship between the predictor variables (BMI
and ALMI) and the dependent variables (HGS, KES, % FVC, gait

Frontiers in Aging Neuroscience www.frontiersin.org October 2014 | Volume 6 | Article 274 | 188

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


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Merlini et al. Sarcopenia in muscular dystrophy

Table 4 | Linear correlation coefficients between potential dependent

(lines) and explanatory (columns) variables.

Total fat % FMI FFMI ALMI

HGS (kg) −0.21 (0.47) 0.03 (0.91) 0.58 (0.03) 0.51 (0.06)

KES (N) 0.20 (0.48) 0.36 (0.21) 0.43 (0.12) 0.48 (0.08)

Gait speed (m/s) 0.08 (0.79) 0.28 (0.34) 0.43 (0.13) 0.40 (0.15)

FVC (L) −0.19 (0.51) 0.09 (0.75) 0.48 (0.08) 0.55 (0.04)

% FVC −0.31 (0.28) 0.01 (0.96) 0.55 (0.04) 0.54 (0.05)

HGS, handgrip strength; kg, kilogram; KES, knee extension strength; N, Newton;

m, meter; s, second; FVC, forced vital capacity; L, liter; FMI, fat mass index; FFMI,

fat-free mass index; ALMI, appendicular lean mass index.

In parentheses, the p-value of the test for equality to zero of the correlation

coefficient.

Table 5 | Linear models (y i = βx i +ei) of separate relative contribution

of body mass and muscularity to muscle strength and physical

function and the p-value of the test for equality to zero of the

adjusted coefficient of linear determination.

Dependent variables Predictor variables β R2 p-Value

HGS (Kg) BMI 0.46 0.78 0.00

ALMI 2.53 0.82 0.00

KES (N) BMI 2.62 0.75 0.00

ALMI 14.05 0.75 0.00

% FVC BMI 2.74 0.85 0.00

ALMI 14.97 0.89 0.00

Gait speed (m/s) BMI 0.04 0.75 0.00

ALMI 0.21 0.75 0.00

R2, adjusted coefficient of linear determination; HGS, handgrip strength; kg, kilo-

gram; KES, knee extension strength; N, Newton; FVC, forced vital capacity; m,

meter; s, second; BMI, body mass index; ALMI, appendicular lean mass index.

speed) was measured by the adjusted R2, which was always dif-
ferent from zero (Table 5). Its values are always highly significant
and, therefore, suggest a good approximation of the suggested
regression model.

DISCUSSION
This study shows that adult MD patients can be classified according
to the definition criteria of sarcopenia (Cruz-Jentoft et al., 2010).
Our patients in spite of varying degree of impairment of muscle
function, from mild to severe, all had “severe sarcopenia” that is
the combination of low muscle mass, low muscle strength, and
low physical performance (Cruz-Jentoft et al., 2010). The studied
patients were also defined“sarcopenic obese” having in addition to
a severe decrease in lean body mass an increase in FM (Baumgart-
ner et al., 2004; Stenholm et al., 2008). ALMI was markedly reduced
in all patients and correlated with the residual muscle strength in
the arms and legs, and with physical performances determined by
gait speed and FVC. In addition, ALMI and muscle strength were
significantly reduced in non-walkers as compared to walkers.

A similar alteration in body composition, that is, decrease in
lean body mass and increase in FM, was reported in patients with

different types of MD (Skalsky et al., 2008, 2009; Pruna et al.,
2011). Patients with facioscapulohumeral MD had higher fat tis-
sue mass and lower lean tissue mass, despite similar BMI than
controls (Skalsky et al., 2008). Patients with myotonic dystrophy
had lower regional FFM index and higher fat mass index than
controls (Pruna et al., 2011). However, in these studies, body
composition was compared with age-matched, able-bodies con-
trols, and not with the older adults impeding the recognition
of sarcopenia.

Body composition, assessed by DXA, has started to be included
in clinical trials as a primary or secondary endpoint in addition to
the evaluation of muscle strength and function (Kissel et al., 2001;
Merlini et al., 2008a; Vuillerot et al., 2014). A randomized, double-
blind, placebo-controlled trial of albuterol in facioscapulohumeral
dystrophy showed that although albuterol did not improve global
strength or function, it did increase muscle mass assessed by DXA
and improve some measures of strength (Kissel et al., 2001). The
influence of a 2-year steroid treatment on body composition mea-
sured by DXA was evaluated in 29 DMD boys (Vuillerot et al.,
2014). The 21 boys of the steroid group treatment improved signif-
icantly in body composition through a significant increase in lean
tissue mass. In the steroid-naive patients, there were no significant
increases in the lean tissue mass but deterioration in body com-
position was confirmed by a significant increase in the percentage
of body FM (Vuillerot et al., 2014).

Loss of muscle mass and increased intramuscular fibrosis char-
acterize both aging and MD. Research has shown that skele-
tal muscle wasting in aging and in muscular dystrophic share
some pathophysiological mechanisms, including mitochondrial
dysfunction (Irwin et al., 2003; Marzetti et al., 2013), increased
apoptosis (Marzetti and Leeuwenburgh, 2006; Merlini et al., 2008a;
Calvani et al., 2013), abnormal modulation of autophagy (Wohlge-
muth et al., 2010; Merlini et al., 2014), decline in satellite cells
(Thornell, 2011; Jiang et al., 2014), increased generation of reactive
oxygen species (Doria et al., 2012; Canton et al., 2014), and modifi-
cation of signaling and stress response pathways (Deldicque, 2013;
Marzetti et al., 2013; Canton et al., 2014). Therefore, a standard
evaluation of sarcopenia may be of benefit for both conditions:
aging and MD.

Altogether, this study shows that aging sarcopenia criteria can
be used in the evaluation of patients with MD providing relevant
information in terms of residual muscle mass,muscle strength,and
physical function, which may justify its broader implementation
in future research, clinical trials, and clinical practice.
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Symptoms in late-onset neuromuscular disorders initiate only from midlife onward and
progress with age. These disorders are primarily determined by identified hereditable
mutations, but their late-onset symptom manifestation is not fully understood. Here, we
review recent research developments on the late-onset autosomal dominant oculopharyn-
geal muscular dystrophy (OPMD). OPMD is caused by an expansion mutation in the gene
encoding for poly-adenylate RNA binding protein1 (PABPN1). The molecular pathogenesis
for the disease is still poorly understood. Despite a ubiquitous expression of PABPN1,
symptoms in OPMD are limited to skeletal muscles. We discuss recent studies showing
that PABPN1 levels in skeletal muscles are lower compared with other tissues, and specif-
ically in skeletal muscles, PABPN1 expression declines from midlife onward. In OPMD,
aggregation of expanded PABPN1 causes an additional decline in the level of the functional
protein, which is associated with severe muscle weakness in OPMD. Reduced PABNPN1
expression in muscle cell culture causes myogenic defects, suggesting that PABPN1 loss-
of-function causes muscle weakness in OPMD and in the elderly. Molecular signatures of
OPMD muscles are similar to those of normal muscle aging, although expression trends
progress faster in OPMD. We discuss a working hypothesis that aging-associated factors
trigger late-onset symptoms in OPMD, and contribute to accelerated muscle weakness in
OPMD.We focus on the pharyngeal and eyelid muscles, which are often affected in OPMD
patients. We suggest that muscle weakness in OPMD is a paradigm for muscle aging.

Keywords: adult myopathy, muscle degeneration, OPMD, PABPN1, RNA metabolism

In aging populations, late-onset disorders are highly common,
among which late-onset neuromuscular (NM) disorders are a
subset. NM disorders affect muscle fibers and/or the central and
peripheral nervous system and the NM junction that control the
muscle fibers. At present, these disorders are often incurable. As
life expectancy rises, the prevalence of late-onset disorders caus-
ing chronic muscle weakness increases. Muscle symptoms can
manifest from midlife onward, leading to a drastic functional
decline with social and economic burdens. This suggests that
in addition to the fundamental genetic defect(s), possible simi-
lar aging-associated regulators trigger the late onset of symptoms
and progression thereof. For example, protein catabolism, which
discards defective or redundant proteins (mainly through the
ubiquitin proteasome and autophagy systems), has been impli-
cated as a predominant regulator in normal aging and late-onset
diseases [reviewed in Low (2011) and Bonaldo and Sandri (2013)].
Reduced protein catabolism can also lead to an accumulation of
aggregation-prone proteins and formation of insoluble protein
aggregates. These aggregates are often the pathological hallmark
in a number of late-onset neurological and/or muscular disor-
ders (Ruegg and Glass, 2011; Bonaldo and Sandri, 2013). Although
symptoms of these diseases widely vary, symptoms often initiate in
a small subset of muscular or neuronal tissues (Ross and Poirier,
2005). While the primary genetic causes for these disorders are
known, why symptoms initiate from midlife onward in specific
tissues and how symptoms progress with age is still obscure.

Oculopharyngeal muscular dystrophy (OPMD) is an autoso-
mal dominant and rare myopathy. The estimated prevalence in
Western countries is 1:100,000 [reviewed in Raz et al. (2013)].
Due to founder effects, clusters with a higher prevalence are found
in French-Canadians and in the Bukhara community in Israel
(1:1000 and 1:600, respectively) (Blumen et al., 2000; Laberge
et al., 2005). It has been suggested, however, that outside these
communities, the disease remains underdiagnosed (Ruegg et al.,
2005). In OPMD, skeletal muscles are predominantly affected,
whereby initial symptoms are manifested in only a subset of mus-
cles. Most commonly, this leads to lowering (ptosis) of the eyelids
and swallowing difficulties (dysphagia). With disease progression,
additional skeletal muscles can be affected including the proxi-
mal muscles of the lower limb (including the quadriceps muscles)
(Fischmann et al., 2012). OPMD is a monogenic disorder and its
etiology is found in an alanine expansion mutation in the gene
encoding for poly-adenylate (poly(A)) binding protein nuclear 1
(PABPN1) (Brais et al., 1998). Formation of insoluble inclusions
in the cell nucleus is the pathological hallmark of OPMD muscles
(Tome and Fardeau, 1980). Under physiological expression levels,
expanded (exp)PABPN1 is more prone to aggregation compared
with the wild-type PABPN1 (Raz et al., 2011a). High overexpres-
sion of expPABPN1 in muscles of various animal models causes
muscle weakness, and it is suggested that accumulation of aggre-
gates could be the cause for the muscle dysfunction (Davies et al.,
2005). High overexpression of expPAPBN1 in animal models, as
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Raz and Raz OPMD as a paradigm for sarcopenia

well as in cellular models leads to cell death, suggesting that exp-
PABPN1 aggregates are toxic (Davies et al., 2008). Importantly,
treatments that may reduce aggregation lead to less cell death and
reduced muscle weakness in these animal models (Davies et al.,
2006, 2010; Catoire et al., 2008; Chartier et al., 2009). Based on
those models, it was suggested that muscle symptoms in OPMD
are caused by a PABPN1 gain-of-function. However, it is not
resolved whether animal models with high overexpression in mus-
cles are relevant to OPMD. For example, high overexpression of
expPABPN1 was not reported in OPMD heterozygous patients.
Moreover, aggregates of wild-type PABPN1 were found in unaf-
fected rat neural cells (Berciano et al., 2004). Altogether, it is
striking that despite the well-known genetic cause for OPMD, the
molecular mechanisms and physiological conditions that lead to
muscle symptoms are poorly understood. Here, we discuss four
questions for OPMD pathophysiology.

IS OPMD AN RNA METABOLISM DISORDER?
Poly-adenylate RNA binding protein1 is multifunctional regulator
of RNA metabolism. Initially, it was identified in vitro as a regu-
lator of poly(A) tail length (Kerwitz et al., 2003), subsequently
was validated in vivo (Benoit et al., 2005), and more recently, it
was shown to have an impact on mRNA decay (Bresson and Con-
rad, 2013). PABPN1 knockdown in mouse muscle cells causes
reduced poly(A) tail length that is associated with myogenesis
defects (Apponi et al., 2010); however, the relevance for OPMD
and muscle aging is unsettled. A change in poly(A) tail length
was not found in muscles from OPMD patients (Calado et al.,
2000). Recent studies revealed additional molecular functions for
PABPN1. A genome-wide shift from distal to proximal alterna-
tive polyadenylation site (PAS) and accumulation of shortened
transcripts were found in the mouse model for OPMD, A17.1,
which was generated by expPABPN1 overexpression in muscles,
and in cells with reduced PABPN1 expression (de Klerk et al.,
2012; Jenal et al., 2012). Similar alternative PAS utilization was
found in models with expPABPN1 overexpression and PABPN1
downregulation, suggesting that PABPN1 loss-of-function causes
defects in RNA metabolism (de Klerk et al., 2012; Jenal et al.,
2012). In OPMD muscles, PABPN1 downregulation was found
to be comparable to age-matching controls (Anvar et al., 2013).
Reduced PABPN1 levels in cellular models cause myogenic defects
(Apponi et al., 2010; Anvar et al., 2013). In addition, PABPN1 was
also found to regulate long non-coding RNA expression (Beaulieu
et al., 2012). However, so far, alternative PAS or long non-coding
RNA expression was not reported in OPMD patient muscles. To
adequately understand how PABPN1 regulates changes in RNA
metabolism in OPMD with an impact on muscle weakness, exper-
iments should be conducted in models with physiological levels of
PABPN1.

Aberrant RNA metabolism is not specific to OPMD, but is
found in a wide spectrum of unrelated late-onset neurologi-
cal and/or muscular disorders (O’Rourke and Swanson, 2009;
Anthony and Gallo, 2010). Since these disorders share a late
onset of symptoms and progression with age, age-associated reg-
ulators of RNA metabolism could be affected. It is still unclear
whether similar regulators of RNA metabolism are affected in these
disorders. In OPMD, affected muscles as well as muscles from

pre-symptomatic family members can be accessible for research
(Fischmann et al., 2012; Anvar et al., 2013). Therefore, OPMD
could be used as a paradigm to study the functional contribu-
tion of RNA metabolism to symptoms in late-onset neurological
and/or muscular disorders and to study a possible regulatory role
in the age-associated progression of the symptoms.

WHY ARE SKELETAL MUSCLES PRIMARILY AFFECTED
IN OPMD?
Poly-adenylate RNA binding protein1 is essential for cell vitality
(Bhattacharjee and Bag, 2012) and is expressed in all cells; how-
ever symptoms are predominantly manifested in skeletal muscles.
In OPMD patients, PABPN1 expression is specifically reduced in
affected Vastus lateralis muscles, while PABPN1 levels in whole
blood are unchanged between OPMD patients and healthy con-
trols (Anvar et al., 2013). In Dutch and Danish OPMD patients,
weakness of the quadriceps muscles is reported as one of the ini-
tial symptoms (Sluijs et al., 2003; Witting et al., 2014). PAPBN1
level is lower in skeletal muscles of both human being and mouse,
compared with a spectrum of tissues (Apponi et al., 2013). Since
symptoms in OPMD are predominant in skeletal muscles, this
suggests that below a certain crucial level, a functional impact is
manifested. Although a threshold for functional PABPN1 is yet to
be defined, due to low PABPN1 expression levels in skeletal mus-
cles (Apponi et al., 2013) this crucial level could reach a functional
impact. In other tissues, however, PABPN1 levels are sufficiently
high (Apponi et al., 2013), and thus, if any aging-associated decline
may occur (Anvar et al., 2013), they would be spared from a func-
tional deficiency (Figure 2). Indeed, altered PABPN1 at 40, 60,
or 80% expression level causes reciprocal decrease in the expres-
sion of sarcomeric genes (Anvar et al., 2013). This working model
requires additional in vivo experiments.

It is not fully understood why levels of PABPN1 are lower in
skeletal muscles. PABPN1 mRNA is less stable in muscles com-
pared with other tissues (Apponi et al., 2013). PABPN1 mRNA
binds to PABPN1 protein (Raz et al., 2014), which potentially
affects PABPN1 mRNA stability, nuclear export, and transla-
tion (Figure 1). As yet, regulators of mRNA stability in muscles
and aging-associated changes are poorly understood. In addi-
tion, PABPN1 protein turnover is regulated by the ubiquitin
proteasome system (UPS) (Raz et al., 2011b). Differences in poly-
ubiquitination levels between wild type and expPABPN1 result in
higher protein turnover of wild-type PAPBN1 as compared with
expPABPN1 (Raz et al., 2011b). Since PABPN1 is prone to aggre-
gation, higher protein accumulation leads to aggregate formation
and reduced availability of the functional protein. PABPN1 pro-
tein accumulation is regulated by ARIH2 E3-ligase, whose level
also declines from midlife onward in skeletal muscles (Raz et al.,
2014). In OPMD muscles, ARIH2 level is lower compared to age-
matching controls, which in part could result by the alternative
PAS utilization in ARIH2 3′-UTR that is directly regulated by
PABPN1 level. In addition, as ARIH2 protein is entrapped in exp-
PABPN1 aggregates, functional protein levels would be depleted
(Raz et al., 2014). Protein entrapment in PABPN1 aggregates was
reported for other E3 ligases and the proteasome (Corbeil-Girard
et al., 2005; Tavanez et al., 2005; Anvar et al., 2011), suggest-
ing that the UPS machinery is dysregulated in OPMD. In turn,
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Raz and Raz OPMD as a paradigm for sarcopenia

FIGURE 1 | A schematic working model for regulation of PABPN1
levels. PABPN1 levels are established by a feed-forward loop combining at
least regulation of mRNA stability and protein turnover. PABPN1 protein
accumulation is regulated by the ubiquitin proteasome system (UPS),
including ARIH2 E3-ligase. An aging-associated distortion of the UPS
causes impairment of PABPN1 protein turnover affecting its mRNA stability
and genes of the UPS, including ARIH2 E3-ligase. In turn, PABPN1 mRNA
levels, which are self-regulated, also decrease with aging. However, the
molecular factors regulating PABPN1 mRNA stability are unknown as yet.
In OPMD and in aging, reduced levels of PABPN1 eventually cause
genome-wide changes in gene expression.

mRNA dysregulation of the UPS was found to be the most consis-
tent dysregulated cellular system in OPMD (Anvar et al., 2011; de
Klerk et al., 2012). Although a mechanistic model for regulation
of PABPN1 levels in aging and muscle disease calls for additional
research, the current literature suggests that changes in PABPN1
levels in muscles are regulated by both mRNA stability and pro-
tein turnover and that these machineries are specifically affected
in OPMD (Figure 1). Regulators of PABPN1 mRNA stability and
protein turnover should be identified in future studies.

WHY SPECIFIC MUSCLES SEEM TO BE MORE AFFECTED
THAN OTHER MUSCLES?
In OPMD, the ocular and pharyngeal muscles are initially the most
commonly affected; however, with progression of the disease, more
skeletal muscles are affected. These muscles are also often affected
in otherwise healthy elderly. Most skeletal muscles are weakened
during aging; however, it is unclear whether aging-associated mus-
cle weakness is programed, concerning initially affected muscles
and progression. Relevant to OPMD, dysphagia, resulting from
weakness of pharyngeal muscles, and eyelid ptosis, resulting from
weakness of the levator palpebrae muscle, is highly common in
the elderly (Salvi et al., 2006; Fea et al., 2013; Iida et al., 2013).
In contrast to the otherwise healthy population, in OPMD, symp-
toms start at an earlier age and seem more severe, possibly due
to faster progression. Eyelid ptosis can also be caused by rare
multiple mitochondrial DNA deletion syndromes, including pro-
gressive external ophthalmoplegia (PEO) (Van Goethem et al.,
2003). Increased mitochondrial deletions were found in the extra-
ocular muscles compared to other muscles and are aging associated
(Yu-Wai-Man et al., 2010), indicating a prominent role for mito-
chondrial activity in ocular muscles during aging. A decrease in
mitochondrial activity was reported in a mouse model for OPMD
(Trollet et al., 2010) and in a muscle cell model with PABPN1
downregulation (Anvar et al., 2013). These studies suggest that in
OPMD, mitochondrial dysfunction may contribute to the muscle
weakness and future studies should explore a role for PAPBN1

in the regulation of mitochondrial genes and mitochondrial and
metabolic cellular functionality.

Dysphagia in the elderly is determined by age-associated
anatomical changes in the neck and throat, underpinning the swal-
lowing function in otherwise healthy elderly (Ney et al., 2009).
Furthermore, dysphagia is also common in different age-related
diseases including NM disorders (Schindler and Kelly, 2002). Dys-
phagia in the otherwise healthy elderly manifests by a less efficient
passage of food to the esophagus due to changes in swallowing
pressures of the upper esophageal sphincter and delayed muscle
movements (Yokoyama et al., 2000). Symptoms are suggested to
be associated with an increase in muscle atrophy and a decrease in
muscle strength of the pharyngeal muscles (Feng et al., 2013).

Although it is not clear why ocular and pharyngeal muscles are
initially affected in OPMD, the ocular and pharyngeal muscles are
constantly, and often unconsciously, routinely used in daily life.
Interestingly, PABPN1 levels in mice pharyngeal muscle are lower
compared with other skeletal muscles (Apponi et al., 2013). This
suggests that this muscle could be more susceptible to a further
decrease in PABPN1 levels. However, functional studies, especially
in human beings, would lead to conclusive answers.

WHY SYMPTOMS INITIATE FROM MIDLIFE ONWARD AND
DOES OPMD REPRESENT ACCELERATED MUSCLE AGING?
Muscle aging (sarcopenia) is marked, among others, by a decrease
in muscle mass (atrophy), an increase in fat infiltration and inflam-
mation leading to a decrease in muscle strength and physical
performance (Cruz-Jentoft et al.,2010). In the A17.1 mouse model,
muscle atrophy appears already from 12 weeks of age (24–month-
old mice are considered as aged) and is complemented by expres-
sion dysregulation of known muscle atrophy genes such as Murf1
and Atrogin-1 (Trollet et al., 2010). Muscle atrophy in this mouse
model is prominent in the fast glycolytic (type IIX/IIB) fibers,
whereas the slow oxidative (type I) and fast oxidative (type IIA)
fibers seem to be spared (Trollet et al., 2010). Although it is widely
accepted that aged muscles of rodents are enriched in slow (type
I) fibers compared to fast (type II) fibers, in aging human muscles,
the literature concerning this fiber-type switch is not conclusive
(Purves-Smith et al., 2014). Therefore, the implications of the
muscle fiber-type switch for OPMD patients are unsettled. Stud-
ies in additional models are necessary in order to reveal whether
reduced PABPN1 levels induce muscle atrophy and muscle fiber-
type switch. Muscle aging can also be non-invasively quantified
from magnetic resonance imaging (MRI) including muscle cross-
sectional surface area, fatty infiltration (Fischmann et al., 2012;
Willis et al., 2013), and inflammation (Eshed et al., 2007). These
measures can be considered as approximations of muscular qual-
ity. With these measures, progressive muscular atrophy in OPMD
was documented (Fischmann et al., 2012).

