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Abstract

Accelerated apoptosis in skeletal muscle is increasingly recognized as a potential mechanism
contributing to the development of sarcopenia of aging and disuse muscle atrophy. Given their central
role in the regulation of apoptosis, mitochondria are regarded as key players in the pathogenesis of
myocyte loss during aging and other atrophying conditions. Oxidative damage to mitochondrial
constituents, impaired respiration and altered mitochondrial turnover have been proposed as potential
triggering events for mitochondrial apoptotic signaling. In addition, iron accumulation within
mitochondria may enhance the susceptibility to apoptosis during the development of sarcopenia and
possibly acute muscle atrophy, likely through exacerbation of oxidative stress. Mitochondria can
induce myocyte apoptosis via both caspase-dependent and independent pathways, although the
apoptogenic mediators involved may be different depending on age, muscle type and specific
atrophying conditions. Despite the considerable advances made, additional research is necessary to
establish a definite causal link between apoptotic signaling and the development of sarcopenia and
acute atrophy. Furthermore, a translational effort is required to determine the role played by apoptosis
in the pathogenesis of sarcopenia and disuse-induced muscle loss in human subjects.
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1. Introduction

Skeletal muscle atrophy and impaired muscle strength represent an important health issue and
may occur as a consequence of immobilization, disuse, injury, starvation, medications, and
aging. In particular, advanced age is ineluctably accompanied by the loss of muscle mass and
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strength [1]. This condition, known as sarcopenia of aging, has significant effects on individual
health and impacts the severity of frailty [2]. Moreover, poor muscular strength is highly

predictive of disability [3] and mortality [4], and general weakness often results in the loss of
independent living, thereby affecting individual quality of life and imposing a high burden on
healthcare expenditure [5]. Aside from aging, skeletal muscle can undergo significant atrophy
following disuse [6]. Notably, the recovery from disuse muscle atrophy is impaired at old age

[71.

Hypoplasia and atrophy in skeletal muscle with aging and atrophying conditions occur largely
through mechanisms not clearly defined. However, in recent years, evidence has accumulated
indicating that acceleration of apoptosis in skeletal muscle may be involved in the pathogenesis
of sarcopenia [8-16] as well as acute atrophy [17-24].

Execution of apoptosis in skeletal muscle displays unique features due to the multinucleated
nature of myofibers. Therefore, apoptosis may result in the elimination of individual myonuclei
(myonuclear apoptosis) and the relative portion of sarcoplasm, without demise of the entire
fiber [25]. The mitochondrion, being at the same time the repository and target of several
apoptotic mediators, is considered the main center for the integration of the apoptotic signaling
and induction of apoptosis [26]. Importantly, skeletal muscle, similar to the heart, contains two
bioenergetically [27] and structurally [28] distinct mitochondrial subpopulations:
subsarcolemmal mitochondria (SSM), located beneath the sarcolemma, and intermyofibrillar
mitochondria (IMF), arranged in parallel rows between the myofibrils. These two
subpopulations display different susceptibility towards apoptotic stimuli [29] and may
therefore be differentially involved in the pathogenesis of sarcopenia and other muscle
atrophying conditions.

Several mechanisms are thought to be involved in the execution of mitochondria-driven
apoptosis in skeletal muscle [26]. However, it appears that altered mitochondrial function
precedes and is required for the initiation of apoptosis both in sarcopenia of aging [30,31] and
disuse muscle atrophy [23].

2. Mechanisms of muscle mitochondrial dysfunction at old age and in
atrophying conditions

Mitochondria are essential for proper cellular functioning and viability, being the main sites
for energy production and playing an essential role in the maintenance of redox homeostasis
[32]. In addition, mitochondria are responsible for the biosynthesis of heme [33], iron—sulfur
clusters (ISCs) [34] and steroids [35], as well as for the regulation of cell metabolism, signaling,
growth, and the cell cycle [36]. Importantly, the mitochondrion is recognized as the center for
the integration of apoptotic signaling and induction of programmed cell death [37]. With these
vital responsibilities, it is readily understandable that impairment of mitochondrial integrity
and function has been implicated as an important contributor to sarcopenia [26] and even as a
causal factor for aging [38,39]. Derived from the well-known free radical theory of aging first
pioneered by Harman in the 1950s [40], the mitochondrial theory of aging centers on
mitochondrial dysfunction from oxidative damage to mitochondria DNA (mtDNA) caused by
reactive oxygen species (ROS) as the key factor driving the aging process [38,39].

