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a  b  s  t  r  a  c  t

Sarcopenia,  the  age-related  loss  of  muscle  mass  and  function,  imposes  a dramatic  burden  on  individuals
and  society.  The  development  of preventive  and  therapeutic  strategies  against  sarcopenia  is  therefore
perceived  as  an  urgent  need  by  health  professionals  and  has  instigated  intensive  research  on the  patho-
physiology  of  this  syndrome.  The  pathogenesis  of  sarcopenia  is  multifaceted  and  encompasses  lifestyle
habits,  systemic  factors  (e.g.,  chronic  inflammation  and  hormonal  alterations),  local  environment  pertur-
bations  (e.g.,  vascular  dysfunction),  and  intramuscular  specific  processes.  In this scenario,  derangements
in  skeletal  myocyte  mitochondrial  function  are  recognized  as major  factors  contributing  to  the  age-
dependent  muscle  degeneration.  In this  review,  we  summarize  prominent  findings  and  controversial
issues  on  the contribution  of  specific  mitochondrial  processes  – including  oxidative  stress,  quality  con-
trol  mechanisms  and apoptotic  signaling  – on  the  development  of sarcopenia.  Extramuscular  alterations
accompanying  the  aging  process  with  a  potential  impact  on  myocyte  mitochondrial  function  are  also  dis-
cussed.  We  conclude  with  presenting  methodological  and  safety  considerations  for  the  design of  clinical
trials  targeting  mitochondrial  dysfunction  to  treat  sarcopenia.  Special  emphasis  is placed  on  the  impor-
tance  of  monitoring  the  effects  of an  intervention  on  muscle  mitochondrial  function  and  identifying  the
optimal  target  population  for the  trial.

This  article  is  part  of a Directed  Issue  entitled:  Muscle  wasting.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Sarcopenia, the age-associated decline in skeletal muscle mass
and function (Roseberg, 1989), represents a well-established risk
factor for major negative health-related conditions and events,
including frailty, disability, institutionalization and mortality
(Visser and Schaap, 2011). The increasingly recognized clinical and
public health relevance of this syndrome has been leading research
activities at designing and developing novel preventive and thera-
peutic strategies (Cesari et al., 2008). The accomplishment of such
task requires a thorough understanding of the cellular processes
underlying the pathogenesis of sarcopenia, in order to identify
selective targets for treatment.

Numerous pathways are proposed to be implicated in the age-
dependent muscle degeneration (reviewed by Marzetti et al., 2009
and Buford et al., 2010). The vital functions carried out by mitochon-
dria in the context of energy provision, redox homeostasis, and
regulation of several catabolic pathways confer these organelles
a central position in the maintenance of myocyte viability. The
involvement of mitochondria in the regulation of skeletal myofiber
plasticity further highlights the centrality of these organelles in
muscle physiology. Adult skeletal myocytes are post-mitotic cells
organized in syncitia of hundreds or thousands of nuclei, where
each nucleus has jurisdiction over a surrounding volume of sar-
coplasm (myonuclear domain or DNA unit) (Cheek, 1985). The
dynamic behavior of DNA units is believed to govern muscle fiber
remodeling in response to load conditions, aging and diseases
(Allen et al., 1999).

Although recently called into question (Bruusgaard and
Gundersen, 2008; Bruusgaard et al., 2012), this concept is sup-
ported by numerous studies reporting that modifications in fiber
cross-sectional area (CSA) are associated with changes in the
number of myonuclei (reviewed by Teixeira and Duarte, 2011).
Moreover, during muscle accretion, DNA units increase their size,
while smaller myonuclear domains are observed during disuse-
and aging-associated muscle atrophy (Van der Meer et al., 2011). A
wealth of experimental evidence indicates that mitochondria are
central in the regulation of myonuclear domain both in physiologi-
cal and pathological conditions (reviewed by Calvani et al., 2013a).
As such, mitochondrial decay is advocated as one of the major fac-
tors driving muscle aging (Johnson et al., 2013).

The interpretation of the consequences of mitochondrial dys-
function on muscle physiology is complicated by the existence
of two populations of mitochondria in skeletal myocytes: sub-
sarcolemmal mitochondria (SSM), located beneath the plasma
membrane and accounting for approximately 20% of total mito-
chondrial mass, and interfibrillar mitochondria (IFM), arranged
between the myofibrils and representing the remaining 80% of
myofiber mitochondrial volume (Hoppeler, 1986). These two sub-
populations possess specific biochemical and functional properties
and exhibit a distinct behavior during aging (Koves et al., 2005;

Ferreira et al., 2010). For instance, SSM isolated from old mus-
cles produce greater amounts of reactive oxygen species (ROS) and
show higher rates of fragmentation and degradation relative to the
IFM subfraction (Riley et al., 1990; Chabi et al., 2008; Seo et al.,
2008; Wagatsuma et al., 2011). On the other hand, IFM are more
prone than SSM to releasing apoptotic mediators under cell death
stimuli (Adhihetty et al., 2005). These divergent properties raise
the possibility that the two  mitochondrial populations could be
differentially involved in the pathogenesis of sarcopenia.

A further level of complexity is added by the fact that both
mitochondrial function and muscle trophism are influenced by
physical activity and anabolic hormones, which both decline with
aging (Dela and Helge, 2013). Other age-related processes, such
as chronic, low-grade inflammation and vascular alterations, can
also affect both muscle health and mitochondrial function (Terjung
et al., 2002; Jensen, 2008). Hence, segregating the impact of age
per se from that of lifestyle habits and age-associated conditions on
muscle pathophysiology poses a relevant challenge (Fig. 1).

In this review, we illustrate relevant mechanisms that are
proposed to underlie the relationship among aging, muscle mito-
chondrial dysfunction and sarcopenia. First, we present a brief
overview on the evidence linking mitochondrial dysfunction to
human muscle aging. We  then discuss prominent mitochondrial
pathways that have been implicated in the pathogenesis of sarcope-
nia. Subsequently, we summarize extramuscular factors than can
have an impact on myocyte mitochondrial function, thus poten-
tially serving as targets for anti-sarcopenic interventions. Finally,
methodological considerations for the design of clinical trials on
mitochondrial dysfunction and sarcopenia are presented.

2. Involvement of mitochondrial dysfunction in muscle
aging: evidence from human studies

One major consequence of the age-associated mitochondrial
dysfunction is a decline in bioenergetics. Both resting and maxi-
mal  oxygen (O2) consumption decreases with advancing age (Short
et al., 2004). This decline is independent of changes in fat-free mass,
indicating that either muscle mitochondrial function or content (or
both) is reduced as a function of age.

Studies on muscle specimens from healthy individuals have
revealed age-related declines in mitochondrial mass (Welle et al.,
2003), activities of tricarboxylic acid cycle enzymes (Crane et al.,
2010), O2 consumption (Joseph et al., 2012; Coen et al., 2013), and
ATP synthesis (Short et al., 2005). Moreover, a 40–50% decrease
in oxidative phosphorylation (OXPHOS) activity has been detected
in vivo via 31P nuclear magnetic resonance (31P-NMR) spectroscopy
in older persons compared with younger controls (Conley et al.,
2000; Petersen et al., 2003).

The impact of mitochondrial bioenergetic decline on muscle
aging is witnessed by the existence of a correlation between ATP
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