Although OPMD is often grouped within the muscular dystro-
phies, our studies of RNA expression profiles in OPMD muscles
and OPMD models revealed higher similarities with muscles from
the elderly rather than with muscular dystrophies or myopathies
(Anvar et al., 2013), suggesting similar molecular signatures. Over-
lapping dysregulated genes were found for the mitochondria, the
UPS, DNA repair, TGF-β signaling, and sarcomeric genes (Anvar
et al., 2013). However, functional studies should investigate a
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Raz and Raz OPMD as a paradigm for sarcopenia

FIGURE 2 | A schematic working model for the aging-associated
decline of muscle strength and PABPN1 in OPMD (A) and healthy
controls (B). In skeletal muscles, a decline in PABPN1 levels starts from
midlife onward in both OPMD and healthy controls. The onset of decline
from midlife onward is caused by secondary age-associated effectors,
which mostly are unknown. Eventually, below a critical PABPN1 level,
muscle weakness symptoms are manifested. This process is accelerated in
OPMD due to aggregation of expanded PABPN1, which further depletes
levels of functional PABPN1. In other tissues, however, levels of PABPN1
are higher and a possible age-related decline of PABPN1 does not reach the
critical level for a functional impact.

role for additional aging-associated pathways. For example, the
autophagy system has also been found to have an imperative
regulatory role in many age-associated diseases, in healthy aging
(Schneider and Cuervo, 2014), and in muscle atrophy (Bonaldo
and Sandri, 2013). As PABPN1 can shuttle between the nucleus
and the cytoplasm (Abu-Baker et al., 2005; Benoit et al., 2005), it
should be investigated whether PABPN1 is also regulated by the
autophagy system. Moreover, genes of the autophagy system could
be regulated by PABPN1 (Anvar et al., 2013). More interestingly,
age-associated changes in a cross-sectional data revealed a faster
change in expression level for a subset of genes, among which many
are known as aging genes, muscle-specific sarcomeric genes, and
PABPN1 (Anvar et al., 2013). This suggests that muscle weakness
in OPMD could represent accelerated muscular aging, and thus,
OPMD muscles could be a paradigm for otherwise healthy muscle
aging (Figure 2).
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The four-and-half LIM domain protein 1 (FHL1) is highly expressed in skeletal and cardiac
muscle. Mutations of the FHL1 gene have been associated with diverse chronic myopathies
including reducing body myopathy, rigid spine syndrome (RSS), and Emery–Dreifuss mus-
cular dystrophy. We investigated a family with a mutation (p.C150R) in the second LIM
domain of FHL1. In this family, a brother and a sister were affected by RSS, and their mother
had mild lower limbs weakness.The 34-year-old female had an early and progressive rigid-
ity of the cervical spine and severe respiratory insufficiency. Muscle mass evaluated by
DXA was markedly reduced, while fat mass was increased to 40%. CT scan showed an
almost complete substitution of muscle by fibro-adipose tissue. Muscle biopsy showed
accumulation of FHL1 throughout the cytoplasm and around myonuclei into multiprotein
aggregates with aggresome/autophagy features as indicated by ubiquitin, p62, and LC3
labeling. DNA deposits, not associated with nuclear lamina components and histones, were
also detected in the aggregates, suggesting nuclear degradation. Ultrastructural analysis
showed the presence of dysmorphic nuclei, accumulation of tubulofilamentous and gran-
ular material, and perinuclear accumulation of autophagic vacuoles. These data point to
involvement of the aggresome–autophagy pathway in the pathophysiological mechanism
underlying the muscle pathology of FHL1 C150R mutation.

Keywords: myopathy, sarcopenia, FHL1, autophagy, protein aggregates

INTRODUCTION
Four-and-half LIM domain protein 1 (FHL1) is a cysteine-rich
double zinc-finger protein encoded by the FHL1 gene, localized on
chromosome X (Dawid et al., 1995; Kadrmas and Beckerle, 2004).
To date, three distinct FHL1 splicing isoforms have been identi-
fied (Brown et al., 1999; Morgan and Madgwick, 1999; Ng et al.,
2001; Purcell et al., 2004; Johannessen et al., 2006; McGrath et al.,
2006). FHL1A, also known as skeletal muscle LIM protein 1, is the
full-length protein. FHL1B, or SLIMMER, is composed of the first
three LIM domains and contains nuclear localization and export
sequences and a RBP-J binding region. FHL1C, or KyoT2, is the
shortest isoform, which contains only the first two LIM domains
and a RBP-J binding region and interacts with PIAS1 (Taniguchi
et al., 1998; Wang et al., 2007).

Four-and-half LIM domain protein 1 is highly expressed in
skeletal and cardiac muscles (Lee et al., 1998; Brown et al., 1999;
Greene et al., 1999; Morgan and Madgwick, 1999), where it
localizes in the myofibrillar sarcomeres and in the sarcolemma
(Bertrand et al., 2014). This protein has been demonstrated to

be involved in several processes, including cellular architecture
(McGrath et al., 2003, 2006), myoblast differentiation (Lee et al.,
2012), mechanotransduction (Sheikh et al., 2008), and myofiber
size (Cowling et al., 2008). FHL1 binds signaling and cytoskeletal
proteins as well as transcription factors, acting as a transcriptional
regulator of nuclear factor of activated T cells (NFATc1) to enhance
the expression of genes that increase myofiber size (Cowling et al.,
2008).

Mutations in the FHL1 gene are responsible for a number
of muscular disorders, which exhibit a broad spectrum of clin-
ical features and disease severity ranging from severe childhood
onset to milder adult-onset disorders. The diseases described
so far include X-linked myopathy with postural muscle atrophy
(XMPMA) (Windpassinger et al., 2008), reducing body myopathy
(RBM) (Schessl et al., 2009; Shalaby et al., 2009; Selcen et al., 2011;
Schreckenbach et al., 2013), X-linked dominant scapuloperoneal
myopathy (Quinzii et al., 2008; Chen et al., 2010), rigid spine syn-
drome (RSS) (Shalaby et al., 2008), hypertrophic cardiomyopathy
(Friedrich et al., 2012), and Emery–Dreifuss muscular dystrophy
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(Gueneau et al., 2009; Knoblauch et al., 2010). RBM is charac-
terized by the presence of intracellular protein aggregates called
“reducing bodies (RBs)”mainly containing mutated FHL1 protein,
cytoskeletal and intermediate filament proteins, and components
of the unfolded protein response pathway (Liewluck et al., 2007).
Although scapuloperoneal myopathy, XMPMA, RSS, hypertrophic
cardiomyopathy, and Emery–Dreifuss muscular dystrophy share
some overlapping clinical features and muscle pathology with
RBM, the involvement of protein aggregation in these disorders
remains unclear (Wilding et al., 2014).

Reducing bodies morphologically resemble aggresomes, struc-
tures proposed to facilitate the sequestration, and degradation
of toxic misfolded proteins. Non-functional, damaged, and/or
misfolded proteins are removed from the cell by the ubiquitin
proteasome system. However, when the capacity of the protea-
some is impaired or overwhelmed, polyubiquitinated misfolded
proteins cannot be properly cleared and accumulate into the aggre-
some (Goldberg, 2003; Kawaguchi et al., 2003). Accumulating
evidence suggests that aggresomes are substrates for autophagy.
Autophagy is a degradation pathway that mediates bulk clear-
ance of cytosolic proteins and organelles by the lysosome in a
highly regulated process involving the coordinated actions of a
large number of autophagy-related (Atg) genes. In response to
particular stimuli, such as proteasomal dysfunction, an isolation
membrane forms and expands to sequester portions of cytoplasm
into double membrane structures called autophagosomes. The
autophagosomes eventually fuse with lysosomes and their con-
tents are degraded by lysosomal hydrolases. One hypothesis is that
aggresomes may concentrate aggregated proteins for more effi-
cient autophagic degradation (Bjorkoy et al., 2005, 2006; Iwata
et al., 2005). Recent evidence indicates that aggresome formation
is mediated by dynein/dynactin-mediated transport of misfolded
proteins to the centrosome and involves several regulators, includ-
ing the E3 ubiquitin-protein ligase parkin (Olzmann et al., 2008).
Aggresome clearance is mediated by ubiquitin-binding proteins
such as p62/SQSTM1 (Kirkin et al., 2009), an adaptor protein
that decides the fate of protein degradation either through the
ubiquitin proteasome system or the autophagy–lysosome pathway
(Komatsu et al., 2007; Kirkin et al., 2009; Komatsu and Ichimura,
2010). Here, we report evidence of aggresome and autophagy
involvement in the muscle of a sarcopenic patient with RSS and
p.C150R mutation in the FHL1 gene.

MATERIALS AND METHODS
GENOTYPING
The six coding exons and introns boundaries of FHL1
(NM_001159702) were screened for mutations by PCR on DNA
from peripheral lymphocytes using primer pairs with a universal
sequence (Table on demand). Exon 5 was sequenced with primers:

5PUF: 5′−ACCGTTAGTATGCGAGTTGGATTCAGGCAC

TGGATCCTA− 3′

5PUR: 5′−TCGGATAGTCAGTCGTTTGCTGTCGTGAGG

ATGGAATG− 3′.

Analysis of sequences was done with SeqScape software
(Applied Biosystem).

MUSCLE BIOPSY
Peroneal muscle biopsy of the 34-year-old female was performed
after written informed consent, and approval was obtained from
the Ethics Committee of the Rizzoli Orthopedic Institute. The
muscle sample was frozen in melting isopentane and stored in
liquid nitrogen.

HISTOCHEMISTRY AND IMMUNOHISTOCHEMICAL ANALYSIS
Standard histochemical study was performed, and congophilic
deposits were identified by Congo red staining (Bioptica) follow-
ing the manufacturer’s instructions. Cytochrome oxidase activity
was assessed by conventional method. Acridine-orange staining
was performed as previously reported (Darzynkiewicz, 1994). For
double staining with menadione–nitro blue tetrazolium and anti-
FHL1 antibodies,10 µm-thick frozen sections were incubated with
menadione-NBT solution in Gomori-Tris-HCl buffer at pH 7.4,
without the addition of α-glycerophosphate substrate (Brooke and
Neville, 1972), followed by incubation with anti-FHL1 antibody
(Aviva System) and TRITC conjugated anti-rabbit secondary anti-
body (DAKO). Seven micrometer-thick non-fixed frozen sections
were incubated with antibodies against laminin α2 chain, colla-
gen VI, parkin (Millipore), desmin, developmental myosin heavy
chain (d-MHC), fast myosin heavy chain, dystrophin (DYS1,
DYS2, and DYS3 antibodies), emerin, lamin A/C (Novocastra),
LC3 (Novus Biologicals), p62 (Progen Biotechnik), pericentrin,
α-B-crystallin (Abcam), ubiquitin (Santa Cruz Biotechnologies),
and histones (Chemicon), and revealed with FITC or TRITC
conjugated anti-rabbit, anti-mouse, or anti-guinea pig secondary
antibodies. Samples were stained with DAPI, mounted with anti-
fading reagent (Molecular Probes), and observed with a Nikon
epifluorescent/light microscope.

CONFOCAL IMAGING
The confocal imaging was performed with a A1-R confocal laser
scanning microscope (Nikon), equipped with a Nikon 60×, 1.4
NA objective, and with a 488 and 561 nm laser lines to excite FITC
(green) and TRITC (red) fluorescence signals. The 3D images were
processed by stacking up 20–25 consecutive confocal images with
surface shaded reconstruction. No deconvolution was applied to
the images.

TRANSMISSION ELECTRON MICROSCOPY
Muscle biopsy was fixed with 2.5% glutaraldehyde in 0.1 M cacody-
late buffer pH 7.4 for 3 h at 4°C, post-fixed with 1% osmium
tetroxide in cacodylate buffer for 2 h, dehydrated in an ethanol
series, infiltrated with propylene oxide and embedded in Epon 812
resin. Ultrathin sections were stained with uranyl acetate and lead
citrate (Reynolds) and examined under a Philips EM400 operating
at 100 kV.

WESTERN BLOTTING
Twenty micrometer-thick frozen sections were cut from the mus-
cle biopsy of a healthy individual and of the proband patient.
Sections were taken from two different portions of the patient
muscle biopsy (referred as Pa and Pb). Muscle sections were
lysed in 150 µl lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl,
10 mM MgCl2, 1 mM EDTA, 10% glycerol, 0.5 mM DTT, 2%
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sodium dodecyl sulfate, 1% Triton X-100) supplemented with
phosphatase inhibitors (Sigma-Aldrich) and protease inhibitors
(Roche), heated at 70°C for 10 min and centrifuged at 16,100 g for
10 min at 4°C. The protein content of each lysate was determined
by the BCA Protein Assay kit (Pierce) and 30 µg of total proteins
were separated by SDS-PAGE (Invitrogen) and immunoblotted as
previously described (Chen et al., 2014). Membranes were probed
with primary antibodies against FHL1 (ab23937 Abcam), LC3
(Thermo Scientific), p62 (Progen Biotechnik), ubiquitin (Cell Sig-
naling Technologies), beclin 1 (Cell Signaling), BNIP3 (Sigma),
vinculin (Sigma), or GAPDH (Millipore). Proteins were revealed
with anti-rabbit, -mouse (Bethyl), -goat (Santa Cruz Biotechnolo-
gies), or -guinea pig (Sigma) HRP-conjugated secondary antibod-
ies using the ECL reagent (Pierce-Thermo Scientific). Densitomet-
ric quantification of protein bands was performed by the ImageJ
software (US National Institute of Health). Western blotting and
quantifications are representative of at least three independent
experiments.

RESULTS
The proband is a 34-year-old woman who noticed the inability
to extend the right thumb at age 20. Soon after, she manifested
neck weakness and limitation of flexion. Progression of weakness
was rapid and she started to have difficulty in climbing stairs and
getting up from the floor. At age 24, she started falling several
times while walking. At age 26, the patient lost ambulation and
was wheelchair bound. Examination at age 34 showed an atrophic
phenotype with marked diffuse muscle wasting and weakness and
prominent contractures. She had normal facial muscle strength,
a minimal residual motor function in the elbow extensors and in
the right biceps, but was profoundly weak in all the other muscles.
She revealed marked contractures involving proximal and distal
joints. The most striking contractures were in the neck muscles
causing a fixed hyperextended neck that was also impossible to
move in any direction. She showed a progressive decline in the
respiratory function with a forced vital capacity 59% of predicted
at age 25, 45% at age 27, and 13% at age 34. She refused to undergo
mechanical ventilation. Cardiac investigation, including echocar-
diography and Holter, revealed no cardiac involvement. Muscle
CT showed that all muscles were atrophic and substituted by fat
and connective tissue, including the axial muscles, with a minimal
sparing of the rectus femoris and vastus lateralis on the left, and
of the peroneus on the right (Figure 1A). She was underweight
(BMI= 17.1). However, according to her body composition, as
revealed by DXA, she was sarcopenic/obese (appendicular lean
body mass index of 3.27 kg/m2 and total body fat of 44.4%)
(Baumgartner et al., 2004). Her brother had a similar atrophic
phenotype with marked rigidity of the spine and diffuse contrac-
tures but with more rapid progression, as he lost ambulation at
age 18 and underwent tracheostomy at age 28. Their mother at
age 58 had a mild lower limbs weakness and no contractures.

Sequencing of the FHL1 gene in the index case identified a
single missense mutation c.448T > C in exon 5 resulting in the
replacement at codon 150 of a cysteine residue with an arginine
residue (p.Cys150Arg). Nucleotide c.448 and residue p.150 of the
FHL1 gene are highly conserved among species and evolution,
and all prediction softwares conclude for a pathogenic mutation.

Analysis of the family showed that her brother and mother also
have the same FHL1 mutation.

Muscle biopsy showed fiber size variability, numerous internal
nuclei, and increased endomysial and perimysial tissue. Several
muscle fibers showed menadione-NBT positive aggregates, con-
sistent with the presence of RBs (Figure 1B). RBs were devoid of
oxidative enzyme activity and displayed an intense congophilia,
indicative of the presence of amyloid deposits. Immunohisto-
chemistry with FHL1 antibody revealed the presence of protein
aggregates in about 20% of muscle fibers. Consistent with previ-
ous reports (Selcen et al., 2011; Feldkirchner et al., 2013; Bertrand
et al., 2014), FHL1 deposits were detected throughout the cyto-
plasm and around myonuclei. Double staining with menadione-
NBT revealed that FHL1 deposits strongly correlated with RBs,
although with a more diffuse pattern. Desmin and α-B-crystallin
(not shown) were strongly up-regulated in affected muscle fibers
but they did not co-localize with FHL1 deposits (Figure 1 and data
not shown). Sarcolemmal components, such as dystrophin and
laminin α2, were not detected in RBs; collagen VI was increased
in the endomysium and perimysium, possibly as a consequence of
active fibrosis (data not shown).

Reducing bodies displayed aggresome features as indicated
by association with ubiquitin and with the luminal endoplas-
mic reticulum chaperone Grp78, in agreement with a previous
work (Wilding et al., 2014). Consistent with aggresome formation,
parkin, an E3 ubiquitin ligase involved in retrograde transport of
misfolded proteins to centrosome (Garcia-Mata et al., 1999), and
pericentrin, a marker of centrosome, were increased in affected
myofibers (Figure 2A). Western blot analysis showed a patient-
specific increase of ubiquitin (Figure 2B), confirming the massive
presence of aberrant ubiquitinated proteins. Western blotting for
FHL1 in the soluble fraction of patient muscle biopsy showed
no significant change of FHL1 protein levels with respect to the
control (Figure 2C).

Confocal imaging revealed a clear co-localization of FHL1
with p62 labeling (Figure 2D). FHL1/p62-positive aggregates also
stained with DAPI, indicating the presence of nuclear mater-
ial. Interestingly, DAPI-positive structures were not surrounded
by nuclear lamina, as indicated by the absence of lamin A/C
(Figure 3A) and emerin (not shown). In addition, DAPI-positive
structures did not associate with histones (Figure 3B) and dis-
played an intense red fluorescence when stained with acridine
orange (Figure 3C), a metachromatic dye that differentially stains
double-stranded DNA and single-stranded DNA or RNA. Notably,
DNase treatment strongly reduced the acridine-orange staining
(Figure 3D). Altogether, these data suggest that FHL1/p62 aggre-
gates also include single-stranded DNA, possibly due to nuclear
degradation.

Recent studies have suggested that aggresomes are substrates
for autophagy (Yao, 2010). LC3 immunolabeling on the patient
muscle biopsy revealed the presence of autophagosomes in prox-
imity of p62 aggregates (Figure 4A), suggesting the involvement of
the autophagic pathway in aggresome clearance. Moreover, analy-
sis of the protein levels of several autophagic markers showed a
strong accumulation of p62, confirming the presence of an ele-
vated number of aggresomes (Figures 4B,C). Notably, Beclin 1
and BNIP3, two well-known positive regulators of autophagy, were
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FIGURE 1 | (A) Patient with FHL1 mutation: index case. Muscle CT imaging of
the neck (a), left thigh (b), pelvis (c), lower legs (d), and abdominal (e) muscles.
In the neck, there is a relative preservation of the left sternocleidomastoideus
(1) and almost complete involvement of all the other muscles (a). In the left
thigh, only the rectus femoris (2) and vastus lateralis (3) are relatively spared
(b). In the pelvis (c) and in the abdomen (e), there is a marked degeneration of
all muscles. In the lower legs, only the peroneus (4) of the right leg is
relatively spared (d). (B) Histochemistry and immunohistochemical analysis of
patient muscle biopsy. Cross-sections show the presence of RBs in several

muscle fibers, as revealed by menadione-NBT staining (a). Granular deposits
are detectable at the nuclear rim of some myonuclei (a, inset). RBs appear
devoid of oxidative activity (cytochrome oxidase, COX in b) and display affinity
to Congo red staining (c). Immunofluorescence analysis of FHL1 shows
protein accumulation throughout the cytoplasm of several muscle fibers (d)
and around myonuclei (d, inset). FHL1 immunolabeling (e), followed by
menadione-NBT staining (f), demonstrates that FHL1 accumulates in RBs (f).
Double labeling for FHL1 and desmin (g–i) shows a marked increase of
desmin in FHL1-accumulating myofibers. Scale bar, 20 µm.

strongly increased in the patient biopsy, indicating that autophagy
induction is taking place, likely in response to the need of clearing
the accumulating aggregates. This was further confirmed by the

slight increase of LC3 lipidation observed in the patient biopsy
(Figures 4B,C). All together, these data indicate that autophagy is
strongly induced in the muscle biopsy from the patient.
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FIGURE 2 | (A) Double labeling of FHL1 with pericentrin, parkin, ubiquitin,
and Grp78 in cross-sections of patient muscle biopsy. Scale bar, 20 µm.
(B) Western blot analysis for ubiquitin in total protein extracts from muscle
biopsies derived from a healthy donor (C) and from the patient (two
different fragments of the index case biopsy, Pa and Pb). Increased
reactivity for ubiquitin is clearly detectable in patient extracts. Ponceau S
staining is shown as loading control. (C) Western blot analysis for FHL1 and
vinculin in total protein extracts from muscle biopsies derived from a
healthy donor (C) and from the index case (Pa and Pb). Quantification of the

FHL1 protein level showing the relative western blot intensity with respect
to control. Densitometric quantification was performed by three
independent western blot experiments (P > 0.05, Pa and Pb vs C).
(D) Confocal immunofluorescence imaging of the patient muscle biopsy
labeled with FHL1 antibody (red), p62 antibody (green), and DAPI (blue). The
maximum intensity projections of the single channels (white) are shown on
the left, the merged image of confocal projections are shown in the middle,
and the 3D surface shaded reconstruction of an enlargement of the area
defined by the white box is shown on the right. Scale bar, 10 µm.

Ultrastructural analysis showed cytoplasmic bodies and
tubulofilamentous material associated with nuclear alterations
and autophagic vacuoles (Figure 5). Tubulofilamentous aggregates
ranged from 14 to 1.2 nm. Dysmorphic nuclei showed condensed
heterochromatin, ribonucleoprotein aggregates, enlarged nucleoli,

and condensed granular material at the outer face of the nuclear
cisterna. In addition, a reduced number of nuclear pores were
also detected in nuclei with hypercondensed heterochromatin.
Autophagic vacuoles, and in particular autophagolysosomes as
indicated by the presence of a single membrane, were frequently
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FIGURE 3 | Continued
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FIGURE 3 | Continued
(A) Confocal immunofluorescence imaging of the patient muscle biopsy
labeled with FHL1 antibody (red), lamin A/C antibody (green), and DAPI (blue).
The maximum intensity projections of red and green channels (white) are
shown on the left, the merged image of confocal projections are shown in the
middle, and the 3D surface shaded reconstruction of an enlargement of the
area defined by the white box is shown on the right. (B) Confocal
immunofluorescence imaging of the patient muscle biopsy labeled with an
anti-histones antibody (green) and DAPI (blue), together with 3D surface
shaded reconstruction (merge). (C) Acridine-orange staining. The maximum

intensity projections of the single channels (white) are shown on the left, the
merged image of confocal projections are shown in the middle, and the 3D
surface shaded reconstruction of an enlargement of the area defined by the
white box is shown on the right. (D) Acridine-orange staining after DNase
digestion on frozen sections of the patient’s muscle biopsy showing that the
treatment completely removed nuclear and RBs associated DNA. The
maximum intensity projections of the red and green channels (white) are
shown on the left, the merged image of confocal projections are shown in the
middle, and the 3D surface shaded reconstruction of the area defined by box
is shown on the right. Scale bar, 10 µm.

FIGURE 4 | (A) Confocal immunofluorescence imaging of the patient muscle
biopsy labeled with LC3 antibody (red), p62 antibody (green), and DAPI (blue).
The maximum intensity projections of the single channels (white) are shown
on the left, the merged image of confocal projections are shown in the
middle, and the 3D surface shaded reconstruction of an enlargement of the
areas defined by the white boxes are shown on the right. Scale bar, 10 µm.