Because the mitochondrion is the main cellular site of ROS production, it follows that
mitochondrial components are immediately susceptible to oxidative damage. In particular,
mtDNA is especially prone to oxidative damage [41] due to its proximity to the electron
transport chain (ETC), the lack of protective histones and a less efficient repair system
compared to nuclear DNA [42]. Moreover, due to the compactness of the mitochondrial
genome (i.e., lack of introns), each mutation is likely to affect gene integrity and, hence, protein
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function [42]. Mutations in mtDNA can lead to the synthesis of defective respiratory chain
components, which may result in the impairment of oxidative phosphorylation, decreased ATP
production and further ROS generation [39,40].

Several lines of evidence support the hypothesis that mtDNA damage and mutations contribute
to aging and age-related diseases. Indeed, accumulation of mtDNA deletion mutations has been
reported at advanced age in animal models and humans [43-48]. Furthermore, mice expressing
a proofreading deficient mtDNA polymerase accumulate a high load of mtDNA mutations and
display a premature aging phenotype, including severe sarcopenia, and shortened lifespan
compared to wild-type littermates [49]. Accumulation of mtDNA mutations and impaired
mitochondrial function have been linked with the pathogenesis of sarcopenia, as evidenced by
the decreased activity of complex | and IV of the ETC observed in aged skeletal muscles of
various species [47,50-53]. Notably, fibers harboring high levels of mtDNA deletionsand ETC
abnormalities often display morphological aberrations, including segmental atrophy, fiber
splitting and breakage [47,53].

Despite these findings, the actual levels of mtDNA mutations observed during normal aging
might not have a considerable impact on mitochondrial functional decline in skeletal muscle,
since this can occur before a critical level of mtDNA damage is reached [54]. However, other
factors can be invoked to support the involvement of mitochondrial dysfunction in the
pathogenesis of sarcopenia of aging. These include decreased mitochondrial biogenesis and
turnover, and oxidative damage to mitochondrial enzymes, structural proteins and membrane
lipids.

Mitochondrial biogenesis has been shown to decrease with age [55,56], possibly as a
consequence of the reduced expression of peroxisome proliferator-activated receptor-y
coactivator-1a (PGC-la) [57]. This latter is a transcriptional coactivator, central to the
regulation of the transcription of genes involved in energy homeostasis and metabolism [58].
Chabi et al. [30] recently reported a 30% reduction in mitochondrial content in fast-twitch
muscles of senescent rats, which was accompanied by lower PGC-1a protein levels.
Furthermore, a general decrease in the expression of genes encoding several ETC subunits has
been detected in aged human muscle [55]. Along with decreased mitochondrial biogenesis,
advanced age is also characterized by impaired turnover of damaged mitochondria [59].
Dysfunctional mitochondria are removed by means of macroautophagy, a form of cellular
“self-eating” that involves the formation of a double membrane around the damaged organelle,
called an autophagosome, which then fuses with lysosomes for degradation [60]. This process,
termed mitophagy, has been found to be less efficient at advanced age, especially in post-
mitotic tissues, such as the skeletal muscle, possibly as a result of age-related lysosomal
dysfunction [59]. Impaired clearance of damaged mitochondria and decreased biogenesis could
eventually result in an overall loss of mitochondrial function, which may contribute to the loss
of muscle mass and function occurring with aging [61].

Besides mtDNA, ROS generated by mitochondria can also directly damage proteins and lipids
in the mitochondrial compartment. Oxidatively modified proteins within the ETC may actually
result in more immediate deleterious effects (i.e., increased uncoupling and decreased
efficiency of oxidative phosphorylation) than would be observed with mtDNA mutations
[54]. In addition, oxidative damage to lipids of the inner mitochondrial membrane (IMM),
particularly cardiolipin, can lead to disruption of membrane potential with the loss of the proton
motive force [62], and affect the activities of respiratory chain complexes [63,64]. Of note,
oxidized cardiolipin can directly promote the release of apoptogenic factors from the
mitochondria [65,66].

Biochim Biophys Acta. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marzetti et al.