(B) Western blot analysis for the autophagic markers LC3, Beclin 1, BNIP3,
and p62 in muscle biopsies derived from a healthy donor (C) and from the
index case (Pa and Pb). GAPDH was used as a loading control. (C) Quantifica-
tion of the protein levels showing the relative western blot intensity with
respect to control. Densitometric quantification was performed by three
independent western blot experiments (***P < 0.001; **P < 0.01; *P < 0.05).

found in proximity of altered nuclei. Other inclusions consisted
of myelinic bodies and aggregates of sarcoplasmic reticulum.

DISCUSSION
In this work, we provided data showing that aggresome
and autophagy are involved in the pathophysiological defects

underlying the muscle pathology of a sarcopenic patient with RSS
and carrying a FHL1 p.C150R mutation.

In our family, the female index case and her brother had a
typical RSS (Moghadaszadeh et al., 2001). The p.C150R muta-
tion has already been reported in patients with RSS (Schessl et al.,
2010; Selcen et al., 2011). Interestingly, another female patient
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FIGURE 5 |Transmission electron microscopy of patient muscle
biopsy. (A–D) Images showing cytoplasmic body (asterisk) and
tubulofilamentous aggregates (arrowhead) close to degenerated nuclei
(N). Higher magnification of the areas defined by boxes in (A) is shown
in (B–D). (E,F) Images showing altered nuclei with granular material

accumulated at the nuclear rim. (G) Images showing dilated
sarcoplasmic reticulum filled with amorphous material in a myofiber.
(H–J) Images showing autophagic vacuoles and myelin figures close to
nuclei and throughout some sarcomeres of muscle fibers. Scale bar,
500 nm.

(Selcen et al., 2011) presented extensor pollicis weakness, which
was the first symptom noticed by our index case. Our patient had
an atrophic phenotype. Underweight by body mass index, she was
recognized to be sarcopenic-obese as determined by DXA given
the marked reduction of lean body mass with relative increase
of fat mass (Baumgartner et al., 2004). The sarcopenic condi-
tion was also reflected in the muscle CT that showed diffuse end
stage degeneration. The brother of the index case had a severe
progressive course; he lost ambulation at age 18, and underwent
tracheostomy at age 28. In previously reported families, male
patients were the most affected, while female carriers showed
varying manifestations usually mild and some were asymptomatic

(Schessl et al., 2010; Selcen et al., 2011). In our family, the two
female patients had a very different course: severe and progres-
sive in the index case and mild in her mother who was ambulant
and without spine rigidity at age 58. Because of X chromosome
inactivation, heterozygous women are mosaic for X-linked gene
expression. This may explain the much milder phenotype in the
mother compared with that of her daughter (Schessl et al., 2010;
Selcen et al., 2011). The less affected mother was also much less
atrophic, pointing to a possible differential activation of muscle
atrophy pathways. However, no muscle biopsy of the mother was
available, and X-inactivation studies were not performed in this
family.
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Muscle findings included menadione-NBT-positive aggregates,
consistent with RBs, which also contained FHL1. The same FHL1
mutation was previously reported in a family with RBM phenotype
(Schessl et al., 2010) and in two patients with RBs and myofib-
rillar myopathy (Selcen et al., 2011). Also in those patients, the
mutated FHL1 protein accumulated in RBs, pointing to a causative
effect of this mutation in RB formation. The mutated cysteine
residue localizes in the second LIM domain of the protein and it is
expected to affect all FHL1 isoforms, i.e., full-length FHL1A and
the shorter FHL1B and FHL1C polypeptides. Cys150 is a crucial
coordinating residue in the second LIM domain (Michelsen et al.,
1994) and mutations occurring at this site are predicted to induce
protein misfolding. It has been proposed that the accumulation
of misfolded FHL1 polypeptides results in the characteristic RB
aggregates observed in muscle of RBM patients as well as in C2C12
myoblasts transfected with the mutant FHL1 protein (Schessl et al.,
2008).

Aggresomes are structures proposed to facilitate the sequestra-
tion and degradation of toxic misfolded proteins. In agreement
with previous reports (Bertrand et al., 2014), the RBs of the
proband displayed characteristics of aggresomes, as indicated by
the increase of proteins involved in aggresome formation and
by the accumulation of ubiquitin, Grp78, p62, and cytoskeletal
components, such as desmin and α-B-crystallin. Moreover, the
FHL1-containing aggresomes were mainly accumulated around
nuclei. It is well known that aggresome formation is mediated by
the dynein/dynactin-mediated transport of misfolded proteins to
the centrosome, as confirmed by the presence of aggresomes in
the perinuclear region and matching with centrosome markers
(Olzmann et al., 2008). In muscle cells, the centrosome undergoes
redistribution at the nuclear rim during differentiation (Bugnard
et al., 2005). This pattern persists in adult muscle (Srsen et al.,
2009), as indicated by the localization of centrosome markers
on the outer membrane of the nuclear cisterna. This peculiar
positioning of the centrosome at the nuclear rim of muscle cells
accounts for the recruitment of granular material with aggresome-
like features we observed in nuclei of the FHL1 mutated muscle
fibers. In addition, we found that nuclei with perinuclear gran-
ular material appeared dysmorphic, with dramatic changes of
the nuclear envelope and hypercondensed heterochromatin. These
data, in addition to the finding of single-stranded DNA in aggre-
somes, suggest that the aggresome accumulation at the nuclear rim
may induce nuclear degradation. This hypothesis is consistent with
the alterations of the nuclear envelope in cells containing inclusion
bodies that were described in patients affected by Huntington dis-
ease and in transgenic mice expressing mutant huntingtin (Waelter
et al., 2001).

We also found that Grp78, an endoplasmic reticulum chap-
erone up-regulated during the unfolded protein response, was
strongly increased and associated to the FHL1 deposits in the
proband muscle biopsy. This finding is in agreement with pre-
vious work showing increased expression of Grp78 and unfolded
protein response in patients with RBM (Liewluck et al., 2007).
However, the association of Grp78 with aggresomes may be also
due to retrograde transport from the endoplasmic reticulum, as
hypothesized by the formation of aggresome-like inclusion bodies
induced by mutant huntingtin (Garcia-Mata et al., 2002).

The association of FHL1 with p62 we detected in the proband
muscle biopsy indicates that the mutant FHL1 protein is tar-
geted to degradative pathways. p62 is a multifunctional protein
containing a number of protein–protein interaction motifs that
are involved in protein aggregation and degradation (Moscat and
Diaz-Meco, 2009a,b). It has been hypothesized that p62 may act as
a critical ubiquitin chain-targeting factor that shuttles substrates
for proteasomal degradation (Seibenhener et al., 2004). On the
other hand, a role for p62 in aggregate formation for autophagic
degradation was also hypothesized (Komatsu et al., 2007; Kirkin
et al., 2009; Komatsu and Ichimura, 2010). The strong increase of
Beclin 1 and BNIP3 levels we detected in the patient biopsy indi-
cates that autophagy induction is taking place, likely to help the
clearance of accumulating aggregates. This is further confirmed by
the slight increase of LC3 lipidation and by the accumulation of
LC3 deposits in proximity to aggresomes in the proband muscle.
The presence of autophagic vacuoles and myelin figures further
confirms the involvement of the autophagic pathway in the patho-
physiological alterations of this patient. Interestingly, the presence
of autophagosomes and autophagic vacuoles was also reported
in muscle biopsies of RBM patients (Bertrand et al., 2014). It is
also interesting to consider that FHL1 null mice, lacking global
FHL1 expression and without aggregates accumulation, display
susceptibility to autophagy, as indicated by increased LC3 lipida-
tion in skeletal muscle (Domenighetti et al., 2014). These findings
point to a causative role of FHL1 deficiency in autophagy acti-
vation, and indicate that activation of the autophagic pathway in
FHL1-related myopathies may be a common pathophysiological
mechanism, independent from the accumulation of protein aggre-
gates. Although future studies of the autophagic flux in muscle cells
from patients and animal models for FHL1 deficiency are needed
in order to understand in detail how and to which extent deregula-
tion of autophagy contributes to the pathogenesis of FHL1-related
myopathies, our data demonstrate for the first time the coexistence
of aggresomes and autophagy in the muscle biopsy of a patient
with severe sarcopenia caused by p.C150R mutation in FHL1.
These findings add new insights in delineating the altered mecha-
nisms involved in the pathogenesis of FHL1-associated diseases.
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Electrical stimulation counteracts muscle decline in seniors
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The loss in muscle mass coupled with a decrease in specific force and shift in fiber composi-
tion are hallmarks of aging.Training and regular exercise attenuate the signs of sarcopenia.
However, pathologic conditions limit the ability to perform physical exercise.We addressed
whether electrical stimulation (ES) is an alternative intervention to improve muscle recovery
and defined the molecular mechanism associated with improvement in muscle structure
and function. We analyzed, at functional, structural, and molecular level, the effects of ES
training on healthy seniors with normal life style, without routine sport activity. ES was
able to improve muscle torque and functional performances of seniors and increased the
size of fast muscle fibers. At molecular level, ES induced up-regulation of IGF-1 and mod-
ulation of MuRF-1, a muscle-specific atrophy-related gene. ES also induced up-regulation
of relevant markers of differentiating satellite cells and of extracellular matrix remodeling,
which might guarantee shape and mechanical forces of trained skeletal muscle as well as
maintenance of satellite cell function, reducing fibrosis. Our data provide evidence that ES
is a safe method to counteract muscle decline associated with aging.

Keywords: electrical stimulation, aging, muscle performance, muscle atrophy, IGF-1, extracellular matrix, satellite
cells, microRNA

INTRODUCTION
There is considerable clinical interest in therapeutic strategies to
counteract muscle wasting associated with aging.

Skeletal muscle is particularly susceptible to the effects of aging,
undergoing a steady reduction in function and losing up to a
third of its mass and strength. This decline in functional perfor-
mance is due to an overall decrease in muscle integrity, as fibrosis
and fat accumulation replace functional contractile tissue, and to
loss of the fastest most powerful fibers (Scicchitano et al., 2009;
Vinciguerra et al., 2010).

At present, it is clear that the most efficient method that has
been used to counteract age-related muscle weakness is long
term physical exercise (Paffenbarger et al., 1994). Physical exer-
cise increases protein synthesis, turnover and satellite cell num-
ber, stimulates appetite, increases IGF-1 expression levels, and
capillary bed density. We recently reported that physical exer-
cise in seniors preserves muscle morphology and ultrastructure,
guarantees a greater maximal isometric force and function, and
modulates the expression of genes related to autophagy and reac-
tive oxygen species detoxification (Mosole et al., 2014; Zampieri
et al., 2014). Nevertheless, certain pathologic conditions and aging

limit the effectiveness of exercise and, therefore, the benefits
from it.

An alternative effective intervention to improve muscle recov-
ery is electrical stimulation (ES) (Quittan et al., 2001; Nuhr et al.,
2004; Bax et al., 2005; Strasser et al., 2009). ES has been used
in clinical settings for rehabilitation purposes, as an alternative
therapeutic approach to counteract neuromuscular disability, as
well as for muscle strengthening and maintenance of muscle mass
in seniors (Maddocks et al., 2013). In addition, there are studies
showing that patients with knee osteoarthritis can benefit from the
use of ES alone or as an adjunct therapy (Rosemffet et al., 2004;
Levine et al., 2013). ES directly stimulates skeletal muscle protein
synthesis rates (Wall et al., 2012). Although controversial results
have been published as consequence of varying protocols (e.g.,
training 3–7 times a week, training period from 3–12 weeks) and
stimulation parameters (e.g., stimulation duration 2–30 s, stimu-
lation frequency 8–80 Hz) (Giggins et al., 2012; de Oliveira Melo
et al., 2013),ES represents a promising adjuvant treatment to atten-
uate muscle disability. Nevertheless, the molecular mechanisms
by which ES exerts its specific anabolic effects on skeletal muscle
remain to be elucidated.
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Based on our documented clinical experience on the use
of ES to rescue permanently denervated skeletal muscles in
paraplegics (Kern et al., 2004, 2008, 2010; Ashley et al., 2007;
Boncompagni et al., 2007), we verified whether ES can be pro-
posed as a therapeutic tool to rehabilitate skeletal muscle of
sedentary seniors.

We demonstrated that ES mimics the beneficial effects of phys-
ical exercise in muscle of aging individuals and we defined the
molecular signature underlying these effects.

MATERIALS AND METHODS
SUBJECTS ENROLLED IN THE STUDY
Sixteen subjects (eight male and eight female) (73.1± 6.9 years,
81.7± 14.7 kg, 170.3± 11.2 cm) were recruited for the study. All
of the subjects were volunteers who signed an informed consent
and received detailed information about the functional test proto-
cols, the trainings,and muscle biopsies. Approval from the national
committee for medical ethics was obtained at the beginning of the
study (EK08-102-0608). All subjects included were healthy and
declared not to have any specific physical/disease issue and were
instructed to maintain their normal daily activities during the
training period. Various functional tests, force measurement, and
muscle biopsy were performed twice, namely 1 week before and
1 week after 9 weeks of ES training.

ELECTRICAL STIMULATION TRAINING
Subjects were exposed to regular neuromuscular ES training
(swelling current) for a period of 9 weeks, starting two times a
week for the first 3 weeks and then switched to three times a
week for the next 6 weeks, amounting to a total of 24 training ses-
sions (3× 10 min each session). ES training was performed with
a two channel custom-built battery-powered stimulator (Krenn
et al., 2011) at home by the subjects themselves after detailed
instructions. The subjects applied two conductive rubber elec-
trodes (9 cm× 14 cm; 126 cm2), which were attached to the skin
by wet sponge on the anterior thigh on both sides (left/right). The
electrode pairs for left and right thigh were connected to the two
channels of the stimulator. This allowed independent activation
of the left and right thigh muscles, which were stimulated in an
alternative manner. Each repetition (i.e., ES evoked muscle con-
traction) was evoked by a 3.5 s train (60 Hz) of electrical pulses
(rectangular, biphasic, width 0.6 ms). Consecutive contractions of
the same thigh were separated by 4.5 s intervals. In this study, con-
stant voltage stimulation devices were applied. The subjects were
instructed to increase the stimulation intensity until their maxi-
mum sensory tolerance level was reached. With this intensity all of
the subjects achieved full knee extension. Nevertheless, the applied
current and voltage was recorded by the stimulation device for each
training session. The mean stimulation current was 128± 16 mA
and voltage of 39± 14 V.

FORCE MEASUREMENT
An isometric measurement on a dynamometer (S2P Ltd.,
Lubljana, Slovenia) as described (Šarabon et al., 2013a,b) with
90° hip flexion and 60° knee flexion (full knee extension= 0°) was
performed three times at each leg to assess the maximal isometric
torque of the left and right knee extensors. The mean of the best
values of each leg were taken for further analyses.

FUNCTIONAL TESTS
A complete set of functional tests to access mobility and function
in activities of daily living (ADL) was designed and applied to each
of the subjects. These tests included: time up and go test (TUGT)
(Podsiadlo and Richardson, 1991) where the subjects were asked to
stand up from a standard chair, walk a distance of 3 m, turn around,
walk back to the chair, and sit down again all as fast as possible;
short physical performance battery (SPPB) (Guralnik et al., 1994)
to evaluate the lower extremities function by using tests of gait
speed (2.4 m), standing balance (side-by-side, semi-tandem, and
tandem stance for 10 s) and the time which the subject needed to
rise from a chair for five times as quickly as possible with the arms
folded across their chest; 12 flight Stair Test (Suzuki et al., 2001)
where the participant was instructed to ascend and descend the
stairs after reaching the top (12th) step as quick and safe as possi-
ble; and 10 m-walking test with habitual and fastest walking speed
(but not running) (Šarabon et al., 2010a,b) where each speed was
performed three times, the time was measured and average velocity
calculated.

MUSCLE BIOPSIES
Muscle biopsies were harvested as described (Kern et al., 2004)
from the vastus lateralis muscle 15–20 cm proximal of the joint
space of the knee, with the Bergström needle inserted perpen-
dicular to the fiber direction. The biopsies before training were
taken 10 days after the initial assessment at inclusion to the
study, ES training started 14 days later. Post-training biopsies were
taken 7 days after the last training session. The final functional
assessment was done 4 days after the last training session. About
50–70 mg of tissue was harvested from both legs of the subjects.

Histological analysis
For light microscopy analyses, serial cryosections (8 µ thick) from
frozen muscle biopsies were mounted on polysine™ glass slides,
air-dried, and stained either with Hematoxylin–Eosin (HE) or for
myofibrillar ATPases to evaluate muscle fiber type using con-
ventional techniques as described (Rossini et al., 2002). Slow-
type muscle fibers are dark-stained, while the fast-type fibers are
light-stained following pre-incubation at pH 4.35.

Morphometric analysis
The mean myofiber diameter and the percentage of slow and fast-
type muscle fibers were evaluated from stained cross sections in
accordance with our previous published methods (Rossini et al.,
2002; Carraro et al., 2005; Ashley et al., 2007; Biral et al., 2008;
Kern et al., 2008, 2010). Images were acquired using a Zeiss
microscope connected to a Leica DC300F camera. Morphometry
analysis was performed using Scion Image software (2000 Scion
Corporation, Inc.).

IMMUNOFLUORESCENCE ANALYSIS
Muscle sections were incubated either for 1 h at room tempera-
ture (RT) or overnight at 4°C, with anti-neural adhesion molecule
(N-CAM) rabbit polyclonal antibody (Chemicon, Italy), anti-Pax7
mouse monoclonal antibody (DSHB, Iowa), or anti-laminin rabbit
polyclonal antibody (Sigma, Italy) 1:100 diluted in PBS, respec-
tively, as described (Zampieri et al., 2010; Mosole et al., 2014).
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Sections were then incubated for 1 h at RT with Cy3 or Alexa
Fluor® 488 dye conjugated antibodies against rabbit (Chemicon,
Italy) or mouse IgG (Life technologies, Italy). Sections were then
mounted on glass slides using ProLong Gold antifade reagent with
DAPI (Life Technologies). Quantitation of Pax7 positive cells were
performed on captured images from random fields counting a
minimum of 300 fibers per biopsy.

GENE EXPRESSION ANALYSES AND miRNA
Total RNA extraction from human muscle biopsies before and
after ES was performed with tissue lyser (Qiagen) in TriRia-
gentTM (Sigma) and small RNAs were purified using PureLink
miRNA Isolation Kit (Invitrogen). This RNA fraction, containing
microRNA (miRNA), was reverse-transcribed using the TaqMan®
MicroRNA Reverse Transcription Kit (Life Technologies); the
other RNA fraction, containing mRNA, was reverse-transcribed
using a QuantiTect Reverse Transcription kit (Qiagen). The
reverse-transcription reactions were performed according to the
manufacturers’ instructions. Quantitative PCR was performed
on an ABI PRISM 7500 SDS (Applied Biosystems, USA), using
pre-made 6-carboxyfluorescein (FAM)-labeled TaqMan assays for
GAPDH, IGF-1 Ea, IGF-1 Eb, IGF-1 Ec, IGF-1 pan, Myostatin,
Collagen I, III, VI (Applied Biosystems, USA). FAM-labeled Taq-
Man MicroRNA Assays for miR-1, miR-133a, miR-206, miR-29,
and U6 snRNA (Applied Biosystems, USA) were performed as
described. Quantitative RT-PCR sample values were normalized
to the expression of GAPDH mRNA or U6 snRNA. The relative
level for each gene and miRNA was calculated using the 2-DDCt
method (Livak and Schmittgen, 2001) and reported as mean fold
change in gene expression.

STATISTICAL ANALYSES
SPSS Statistics software package, version 17.0 was used to evaluate
differences between the measurements in parameters of torque,
functional tests, muscle morphometry, and molecular data. Nor-
mal distribution was obtained with Shapiro–Wilk-Test, the two-
tailed paired and unpaired Student’s t -test and Wilcoxon-Test were
used for normal and not normal distributed variables, respec-
tively. For differences presented in percentage the 95% confidence
interval (CI) was calculated. The level of significance was set to
p < 0.05.

RESULTS
ELECTRICAL STIMULATION IMPROVES FUNCTIONAL PERFORMANCES
AFTER 9 WEEKS OF TRAINING
To assess mobility, frailty, and risk of falling, behavior analyses
in challenging conditions as TUGT and SPPB is recommended
(Freiberger et al., 2013; Viana et al., 2013).

With ES training, we improved (i.e., shortened) the TUGT
time (−16.4%± 6.1 CI, p < 0.0005) and increased the SPPB Score
(+11.2%± 6.8 CI, p < 0.005) (Table 1), resulting in a greater
mobility in seniors recruited for this study.

For older adults, the ability to rise from a chair and sit down
five times consecutively is a parameter to measure the degree
of independence (Corrigan and Bohannon, 2001; Freiberger
et al., 2013) and is considered as an index of muscle strength

(Bohannon, 1997). Since the test is specific to lower body
strength and power, the significant pre-post-test improvement
(−23.9%± 8.6 CI, p < 0.005) of the 5× Chair Rise Test indicates
a sufficient training effect of ES (Table 1).

The maximum isometric torque, an important factor for gait
and physical function and a key factor against sarcopenia (Cruz-
Jentoft, 2013) developed by the Quadriceps (+6.0%± 4.9 CI,
p < 0.05), was significantly improved by ES training (Table 1).

The ability to climb stairs in a secure and fast manner is an
essential eccentric and concentric strength performance of the
lower extremities in daily life (Rejeski et al., 1995). The signifi-
cant decrease of stair test time (−21.1%± 10.8 CI, p < 0.05) in
our ES-treated subjects indicates a greater performance and safety
for the ADL (Table 1).

Gait speed is relevant to the functioning of seniors in the
community and an important predictor for the onset of disabil-
ity, commonly used by physical therapists and other clinicians
(Guralnik et al., 2000; Bohannon and Williams Andrews, 2011)
and known as good predictor for frailty (Cruz-Jentoft, 2013; Viana
et al., 2013). The significant increase of the 10 m test habitual
as well as fastest walking speed (+5.3%± 4.6 CI, p < 0.05 and
+4.9%± 3.7 CI, p < 0.05, respectively) supports the functional
changes and are good indicators of prevention of frailty and falls
(Table 1).

ELECTRICAL STIMULATION MAINTAINS MUSCLE MASS AND
ENHANCES SATELLITE CELLS ACTIVATION, PROMOTING MUSCLE
ADAPTATION
We also monitored whether the aforementioned functional ben-
efit, exerted by ES, was associated with a morphological gain.
ES training maintained the overall mean myofiber diameter
(Figures 1A,B; Table 2), while significantly increased the diam-
eter of fast-type myofibers and decreased that of slow fibers type
(Figures 1C,D; Table 2). Changes in fiber-type distribution were
also observed, even though not significantly (Table 2).

Of note, no sign of fibrosis and/or inflammatory cell infiltration
was detected in treated muscles (Figure 1). Moreover, ultrastruc-
tural analysis did not reveal alterations in muscle structure between
pre- and post-trained muscles, nor differences in the frequency
and position of calcium release units (CRUs) and mitochondria
between the two groups of samples (data not shown).