Page 4

As previously mentioned, altered mitochondrial function is also likely to play a role in skeletal
muscle loss following chronic disuse. Adhihetty et al. [23] recently reported that mitochondrial
content was reduced in the gastrocnemius muscle of rats subjected to hind limb denervation.
This was concomitant with reduced expression of the mitochondrial biogenesis factors
PGC-1a and transcription factor A (Tfam). In addition, denervation dramatically enhanced
ROS generation in SSM, along with reduced expression of the mitochondrial superoxide
dismutase (SOD) isoenzyme (MnSOD) in both IFM and SSM [23]. Using a similar
experimental model, O’Leary and Hood [67] recently found that muscle denervation decreased
state 3 mitochondrial oxygen consumption and increased ROS generation during state 4
respiration in both mitochondrial subpopulations.

Similar to denervation, muscle unloading has also been shown to alter mitochondrial
respiration. Interestingly, SSM and IFM seem to respond differently to muscle disuse, as
evidenced by reduced state 3 oxygen consumption detected in IFM, but not in SSM of hind
limb suspended rats [68]. In addition, decreased mitochondrial respiration rate was only
observed in the gastrocnemius muscle, whereas the soleus, extensor digitorum longus (EDL)
and tibialis anterior muscles did not show significant mitochondrial dysfunction. Interestingly,
impaired respiration was observed when mitochondria were energized with pyruvate—malate,
a complex | electron donor, whilst respiration was not altered in the presence of succinate, a
complex Il electron donor [68]. This suggests that muscle unloading may negatively and
selectively alter the respiration in IFM by reducing the efficiency of complex | of the ETC.
Moreover, Oishi et al. [69], using a rat model of muscle unloading, documented a decreased
mitochondrial mass in the soleus muscle, as evidenced by reduced levels of cytochrome ¢
oxidase subunit IV (Cox 1V). This adaptation was likely sustained by impaired mitochondrial
biogenesis, as suggested by the reduced expression of PGC-1a.

Importantly, several studies have shown that muscle disuse is associated with increased levels
of oxidative stress [70-74], which in turn may exacerbate the loss of muscle mass [75]. Siu et
al. [73] recently reported increased levels of hydrogen peroxide, lipid peroxides and reactive
nitrogen species (RNS) in the gastrocnemius muscle of hind limb suspended rats. These
changes were concomitant with the reduced expression of MnSOD, whereas no alterations
were detected for cytosolic Cu-ZnSOD. Interestingly, changes in oxidative stress markers and
MnSOD protein content in response to hind limb unloading were exacerbated or only detectable
in aged rats.

3. The emerging role of iron accumulation in age-related mitochondrial
dysfunction

Iron (Fe), a trace element essential for various cellular functions, is utilized in two main
functional forms: heme and Fe—sulfur clusters (ISCs), both of which are synthesized in
mitochondria[33,34]. Due to the importance and potential toxicity of this vital element, cellular
Fe uptake, storage, transport, export, and utilization are tightly regulated through a multitude
of factors [76]. Since the mitochondrion is the site of heme and ISCs synthesis, most of the Fe
taken up by the cellis transported into the mitochondrial compartment [77]. Thus, mitochondria
possess their own set of Fe transport and regulatory proteins to maintain Fe homeostasis and
achieve balance with cytosolic Fe levels [77]. Fe is transported and stored in the ferric (Fe3*)
form; however, only the reduced ferrous (Fe2*) form is incorporated into the heme group,
whereas either form can be present in ISCs [77]. While required for cellular viability, Fe plays
acentral role in the generation of free radicals and ROS. Reduced Fe can act as a potent catalyst
in Fenton reactions resulting in the formation of the highly reactive hydroxyl radical. Since
mitochondria are the major sites of oxygen consumption and ROS production, the existence
of high concentrations of Fe and hydrogen peroxide within the same compartment could
potentially result in elevated levels of oxidative stress and damage.
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Abnormal Fe homeostasis can lead to the loss of complex IV activity and compromise the
integrity of mtDNA, resulting in mitochondrial dysfunction [78,79]. Furthermore,
ferrochelatase, the mitochondrial enzyme that incorporates Fe into protoporphyrin IX in the
last step of heme synthesis, contains an ISC that is sensitive to oxidants [78]. Damage to
ferrochelatase can therefore result in increased availability of free Fe2* in mitochondria that is
not incorporated into heme. In addition, the superoxide anion, formed during mitochondrial
respiration via single-electron reduction of oxygen, can react with aconitase to release Fe2*
[80].

Interestingly, several studies have demonstrated that Fe accumulates in skeletal muscle during
aging and atrophying conditions [31,74,81-84] and it has been suggested that Fe accumulation
may be involved in the pathogenesis of sarcopenia and acute muscle atrophy [85]. The
importance of Fe overload in muscle atrophy was first demonstrated by Kondo et al. [81], who
reported mitigation of oxidative damage and attenuation of muscle mass loss following
administration of the Fe chelator deferoxamine to hind limb immobilized rats. A later study
by Hofer et al. [74] demonstrated that non-heme Fe levels in the rat gastrocnemius muscle
increased by 233% with age and were further elevated following hind limb suspension (HS)
in old, but not young rats. Importantly, free Fe accumulated in atrophied rather than normal
fibers, suggesting a causal relation between Fe overload and the loss of muscle mass.
Furthermore, Xu et al. [83] found that total non-heme Fe levels increased progressively with
age in the rat gastrocnemius muscle and were correlated with decreased muscle mass and grip
strength. Fe has also been found to accumulate in rat liver and skeletal muscle mitochondria
with aging [31]. Interestingly, Seo et al. [31] found that Fe accumulated to a higher extent in
SSM than in IFM of old rats, and impacted on mtRNA oxidation and mitochondrial
permeability transition pore (mMPTP) opening susceptibility. What is more, mitochondrial non-
heme Fe levels were positively correlated with caspase-9 and caspase-3 activity. Likewise,
total muscle non-heme Fe was positively correlated with the extent of apoptotic DNA
fragmentation [31]. The importance of Fe accumulation in mitochondrial dysfunction is further
highlighted by studies utilizing mitochondrial Fe chelation as a strategy to reverse and/or
ameliorate the consequences of excess Fe in neurodegenerative disorders [86-88]. Although
further research is required, the promising results of these studies together with the pioneering
observations by Kondo et al. [81] suggest that mitigation of Fe overload may represent a novel
strategy to attenuate mitochondrial dysfunction and muscle loss at old age and in other
atrophying conditions.

4. Mechanisms of mitochondria-mediated apoptosis

Apoptosis, a process of programmed cell death, is a highly conserved and tightly regulated
systematic set of events resulting in cellular self-destruction without the induction of
inflammation or damage to the surrounding tissue [89]. Apoptosis is essential for numerous
biological processes including embryogenesis and development, cellular turnover, tissue
homeostasis, and several immunological functions [89]. Cysteine-aspartic proteases (caspases)
are the executioner enzymes that carry out the dismantling of the cell and are normally present
as inactive zymogens (procaspases) [90]. Upon apoptotic stimuli, initiator caspases (i.e.,
caspase-8, caspase-9, caspase-12) are activated, subsequently leading to the activation of
effector caspases (i.e., caspase-3, caspase-6, caspase-7) that perform the actual cellular
degradation [91]. Effector caspases can be activated through extrinsic and intrinsic pathways
[90]. The extrinsic apoptotic signaling is initiated by the activation of death receptors present
on the cell surface, such as the Fas receptor and tumor necrosis factor receptor (TNF-R) [92].
Activation of these receptors by binding of death-stimulating ligands results in the recruitment
of adaptor proteins, such as the Fas-associated death domain (FADD), which contain a death
effector domain (DED) that engages procaspase-8. Active caspase-8, in turn, cleaves and
activates the effector caspase-3 [92]. Intrinsic pathways of caspase activation include several
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internal cellular stimuli mediated by the endoplasmic reticulum or the mitochondria [90]. The
sarcoplasmic reticulum (specialized endoplasmic reticulum) in skeletal muscle is essential for
muscle function, by storing, releasing, and scavenging calcium ions required for excitation—
contraction coupling. When intracellular calcium homeostasis is disrupted, calpain-mediated
activation of caspase-12 can occur, leading to the activation of the effector caspase-3 [93].
However, the mitochondria-mediated intrinsic signaling pathway of apoptosis is probably the
more prominent means of programmed cell death and has been the subject of intense scientific
focus [37] (Fig. 1).