A critical role in muscle homeostasis and regeneration is exerted
by satellite cells (Carosio et al., 2011), which can be also activated
by different stimuli, including physical exercise (Kadi et al., 1999;
Snijders et al., 2009; Walker et al., 2012).

To verify whether ES promotes a similar response of exercise, we
analyzed the expression of relevant molecular markers of activated
and committed satellite cells such as N-CAM, Pax7, and myogenin
(Carosio et al., 2011). Immunofluorescence analysis revealed that
ES induced a significant increase in the percentage of N-CAM
(Figure 2A) and Pax7 (Figure 2B left and right panels) express-
ing cells, along with a significant increase in myogenin expression,
analyzed by RT-PCR analysis (Figure 2C). Recent studies have
shown that muscle cell proliferation and differentiation are medi-
ated by a collection of muscle-specific miRNAs (van Rooij et al.,
2008). miR-206 is expressed in early phases of differentiation,
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Table 1 | Force measurements and functional tests of seniors with muscle weakness before and after ES training.

Pre Post Improvement t -test

ALL (N = 16)

Torque (Nm/kg) 1.42±0.34 1.51±0.38 6.0±4.9 p < 0.05

TUGT (s) 8.42±1.95 7.04±1.09 −16.4±6.1 p < 0.0005

5× chair rise (s) 13.85±3.33 10.53±3.63 −23.9±8.6 p < 0.005a

SPPB score 10.06±1.39 11.19±1.22 11.2±6.8 p < 0.005a

Stair test (s) 15.09±3.48 11.90±2.32 −21.1±10.8 p < 0.05

10 m test habitual (m/s) 1.20±0.19 1.26±0.18 5.3±4.6 p < 0.05

10 m test fast (m/s) 1.58±0.28 1.66±0.24 4.9±3.7 p < 0.05

FEMALE (N = 8)

Torque (Nm/kg) 1.35±0.32 1.45±0.37 7.5±7.4 0.058

TUGT (s) 9.13±1.82 7.58±0.96 −16.9±9.0 p < 0.05

5× chair rise (s) 13.52±3.30 9.01±1.19 −33.3±12.5 p < 0.005

SPPB score 10.13±1.55 11.75±0.46 16.0±12.1 p < 0.05a

Stair test (s) 15.26±2.83 11.12±1.70 −27.2±16.6 0.054

10 m test habitual (m/s) 1.09±0.16 1.17±0.14 7.4±8.3 0.117

10 m test fast (m/s) 1.41±0.15 1.51±0.14 6.5±6.3 0.075

MALE (N = 8)

Torque (Nm/kg) 1.50±0.36 1.57±0.41 4.5±6.7 0.208a

TUGT (s) 7.71±1.92 6.49±0.97 −15.8±8.8 p < 0.05

5× chair rise (s) 14.22±3.60 12.28±4.74 −13.7±9.4 p < 0.05

SPPB score 10.0±1.31 10.63±1.51 6.3±3.6 p < 0.05

Stair test (s) 14.92±4.37 12.69±2.77 −15.0±13.1 0.161

10 m test habitual (m/s) 1.31±0.16 1.35±0.17 3.5±3.9 0.125

10 m test fast (m/s) 1.74±0.29 1.81±0.22 3.5±4.0 0.173

Values are given as mean±SD; BMI, body mass index; TUGT, timed up and go test; SPPB, short physical performance battery. Improvement values are presented

as difference in percentage ±95% confidence interval.
aWilcoxon-Test.

whereas the expression of miR-1 is a marker of terminal differ-
entiation and controls the expression of relevant enzymes in the
response to oxidative stress (Chen et al., 2006; Rao et al., 2006; Cac-
chiarelli et al., 2010). Real time PCR analysis (Figure 2C) revealed
a significant up-regulation of miR-206 and an increase of miR-1
expression in ES stimulated muscle compared to control muscle.

CHARACTERIZATION OF MOLECULAR PATHWAYS INVOLVED IN
ES-MEDIATED MUSCLE ADAPTATION
To determine the adaptation changes of gene expression due to
ES, we performed RT-PCR to quantify shifts in mRNA levels of a
selected panel of genes involved in muscle growth and plasticity,
in pre-trained (used as control) and electrical stimulated (treated)
aged muscles. One of the key factors involved in skeletal muscle
adaptations and growth is insulin-like growth factor-1 (IGF-1)
(Musarò et al., 2001; Berg and Bang, 2004; Adamo and Farrar,
2006; Scicchitano et al., 2009; Kern et al., 2011).

We analyzed the expression of the different isoforms of IGF-1.
In humans, three mRNA variants (known as IGF-1Ea, IGF-1Eb,
and IGF-1Ec) with alternatively spliced ends have been identified
(Scicchitano et al., 2009; Vinciguerra et al., 2010). Figure 3A shows
that ES promoted a significant increase in the mRNA expression of
total (pan) IGF-1 and of IGF-1Ea, IGF-1Eb, and IGF-1Ec isoforms.

To verify whether ES stimulates not only anabolic path-
ways, but negatively modulates muscle catabolism, we analyzed

the expression of factors associated with relevant proteolytic
systems such as the ubiquitin-proteasome and the autophagy-
lysosome systems (Vinciguerra et al., 2010). Atrogin-1 and MuRF-
1 are muscle-specific atrophy-related ubiquitin ligases and are
responsible for the increased protein degradation through the
ubiquitin-proteasome system (Vinciguerra et al., 2010). We found
a significant down-regulation of MuRF-1 and a reduced trend in
atrogin-1 expression in the post-training group (Figure 3B). The
autophagy-related genes Beclin1, Bnip3, and p62 did not change in
trained muscles indicating that ES do not modulate the autophagy
pathway (Figure 3B).

Another key modulator of muscle mass is myostatin (Elliott
et al., 2012). Myostatin has been described as a negative regulator
of skeletal muscle mass and regeneration and a target of miR-206
(Clop et al., 2006). Surprisingly, real time PCR revealed an up-
regulation of myostatin mRNA in ES-treated muscle compared to
control pre-trained muscle (Figure 3C).

The age-related decrease in muscle mass involves a selective
loss of fast glycolytic fibers (Type II) over slow oxidative fibers
(Type I) (Alnaqeeb and Goldspink, 1987). Although the Type I
fibers are energetically more efficient than Type II fibers, so that
senescent muscle should become progressively more resistant to
fatigue, they are also greatly decreased in their force-generating
capacity, exhibiting restricted contractile options in terms of
speed and power output. Since ES involved an improvement in
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FIGURE 1 | Muscle morphology and fiber-type distribution. All muscle biopsies present well-packed myofibers, without signs of fibrosis, and inflammatory
cell infiltration before (A) or after 9 weeks of training (B). The training induced an increase of either diameter and percentage of the fast-type fibers [brown
stained (C,D)]. Bar 100 µm.

muscle strength and power, we analyzed one of the key factors
involved in oxidative metabolism and fiber-type switching, namely
PGC1α (Lin et al., 2002). Of note, PGC1α was down-regulated
in ES-treated muscles (Figure 3D), indicating a maintenance
of the fastest more powerful phenotype. Since down-regulation
of PGC1α could point to altered mitochondrial function and
therefore to potential increase in ROS production, we monitored
the expression of Nrf2, a transcription factor that has a cen-
tral role in oxidative stress response in worms, flies, and mice.
Importantly, expression of the gene Nrf2 did not change with ES
(Figure 3E).

Interestingly, muscle extracellular matrix (ECM) constitutes
a vital adaptation in providing protection against contraction-
induced injury in human skeletal muscle (Mackey et al., 2011).

To support this hypothesis, we analyzed, by real time PCR, the
expression of adhesion-promoting matrix components, demon-
strating a significant up-regulation of collagen types I and III in
ES muscle compared to control pre-trained muscle (Figure 4). Of
note, ECM represents also a niche component of satellite cells. One
of the matrix components that might play a role in maintaining
satellite cell function is collagen VI (Urciuolo et al., 2013). Real
time PCR analysis revealed a significant increase in Collagen VI
expression in ES-trained muscle compared to pre-trained muscle
(Figure 4).

Interestingly, the up-regulation of ECM regulators was not
associated with accumulation of fibrotic tissue, as revealed by
histological analysis (Figure 1), suggesting that ECM remodel-
ing is indeed an important homeostatic event promoted by ES.

Table 2 | Mean myofiber diameter and fiber-type distribution in

skeletal muscle biopsies pre- and post-training.

Pre Post Difference t -test

All fibers

Size (µm) 49.6±15.6 49.5±15.8 −0.3% N.S

Fast-type fibers

Size (µm) 46.8±14.4 47.8±15.8 +2.2% p < 0.0001

Percentage 45% 49% +8.9% N.S

Slow-type fibers

Size (µm) 50.4±14.8 48.4±16.7 −3.6% p < 0.0001

Percentage 55% 51% −7.2% N.S

The overall mean myofiber diameter did not significantly change after 9 weeks

of training, while a significant increase of fast-type mean myofiber diameter

was observed. Values are given in mean±SD. Bold font indicates statistically

significant values. N.S, No statistically significant.

To support this evidence, we analyzed the expression of miR-29,
which controls the extracellular proteins and the fibrotic process
(van Rooij et al., 2008; Cacchiarelli et al., 2010; He et al., 2013).
qRT-PCR revealed that ES promotes a significant increase in miR-
29 expression (Figure 4), suggesting that mir-29 controls fibrosis
in ES stimulated muscle.

DISCUSSION
Electrical stimulation has been proved to be very effective in restor-
ing muscle mass and function in denervated muscles (Kern et al.,
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FIGURE 2 | Electrical stimulation induces an increase of satellite cells.
(A) Representative immunofluorescence analysis for N-CAM expression (red
stained, arrowed). N-CAM expressing cells are increased in post-trained
muscle compared with the pre-training condition. Nuclei are counterstained in
blue with Hoechst. Bar 100 µm. (B) Representative co-immunofluorescence
analyses of laminin (red staining) and Pax7 (green staining) expression in
skeletal muscle biopsies comparing pre- to post-training conditions. The

number of Pax7 positive cells (arrowed) is increased in biopsies of
post-trained subjects, compared to the pre-training ones. Bar 100 µm. Right
panel: percentage of Pax7+ cells in pre-trained and post-ES-trained muscles.
Data are represented as average±SD. ***p < 0.0001. (C) Real time PCR
analysis for myogenin, miR-206, and miR-1 expression in pre-trained (PRE)
and post-ES-trained (POST) muscles. Data are represented as
average±SEM. n=16. *p < 0.05; **p < 0.005.

2004, 2008, 2010; Carraro et al., 2005; Ashley et al., 2007; Maddocks
et al., 2013).

The aim of the present study was to verify whether ES can be
used to improve muscle function in elderly individuals. It is well
documented that training and regular exercise can attenuate the
pathological signs of sarcopenia, increasing muscle strength while
decreasing fall risk. Nevertheless, certain pathologic conditions
(e.g., sarcopenia, osteoarthritis, disuse associated atrophy, muscu-
lar dystrophies, trauma, and injuries) limit the ability to perform
physical exercise. An alternative effective intervention to improve
muscle recovery is ES.

We evaluated the functional performance of ES-trained sub-
ject and analyzed the molecular signature of ES-mediated effects

on skeletal muscle. In our study, we did not include untreated
controls but we compared the functional performance of same
subjects before and after ES training.

The results collected here suggest that ES, similarly to physical
exercise, attenuate the functional decline associated with aging,
improving muscle strength and mass, maintaining the overall
size of muscle fibers (decreasing during aging), activating satel-
lite cell, and guaranteeing muscle adaptation. Thus, ES should be
protective for sarcopenia.

All functional tests and maximal isometric torque showed sig-
nificant improvements after 9 weeks of ES training, counteracting
age-depended mobility ability, frailty, risk of falling, while improv-
ing functional performance and ADL. Of note, the ES-treated
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FIGURE 3 | Expression analyses of genes controlling muscle mass and metabolism. Real time PCR analysis for the expression of IGF-1 isoforms (total
IGF-1pan, IGF-1Ea, IGF-1Eb, IGF-1Ec) (A) Atrogin-1, MurF-1, Beclin1, p62 (B), Myostatin (C), PGC1α (D), and Nrf2 (E). Data are represented as average±SEM.
n=16. **p < 0.005; ***p < 0.0005.

FIGURE 4 | Electrical stimulation promotes ECM remodeling. Real time PCR analysis for Collagen I, Collagen III, Collagen VI, and miR-29. Data are
represented as average±SEM. n=16. *p < 0.05; ***p < 0.0005.
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subjected performed similarly to a 6-week resistance trained older
adults (70.6± 6.1 years) (Fragala et al., 2014), assessed with TUGT,
5× Chair Rise and gait time.

It has been reported that female subjects displayed higher sen-
sory and supramotor excitability to surface ES (Maffiuletti et al.,
2008). In our study, the intensity (current) was very similar in
all (male and female) subjects, which were instructed to increase
the stimulation intensity until their maximum sensory tolerance
level was reached. None of them declared problematic events dur-
ing training sessions, and both males and females reported slight
pain clinically not relevant at rest before ES, without changes
through ES training. In the functional tests, the males were gen-
erally stronger and faster than females except chair rise (females
faster) and stair test (equal). Both males and females improved in
all tests but females gained in percentage nearly twice as males.
This could be explained taking into consideration that the elec-
trodes we used in our study covered a relative larger area of the
thigh in female than male and therefore activated more motor-
points by stimulation. This results in training of a larger volume
of the quadriceps muscles similar to the observation reported by
Maffiuletti et al. (2008). We suggest, for all therapeutic applications
of ES that aim to improve force and quality of muscle structure, to
use electrode sizes greater than 100 cm2 to cover larger portions of
the muscle and at the same time to create less discomfort due to
low current density at the electrode-skin interface (Kern, 2014).

At molecular level, we demonstrated that ES promotes the mod-
ulation of factors associated with muscle growth and induces
a remodeling of ECM. Our findings demonstrated that ES of
73.1 years old healthy sedentary seniors, increases expression of
IGF-1 and of relevant biomarkers of activated satellite cells and
myoblasts, reduces expression of muscle-specific atrophy-related
ubiquitin ligase genes, and promotes the remodeling of myofibers
and of ECM.

IGF-1 plays an important anabolic role in skeletal muscle and
it is an important modulator of muscle growth and regeneration.
Different evidences indicate that, during muscle regeneration,
IGF-IEb levels is responsible for activating and for proliferating
satellite cells; IGF-1Ea is responsible for myoblast differentiation
and IGF-1Ec expression is normally up-regulated in response to
mechanical signals (Matheny et al., 2010). Thus, our data sug-
gests that ES stimulates the expression of different isoforms of
IGF-1 in muscle, guaranteeing muscle homeostasis and protection
against age-related sarcopenia. In fact, increased levels of IGF-1
were associated with a reduced level of expression of MuRF-1, a
gene involved in muscle atrophy.

Among potential molecular mechanisms activated by exercise,
autophagy might play a critical role for metabolic adaptation
(Lira et al., 2013; Ferraro et al., 2014; Vainshtein et al., 2014).
In particular, it has been reported that autophagy is an essential
process for skeletal muscle adaptation and physical performance
after endurance training (Lira et al., 2013). Conversely, we did not
observe significant activation of autophagic pathway in ES-treated
subjects. This can be justified considering that the up-regulation
of autophagic-relevant markers is an early event and then they
returned to basal levels shortly after the stimulus. We analyzed the
muscle biopsies 7 days after the last ES treatments, a time point that

might not sustain the activation of autophagic pathways. Further
analysis will clarify and address this point.

Of note, myostatin was up-regulated in ES-treated muscles. We
can interpret this result considering that myostatin may be pro-
duced locally by skeletal muscle cells to limit the muscle growth
stimulated by IGF-1, guaranteeing an appropriate organ size (Shyu
et al., 2005).

The up-regulation of myostatin can be also explained consid-
ering that ES guarantees a balance between satellite cells activation
and differentiation. In fact, skeletal muscle differentiation is a com-
plex and highly regulated process characterized by morphological
changes, which include myoblast proliferation, alignment, elonga-
tion, and fusion into multinucleated myotubes. This is a balanced
process dynamically coordinated by positive and negative signals.
Recent studies revealed that IGF-1 also stimulates the expression
of myostatin and it has been suggested that myostatin and IGF-1
positively coordinate myogenesis (Kurokawa et al., 2009; Valdés
et al., 2013). Interestingly, it has been recently reported that myo-
statin stimulates C2C12 proliferation, and this effect occurred in
the presence of IGF-1 (Rodgers et al., 2014). Thus, it is possible
that in our experimental model the modulation of myostatin is
independent by miR-206 expression/activity; however, myostatin
and the relevant markers of activated and differentiating satellite
cells are part of the mechanism for muscle adaptation induced
by ES.

Interestingly, the up-regulation of collagenVI and ECM remod-
eling suggests that ES strengths key component of the satellite cell
niche (Urciuolo et al., 2013). It has been recently suggested that
ES stimulates satellite cells and a strengthened ECM, factors that
are likely to be involved in protecting the muscle from damage on
exposure to subsequent injuring stimuli (Mackey et al., 2011).

These results are also in agreement with morphometric analy-
ses, which showed an increase of the percentage and diameter of
the fast-type fibers.

Of clinical interest was the up-regulation of miR-29, which
control fibrosis in different tissues, including skeletal muscle (Cac-
chiarelli et al., 2010). Considering that sarcopenia involves a
decrease in muscle integrity as fibrotic invasions replace functional
contractile tissue, and a progressive loss of the most powerful fast
fibers, our data clearly indicate that ES improves muscle function
and mass and protects against accumulation of fibrosis, regulating
key factors, and signaling of muscle homeostasis and growth.

Altogether, the molecular data support our clinical findings that
neuromuscular ES positively influences excitability and recruit-
ment of stimulated muscle fibers resulting in greater force and
better coordination guaranteeing, ADL, exercise programs, and
rehabilitation strategies.

In conclusion, a three times a week ES is an effective ther-
apy to improve molecular adaptations of muscle, counteracting
muscle atrophy, and improving functional outcomes with positive
influence on quality of life of seniors.
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More than 40% of the body mass is represented by muscle tissue, which possesses the
innate ability to regenerate after damage through the activation of muscle-specific stem
cells, namely satellite cells. Muscle diseases, in particular chronic degenerative states of
skeletal muscle such as dystrophies, lead to a perturbation of the regenerative process,
which causes the premature exhaustion of satellite cell reservoir due to continuous cycles
of degeneration/regeneration. Nowadays, the research is focused on different therapeutic
approaches, ranging from gene and cell to pharmacological therapy, but still there is no
definitive cure in particular for genetic muscle disease. Keeping this in mind, in this article,
we will give special consideration to muscle diseases and the use of fetal derived stem
cells as a new approach for therapy. Cells of fetal origin, from cord blood to placenta and
amniotic fluid, can be easily obtained without ethical concern, expanded and differentiated
in culture, and possess immune-modulatory properties. The in vivo approach in animal
models can be helpful to study the mechanism underneath the operating principle of the
stem cell reservoir, namely the niche, which holds great potential to understand the onset
of muscle pathologies.

Keywords: fetal cells, muscle dystrophies, cell therapy, placenta, cord blood, amniotic fluid

INTRODUCTION
The muscular dystrophies are heterogeneous genetic diseases that
strongly impair skeletal muscle structure and function. These
disorders are caused by mutations in genes encoding for struc-
tural proteins essential for muscle integrity, and depending on the
alteration, it is possible to distinguish dystrophies due to (i) muta-
tions on a specific gene, such as Duchenne muscular dystrophy
(DMD) or on distinct genes, e.g., limb-girdle muscular dystrophies
(LGMD); (ii) epigenetic alterations, for instance facioscapulo-
humeral muscular dystrophy; and (iii) repeat expansion, such as
myotonic dystrophy. The primary genetic defect results in a wide
range of pathological phenotypes, different for fashion of inheri-
tance, age of onset, severity and distribution of muscle weakness,
and speed of progression (Leung and Wagner, 2013).

In particular, DMD is the most prevalent and severe dystro-
phy that affects skeletal muscle. It is an X-linked recessive disease
due to mutations on dystrophin gene, which determines the pro-
duction of a truncated and non-functional protein. Dystrophin
functions as a muscle fiber stabilizer by linking the cytoplasmic
actin filaments with the extracellular matrix. The DMD mus-
cle is characterized by continuous fiber damage, which results in
an altered regenerative turnover thus leading to the premature
exhaustion of muscle stem cell compartment, the development of
chronic inflammation, and the infiltration of adipose and fibrotic
tissues. In DMD patients, the muscle loss begins very early in
childhood starting from lower extremities and leading to progres-
sive difficulty with walking, and finally, up to the confinement in a
wheelchair. In addition to loss of mobility, the major disabling co-
morbidities are represented by heart disease and respiratory failure

that are the most common causes of death (Wilschut et al., 2012;
Kharraz et al., 2014). In 1984, Bulfield and co-workers described
an X chromosome-linked mutant mouse, also called mdx, which
mimics the human DMD showing elevated plasma levels of mus-
cle creatine kinase and pyruvate kinase and histological lesions
characteristic of muscular dystrophies, although with a milder
phenotype (Bulfield et al., 1984). In 2010, Sacco et al. (2010) cre-
ated a new mouse model where mdx mutation was associated
with the loss of telomerase (mTR) activity. Indeed, these double-
knockout mice display a more severe as well as rapidly progressing
phenotype and a greatly reduced life span. In order to allow human
cell transplantation for preclinical studies, immunocompromised
mdx mouse strains have been created, such as mdx nude mice (Par-
tridge et al., 1989) and NOD/Rag1nullmdx5cv mice (Lapan et al.,
2012).

Limb-girdle muscular dystrophies are a family of diseases
affecting mainly proximal muscle, in particular shoulders, upper
arms, pelvic area, and thighs. These disorders are caused by muta-
tion in various genes encoding muscle structural proteins and
present different inheritance patterns; therefore, they consistently
differ in terms of age of onset, progress, and severity of disease
(Mitsuhashi and Kang, 2012). There are many mouse models for
LGMD, according to the variety of involved genes and genetic
defects that result in this family of muscle dystrophies. For exam-
ple, knockout mice for α-sarcoglycan gene accurately resemble the
LGMD-2D phenotype (Duclos et al., 1998), a deletion on dys-
ferlin gene produces a LGMD-2B phenotype in SJL-Dysf mice
(Bittner et al., 1999), while mice carrying mutations on myotilin
gene develop the autosomal dominant LGMD-1A (Liu et al., 2014).
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Beside these muscle-specific diseases, there are pathologies that
arise from other tissues and consequently affect skeletal muscle.
Since the close interplay between nervous system and skeletal mus-
cle compartment, many of these disorders are related to neural
degeneration, which causes muscle loss. One example is spinal
muscular atrophy (SMA), an autosomal recessive disorder charac-
terized by degeneration of anterior horn neurons and consequent
muscle weakness and atrophy. The incidence of SMA is about one
in 10,000 live births. It was first described at the end of nine-
teenth century and only 100 years later the genetic defect was
found and localized in the chromosome 5 cared by survival motor
neuron (SMN ) gene (Gilliam et al., 1990; Lefebvre et al., 1995).
In humans, there are normally two copies of SMN gene, SMN1
is essential to the pathogenesis, while the number of copies of
SMN2 determines the severity of the disease (Lorson et al., 1998;
Feldkotter et al., 2002). Different strategies have been deployed to
create murine model of SMA, and using the cre-loxP system the
loss of function of Smn gene has been directed toward specific
tissues, in particular to skeletal muscle. The mouse model HSA-
Cre, SmnF7/F7 allows to evaluate the effect of Smn knockout on
muscle since the Cre-recombinase is placed under the control of
alpha skeletal actin (Nicole et al., 2003). For this reason, mutant
mice display pathological features that mimic a muscle dystrophy
phenotype, such as muscle weakness and atrophy and chest defor-
mation with consequent respiratory failure (Cifuentes-Diaz et al.,
2001; Salah-Mohellibi et al., 2006).