Mitochondria play a pivotal role in the regulation of apoptosis, being the principal players in
the intrinsic pathway and housing many pro- and anti-apoptotic factors involved in the
modulation of apoptosis [37]. One of the most studied mediators of apoptosis is cytochrome
¢, a small electron carrier associated with the IMM. When an event occurs that compromises
the integrity and proper functioning of the mitochondria, cytochrome ¢ can be released into
the cytoplasm where it associates with apoptotic protease-activating factor-1 (Apaf-1), dATP,
and procaspase-9, forming the apoptosome [37]. Within this macromolecular complex
procaspase-9 is activated via homo-oligomerization and subsequently engages the effector
caspase-3 [37]. Additional pro-apoptotic factors housed in the mitochondria include the second
mitochondria-derived activator of caspases/direct inhibitor of apoptosis-binding protein with
low pl (Smac/DIABLO) and heat requirement A2 protein (Omi/HtrA2), both of which can
block the activity of the inhibitor of apoptosis proteins (IAPs), which in turn inhibit the activity
of caspases [94]. Thus, release of Smac/DIABLO and Omi/HtrA2 provides another level of
regulation which ensures complete activation of caspases for the execution of apoptosis.

Aside from their role in cytochrome c-mediated induction of cell death, mitochondria also
participate in a pathway of apoptosis that does not involve caspase activation. Caspase-
independent execution of apoptosis is carried out by the apoptosis-inducing factor (AIF) and
endonuclease G (EndoG) [94]. AlF is a flavoprotein located within the mitochondrial
intermembrane space that possesses NADH-oxidase activity and is required for the proper
functioning of complex | [95]. Upon release from the mitochondria into the cytoplasm, AIF
translocates to the nucleus where it binds to DNA to induce chromatin condensation [96]. AIF
can also interact with cyclophilin A to form an active DNase responsible for large-scale DNA
fragmentation [97]. Following an apoptotic stimulus, AIF may be released along with
cytochrome ¢ which activates the caspase cascade. However, AlF is thought to act
independently of caspases, since Apaf-1 and caspase-9 knockouts still display apoptotic
activity induced by AIF [98]. EndoG is a mitochondrion-specific nuclease, necessary for
normal cell proliferation [99]. Under apoptotic conditions, EndoG is released from the
mitochondria and enters the nucleus, where it participates in oligonucleosomal DNA
fragmentation [100]. EndoG-mediated apoptosis is thought to occur independently of caspases
since DNA fragmentation is still observed in caspase-activated DNase (CAD) knockouts and
also in the presence of caspase inhibitors [100,101].

The critical factor for the initiation of mitochondria-mediated cell death is mitochondrial outer
membrane permeabilization (MOMP), which is required for the release of pro-apoptotic factors
residing within the intermembrane compartment [102]. While the exact mechanisms
underlying MOMP are not fully understood, the mitochondrial apoptosis-induced channel
(MAC) and the mPTP are regarded as prominent mediators [103].

The integrity of the outer mitochondrial membrane (OMM) is regulated by the Bcl-2 family
of proteins which includes pro- (e.g., Bax, Bak, Bad, Bim, Bid, Puma, Noxa) and anti-apoptotic
(e.g., Bcl-2, Bel-X, Bel-w, Mcl-1, A1) members [104]. Under normal conditions, Bcl-2 and
Bcel-X|_ block the activities of Bax and/or Bak [105]. In apoptotic conditions, Bax, normally
present in a monomeric form in the cytosol, translocates to the mitochondria, undergoes
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oligomerization and inserts into the OMM in concentrated foci [106]. This forms a pore through
which apoptotic factors stored in the intermembrane compartment are released [106]. Similarly,
Bak, which is constitutively anchored to the OMM, can form homo-oligomeric complexes
upon apoptotic stimulation [106]. Bax/Bak hetero-oligomers have also been described [107].
While there is still controversy about the identity of the pore formed by Bax and/or Bak, it is
thought that this structure is functionally identical to what is known as the MAC and that the
two are indeed the same entity [108]. The pro-apoptotic factors Bid and/or Bim are necessary
to activate Bax and/or Bak, possibly through neutralizing Bcl-2 and Bcl-X_ activity [109]. In
addition, Bid allows crosstalk between extracellular and intracellular pathways of apoptosis,
since it can be activated via cleavage by caspase-8 [110].