The research is currently focused on three main therapeutic
approaches for muscle diseases. Gene therapy aims to restore the
dystrophin protein complex through different strategies, ranging
from the development of new vectors capable of delivering effi-
ciently the missing gene to the postmitotic nuclei of the muscle
fibers, to exon skipping and the enhancement of the synthesis
of proteins such as utrophin. The pharmacological approach is
mainly focused on the attenuation of the inflammation (corti-
costeroids administration) and the treatment of co-morbidities
(cardiomyopathy, osteoporosis, respiratory failure). Nowadays,
new compounds modulating muscle-specific neuronal nitric oxide
synthase (nNOSµ) pathway and TGFβ pathway are under investi-
gation (Berardi et al., 2014). The cell therapy approach is devoted
to functionally rescue the tissue through cell delivery; so far, in
place of muscle satellite cells, other cells isolated from embry-
onic (Filareto et al., 2013) and adult [pericytes, bone marrow,
mesangioblasts (Ferrari et al., 1998; Gussoni et al., 1999; Sam-
paolesi et al., 2006; Dellavalle et al., 2011)] sources or induced
pluripotent stem (iPS) cells (Darabi et al., 2012; Tedesco et al.,
2012) have been shown to contribute to muscle regeneration.
However, except for embryonic cells, a real integration of admin-
istered cells in muscle niche has barely been observed. Recently,
mesenchymal stem cells (MSCs) from human fetal blood (Chang
et al., 2006) and skeletal muscle progenitors from mouse embryo
(Sakai et al., 2013) have been used in muscle regeneration. Sev-
eral studies demonstrated that fetal tissues are abundant sources
of MSCs, including term placenta, fetal bone marrow, blood,
lung, liver, and spleen (in ‘t Anker et al., 2003; Fukuchi et al.,
2004), but the most available and easy sources to obtain fetal
stem cells are placenta, cord blood, Wharton’s jelly, and amniotic
fluid (AF).

FETAL STEM CELLS AND MUSCLE REGENERATION
Research on fetal stem cells and muscle is quite recent. Placenta,
cord blood, and AF represent an easy source of stem cells without
ethical concerns and are immune-privileged tissues (Toda et al.,
2007; Wang et al., 2009; Di Trapani et al., 2013). Placenta has been
primarily used as a membrane to treat burns, injuries, and skin
ulcers (Bujang-Safawi et al., 2010) and it has been studied also
to treat lung fibrosis (Cargnoni et al., 2009) and inflammatory
corneal diseases (Dekaris and Gabric, 2009). Cord blood has been
considered mainly as a source of hematopoietic cells (Cairo and
Wagner, 1997), although new field of applications such as dia-
betes are open (Zhao et al., 2012). Amniotic fluid stem (AFS) cells
recently found applications from the heart (Bollini et al., 2011) to
the kidney (Rota et al., 2011) and the lung (Carraro et al., 2008).

This review will evaluate the use of cells from the above men-
tioned sources in muscle regeneration (Table 1), focusing on both
the limits and future potential for therapy.

CORD BLOOD AND WHARTON’S JELLY CELLS
Umbilical cord connects the fetus to the placenta; it develops from
the body stalk of the embryo and contains blood vessels and Whar-
ton’s jelly, surrounded by the amnion. Umbilical cord blood (UCB)
supplies the developing fetus of nutrients and oxygen through the
umbilical vein.

Umbilical cord blood possesses three main types of stem cells
that are of interest in regenerative medicine: (1) hematopoietic
stem cells, (2) MSCs, and (3) non-hematopoietic multipotent stem
cells characterized by the expression of SSEA-4, the transcription
factors OCT4, SOX2, and NANOG usually expressed by pluripo-
tent stem cells (McGuckin et al., 2005, 2008; Kucia et al., 2007;
Zuba-Surma et al., 2009). The blood vessels of the cord blood
are insulated with the gelatinous connective tissue called Whar-
ton’s jelly that prevents vein compression (Ferguson and Dodson,
2009). The cells isolated from this biological source share proper-
ties with MSCs from UCB such as differentiation ability (Anzalone
et al., 2010). Upon in vitro muscle differentiation, CD105+ cells
form Wharton’s jelly have been injected in injured rat Tibialis ante-
rior muscle and after 15 days a mild muscle regeneration has been
detected (Conconi et al., 2006).

The involvement of UCB in therapeutic application was
reported since 1972, when clinicians treated one case of lym-
phoblastic leukemia (Ende and Ende, 1972). Nowadays, the trans-
lational potential of the clinical applications of UCB stem cells is
increased due to important advantages such as the ease to recover
the cells right after birth without any risk for the donor, the lack of
ethical issues, the low onset of graft-versus-host disease (GVHD)
(Broxmeyer et al., 1989; Ballen, 2005; Schoemans et al., 2006; Brun-
stein et al., 2007; Hwang et al., 2007; Broxmeyer, 2010), and finally
the high proliferation rate and long telomere maintenance (Kim
et al., 1999; Pipes et al., 2006). Starting from 2003, Pesce and
co-workers demonstrated muscle amelioration after injection of
CD34+ UCB cells in injured adductor muscle and new MYOD+

cells of UCB origin (Pesce et al., 2003) in a CD1 mouse model
of hindlimb ischemia. Later, in 2007, Koponen and colleagues,
using ischemia damage in the immunocompromised BALB/cA-nu
mouse, analyzed both endothelium and muscle after local injec-
tion of several cell types, namely UCB CD133+, CD34+, MSCs,
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Table 1 | Different fetal stem cells displayed myogenic differentiation ability.

Perinatal sources Mouse model/injury Engraftment Reference

HUMAN ORIGIN

UCB (CD34+) Sjl-Disf Yes, 12 weeks post injection Kong et al. (2004)

UCB (MSCs, CD133+) Balb/cA-nu: hindlimb ischemia

damage

No Koponen et al. (2007)

UCB (MSCs) Mdx Yes, Dys+ fibers 45 days post local injection Nunes et al. (2007)

UCB (CD34+) CD1: hindlimb ischemia damage MyoD+ cells Pesce et al. (2003)

Wharton’s jelly Lewis rat: bupivacaine injury Yes, 15 days post local injection Conconi et al. (2006)

Placenta In vitro only Lentiviral transfection with MyoD Akizawa et al. (2013)

Placenta SCID/mdx Yes, 4 weeks post injection Kawamichi et al. (2010)

Placenta (CD146+, CD34+,

CD146− CD34−)

SCID/mdx Yes, 4 weeks post injection Park et al. (2010)

AF c-Kit cells SCID No Gekas et al. (2010)

AFS cells BALB/cSlc-nu Yes, 21 days post injection Kim et al. (2013)

AFS cells NOD/SCID Yes, 4 weeks post injection Ma et al. (2012)

MOUSE ORIGIN

AFS cells HSA-Cre, SmnF7/F7 Yes, 1 and 15 month post injection and after

secondary transplant

Piccoli et al. (2012)

VEGF-D, or eGFP transduced cells, highlighting that the skeletal
muscle regeneration was an indirect effect of cytokines, such as
VEGF and FGF, released by the injected progenitor cells (Koponen
et al., 2007).

In the mdx mouse, Nunes and colleagues were able to find
a small number of human dystrophin-positive fibers 45 days after
injection of CD34+ UCB cells in quadriceps muscle. In the murine
model of LGMD-2B, the SJL-Dysf mouse, whole UCB, and CD34±

subgroups are engrafted in muscles after systemic injection (Nunes
et al., 2007), and expression of dysferlin and human dystrophin
was detected 12 weeks post injection of different subpopulation of
UCB cells, although in a small amount (Kong et al., 2004).

PLACENTA STEM CELLS
The placenta develops at the feto-maternal interface and is a
temporary organ that grows during pregnancy. It is formed by
fetal (amnion and chorionic plate) and maternal (decidua) por-
tions and contains different types of cells. Indeed, the placenta
is rich in stem/progenitor cells. While in the amnion human
amniotic epithelial cells, which express embryonic stem cell mark-
ers, have been isolated (epiblast-derived pluripotent/multipotent
stem cells) (Prusa and Hengstschlager, 2002; Miki et al., 2005,
2007), the placenta MSCs have been separated not only from
amnion, but also chorion and decidua (Huang et al., 2009; Poz-
zobon et al., 2014). These cells share with the adult MSCs the
spindle-shape appearance and the property to adhere to plastic
and to expand. Moreover, placenta MSCs expand faster in vitro
and are more immunosuppressive and less immunogenic than the
adult MSCs (Battula et al., 2008; Brooke et al., 2008). Recently,
a specific subgroup of cells isolated from the human placenta
villi and relevant for muscle regeneration, namely the perivascular

multipotent mesenchymal progenitor cells, have been character-
ized by Park et al. (2010). In this research, they studied the
angiogenic and myogenic potential of the CD146+ CD45− CD34−

CD56− cells (pericytes fraction) and CD146− CD45− CD34−

CD56− cells (non-pericytes fraction). When these cell populations
were intramuscularly implanted into damaged Gastrocnemius of
immunodeficient dystrophic mice, fibers positive for human dys-
trophin were found at the periphery of the damaged area. The
combination of perivascular progenitors together with the multi-
potent MSCs isolated from the placenta enhanced the migration
and regeneration capacity of the placenta stem cells demonstrating
that this extra-embryonic tissue is a reservoir of stem/progenitor
cells with myogenic potential. The in vitro myogenic differentia-
tion of cells from chorionic plate has been recently documented
(Kawamichi et al., 2010) using a standard chemical treatment
of inducing myoblasts formation (5-azacytidine) and also forc-
ing MYOD expression through a lentiviral vector (Akizawa et al.,
2013). Kawamichi and colleagues proved also the in vivo ability
of placenta-derived cells to ameliorate the dystrophic phenotype
of mdx mice inducing the appearance of newly formed fibers
expressing human dystrophin.

AMNIOTIC FLUID STEM CELLS
Amniotic fluid contains a heterogeneous population of cells dis-
playing a wide range of morphologies. Most of these cells are
epithelial in nature and have a limited capacity to proliferate in
culture. Traditionally, AF has been used for decades as a tool
for prenatal diagnosis, but recent studies provided important evi-
dences about the potential of AF as an alternative source of stem
cells. Many works have characterized putative stem cell popula-
tions isolated from AF, such as Prusa et al. (2003) that showed
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the expression of OCT4 within a subset of AF cells. Moreover,
demonstration of proliferation within this population suggests
that pluripotent stem cells can be isolated and propagated from
the human AF.

Employing immunoselection technique, AF cells expressing the
cell surface antigen c-Kit were purified from primary amniocente-
sis cultures (De Coppi et al., 2007). Isolated cells, called AFS cells,
grew rapidly in culture, display a normal karyotype and main-
tain telomere length during long-term culture. This latter attribute
facilitated the establishment of clonal lines from AFS cells, neces-
sary to establish the “stemness” of a population. Clonal AFS cell
lines differentiated in vitro to putative adipocytes, endothelial cells,
hepatocytes, osteocytes, myocytes, and neurons, derivatives of all
germ layers. This broad plasticity appeared to be a general attribute
of the selected cells: 19 different amniocentesis cultures yielded
multipotent AFS cell clonal lines. A subsequent report demon-
strated the AFS cells in vitro chondrogenic differentiation thus
providing further evidence of the plasticity and clinical potential
of cells isolated from the AF (Preitschopf et al., 2012). Moreover,
these cells displayed the ability to reconstitute the depleted bone
marrow of Rag1−/− mice after systemic injection and secondary
transplantation (Ditadi et al., 2009).

Another peculiar characteristic of AFS cells is indeed the ability
to pass through the endothelial barrier, thus they can be adminis-
tered locally or systemically, which represents a great advantage in
treating whole body diseases such as muscle dystrophies. Con-
sidering this important aspect, mouse AFS cells were used in
the HSA-Cre, SmnF7/F7 mouse model by transplantation via tail
vein (Piccoli et al., 2012). After injection, AFS cells demonstrated
remarkable ability to differentiate directly in vivo into myogenic
cells but most importantly were able to generate new muscle fibers
after cardiotoxin injury or secondary transplant, suggesting the
idea that AFS cells are capable of differentiating also in skeletal
muscle stem cells repopulating the muscle niche. In this work, the
use of freshly isolated or expanded murine AFS cells generated
similar results, but it is worth noticing that, with human AFS cells,
muscle lineage differentiation becomes difficult to obtain after
in vitro expansion. Gekas and colleagues indeed, did not find any
myogenic differentiation of human AF c-Kit+ cells after trans-
plantation into the skeletal muscle of SCID mice (Gekas et al.,
2010). Myogenic differentiation of AF cells can be induced in vitro
by DNA demethylation (e.g., using chemicals such as 5-aza-2′-
deoxycytidine), co-culture with myoblasts or myogenic cell lines,
or directly with in vivo muscle transplantation (De Coppi et al.,
2007; Gekas et al., 2010; Ma et al., 2012; Yang et al., 2012), but
all these approaches result in the induction of MYOD expression.
In fact, by transfecting human AFS cells with MYOD lentivirus,
Kim and co-workers demonstrated that human cells also were
able to differentiate into myogenic lineage in vitro and in vivo, after
injection into injured muscles of immunodeficient BALB/cSlc-nu
mice (Kim et al., 2013). All these data indicate that stem cells
obtained from discarded AF could be considered good candidates
for deeper research and investigation on their ability to differen-
tiate into myogenic cells. Further analyses must be performed to
make these cells more committed and at the same time safe for
future clinical applications using, for instance, non-viral system
such as Piggy Bac or Sleeping Beauty transposons (Izsvak et al.,

2009). These tools allow modifying cells by inserting new genes,
ensuring a constitutive genetic integration of the insertion and
opening possible way to cure genetic defects.

CONCLUSION
Muscle pathologies are devastating diseases and nowadays
researchers still make efforts to find a cure and not a therapy
alone. It has been demonstrated that, after injection in injured or
diseased muscle, fetal stem cells act through a mechanism that is
mostly due to a bystander effect rather than a direct differentiation.
The indirect action is mainly supposed to enhance the production
of cytokines, such as VEGF, that stimulate the temporary restor-
ing of the tissue function. To obtain a long lasting action due to
efficient cell integration and tissue repopulation, fetal stem cells
need to be genetically modified, forcing their differentiation in
tissue-specific cells. Nevertheless, the development of safe genetic
manipulation methods could make cells of fetal origin appealing
for therapeutic application.

Conversely, the long-term positive effect observed using freshly
isolated murine AFS cells, highlights that they could have a decisive
role in replenishing the muscle stem cell niche, which represent
the reservoir of cells able to rescue the defect. Indeed, AFS cells
are a safe and immune-privileged cell source prone to integrate
in muscle tissue. This knowledge opens the challenge to improve
the culture protocol for the AFS cells of human origin, which, so
far, is still a limit to overcome for future clinical application to
treat genetic and non-genetic muscle dysfunctions (dystrophies,
skeletal muscle malformations, traumatic injuries).
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The term sarcopenia was originally created
to refer age-related loss of muscle mass
with consequent loss of strength (Morley
et al., 2001). There are now four inter-
national definitions of sarcopenia (Cruz-
Jentoft et al., 2010; Muscaritoli et al.,
2010; Morley et al., 2011). In essence they
all agree, requiring a measure of walk-
ing capability [either low gait speed or
a limited endurance (distance) in a 6-
min walk], together with an appendicular
lean mass of <2 SDs of a sex and ethni-
cally corrected normal level for individu-
als 20–30 years old. Sarcopenia is a preva-
lent health problem among the elderly.
On average, 5–13 and 11–50% of people
aged 60−70 years and ≥80 years, respec-
tively suffer sarcopenia with higher preva-
lences (68%) been reported in nursing
home residents ≥70 years (Landi et al.,
2012).

Sarcopenia needs to be differentiated
from cachexia, which is a combination
of both muscle and fat loss and is usu-
ally attributable to an excess of catabolic
cytokines associated with a disease process
(Argiles et al., 2010). Sarcopenia is a prime
component of the frailty syndrome, and
both sarcopenia and frailty are associated
with increased disability, falls, hospitaliza-
tion, nursing home admission, and mor-
tality (Cesari and Vellas, 2012; Landi et al.,
2012).

Medical efforts to develop treatments
aiming at preventing aging sarcopenia as
well as acute muscle atrophy and frailty
in critical patients are considered a step
forward in public health. Several hormonal

therapies have been proposed for this pur-
pose, such as those based on human growth
hormone (hGH), IGF-1, testosterone, and
stanozolol. However, the secondary effects
associated with these therapies make it nec-
essary to find novel non-toxic and non-
hormonal therapies. In this way, elderly or
bedridden patients may improve muscle
function and decrease the degree of depen-
dence associated with these populations.
New drugs such as allopurinol or losartan
(Sanchis-Gomar et al., 2011), all of them
approved by the Food and Drugs Admin-
istration (FDA) and actually prescribed for
the treatment of other diseases, could be
useful in preventing loss of muscle mass in
the described susceptible populations yet
new pharmacological targets are needed.

NOVEL PHARMACOLOGICAL TARGETS
TO PREVENT SARCOPENIA: EMERGING
PATHWAYS TO BE EXPLORED
p16INK4a, NAD+, AND SESTRINS PATHWAYS
In a recent manuscript, we proposed
new targets for combating aging-related
chronic illness (Pareja-Galeano et al.,
2014). An altered mitochondrial home-
ostasis through reduced sirtuin 1 (SIRT1)
activity induced by low nicotinamide
adenine dinucleotide (NAD+) levels has
been recently advocated as a hallmark
of muscle aging. A depleted NAD+ pool
could be the result of both the dimin-
ished NAD+ synthesis and increased
NAD+ consumption that occurs with
age (Gomes et al., 2014). Treatment of
mice with NMN (an NAD+ precursor)
can restore NAD+ levels and markers of

mitochondrial function that decay with
age, reversing muscle mitochondrial senes-
cence (Prolla and Denu, 2014).

Another novel potential biomarker aris-
ing from recent animal research is the
p16INK4a tumor suppressor. In geriatric
mice, satellite cells lose their quiescent
state owing to deregulation of p16INK4a,
whereas repressing p16INK4a restores
muscle regenerative capacity (Sousa-Victor
et al., 2014). It is also known that
p16INK4a expression increases with age,
and its greater expression has been linked
to increased attrition (Tsygankov et al.,
2009). Recent evidence suggests that
p16INK4a mRNA expression in periph-
eral blood T-lymphocytes is upregulated
by gerontogenic behaviors such as tobacco
use and physical inactivity, pointing to
a critical role in age-related diseases
(Song et al., 2010).

Sestrins are a third recently discov-
ered hallmark of aging sarcopenia. Mam-
malian cells express sestrins (Sesn1, Sesn2,
and Sesn3) in response to stress includ-
ing DNA damage, oxidative stress, and
hypoxia. Sestrins can inhibit the activity of
the mammalian target of rapamycin com-
plex 1 (mTORC1) through activation of
AMP-dependent protein kinase (AMPK)
(Lee et al., 2013). Sestrins prevent sar-
copenia, insulin resistance, diabetes, and
obesity. They also extend life and health
span through activation of AMPK, sup-
pression of mTORC1, and stimulation of
autophagic signaling (Lee et al., 2013).
We also proposed a possible role of the
AMPK-modulating functions of sestrins in
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FIGURE 1 | Hypothesizing the role of FGF21-PGC-1α-Irisin axis in age-related conditions and
sarcopenia. See text for abbreviations.

the benefits produced by exercise in older
subjects (Sanchis-Gomar, 2013a).

FGF21 AND IRISIN: POTENTIAL THERAPEUTIC
PGC-1α-RELATED TARGETS FOR AGING AND
AGE-ASSOCIATED DISEASES
Circulating body levels of irisin and fibrob-
last growth factor 21 (FGF21) increase
after cold exposure (Lee et al., 2014).
Exercise-induced irisin secretion by work-
ing skeletal muscles, which could have
evolved from shivering-related muscle con-
traction, might be a potential target of
therapies designed to optimize weight con-
trol and metabolic profile (Lee et al.,
2014). Hence, targeting irisin and FGF21,
and particularly the key signaling mole-
cule responsible for their secretion, the
peroxisome proliferator-activated receptor
gamma coactivator-1 α (PGC-1α), could
identify new candidates to be included in
the anti-aging armamentarium (Sanchis-
Gomar, 2013b).

Irisin is an 112-amino acid glycopro-
tein, derived from the cleavage in working
muscles – and subsequent secretion to the
circulation – of a PGC-1α-dependent type
I membrane protein, the fibronectin type
III domain-containing protein 5 (FNDC5,
209 amino acids) (Bostrom et al., 2012).
Exercise-released irisin might act as a hor-
mone either locally within the muscle
or targeting distant organs, particularly
white adipose tissue, and increase total
energy expenditure (Bostrom et al., 2012).

Irisin production increases with chronic
endurance exercise in mice and humans,
and has been described to mitigate obe-
sity and diet-induced insulin resistance
(Bostrom et al., 2012), yet its levels
decline with age (Sanchis-Gomar and
Perez-Quilis, 2014). To explain exercise
benefits on insulin resistance, we recently
proposed the following pathway start-
ing in muscle and targeting pancreatic
β-cells: exercise-induced reactive oxygen
species (ROS)→ p38→MAPK→PGC-
1α→ irisin→ betatrophin→ β-cell re-
generation (Sanchis-Gomar and Perez-
Quilis, 2014). This pathway could also be
affected by aging. Interestingly, it has been
also recently reported that disease-free cen-
tenarians have increased serum irisin levels
(Emanuele et al., 2014). Exercise induces
the expression of another PGC-1α – related
hormone, FGF21 (Kim et al., 2013). Fast-
ing drives the production of FGF21 in the
liver, where it induces PGC-1α expression,
thereby stimulating fatty acid oxidation,
tricarboxylic acid cycle flux, and gluconeo-
genesis. In effect, mice lacking FGF21 are
unable to fully induce PGC-1α expression
in response to a prolonged fast and show
impaired gluconeogenesis and ketogenesis
(Potthoff et al., 2009). Thus, FGF21 plays
an important role in ensuring metabolic
regulation during progression from fasting
to starvation.

Besides metabolic deregulation and
increased insulin resistance, another

important consequence of the aging
process, reduced mitochondrial biogen-
esis, is also linked to abnormal PGC-1α

signaling (Sanchis-Gomar and Derbre,
2014). Importantly, an age-related lack of
muscle mitochondrial biogenesis can con-
tribute to sarcopenia. PGC-1α knock-out
mice and aged rats show a strikingly sim-
ilar muscle phenotype: they are unable to
express PGC-1α in response to the stim-
uli [i.e., exercise training, cold induction,
or thyroid hormone (triiodothyronine –
T3 – treatment)] that naturally up-regulate
this molecule in young healthy rats (Der-
bre et al., 2012). Thus, maintaining normal
PGC-1α responsiveness might help prevent
age-related lack of muscle mitochondr-
ial biogenesis (Derbre et al., 2012). In
fact, several PGC-1α activators such as
T3, cold induction, 5′-aminoimidazole-
4-carboxamide-1-beta-d-ribofuranoside
(AICAR), β-adrenergics, cytokines, and
exercise have been postulated to pre-
vent aging sarcopenia (Figure 1). The
pioneer results by Lee et al. (2014)
also suggest that targeting PGC-1α, e.g.,
using endocrine activators of brown
fat function such as irisin and FGF21,
might benefit the treatment of other age-
related conditions, particularly metabolic
diseases.