MOMP can also occur viamPTP opening [111]. The mPTP is a protein complex consisting of
three main putative components: a voltage-dependent anion channel (VDAC) located in the
OMM, the adenine nucleotide translocase (ANT) in the IMM, and cyclophilin D (CyPD) in
the matrix [112]. Upon certain stimuli such as oxidative stress or calcium overload, CyPD
becomes associated with the IMM and interacts with ANT and VDAC to form the mPTP
[112]. Recent studies indicate that ANT [113] and VDAC [114] may be dispensable for the
constitution of mPTP, although they may possess regulatory roles via interaction with Bcl-2
proteins [115]. On the contrary, CyPD appears to be required for permeability transition to
occur [116]. Opening of the mPTP allows free diffusion of low-molecular weight (i.e., <1.5
kDa) solutes across the IMM. This results in a mitochondrial permeability transition (MPT)
state where the IMM potential becomes dissipated, swelling of the mitochondria occurs, the
proton motive force is lost, and subsequent uncoupling of oxidative phosphorylation and
decreased ATP production ensue [117]. The OMM eventually becomes disrupted, resulting in
MOMP and the release of apoptogenic factors from the intermembrane space [111].

Opening of the mPTP can be promoted by several factors, including elevated levels of oxidative
[118] and nitrosative stress [119]. Furthermore, enhanced production of ROS and RNS may
induce a pro-apoptotic shift in the expression pattern of Bcl-2 proteins (e.g., increased Bax-to-
Bcl-2 ratio) [119,120]. Interestingly, crosstalk between mPTP and Bcl-2 proteins has been
reported. In fact, Bid and Bax can promote mPTP opening [115,121], whereas Bcl-2 and Bcl-
XL possess an inhibitory effect [122]. Because both MAC and mPTP can be regulated by the
Bcl-2 family proteins, the interaction between the two mechanisms may allow a high level of
regulation of MOMP and a more complete release of apoptotic factors to ensure cell death once
appropriate signals have been triggered [108]. The involvement and importance of these
pathways in apoptosis with aging and disuse in skeletal muscle remain to be determined.

5. Relevance of mitochondria-mediated apoptosis to sarcopenia

The aetiology of sarcopenia of aging is complex and not fully understood. Several factors have
been identified which are thought to contribute to the development of age-related muscle loss
(e.g., denervation, altered hormonal status, impaired muscle regeneration, altered protein
turnover, increased levels of pro-inflammatory cytokines, oxidative damage) [1]. However,
the relative impact of each contributing factor has not yet been established. Accumulating
evidence suggests that enhanced activation of apoptosis takes place in aged skeletal muscle,
likely contributing to the development of sarcopenia [123]. In this scenario, mitochondrial
apoptotic signaling could be a central mechanism underlying the pathogenesis of age-related
muscle loss [26].

As previously discussed, mitochondria-driven apoptosis can be executed with or without the
participation of caspases. Studies indicate that both mechanisms may be operative during the
development of sarcopenia [124], although recent evidence suggests that the caspase-

independent pathway might play a more important role [14]. MOMP is required for the release
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of apoptogenic factors from the intermembrane space [102] and is mediated by the altered
balance between pro- and anti-apoptotic members of the Bcl-2 family proteins [104] and
opening of the mPTP [111]. Increased expression of Bax and reduced levels of Bcl-2 have been
reported in skeletal muscles of old experimental animals [125-127]. However, other
investigators demonstrated that the expression of both pro- and anti-apoptotic Bcl-2 family
proteins increased in old muscles, with no changes in the Bax/Bcl-2 rheostat [14,128]. What
is more, Baker and Hepple [129] found reduced levels of Bax and Bcl-2 mRNA in the plantaris
muscle of old and senescent rats. These changes resulted in a 67% decline in the Bax-to-Bcl-2
ratio in the very old animals compared to younger controls. Interestingly, Rice and Blough
[130] reported a different age-related pattern of Bcl-2 and Bax expression in rats depending
on the muscle type. Bax content was increased at old age in the fast-twitch EDL, whereas no
changes were apparent in the slow-twitch soleus. In contrast, both muscles exhibited an
increased expression of Bcl-2 at advanced age. The elevation of Bcl-2 detected in aged muscles
may be interpreted as a compensatory, yet imperfect action aimed at limiting myonuclei loss
in the presence of strong pro-apoptotic pressure. However, increased expression of Bcl-2 in
the gastrocnemius muscle of old mice was paralleled by enhanced serine-phosphorylation and
subsequent inactivation of Bcl-2 [131], thereby abolishing its anti-apoptotic properties despite
elevated expression [132].