FREE-RADICAL THEORY OF AGING
QUESTIONED: OTHER MOLECULAR TARGETS
TO PREVENT SARCOPENIA ARE NEEDED
Treatments for age-related and disease-
related muscle loss might improve active
life expectancy in older people, and lead
to substantial health-care savings and
improved quality of life (Rastogi-Kalyani
et al., 2014). However, the results of recent
epidemiological studies (Perez et al., 2009)
suggest that antioxidant supplementation
does not lower the incidence of major age-
associated diseases and might even increase
the risk of death in some cases, have ques-
tioned the classic free-radical theory of
aging (Gladyshev, 2014; Sanchis-Gomar
et al., 2014). In fact, evidence mounts that
ROS are important mediators of the health-
promoting, life-span-extending capacity of
regular exercise, as they play an important
signaling role in a multitude of pathways
including: angiogenesis, vascular distensi-
bility, and up-regulation of PGC-1α, PGC-
1α/nuclear respiratory factor 1-stimulated
mitochondrial biogenesis or cytoprotective
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“stress proteins” (heme oxygenase 1, heat
shock proteins like HSP60 and HSP70) in
muscle (Fiuza-Luces et al., 2013; Sanchis-
Gomar and Derbre, 2014). This means that
antioxidant interventions are unlikely to
help combat sarcopenia. Moreover, anti-
ROS strategies could even aggravate sar-
copenia. Thus, a major switch in strat-
egy is proposed and investigators are
now focusing on myostatin and follistatin
as promising molecular targets of anti-
sarcopenia treatments. Myostatin is a skele-
tal muscle-specific secreted peptide, per-
taining to the transforming growth factor-
β (TGF-β) family member, that inhibits
myoblast proliferation and consequently
muscle mass/strength by acting as a neg-
ative regulator of mTOR-signaling (Garat-
achea et al., 2013). Mice treated with losar-
tan, an angiotensin II receptor antago-
nist, were protected against loss of mus-
cle mass and this effect was mediated by
activation of the IGF-1/Akt/mTOR path-
way (Sanchis-Gomar et al., 2011). These
observations highlight the importance of
IGF-1/GH balance in longevity and may be
of therapeutic interest when targeting the
undesirable effects of aging, especially at
the muscle level (Sandri et al., 2013).

Myostatin inhibition by agents capable
of blocking the myostatin signaling path-
way such as ACVR2B (a soluble form of
the activin type IIB receptor) could have
important applications in the treatment of
human muscle degenerative diseases (Lee
et al., 2005). In addition, the growth and
derived factor (GDF)-associated serum
proteins-1 (GASP-1) and 2 (GASP-2),
which show competitive binding with
proteins capable of inhibiting myostatin,
decrease muscle weight and impair mus-
cle regeneration ability in mice (Lee and
Lee, 2013). Moreover, the inhibition of
the myostatin/activin A signaling pathway
is sufficient to induce muscle hypertro-
phy and can be an effective therapeutic
approach for increasing muscle growth
in disease settings characterized by satel-
lite cell dysfunction. Finally, the propeptide
follistatin, a myostatin antagonist, might be
a useful agent for enhancing muscle growth
in human therapeutic applications. In fact,
increasing follistatin circulating concentra-
tions might help prevent and treat frailty, as
well as the cardiometabolic complications
associated with androgen-deprivation
therapy (Sanchis-Gomar, 2013b).

IMPORTANCE OF LIFESTYLE
INTERVENTIONS TO DELAY
SARCOPENIA
Another important tool in the preven-
tion of sarcopenia is physical exercise
(some of the molecular pathways involved
have been discussed above). Particularly,
exercise training programs with resistance
(strength) exercises (i.e., movements per-
formed against a specific external force
that is regularly increased during training)
are especially useful for improving muscle
mass or strength in the elderly (Liu and
Latham, 2009), including in the oldest-old
(people aged 90 years or over) (Fiatarone
et al., 1990).

On the other hand, autophagy also plays
an important key role both in the modu-
lation of lifespan and sarcopenia (Madeo
et al., 2010; Schiavi et al., 2013). Interest-
ingly, autophagy is required to maintain
muscle mass and thus to prevent sarcopenia
(Masiero et al., 2009; Neel et al., 2013). In
effect, failure of autophagy contributes to
the sarcopenic phenotype observed in pre-
mature aging (Joseph et al., 2013). For this
reason, physical exercise and calorie restric-
tion are commonly recommended to pre-
vent sarcopenia since both of them mod-
ulate autophagy signaling (Marzetti et al.,
2008; Wohlgemuth et al., 2010).

FINAL OPINION
As an essential step for the prevention
of aging-related diseases, and specifically,
sarcopenia, more basic research is needed
on the main cellular hallmarks of muscle
senescence. There is a plethora of potential
molecular signals that are candidates to be
targeted in future treatment strategies aim-
ing at combating sarcopenia, a devastating
effect of aging that is often overlooked.
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CollagenVI mutations lead to disabling myopathies like Bethlem myopathy (BM) and Ullrich
congenital muscular dystrophy (UCMD). We have investigated the nutritional and meta-
bolic status of one UCMD and seven BM patients (five female, three male, mean age
31±9 years) in order to find a potential metabolic target for nutritional intervention. For this
study, we used standard anthropometric tools, such as BMI evaluation and body circum-
ference measurements. All results were compared to dual-energy X-ray absorptiometry
(DXA), considered the “gold standard” method. Energy intake of each patient was eval-
uated through longitudinal methods (7-day food diary) while resting energy expenditure
(REE) was predicted using specific equations and measured by indirect calorimetry. Clinical
evaluation included general and nutritional blood and urine laboratory analyses and quanti-
tative muscle strength measurement by hand-held dynamometry. BM and UCMD patients
showed an altered body composition, characterized by low free fat mass (FFM) and high fat
mass (FM), allowing us to classify them as sarcopenic, and all but one as sarcopenic-obese.
Another main result was the negative correlation between REE/FFM ratio (basal energy
expenditure per kilograms of fat-free mass) and the severity of the disease, as defined by
the muscle megascore (correlation coefficient −0.955, P -value <0.001). We postulate that
the increase of the REE/FFM ratio in relation to the severity of the disease may be due
to an altered and pathophysiological loss of energetic efficiency at the expense of skeletal
muscle. We show that a specific metabolic disequilibrium is related to the severity of the
disease, which may represent a target for a nutritional intervention in these patients.

Keywords: collagenVI, muscular dystrophies, nutritional assessment, body composition, basal energy expenditure

INTRODUCTION
Mutations in the genes COL6A1, COL6A2, and COL6A3, cod-
ing for three α chains of collagen type VI, cause COL6-related
myopathies (COL6-RM), including the severe Ullrich congeni-
tal muscular dystrophy (UCMD), the milder Bethlem myopathy
(BM) (Bertini and Pepe, 2002; Allamand et al., 2010), and the
Myosclerosis Myopathy in a single family (Merlini et al., 2008a,b).

The prevalence of UCMD and BM has been calculated as 0.13
per 100,000 and 0.77 per 100,000, respectively (Norwood et al.,
2009). BM (MIM #158810) (Merlini et al., 1994) is characterized
by axial and proximal muscle wasting and weakness with finger
flexion contractures. BM is usually mild, sometimes slowly pro-
gressive (Pepe et al., 2002). BM has both dominant and recessive
inheritance (Gualandi et al., 2009). Immunohistochemistry shows
normal or mildly reduced levels of ColVI in the endomysium of
most BM patients (Allamand et al., 2010). UCMD (MIM #254090)
(Mercuri et al., 2005) is a severe congenital muscular dystrophy,
characterized by early onset, generalized and rapidly progressive
muscle wasting and weakness, proximal joint contractures, and
distal joint hypermobility. Walking ability is rarely achieved or
preserved during adolescence, and the rapid progression of the

clinical symptoms usually leads to early death, due to respiratory
failure (Mercuri et al., 2005). UCMD is caused both by recessive
and de novo dominant mutations (Mercuri et al., 2005). ColVI
appears to be strongly reduced or absent in muscle biopsies from
UCMD patients.

A dystrophic mouse model, where collagen VI synthesis was
prevented by targeted inactivation of the Col6a1 gene, allowed
the investigation of the pathogenesis, revealing the existence of a
Ca(2+)-mediated dysfunction of the mitochondria and sarcoplas-
mic reticulum and defective autophagy (Bernardi and Bonaldo,
2013). Similar defects contribute to the disease pathogenesis in
patients, irrespective of the genetic lesion causing the collagen
VI defect (Irwin et al., 2003; Grumati et al., 2010). These studies
indicate that permeability transition pore opening and defective
autophagy represent key elements of skeletal muscle fiber death,
and provide a rationale for the use of cyclosporin A (Merlini
et al., 2008a,b) and of nutritional interventions to correct defective
autophagy (Merlini et al., 2014) in patients affected by COL6-RM,
a strategy that holds great promise for treatment.

In the last decade, several studies have demonstrated that nutri-
tional status and body composition are strictly related to clinical
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outcomes and that nutritional intervention can be effective in the
prevention and treatment of many diseases related to metabolism,
bioenergetics, and even cancer.

According to a three-compartment model of body composi-
tion (Moon et al., 2008), total body weight is the sum of lean mass
(LM), fat mass (FM), and bone mineral content (BMC). The LM,
which includes the mass of the internal organs and that of the
muscles, together with the BMC, form the fat-free mass (FFM),
which represents the more metabolically active component of the
human body. A “pathological” ratio between FFM and FM and/or
an abnormal distribution of these components in the body, mainly
trunk versus appendages, is found in many pathological conditions
and correlates with the severity of the metabolic or energy status
alteration; moreover, modifications of body composition per se
may represent an independent health risk factor (Wohlfahrt et al.,
2014). Augmented FM leads to a higher cardiometabolic risk and
to a higher incidence of hypertension, diabetes (Rohan et al., 2013),
and cardiovascular diseases.

Muscular dystrophies (MD) are characterized by progressive
deterioration of muscle mass, muscle strength, and function. Rest-
ing energy expenditure (REE), which comprises 70% of daily
energy needs, is determined by the amount and composition of
the metabolically active fat-free mass (FFM). The reduced muscle
mass and muscular activity, characteristic of MDs, could result in
a significant parallel decrease in REE. Surprisingly, it was found
that that patients with Emery-Dreifuss MD (Vaisman et al., 2004)
and Duchenne and Becker MD (Zanardi et al., 2003a; Gonzalez-
Bermejo et al., 2005; Hogan, 2008; Elliott et al., 2012) may have
increased energy expenditure. If not met with increased caloric
intake, this greater energy expenditure may partially contribute to
further deterioration in their muscle mass and function.

It has already been shown that patients with COL6-RM have
reduced muscle mass, muscle strength, and muscle function (Mis-
cione et al., 2013). To date, no data are available on the energy
expenditure in COL6-RM. The aim of this study is to investi-
gate the relationship between REE, body composition, and muscle
strength in COL6-RM.

MATERIALS AND METHODS
PATIENTS
We analyzed eight adult patients (five women, three men, mean age
31± 9 years) with COL6-RM: seven had BM and one UCMD. The
UCMD patient was never able to walk and was on nocturnal non-
invasive mechanical ventilation. This study was approved by the
institutional ethical committee of the Istituto Ortopedico Rizzoli
(ClinicalTrials.gov identifier: NCT01438788). All subjects were
fully informed about the study and gave their written informed
consent.

BODY COMPOSITION
Nutritional status was evaluated throughout the study by both
non-invasive and invasive techniques (El Ghoch et al., 2014). Body
composition was obtained by DXA (Hologic 4500 W; software
version 11.2; Hologic, Inc., Waltham, MA, USA) software, which
provides regional and whole-body estimation of LM, FM, and
BMC, according to the three-compartment model of body com-
position. FFM was calculated as the sum of LM and BMC, and has

been provided for each body part (i.e., trunk and limbs) (Scaglioni
et al., 2013). From these whole-body measures, the following
derivative values were calculated: FMI (FM/height2), LM/height2,
appendicular lean mass/height2 (ALMI). Appendicular lean mass
(ALM) was the sum of bone-free and fat-free tissue masses in the
arms and legs. Sarcopenic obesity was defined, according to Baum-
gartner et al. (2004), as ALM divided by stature squared (ALMI)
less than 7.26 kg/m2 in men and 5.45 kg/m2 in women and per-
centage body fat, derived by DXA, greater than 28% in men and
40% in women (Baumgartner et al., 2004).

Anthropometric measurements included: body weight (Wt),
height (Ht), and circumferences [waist, hip, waist-hip ratio
(WHR)]. All measurements were determined by the same operator
following the Anthropometric Standardization Reference Manual
recommendations (Lohman et al., 1988). Body mass index (BMI)
was calculated as Wt [Kg/Ht(m2)]. We used BMI to categorized
participants as obese (BMI ≥30), overweight (25≤BMI < 30),
normal weight (18.5 < BMI < 25), or underweight ≤18.5.

ENERGY AND NITROGEN BALANCE
Resting energy expenditure was estimated by indirect calorimetry
using a metabolic measurement cart with a canopy hood (CareFu-
sion Vmax Encore, San Diego, CA, USA). Subjects were instructed
to fast for 12 h and abstain from exercise for 24 h before the test
(Mifflin et al., 1990). Before measuring REE, all subjects were asked
to rest quietly in the supine position for approximately 30–40 min
in an isolated room, with a temperature between 21° and 24°C. The
criterion for a valid REE was 15 min of steady state, determined as
<5% variation in respiratory quotient (RQ)/minute and oxygen
consumption/minute. Oxygen consumption and carbon dioxide
production were used to calculate REE, in accordance with the
Weir equation (Turell and Alexander, 1964). REE were also cal-
culated with the equations based on weight, height, age, and sex
[Harris-Benedict and Schofield (Energy and protein requirements.
Report of a joint FAO/WHO/UNU expert consultation, 1985; Roza
and Shizgal, 1984)] using the free fat mass (FFM)-based predictive
equations of Mifflin and Katch and McArdle (McArdle et al., 1986;
Mifflin et al., 1990).

Food intake was evaluated by a 7-day food diary and a dietitian
interview (O’Connor et al., 2014). Nitrogen balance, an important
tool for estimating adequate protein intake (Tarnopolsky et al.,
1988), was calculated as the difference between nitrogen input
(24 h dietary protein intake) and nitrogen output (24 h urinary
urea nitrogen).

General and nutritional blood and urine laboratory analyses
(albumin: transferrin; creatinine; uric acid; glucose; triglycerides:
total, HDL, and LDL cholesterol; urinary creatinine; and nitrogen)
were taken to assess the metabolic status of the patients. The 24-h
urinary creatinine excretion value was used as an index of protein
nutrition; the creatinine height index (CHI) and lean body mass
was estimated from this value.

MUSCLE STRENGTH
A composite score (megascore) was calculated by summing the
maximal force of eight physical tests (Bryan et al., 2003; Merlini
et al., 2003) using a hand-held dynamometer (Type CT 3001, Citec,
C.I.T. Technics BV, Groningen, The Netherlands) (Van der Ploeg
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et al., 1991; Beenakker et al., 2001). Four muscle groups were exam-
ined bilaterally: hand grip, elbow flexors, knee extensors, and knee
flexors (Merlini et al., 2002, 2003, 2004). Each individual muscle
group was tested for at least 3 s using a “make” test (Merlini et al.,
2004). The maximum force from three attempts was used in the
analysis.

STATISTIC ANALYSIS
Pearson correlation coefficients were calculated to study the asso-
ciation between different parameters. Statistical significance was
set at 0.05. All analyses were conducted using the STATA software
package for Windows 13.1 (Stata Corp, College Station, TX, USA).
Measurable variables are presented as mean± SD and categorical
data as number and percentage.

RESULTS
ANTHROPOMETRIC EVALUATION
Anthropometric analysis showed that UCMD and BM patients
have average BMI values in the range of normality, comparable
with a healthy population (Janssen et al., 2002). Body circumfer-
ence measurements do not show any significant variations from
normality (Janssen et al., 2002) (Table 1).

BODY COMPOSITION ANALYSIS
Body composition analysis showed quantitative changes in all the
partitions of the body. All the patients had a loss of muscle mass,
as shown by a marked reduction of FFM, FFMI, and ALMI, and
augmented FM, as indicated by % FM and FMI.

In particular, all patients were sarcopenic, based on ALMI, and
seven were sarcopenic-obese, based on ALMI and % FM (Tables 2
and 3).

Table 1 | Anthropometric analysis.

M (n = 3) W (n = 5)

Body weight (Kg) 67.40 61.24

(±11.39) (±12.34)

Body height (m) 1.72 1.63

(±0.01) (±0.05)

BMI (Kg/m2) 22.73 23.05

(±3.72) (±4.25)

(N.V. 18.5–24.9) (N.V. 18.5–24.9)

Waist circumference (cm) 83.83 74.85

(±8.78) (±7.19)

(N.V. <94) (N.V. <80)

Hip circumference (cm) 96.83 103.13

(±6.25) (±13.24)

waist-hip ratio (WHR) 0.86 0.72

(±0.05) (±0.05)

(N.V. <1) (N.V. <0.85)

The table shows the values obtained from the standard anthropometric analysis.

For each parameter, the mean values±SD are presented. When possible, normal

values (N.V.) were reported (M, men and W, women).

Moreover, from the DXA data (trunk-to-limb FM ratio) and
anthropometric parameters (waist circumference and waist/hip
ratio index), we can deduce that, in the two compartments, the
increased fat tissue was equally distributed (DXA) compensating
for the loss of muscle mass (circumferences).

Bone mineral content, the other component of the FFM, is also
strongly reduced in these patients, especially in men. The data are
confirmed by T -score calculations in our male patients (Male T -
score −1.87). T -score is a diagnostic for osteopenia (Kanis et al.,
2013) (Tables 2 and 3).

BLOOD, URINE BIOCHEMICAL ANALYSIS, AND NITROGEN BALANCE
Blood and urine analysis do not show any specific pathological
modification. In particular, although seven out of eight patients
were obese, according to % fat determined by DXA, none had
high levels of blood triglycerides, total cholesterol, HDL, or
LDL (Jukema and Simoons, 1999). Blood creatinine levels were

Table 2 | Dual-energy X-ray absorptiometry.

M (n = 3) W (n = 5)

Fat-free mass (FFM) (%) 62.03 48.36

(±18.19) (±6.55)

Fat-free mass (FFM) (Kg) 42.39 29.22

(±4.08) (±3.53)

FFMI (FFM/height2) (Kg/m2) 14.43 10.90

(±1.27) (±0.85)

Fat mass (FM) (%) 34.63 51.64

(±14.21) (±6.55)

Fat mass (FM) (Kg) 23.86 31.93

(±12.05) (±9.76)

FMI (FM/height2) (Kg/m2) 8.18 12.07

(±4.20) (±3.71)

Bone mineral content (BMC) (%) 3.16 3.06

(±0.61) (±0.84)

Bone mineral content (BMC) (Kg) 2.08 1.82

(±0.04) (±0.36)

T -score −1.87 −0.23

(±0.49) (±0.86)

Trunk-to-limb fat mass ratio 1.10 0.82

(±0.03) (±0.06)

ALMI (Kg/m2) 5.68 4.25

(±0.57) (±1.43)

ALM (Kg) 9.79 6.92

(±1.01) (±2.35)

Trunk lean mass (Kg) 21.35 14.66

(±2.24) (±1.12)

Trunk fat mass (Kg) 11.85 13.70

(±6.13) (±5.11)

The table shows DXA body composition values. Mean values±SD are presented

(M, men and W, Women).
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Table 3 | Body composition values obtained by anthropometric and DXA analyses, in BM and UCMD patients, compared to a healthy population.

ID Sex Age (years) BMI (Kg/m2) Fat % FFM% BFMI (Kg/m2) Trunk to limbs

FM ratio

ALMI

(Kg/m2)

Pt. 1 W 48 20.9 49.90↑ 50.1↓ 10.10↓ 0.88↓ 3.60↓

N.V. (18.5–24.9) N.V. (39.8–40.8) N.V. (59.2–60.2) N.V. (10.72–11.20) N.V. (0.92–0.947) N.V. (6.93–6.9)

Pt. 2 W 19 22.10 53.50↑ 46.5↓ 11.80↑ 0.83↑ 3.48↓

N.V. (18.5–24.9) N.V. (35.1) N.V. (64.8) N.V. (8.48) N.V. (0.745) N.V. (6.81)

Pt. 3 W 42 18.19 41.30↑ 58.7↓ 7.53↓ 0.80↓ 3.81↓

N.V. (18.5–24.9) N.V. (38.9–39.8) N.V. (60.2–62.1) N.V. (10.27–10.72) N.V. (0.897–0.920) N.V. (6.95–6.93)

Pt. 4 W 29 24.60 55.00↑ 45↓ 13.50↑ 0.86↑ 4.94↓

N.V. (18.5–24.9) N.V. (36–37) N.V. (63–64) N.V. (8.9–9.35) N.V. (0.796–0.841) N.V. (6.86–6.9)

Pt. 5 W 22 29.44 58.50↑ 41.5↓ 17.40↑ 0.73↓ 4.93↓

N.V. (18.5–24.9) N.V. (35.1–36) N.V. (64–64.9) N.V. (8.48–8.9) N.V. (0.745–0.796) N.V. (6.81–6.86)

Pt. 6 M 36 23.29 44.20↑ 45.8↓ 10.30↑ 1.14↑ 5.05↓

N.V. (18.5–24.9) N.V. (26.6–27.5) N.V. (72.5–73.4) N.V. (7.19–7.57) N.V. (1.125–1.183) N.V. (9.09–9.12)

Pt. 7 M 27 18.76 18.30↓ 81.7↑ 3.34↓ 1.15↑ 6.35↓

N.V. (18.5–24.9) N.V. (24.60–25.70) N.V. (74.3–75.4) N.V. (6.37–6.78) N.V. (0.995–1.063) N.V. (8.94–9.02)

Pt. 8 M 28 26.13 41.40↑ 58.6↓ 10.90↑ 1.08↑ 5.81↓

N.V. (18.5–24.9) N.V. (24.60–25.70) N.V. (74.3–75.4) N.V. (6.37–6.78) N.V. (0.995–1.063) N.V. (8.94–9.02)

The table shows the body composition values of our subjects (M, men and F, women) compared to healthy values reported in the literature (Kelly et al., 2009; Wang

et al., 2010). We used: “↑” when the values were increased; “↓”when the values were low.

moderately decreased (Ballesteros et al., 1994), particularly in
women. Urinary creatine levels were generally low, particularly
in men. Consequently, calculated CHI, an index of muscle mass
(Rosenfalck et al., 1994), was greatly reduced in UCMD and BM
patients.

Nitrogen balance was in the normal range.
Moreover, megascore values in our patients reflect the low

strength condition typical of MDs (Table 4).