Enhanced susceptibility towards mPTP opening has been demonstrated in aged skeletal
muscles [30,31,133]. Notably, Seo et al. [31] observed that increased mPTP opening propensity
in rat quadriceps muscle was associated with elevated mitochondrial levels of non-heme Fe
and mtRNA oxidative damage. Furthermore, Marzetti et al. [14] found that mitochondrial
levels of CyPD were elevated relative to ANT and VDAC in the gastrocnemius muscle of
senescent rats. This finding further supports the involvement of mPTP opening in age-related
MOMP, given the central role postulated for CyPD in the formation of the mPTP [116].

Following MOMP, apoptogenic factors housed in the mitochondrial intermembrane space are
released, initiating the series of events that culminate in cell death [102]. Once in the cytosol,
cytochrome c triggers the mitochondrial caspase-dependent apoptotic pathway through the
sequential activation of caspase-9 and -3 [37]. Elevated cytosolic content of cytochrome ¢ has
been documented in skeletal muscle of old rats [128]. Accordingly, levels of Apaf-1 [10,128,
134], active caspase-9 content [131,133,134], and caspase-9 proteolytic activity [128] were
also found to be higher in aged muscles compared to young controls. However, other studies
did not observe increases in cytosolic cytochrome ¢ and active caspase-9 levels in skeletal
muscles of aged rats [9,10]. In addition, Marzetti et al. [14] found that gastrocnemius levels of
active caspase-9 were only transiently increased over the course of aging and were not
correlated with the extent of apoptosis. Furthermore, Pistilli et al. [127] reported no changes
in Apaf-1 and caspase-9 gene expression in the plantaris muscle of aged rats. Strikingly, it was
observed that gene expression levels of Apaf-1 were even reduced in the plantaris of old and
senescent rats relative to younger controls [129].

These observations question the relevance of the mitochondrial caspase-dependent mechanism
of apoptosis in the pathogenesis of sarcopenia, suggesting that alternative pathways may be
operative in the aging muscle. In this regard, it has been hypothesized that caspase-independent
apoptosis might be particularly important in skeletal muscle, as it could allow for the
elimination of individual myonuclei without subsequent dismantling of the entire fiber by
caspases [25]. This idea is supported by several reports where the mitochondrial caspase-
independent apoptotic pathway was activated in aged skeletal muscles [10,14,19,129].
Leeuwenburgh et al. [19], using an immunohistochemical approach, showed that EndoG co-
localized with myonuclei in the soleus muscle of old rats, indicating that nuclear translocation
of EndoG had occurred during aging. In addition, AIF gene expression progressively increased
over the course of aging in rat plantaris muscle, such that a 50-fold increase was detected in
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senescent vs. young animals [129]. Furthermore, a correlation was evident between AIF gene
expression and the progression of sarcopenia [129]. Similarly, an age-related increase in both
cytosolic and nuclear levels of AIF and EndoG was observed in the rat gastrocnemius muscle
[14]. Positive correlations were determined between the nuclear content of AIF and EndoG
and the extent of DNA fragmentation. In contrast nuclear levels of both of these markers were
negatively correlated with muscle mass, further suggesting a role for caspase-independent
apoptosis in sarcopenia [14].

Despite the fact that mitochondrial apoptotic signaling is operative in skeletal muscle at
advanced age, a direct link between myonuclear apoptosis and sarcopenia has yet to be proven.
Indeed, the possibility exists that the apoptotic program may serve to eliminate dysfunctional
nuclei and/or damaged muscle fibers, whose persistence would be detrimental for tissue
homeostasis. Furthermore, establishing a mechanistic link between the execution of apoptosis
and muscle loss is a difficult task. Indeed, virtually all of the molecules involved in the apoptotic
program possess other functions in non-apoptotic conditions. This peculiarity limits the
possibility of genetically manipulating apoptosis without simultaneously affecting other
cellular processes. Since sarcopenia takes place over the course of a lifespan, manipulation of
the expression and/or function of apoptotic mediators would result in long-term alterations of
other cellular processes. Therefore, the final outcome could not be univocally attributed to
changes in the apoptotic signaling rather than modifications of other processes. Hence, further
research is necessary to better understand the role of myonuclear apoptosis in the pathogenesis
of sarcopenia. In addition, further investigations are warranted to elucidate the relative
contribution of caspase-dependent and independent mitochondrial apoptotic pathways to
sarcopenia. Finally, a translational effort is required to verify whether and to what extent
myonuclear apoptosis and mitochondrial apoptotic signaling are involved in the pathogenesis
of sarcopenia in older persons.