RESTING ENERGY EXPENDITURE AND RESPIRATORY QUOTIENT
Resting energy expenditure was measured by indirect calorime-
try and estimated by specific predictive equations. The REEs
estimated by the equations based on weight, height, age,
and sex accurately predicted the same values measured with
indirect calorimetry [Harris-Benedict and Schofield (“Energy
and protein requirements. Report of a joint FAO/WHO/UNU
Expert Consultation,” 1985; Roza and Shizgal, 1984)]. REE
was instead severely underestimated using the FFM-based pre-
dictive equations of Mifflin and Katch and McArdle (McAr-
dle et al., 1986; Mifflin et al., 1990). Hence, considering that
these patients are characterized by a reduced FFM in kilo-
grams, we can deduce that there is a relative hypermetabolic
state (Müller, 2007) with a higher ratio of REE (kcal)/FFM (kg)
(Figure 1).

Measured RQs values are indicative of a mixed nutrient-based
metabolism. However, there was a sex difference concerning the
type of substrates utilized. While male patients had a higher
carbohydrate-based metabolism (57.67± 14.57% carbohydrates),
women showed a higher lipid-based metabolism (56.00± 16.39%
lipids) (Table 5) (Figure 2). There was a strong positive corre-
lation between the quantity of FFM in kg and the percentage of

carbohydrates metabolized during REE. This correlation, however,
was negative for the percentage of lipids metabolized. No corre-
lation was found between the percentage of proteins used as a
metabolic substrate and FFM.

All in all, patients are characterized by an augmented REE per
kilogram of FFM; additionally, subjects with higher FFM values
metabolize more carbohydrates and less lipids then the ones with
minor FFM levels (Figure 3).

MUSCLE STRENGTH
Megascores expressed as the sum of the muscle strength of eight
different tests, were 1093.33 (±306.37) Newton in men and 572.60
(±233.11) in women. These values were markedly reduced, as
muscle strength was low in all muscle groups, compared with the
normative values (Van der Ploeg et al., 1991; Beenakker et al.,
2001).

There was a strong correlation between muscle strength,
expressed as Megascore, and the various indices of muscle mass,
but no correlation with the indices of body fat. A strong correla-
tion was found between Megascore and blood creatinine. This
correlation was even stronger with urinary creatinine and the
derived index “CHI” (Figure 6). UCMD and BM patients who
had a higher FFM showed a better performance in the muscle
strength tests. The Megascore was directly proportional to FFM
in kilograms and inversely proportional to the REE/FFM ratio
(Figure 4).

This trend is maintained in the correlation between the Megas-
core and both trunk and limbs FFM. However, the linear correla-
tion coefficient was higher between Megascore and appendicular
FFM than Megascore and Trunk FFM (Figure 5). FFM% also
correlated with Megascore, but the correlation was weaker.
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Table 4 | Clinical and laboratory data.

Men (n = 3) Women (n = 5)

Creatinine (mg/dL) 0.64 0.26

(±0.30) (±0.07)

N.V. (0.8–1.3) N.V. (0.6–1.1)

Urinary creatinine (mg/24 h) 893.33 394.00

(±347.04) (±107.84)

N.V. (500–2000) N.V. (500–2000)

Creatinine height index (CHI) (%) 57.63 39.19

(±22.45) (±10.83)

N.V. (109) N.V. (110)

Dietary CHO intake (g) 342.56 197.62

(±48.17) (±62.38)

Dietary lipid intake (g) 89.05 63.62

(±27.47)0 (±27.55)

Dietary protein intake (g) 83.58 68.12

(±8.90) (±26.02)

Nitrogen intake (g) 13.37 10.90

(±1.42) (±4.16)

Urinary urea nitrogen (g) 13.04 11.99

(±1.08) (±3.48)

Nitrogen balance −0.67 −1.84

(±1.67) (±1.30

N.V. (0.00) N.V. (0.00)

Megascore 1093.33 572.60

(±306.37) (±233.11)

The table shows the biochemical values obtained from blood and urine analysis

and Megascore (Merlini et al., 2002, 2004). For each parameter, the mean val-

ues±SD are presented. When possible, normal values (N.V.) were reported (M,

men and W, women).

FIGURE 1 | Predicted and measured REE in UCMD and BM patients
grouped by sex. Mean REE measured with indirect calorimetry (black
rectangles); REE estimated with FFM-based Mifflin equation (Mifflin et al.,
1990) (white rectangles) or Harris-Benedict) revised equation (Roza and
Shizgal, 1984) (gray rectangles).

No correlation was found any between the Megascore and the
indices of fat mas, FM in kilograms, FM percentage, or REE/FM
ratio.

Table 5 | Energy balance.

M (n = 3) W (n = 5)

REE indirect calorimetry (Kcal) 1508.33 1315.02

(±120.03) (±107.55)

REE Mifflin et Al (Kcal) 1248.09 988.67

(±80.28) (±69.62)

REE Katch and McArdle (Kcal) 1285.63 1001.19

(±88.02) (±76.34)

REE FAO Schofield et al. (Kcal) 1708.48 1392.91

(±175.28) (±173.51)

REE Harris-Benedict 1984 (Kcal) 1645.34 1412.83

(±152.67) (±159.62)

Mifflin FFM/REE 76.25 70.36

Indirect calorimetry % (±8.28) (±5.20)

FAO/REE indirect calorimetry % 113.15 106.35

(±4.14) (±15.14)

Harris-Benedict 1984/REE 109.01 107.88

Indirect calorimetry % (±1.71) (±14.32)

Respiratory quotient (RQ) 0.90 0.80

(±0.06) (±0.03)

RQ proteins (%) 19.67 20.00

(±2.89) (±9.89)

RQ lipids (%) 22.33 56.00

(±17.95) (±16.39)

RQ carbohydrates (%) 57.67 23.75

(±14.57) (±7.45)

REE/FFM (Kcal/Kg) 35.77 45.46

(±3.92) (±6.13)

REE/FM (Kcal/Kg) 80.61 44.54

(±51.94) (±13.75)

In this table, values of indirect calorimetry and predictive equations analysis are

presented. For each parameter, the mean values±SD are presented (M, men

and W, women).

DISCUSSION
In this study, we have investigated the relationship between body
composition, energetic metabolism, and muscle strength in a
cohort of patients with COL6-RM.

According to body composition, evaluated by DXA, all patients
could be defined as sarcopenic and all but one as sarcopenic-
obese. The patients showed a marked increment of the amount
of FM and a severe loss of FFM without important modifica-
tions in the BMI, which ranged from underweight to overweight,
or in waist circumferences measures, which were within a nor-
mal range. This peculiar modification in body composition can
be explained by the process of fatty infiltration of the muscle in
MD (Tuffery-Giraud et al., 2004; Jarraya et al., 2012; Willis et al.,
2014).

Since FFM is the major determinant of energy expenditure in
normal subjects, we integrated body composition analysis with
the analysis of energy status and of muscle strength in accordance
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FIGURE 2 | UCMD and BM patients’ metabolism. Percentage of
Carbohydrates (CHO), Lipids (L) and Proteins (P) utilized during
indirect calorimetry examination. These values were calculated from

respiratory quotients and urine nitrogen measurement (Livesey and
Elia, 1988) Mean values in men (left) and women (right) are
reported.

FIGURE 3 | Collagen VI myopathies: FFM metabolism. (Left) Linear
correlation between FFM in kg and percentage of carbohydrates used as
metabolic substrate (correlation coefficient R=0.89 e P < 0.01), and (right)
correlation between FFM and percentage of lipids used as metabolic

substrate (correlation coefficient R=−0.87 e P =0.01). White dots represent
men and black dots represent women. The percentage of substrate utilized
was calculated using the respiratory quotient and urinary urea nitrogen
(Livesey and Elia, 1988). Data from one BM were missing.

FIGURE 4 | Muscle strength and functional body composition. As expected there was no correlation between Megascore and REE/FM, but instead a
strong correlation between Megascore and the REE/FFM ratio (R=−0.94, P < 0.001) (right).

with the new concept of functional body composition (Müller
et al., 2009).

COL6-RM patients showed a REE, analyzed by indirect
calorimetry, in the range of normality, despite the severe reduction

of the FFM. Predictive formulas estimate REE values in line with
what we actually have found by indirect calorimetry. Applying
the concept of functional body composition and relating FFM to
energy expenditure, we found a clear deviation from normality
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FIGURE 5 | Muscle strength and body composition. Correlation between
appendicular LM (A) and Trunk LM (B) with the Megascore [respectively for
limbs and trunk, R=0.87 (P < 0.01) and R=0.80 (P < 0.05)]. (C) Correlation
between total FFM in kg and Megascore (R=0.84, P < 0.01).

(metabolic disequilibrium) with a considerably augmented REE
per kilogram of FFM. Our assumptions are supported by the fact
that REE, estimated through FFM-based equations, clearly under-
estimate the effective metabolism of these patients by 25–30%
(Figure 1).

If we compare the metabolism predicted by FFM-based-
formulas with the values of REE, adjusted for body composition,
we find that the FFM of these patients is overworking or in a hyper-
metabolic state (Müller, 2007). A similar metabolic alteration has
been reported by Zanardi et al. in Duchenne patients (Zanardi

FIGURE 6 | Muscle strength and creatinine. (A) Correlation between
Megascore and blood creatinine (R=0.94, P =0.001), or (B) urine
creatinine (UC) (R=0.95, P < 0.001). (C) Correlation between Megascore
and CHI (Rosenfalck et al., 1994) (R=0.93, P =0.001).

et al., 2003b). It has been considered an enduring enigma: why
is the ratio of REE to metabolically active tissue mass, expressed
as the REE/FFM ratio, greater in magnitude in subjects with a
small FFM than in subjects with a large FFM? (Heymsfield et al.,
2002).

In COL6-RM patients, FFM requires more energy than in
healthy subjects, and because FFM is made up of muscle and
internal organs, we can only speculate as to which of these two
components presents a hypermetabolic state. In particular, the
augmented REE/FFM ratio could be due to a non-physiological
increase in visceral organ metabolism, or to an altered energy
expenditure of muscle cells. However, even if our study cannot
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completely answer this question, all evidence suggests that the
second hypothesis is the right one.

If we consider the pathological alteration of muscle structures,
underlined in mouse model studies (De Palma et al., 2013), with
the loss of muscular protein stability leads to a loss of efficiency,
and additional energy is necessary to maintain muscle cell home-
ostasis. Even if this theory has been demonstrated in other studies
no one had ever pointed out that this behavior is strictly correlated
with the severity of the disease. Our hypothesis is that, in a dys-
trophic environment, the energy that the muscle has to spend in
order to maintain its function is inversely proportional to the total
muscular mass. Moreover, if the augmented REE/FFM were due
to an increased metabolism of the visceral organs, we should have
found some alterations in bio-humoral parameters (Gelfand et al.,
1987; Izamis et al., 2012). On the contrary COL6-RM subjects do
not show any important variation in blood or urine biochemical
assays.

Additionally, there was no correlation between the REE/FM
and the clinical status portrayed by Megascore analysis (Figure 4).
Therefore,we can exclude increased adipocytes energy expenditure
as a source of the hypermetabolic state.

Finally, recent discoveries about mitochondrial metabolism
(Bernardi and Bonaldo, 2008; Shaham et al., 2010) offer a possible
biochemical explanation of the increased REE/FFM ratio. In par-
ticular, Bernardi et al. have found important alterations in mito-
chondrial membrane permeability due to the ColA6 mutation.
The lack of Collagen VI causes increased transient openings of
the Permeability Transition Pore ion channel in the mitochondrial
inner membrane, with consequent mitochondrial depolarization
and energy dissipation. This leads to a switch of the ATP synthase
into an ATP hydrolase with a progressive impairment of respira-
tion which may be responsible for the augmented REE spent by
the muscular mass. This pathophysiology mechanism may explain
our findings.

We also discovered that the metabolic substrates consumed by
these patients are strictly related to their FFM (Figures 2 and 3).
In particular, patients with higher FFM have a carbohydrate-based
metabolism, while the ones with lower FFM prevalently use fatty
acids as metabolic substrates. These findings suggest that patients
with a relatively greater FFM have more muscular mass, and con-
sequently an increased glycogen reserve to be used, compared to
patients with lower FFM (Tsujino et al., 2000). On the other hand,
the fat-based metabolism is explained by the increasing fat infil-
tration with disease progression; the depletion of muscular mass
and the correlated decrement in glycogen storage lead to a meta-
bolic shift toward burning fatty acids, whose reserves increase and
infiltrate muscular tissue (Tagliavini et al., 2014). These evidences
suggest that the worsening of the pathology is closely correlated to
important changes in muscle metabolism.

Another significant result is the correlation between FFM and
muscle strength, summarized by the Megascore (Figure 5). Other
studies have previously demonstrated that Megascore is a good
indicator of patients’ muscular efficiency, paralleling muscle func-
tion (Merlini et al., 2002, 2004). Hence, the correlation between
muscle Megascore and FFM is more a portrait of the muscu-
lar mass and its efficiency, rather than of visceral organ activity.

The strong correlations between Megascore and appendicular LM,
where the non-muscle component of FFM is minimal, support this
hypothesis.

This is a perfect expression of the concept of functional body
composition: in COL6-RM, a pure body composition parameter
like appendicular LM is directly correlated to muscular strength
(Megascore) and contributes to the diagnosis of sarcopenia, a con-
dition in which the loss of skeletal muscle mass is associated with
lower muscle strength and function (Abellan Baumgartner et al.,
1998; van Kan et al., 2012)

Creatinine is derived from the metabolism of creatine, which
is transformed into phosphocreatine and used by muscles as an
energetic substrate (Hoagland et al., 1945). A higher production
of creatinine is linked to a higher use of phosphocreatine and, con-
sequently, to greater muscular efficiency. In order to confirm this
hypothesis, and to exclude any artifact due to individual body
composition, we have analyzed the CHI, which evaluates uri-
nary creatinine levels by normalizing the individual differences
among subjects (Rosenfalck et al., 1994). Even in this case, the
CHI scores perfectly correlate to the muscle strength, as evaluated
by Megascore (Figure 6).

Hence, even if Franciotta et al. (2003) declare that urinary
creatinine is not a good predictive indicator of skeletal muscu-
lar mass in Duchenne dystrophy; our results suggest that it is a
good indicator of muscular performance.

Another important correlation is the one between blood crea-
tinine and Megascore. Even if we have to consider renal filtration,
blood creatinine gives an instant picture of the muscle metabo-
lism (Baxmann et al., 2008). The probability of finding circulating
creatinine is directly proportional to the quantity of phospho-
creatine produced and used by muscle cells. Considering our
results about urinary creatinine and CHI, this finding confirms
the previous ones.

All in all, in this study, we have pointed out the importance
of a nutritional approach to genetically based pathologies, such
as UCMD and BM diseases. Additionally, we have underlined the
necessity of a functional body composition analysis, which could
be a powerful clinical tool for patients’ follow-up and prognosis.

The main limit of our study is represented by the scant num-
ber of recruited patients, caused by the rarity of these pathologies;
hence, our conclusions should be confirmed by the analysis of a
wider sample of subjects.

Our results confirm and complete what has been reported in
the literature about collagen VI myopathies, further supporting
the rationale for nutritional interventions aimed at correcting the
metabolic imbalance and maintaining the patient’s muscular mass.
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Melanocytes from patients affected by Ullrich congenital
muscular dystrophy and Bethlem myopathy have
dysfunctional mitochondria that can be rescued with
cyclophilin inhibitors
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Ullrich congenital muscular dystrophy and Bethlem myopathy are caused by mutations in
collagen VI (ColVI) genes, which encode an extracellular matrix protein; yet, mitochondria
play a major role in disease pathogenesis through a short circuit caused by inappropriate
opening of the permeability transition pore, a high-conductance channel, which causes a
shortage in ATP production. We find that melanocytes do not produce ColVI yet they bind it
at the cell surface, suggesting that this protein may play a trophic role and that its absence
may cause lesions similar to those seen in skeletal muscle. We show that mitochondria
in melanocytes of Ullrich congenital muscular dystrophy and Bethlem myopathy patients
display increased size, reduced matrix density, and disrupted cristae, findings that suggest
a functional impairment. In keeping with this hypothesis, mitochondria (i) underwent anom-
alous depolarization after inhibition of the F-ATP synthase with oligomycin, and (ii) displayed
decreased respiratory reserve capacity. The non-immunosuppressive cyclophilin inhibitor
NIM811 prevented mitochondrial depolarization in response to oligomycin in melanocytes
from both Ullrich congenital muscular dystrophy and Bethlem myopathy patients, and
partially restored the respiratory reserve of melanocytes from one Bethlem myopathy
patient.These results match our recent findings on melanocytes from patients affected by
Duchenne muscular dystrophy (Pellegrini et al., 2013), and suggest that skin biopsies may
represent a minimally invasive tool to investigate mitochondrial dysfunction and to evaluate
drug efficacy in ColVI-related myopathies and possibly in other muscle wasting conditions
like aging sarcopenia.

Keywords: collagen VI, muscular dystrophy, mitochondria, melanocytes, permeability transition, cyclophilin
inhibitors

INTRODUCTION
Collagen VI (ColVI) is an extracellular matrix (ECM) protein
that forms a complex microfibrillar network; it is present in sev-
eral organs including skeletal muscle, where it is localized just
outside the basement membrane (Kuo et al., 1997). ColVI is con-
stituted by three chains (α1,α2, and α3) encoded by different genes
(COL6A1, COL6A2, and COL6A3, respectively). Three additional
ColVI chains have recently been identified (α4, α5, α6), which are
similar to α3 but display a more restricted tissue distribution (Gara

Abbreviations: BM, Bethlem myopathy; ColVI, collagen VI; Cs, cyclosporin; DEJ,
dermal–epidermal junction; ECM, extracellular matrix; FCCP, carbonylcyanide-p-
trifluoromethoxyphenyl hydrazone; OCR, oxygen consumption rate; PTP, mito-
chondrial permeability transition pore; TMRM, tetramethylrhodamine methyl
ester; UCMD, Ullrich congenital muscular dystrophy.

et al., 2008). Deficiency of ColVI due to mutations in COL6A1,
COL6A2, or COL6A3 gives rise to three main muscle disorders,
Ullrich congenital muscular dystrophy (UCMD, MIM #254090)
(Ullrich, 1930; Camacho Vanegas et al., 2001), Bethlem myopa-
thy (BM, MIM #158810) (Bethlem and Wijngaarden, 1976), and
myosclerosis myopathy (MIM #255600) (Merlini et al., 2008b).
UCMD is a severe disorder characterized by congenital muscle
weakness with axial and proximal joint contractures and coex-
isting distal joint hypermobility (Bertini and Pepe, 2002). BM
is characterized by slowly progressive axial and proximal muscle
weakness with finger flexion contractures (Merlini et al., 1994).
Myosclerosis myopathy is a recessive disorder characterized by
progressive contractures affecting all joints (Merlini et al., 2008b).
However, it should be noted that the clinical features of ColVI
muscular dystrophy can be extremely heterogenous, ranging from
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mild to severe myopathy with progressive muscular dystrophy
(Jöbsis et al., 1999). Consistent with the idea that these disorders
represent a clinical continuum, about 70 different mutations of the
COL6 genes have so far been described in ColVI myopathies (Pepe
et al., 2002; Lampe and Bushby, 2005). Patients affected by ColVI
muscular dystrophies frequently display skin alterations. Patients
with the UCMD phenotype usually present follicular hyperkerato-
sis over the extensor surfaces of upper and lower limbs, soft velvety
skin on the palms and soles, and tendency to develop keloids or
“cigarette paper” scars, skin features that may be present also in
BM patients (Lampe and Bushby, 2005). Although the mechanism
linking ColVI deficiency to skin lesions has not been established,
it has recently been shown that melanocytes affect fibroblast pro-
liferation and collagen production, contributing to the generation
of hypertrophic scars and keloids (Gao et al., 2013).

Collagen VI myopathies share a common pathogenesis linked
to deregulation of the mitochondrial permeability transition pore
(PTP), an inner membrane high-conductance channel that forms
from dimers of the mitochondrial F-ATP synthase under con-
ditions of Ca2+ overload and oxidative stress (Bernardi, 2013;
Giorgio et al., 2013) and is desensitized by cyclosporin (Cs) A.
Oxidative stress is specifically involved in the pathogenesis of
myopathy in the Col6a1−/− mouse model (Menazza et al., 2010;
Sorato et al., 2014); and the resulting myofiber damage is ampli-
fied by impaired clearance of defective mitochondria (Grumati
et al., 2010). PTP-dependent mitochondrial dysfunction appears
to be involved also in other forms of muscular dystrophy, including
those caused by lack of δ-sarcoglycan and laminin-2 (Millay et al.,
2008), as well as of dystrophin (Millay et al., 2008; Reutenauer
et al., 2008; Wissing et al., 2010; Pellegrini et al., 2013). These
studies generated pharmacological strategies aimed at rescuing
the mitochondrial defect through desensitization of the PTP, and
encouraging results have been obtained with the use of CsA and its
non-immunosuppressive analogs Debio025 and NIM811 in ani-
mal models and in a pilot trial in patients (Irwin et al., 2003;
Angelin et al., 2007; Merlini et al., 2008a; Tiepolo et al., 2009;
Telfer et al., 2010; Zulian et al., 2014).

Translation of the pharmacological strategies tested in animal
models to muscular dystrophy patients is particularly complex,
and often requires invasive procedures. Cell cultures derived from
muscle biopsies can be used for genetic and mechanistic stud-
ies, but in the case of ColVI myopathies the disease phenotype
is lost after a few passages, a likely result of in vitro selection of
apoptosis-resistant cells (Sabatelli et al., 2012b). Melanocytes are
the pigment-producing cells of the skin, localized to the basal layer
of human epidermis. They are polarized cells performing specific
functions at the basolateral and apical membranes, which explains
the differential composition of the membrane at these sites (Pinon
and Wehrle-Haller, 2011). At the basal layer, melanocytes attach to
the dermal–epidermal junction (DEJ), a specialized structure with
a fundamental role in maintaining attachment of the epidermis to
the dermis and providing skin resistance against shearing forces
(Santiago-Walker et al., 2009). Melanocytes do express muscle-
specific proteins including the mDP427 dystrophin isoform at the
interface with the DEJ (Pellegrini et al., 2013). We have recently
demonstrated that melanocytes possess properties similar to those
of myoblasts from Duchenne muscular dystrophy patients, and

represent a promising cellular model to monitor the response
of dystrophinopathies to pharmacological treatments (Pellegrini
et al., 2013). Here, we have explored whether mitochondrial dys-
function can be detected in melanocytes from UCMD and BM
patients, and whether these cells are a potential alternative to the
use of muscle-derived cells in the study and therapy of ColVI
myopathies.

MATERIALS AND METHODS
PATIENTS
Skin biopsies from two healthy subjects and four ColVI muscular
dystrophy patients (two UCMD and two BM) were collected. All
patients were previously diagnosed by genetic, and/or histochem-
ical and biochemical analysis. UCMD patient 1 (UCMD1) carried
a COL6A2 homozygous mutation in exon 28 [UCMD-5 patient
in Tagliavini et al. (2014)]; UCMD patient 2 (UCMD2) displayed
typical UCMD features, severe deficiency of ColVI in muscle biop-
sies and defective ColVI secretion in cultured skin fibroblasts; BM
patients 1 (BM1) and 2 (BM2) carried heterozygous mutations
in COL6A1 and COL6A3, respectively [patients BM-5 and BM-6,
respectively, in Tagliavini et al. (2014)]. All participants provided
written informed consent, and approval was obtained from the
Ethics Committee of the Rizzoli Orthopaedic Institute (Bologna,
Italy).

CELL CULTURES
Skin fragments were cut into small pieces and the epidermis
was separated from the dermis after overnight incubation in
0.5% dispase II (Roche) at 4°C. Melanocytes were maintained in
M254 culture medium (GIBCO) supplemented with phorbol-12-
myristate 13-acetate, transferrin, hydrocortisone, insulin, bovine
pituitary extract,basic fibroblast growth factor, and fetal calf serum
(HMGS supplement, GIBCO). Melanocyte-fibroblast co-cultures
were obtained by plating fibroblasts onto coverslips in DMEM
growth medium until they reached 70% confluence; after 1 day
melanocytes were seeded onto the fibroblast cultures and grown
in M254 medium supplemented with 0.25 mM l-ascorbic acid
(Sigma). ColVI-enriched, conditioned medium was obtained by
treating confluent skin fibroblast cultures from healthy donors
with DMEM medium supplemented with 0.25 mM l-ascorbic
acid. After 24 h, the medium was collected,centrifuged at low speed
to remove cell debris and diluted 1:1 with M254 medium. Nor-
mal melanocytes plated onto coverslips were grown with ColVI-
enriched medium for 24 h before immunohistochemical analy-
sis with anti-ColVI antibody (Millipore). To assess the effect of
cyclophilin inhibitors on mitochondrial morphology, melanocytes
from patients and healthy subjects were treated with 0.8 µM
NIM811 diluted in M254 medium for 2 h at 37°C before processing
for immunofluorescence and transmission electron microscopy.

IMMUNOFLUORESCENCE ANALYSIS
Cultured melanocytes were fixed with methanol at −20°C for
7 min, washed with phosphate-buffered saline, and incubated
with antibodies against NG2 (Millipore), integrin β1 (Millipore),
pMEL-17 (Monosan), ColVI (Millipore), or Tom20 (Santa Cruz).
All antibodies were revealed with secondary anti-rabbit or anti-
mouse TRITC or FITC-conjugated antibodies (DAKO). Samples
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were mounted with an anti-fading reagent (Molecular Probes)
and analyzed with a A1-R confocal laser microscope (Nikon)
equipped with a Nikon Plan Apo TIRF 100×, 1.45 NA objec-
tive, and with 405 and 561 nm laser lines to elicit DAPI (blue)
and TRITC (red) fluorescence signals. Z -stacks were collected at
optical resolution of 120 nm/pixel with pinhole diameter set to
1 Airy unit and z-step size to 150 nm. All image analyses were
performed using NIS-Elements software (Nikon). For mitochon-
drial morphometric analysis, maximum intensity projections were
generated. Analysis was limited to regions of interest at the periph-
ery of cells, where individual mitochondria are readily resolved.
Images were thresholded and converted to binary images. Image
segmentation was performed on the binary mask, and number
and length of discrete features was measured. The statistical sig-
nificance of the differences between the experimental points was
evaluated by Student’s t -test.

TRANSMISSION ELECTRON MICROSCOPY
Skin biopsy fragments and melanocytes grown onto uncoated
well plates were fixed with 2.5% glutaraldehyde in 0.1 M cacody-
late buffer for 2 h and post-fixed with 1% osmium tetroxide.
After dehydration, samples were detached with propylene oxide,
embedded in Epon812 epoxy resin, and observed with a Philips
EM400 electron microscope operated at 100 kV after cutting ultra-
thin sections. For rotary shadowing electron microscopy analysis,
melanocyte-fibroblast co-cultures were incubated with anti-ColVI
antibody diluted 1:25 in culture medium at 37°C for 2 h. After
several washes with culture medium, samples were incubated with
anti-mouse IgG 5 nm gold-conjugated antibody diluted 1:20 in
culture medium for 1 h at 37°C. Negative controls were performed
in the absence of primary antibody. After immunolabeling cells
were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer and
1% osmium tetroxide, dehydrated in ethanol and critical point-
dried. Thereafter, the slides were rotary-shadowed with platinum
at 45°C and coated with carbon at 90°C in a Balzers BAF 400D
Freeze Fracture as previously described (Zhang et al., 2002).

MITOCHONDRIAL MEMBRANE POTENTIAL
Mitochondrial membrane potential was measured based on the
accumulation of tetramethylrhodamine methyl ester (TMRM,
Molecular Probes) (Angelin et al., 2007). Primary cultures of
melanocytes obtained as described above from healthy donors,
UCMD, and BM patients were seeded onto 24-mm-diameter
round glass coverslips and grown for 2 days in M254 culture
medium with HMGS supplement (GIBCO). The medium was
then replaced with serum-free M254 medium supplemented
with 10 nM TMRM for 30 min, and cellular fluorescence images
were acquired with an Olympus IX71/IX51 inverted microscope,
equipped with a xenon light source (75 W) for epifluorescence
illumination and with a 12-bit digital cooled CCD camera (Micro-
max, Princeton Instruments). Data were acquired and analyzed
using Cell R Software (Olympus). For detection of fluorescence,
568± 25 nm band-pass excitation and 585 nm long-pass emission
filter settings were used. Images were collected with exposure
time of 100 ms using a 40×, 1.3 NA oil immersion objective
(Nikon). The extent of cell and hence mitochondrial loading with
potentiometric probes is affected by the activity of the plasma
membrane multidrug resistance pump. In order to normalize the

loading conditions, in all experiments with TMRM the medium
was supplemented with 1.6 µM CsH, which inhibits the mul-
tidrug resistance pump but not the PTP (Bernardi et al., 1999).
At the end of each experiment, mitochondria were fully depo-
larized by the addition of 4 µM of the protonophore carbonyl
cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP). Clusters
of several mitochondria were identified as regions of interest, and
fields not containing cells were taken as background. Sequential
digital images were acquired every 5 min and the average fluores-
cence intensity of all relevant regions was recorded and stored for
subsequent analysis.

OXYGEN CONSUMPTION RATE
Oxygen consumption rate (OCR) was measured with the XF24
Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA,
USA). Melanocytes were seeded in XF24 cell culture microplates
at 6× 104 cells/well for patient UCMD1 and 13× 104 cells/well
for patients UCMD2 and BM1 (the same cell densities were used
for the matched cultures from healthy donors) in 0.2 ml of M254
culture medium with HMGS supplement and incubated at 37°C
in 5% CO2 for 24 h. Experiments were carried out on confluent
monolayers. Assay were initiated by replacing the growth medium
in each well with 0.67 ml of serum-free M254 prewarmed at 37°C.
Cells were incubated at 37°C for 30 min to allow temperature
and pH equilibration. A titration with FCCP was performed for
each cell type in order to determine the optimal FCCP concentra-
tion (i.e., the concentration that stimulates respiration maximally),
which was found to be 1 µM for cells from healthy donors, 0.8 µM
for patient UCMD1, 0.4–0.6 µM for patient UCMD2, and 0.4 µM
for patient BM1. After an OCR baseline was established, 70 µl of
a solution containing oligomycin, FCCP, rotenone, or antimycin
A were sequentially added to each well to reach final concentra-
tions of 1 µg/ml oligomycin, FCCP as stated above, and 1 µM for
rotenone and antimycin A. Data are expressed as pmol of O2 per
minute per 6× 104 (UCMD1) or 13× 104 (UCMD2, BM1) cells.
At the end of each experiment, the medium was removed from
each well and the total protein content per well was quantified.
Cells were lysed at 4°C in a buffer composed of 140 mM NaCl,
20 mM Tris-HCl pH 7.4, 5 mM EDTA, 10% glycerol, 1% Triton
X-100 (0.1 ml/well) in the presence of phosphatase and protease
inhibitors (Sigma). Lysates were then cleared by centrifugation at
13,000× g for 30 min at 4°C, and proteins were quantified using
a BCA Protein Assay Kit (Thermo Scientific-Pierce).

RESULTS
MELANOCYTES BIND COLLAGEN VI MICROFILAMENTS
To define their interactions with ColVI, we studied pure cultures
of melanocytes from healthy donors in the presence of ascorbic
acid, which allows hydroxylation of proline and lysine residues and
secretion of ColVI in vitro (Colombatti and Bonaldo, 1987). ColVI
could not be detected in the ECM or inside the cells (Figure 1A,
left panel), indicating that melanocytes do not synthesize and
secrete this protein. However, when melanocytes were treated
with a ColVI-enriched medium obtained from skin fibroblasts
(Figure 1A, middle panel) or co-cultured with ColVI-producing
skin fibroblasts (Figure 1A, right panel) a clear association of
ColVI with the cell surface was detected. Rotary shadowing
immunoelectron microscopic analysis with anti-ColVI antibody
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FIGURE 1 | Immunofluorescence analysis and EM rotary shadowing of
melanocyte cultures. (A) Double labeling for ColVI (green) and p-MEL17
(red) on melanocyte cultures under basal conditions (melano), after treatment
with ColVI-enriched medium conditioned by skin fibroblasts (melano+ cm),
and of melanocytes co-cultured with skin fibroblasts (melano+fibro); scale
bar, 10 µm. (B) Rotary shadowing electron microscopy analysis of
melanocytes co-cultured with fibroblasts. Melanocytes (M, upper left panel)

display the typical bipolar shape compared to the flat morphology of
fibroblasts (F). Typical ColVI “beaded” microfilaments, identified by 5 nm
colloidal gold particles, are visible both at the melanocytes cell surface (top
right panel) and in the ECM (bottom panels). Microfilaments formed parallel
rows when attached to the cell surface (upper right panel, which is a
magnification of the boxed area in the upper left panel), and web-like
structures when deposited in the ECM (lower panels). Scale bar, 400 nm.

confirmed the presence of ColVI microfilaments onto the cell
membrane of melanocytes (M), which can easily be distinguished
from fibroblasts (F) because of their elongated, bipolar shape
(Figure 1B, upper left panel). Microfilaments displayed the typical
“beaded” pattern with a periodicity of 100 nm, and formed paral-
lel rows when attached to the melanocyte cell surface (Figure 1B,
upper right panel), while they formed web-like structures when
deposited in the ECM (Figure 1B, lower panels).

MELANOCYTES FROM UCMD AND BM DISPLAY ALTERATIONS OF THE
MITOCHONDRIAL NETWORK
Skin biopsies of healthy donors and of UCMD patients were stud-
ied by ultrastructural analysis. Mitochondrial changes, including

increased size, reduced matrix density, and disrupted cristae
consistent with swelling, were frequently found in patients
(Figure 2A, arrows in middle and right panels), while mito-
chondria in melanocytes of healthy controls had the expected
features (Figure 2A, left panel). Occurrence of mitochondrial
alterations was also detected in melanocyte cultures obtained
from both UCMD and BM patients. The mitochondrial reticu-
lum, as monitored by immunofluorescence analysis of the outer
membrane protein Tom20, appeared fragmented along the cyto-
plasmic extensions as indicated by the presence of a punctate label-
ing pattern (Figure 2B). Ultrastructural analysis showed changes
similar to those detected in skin, with mitochondria of irregular
size and focal swelling (Figure 2C, arrows).
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FIGURE 2 | Morphological analysis of skin biopsies and melanocyte
cultures. (A) Ultrastructural analysis of melanocytes in epon-embedded skin
biopsies from healthy donor (CTRL) and patients UCMD1 and UCMD2
showing altered mitochondria (arrows) in patient melanocytes; scale bar,
1 µm. (B) Confocal imaging of melanocyte cultures from patients UCMD1,
UCMD2, BM1, and BM2 and from healthy donor (CTRL) labeled with an

anti-Tom20 antibody. Patient melanocytes display a fragmented and
discontinuous mitochondrial network compared to the long and branched
pattern of the cells from healthy donor; scale bar, 20 µm. (C) Ultrastructural
analysis of melanocyte cultures from a healthy donor and patients, showing
the presence of enlarged mitochondria with a few cristae (arrows) in all
patients; scale bar, 500 nm.
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FIGURE 3 | Effect of oligomycin on mitochondrial membrane potential
in melanocytes. Melanocytes from one healthy donor (A,B), from patient
UCMD2 (C,D) and from patient BM1 (E,F) were loaded with TMRM and
studied by epifluorescence microscopy as described (Pellegrini et al., 2013).
Where indicated (arrows), 6 µM oligomycin (O) and 4 µM FCCP (F) were
added. In the experiments of (B,D,F), cells had been treated with 0.8 µM
NIM811 for 30 min before beginning the recordings. Each line reports
mitochondrial fluorescence of one individual cell.

MITOCHONDRIA OF UCMD AND BM MELANOCYTES DISPLAY A LATENT
DYSFUNCTION
We studied mitochondrial function in primary cultures of
melanocytes obtained from one healthy donor and from patients
UCMD2 and BM1. Irrespective of the presence of NIM811,
addition of oligomycin to melanocytes from healthy donor was
followed by an initial fluorescence increase (i.e., the expected
hyperpolarization), which was readily followed by depolarization
(i.e., probe release with decreased mitochondrial fluorescence)
upon addition of the protonophore FCCP (Figures 3A,B). At
variance from melanocytes from healthy donor, upon addition
of oligomycin melanocytes from patients UCMD2 (Figure 3C)
and BM1 (Figure 3E) underwent rapid mitochondrial depolariza-
tion after the initial hyperpolarization. Consistent with a key role
of the PTP in onset of depolarization, the response to oligomycin
was normalized by the cyclophilin inhibitor NIM811, a CsA analog
devoid of immunosuppressive activity that desensitizes the PTP
without inhibiting calcineurin (Zulian et al., 2014) (Figures 3D,F).
Treatment with NIM811 normalized mitochondrial morphology
of UCMD1, UCMD2, and BM1, improving the mitochondr-
ial reticulum extension as indicated by increased mitochondrial
length (Figures 4A,B). Ultrastructural analysis confirmed that
treatment with NIM811 restored mitochondrial matrix density
and cristae organization in patient melanocytes (Figure 4C),
without affecting mitochondria of melanocytes from the healthy
patient (Figures 4B,C). It should be noted that NIM811 inhibits
all CyP isoforms, and that an isoform-selective inhibitor is only
available for CyPA (Daum et al., 2009); yet, since mitochondria
lack other Cs-binding proteins (Nicolli et al., 1996), we con-
clude that the mitochondrial effects of NIM811 are mediated by
inhibition of CyPD. Taken together, these results demonstrate that
UCMD and BM melanocytes display the same PTP-dependent
latent mitochondrial dysfunction previously identified in primary
muscle-derived cell cultures from Col6a1−/− mice (Irwin et al.,
2003),UCMD and BM patients (Angelin et al., 2007),and zebrafish
with ColVI myopathy (Telfer et al., 2010; Zulian et al., 2014).

MITOCHONDRIAL RESPIRATORY RESERVE CAPACITY IS DECREASED IN
MELANOCYTE CULTURES FROM UCMD AND BM PATIENTS
We measured the OCR of primary cultures of melanocytes from
UCMD and BM patients with the sensitive Seahorse technology
(Wu et al., 2007). Basal respiration largely reflects mitochon-
drial oxygen consumption, which in aerobic, non-transformed
cells fulfills the needs for ATP synthesis; addition of oligomycin
inhibits the F-ATP synthase, and therefore, “removes” the fraction
of respiration linked to ATP synthesis. Inspection of the response
of melanocytes from healthy donors (Figures 5A–C, closed cir-
cles) reveals that a large fraction of the basal OCR is linked to
ATP synthesis, as shown by the inhibitory effect of oligomycin
(residual oxygen consumption is non-mitochondrial, see below).
Melanocytes could be stimulated well above the basal respiratory
level by addition of the protonophore FCCP, which stimulates
respiration maximally, demonstrating that they have a large respi-
ratory reserve (the difference between OCR after the addition of
FCCP and basal OCR). Addition of rotenone (selective inhibitor
of respiratory complex I) almost completely inhibited the OCR,
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FIGURE 4 | Effect of NIM811 on mitochondrial morphology.
(A) Melanocytes from a healthy donor, and from UCMD1, UCMD2, and BM1
patients were treated with 0.8 µM NIM811 for 2 h and labeled with
anti-Tom20 antibody. Scale bar, 5 µm. (B) Mitochondrial length (µm) was

quantified and is reported as mean±SEM; t -test; *P < 0.05;
(C) Ultrastructural analysis of melanocytes from a healthy donor (CTRL) and
patient UCMD1 (representative of all patients), after treatment with NIM811
(UCMD1+NIM811). Scale bar, 300 nm.

no further decrease being seen with the addition of antimycin A
(selective inhibitor of complex III). Finally, NIM811 had no effect
in the response of melanocytes from healthy donors to oligomycin,
FCCP, rotenone, and antimycin A (Figures 5B,C closed trian-
gles). Melanocytes from patients UCMD1, UCMD2, and BM1 dis-
played a marked decrease of the respiratory reserve, which became
apparent after the addition of FCCP (open circles in Figures 5A–
C, respectively). In patient BM1, maximal respiration was partially
restored by NIM811 but the effect was not statistically significant
(Figure 5C). Thus, assessing whether the lower respiratory activity
of melanocytes from patients depends on PTP opening will require
further work. We also tested the effect of FCCP on basal respi-
ration (i.e., in the absence of oligomycin) with identical results
(data not shown). The statistical analysis of these experiments is
presented in Figures 5A’–C’. Resting ATP levels were not altered
in melanocytes from ColVI patients (results not shown), as also
observed in myoblast cultures (Angelin et al., 2008). These find-
ings, which match the maintenance of a normal mitochondrial

membrane potential under resting conditions, are consistent with
a latent rather than overt mitochondrial dysfunction in cultured
melanocytes from the patients.

DISCUSSION
Epidermal melanocytes interact with the underlying ECM of
derma via the DEJ, a specialized adhesion structure consisting
of ECM components that include ColVI (Sabatelli et al., 2011).
Adhesion of melanocytes to the DEJ involves components com-
mon to the muscle cell sarcolemma. Like muscle cells, melanocytes
express mDp427 dystrophin (Pellegrini et al., 2013), which bridges
the cytoskeleton and the ECM through α, β dystroglycan (Herzog
et al., 2004) and the α2 chain of laminin (Sewry et al., 1996).
In addition, the DEJ basement membrane is enriched in ColVI,
which includes the α5 and α6 chains (Sabatelli et al., 2011) as also
recently shown for the endomysium of human muscle (Sabatelli
et al., 2012a). ColVI microfilament organization is influenced by
the interactions of ColVI with its binding partners (Wiberg et al.,
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FIGURE 5 | Oxygen consumption rate of melanocytes. OCR of
melanocytes from a healthy donor (closed circles in all panels), of patients
(open circles in all panels) UCMD1 (A), UCMD2 (B), and BM1 (C) was
measured in 24-well Seahorse plates [60,000 cells/well for (A) and 130,000
cells/well for (B,C)]. Where indicated (arrows) 1 µg/ml oligomycin (O), FCCP
as detailed in Section “Materials and Methods” (F), 1 µM rotenone (R), and
1 µM antimycin A (AA) were added. In (B,C), triangles report respiration of

melanocytes from healthy donor (closed symbols) or UCMD2 and BM1
patients (open symbols) treated with 0.8 µM NIM811 1 h before beginning
the recording. Data in each panel are mean of at least four independent
determinations in triplicate±SEM. (A’–C’) OCR before (Basal) and after the
sequential addition of oligomycin (Oligo), FCCP, rotenone, and antimycin A.
Data were analyzed with ANOVA. *P < 0.05; **P < 0.005; n.s., not
significant.

2002). Our findings demonstrate that, like myoblasts (Zou et al.,
2008; Sabatelli et al., 2012b), melanocytes do not produce ColVI,
yet they bind the protein at the cell surface (Kawahara et al., 2008).
Melanocytes do express NG2 proteoglycan (results not shown),
which acts as a ColVI receptor (Campoli et al., 2010) together
with integrins (Pfaff et al., 1993; Zambruno et al., 1993). The
pattern of melanocyte surface labeling with ColVI microfibrils
is consistent with receptor-mediated interactions. Interestingly,
lack of ColVI affects melanocyte mitochondria in the same way
as it affects mitochondria in skeletal muscle, suggesting that this
ECM protein exerts a trophic role in the skin as well, con-
sistent with the lesions detected in UCMD and BM patients
(Lampe and Bushby, 2005). Indeed, UCMD and BM melanocytes
display the same PTP-dependent latent mitochondrial dysfunction
previously identified in primary muscle-derived cell cultures from
Col6a1−/− mice (Irwin et al., 2003), UCMD and BM patients
(Angelin et al., 2007), and zebrafish with ColVI myopathy (Zulian
et al., 2014) that manifests itself as an oligomycin-induced depolar-
ization. We have interpreted oligomycin-induced depolarization
as a secondary event following mitochondrial Ca2+ overload; this
would be a consequence of decreased activity of ATP-dependent
Ca2+ pumps, resulting in cytosolic Ca2+ overload because of

decreased Ca2+ extrusion at the plasma membrane and decreased
Ca2+ uptake from the endo-sarcoplasmic reticulum (Angelin et al.,
2008).

The reason why maximal respiration is decreased in
melanocytes from ColVI muscular dystrophy patients is not
easy to dissect in intact cells, but prominent possibilities are
increased cytochrome c release through both PTP-dependent and -
independent mechanisms (Clerc et al., 2012), and PTP-dependent
pyridine nucleotide depletion (Vinogradov et al., 1972; Di Lisa
et al., 2001). Short openings of the PTP that cannot be detected
by TMRM redistribution do take place in isolated mitochondria
(Hüser et al., 1998; Hüser and Blatter, 1999) and have also been
documented in situ (Petronilli et al., 1999). The PTP open time
can be increased by Ca2+ overload synergistically with arachi-
donic acid produced by activation of cPLA2 (Petronilli et al., 2001;
Scorrano et al., 2001; Penzo et al., 2004) leading to cytochrome
c release (Petronilli et al., 2001), depletion of matrix pyridine
nucleotides (Di Lisa et al., 2001), and respiratory inhibition (Vino-
gradov et al., 1972). Since we found ultrastructural and functional
alterations of mitochondria compatible with increased PTP open-
ing in melanocytes from UCMD and BM patients, we suspect
that PTP opening is responsible for decreased maximal respiratory
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capacity as well. Some support for this interpretation comes from
the partial restoration of respiration in patient BM1 after treat-
ment with the cyclophilin inhibitor NIM811, which desensitizes
the PTP.

The present results show that skin melanocytes from UCMD
and BM patients faithfully reproduce the mitochondrial dysfunc-
tion and ultrastructural alterations that characterize myoblasts
and myofibers from the same patients (Merlini and Bernardi,
2008). These findings may also help to understand the patho-
genesis of the skin lesions in patients affected by ColVI muscu-
lar dystrophies, and closely match recent results on melanocytes
derived from a patient affected by Duchenne muscular dystro-
phy (Pellegrini et al., 2013). Taken together, our results suggest
that melanocytes can become a useful tool to study and monitor
other muscle diseases as well, and that skin biopsies may repre-
sent a convenient and minimally invasive alternative procedure to
monitor muscle genetic diseases and to assess potential therapies
ex vivo.
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