6. The role of mitochondria-mediated apoptosis in disuse muscle atrophy

Acute muscle atrophy following spinal cord injury, microgravity, HS or immobilization results
in the rapid loss of muscle mass [6], the recovery from which is impaired at old age [7]. Despite
the large number of studies on disuse muscle atrophy, the exact mechanisms underlying muscle
loss remain unclear. Decreased myonuclear number has been reported in various experimental
models of muscle atrophy, with myonuclear apoptosis being potentially responsible [135].
Interestingly, current evidence indicates that distinct pathways of apoptosis may be activated
depending on age, muscle type and disuse model employed.

Enhanced mitochondrial apoptotic signaling has been observed in experimental models of
muscle denervation and in humans affected by neuromuscular disorders. Elevated caspase-9
expression was detected in patients with muscle atrophy due to peripheral neuropathy [136].
In the same disorder, Tews et al. [137] also identified increased expression of Smac/DIABLO,
which was exclusively observed in atrophied fibers. Interestingly, some atrophic fibers co-
expressed Smac/DIABLO and IAPs, suggesting that an anti-apoptotic adaptation had been
attempted, which was counteracted by the up-regulation of Smac/DIABLO. Furthermore,
changes in the expression of pro-apoptotic Bax and anti-apoptotic Bcl-2 were detected in
skeletal muscles of patients with spinal muscular atrophy [138]. In addition, altered muscle
expression of Bcl-2 and Bax was found in cases of polyneuropathy and amyotrophic lateral
sclerosis [139]. Altered expression of the Bcl-2 family proteins was also reported in rat hind
limb muscles following the severing of the sciatic and common peroneal nerves [23].
Denervation resulted in the up-regulation of Bax by 115% and a decrease in Bcl-2 by 89%,
producing a 16-fold increase in the Bax-to-Bcl-2 ratio. This adaptation was accompanied by
increased whole-muscle expression of AIF and a higher frequency of apoptotic myonuclei.
Similarly, Siu and Alway [20] found an increased Bax-to-Bcl-2 ratio in the rat gastrocnemius
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muscle 2 weeks after tibial nerve transection, as a result of ~8-fold and ~3-fold elevation in
Bax and Bcl-2, respectively. This coincided with enhanced apoptotic DNA fragmentation and
activation of mitochondria-dependent apoptotic signaling, as evidenced by increased cytosolic
levels of cytochrome ¢, Smac/DIABLO and AlF. In addition, both expression levels and
catalytic activity of caspase-9 and -3 were elevated following denervation [20]. The potential
role of mitochondrial apoptotic signaling in denervation-induced muscle atrophy was further
highlighted by a later study from the same group, which showed attenuation in the extent of
muscle loss and pro-apoptotic signaling following tibial nerve transection in Bax-deficient
mice relative to wild-type controls [21]. Apoptotic DNA fragmentation increased in the
gastrocnemius muscle of wild-type mice, but not in Bax(*/) littermates. Furthermore, cytosolic
levels of cytochrome ¢ were ~2-fold higher in wild-type relative to Bax-deficient mice.
Accordingly, increased activity of caspase-9 and -3 was only observed in wild-type animals,
whereas no increase in the nuclear content of AIF was detected in either group. Interestingly,
cytosolic levels of Smac/DIABLO increased to a similar extent in both wild-type and
Bax(/") denervated mice, suggesting that mitochondrial release of this molecule may occur
through a Bax-independent mechanism.

Importantly, muscle denervation has also been associated with increased susceptibility towards
mPTP opening [23,140], indicating that this mechanism may participate in the pro-apoptotic
environment of atrophying muscle. Furthermore, Csukly et al. [140] reported that the enhanced
propensity to mPTP opening in rat denervated hind limb muscles was associated with increased
CyPD content relative to ANT and VDAC. This observation suggests that alteration in the

expression of MPTP components might predispose to MPT in muscle atrophying conditions.

Evidence indicates that mitochondrial apoptotic signaling may also be involved in muscle
atrophy induced by unloading and immaobilization. Two recent studies provoked skeletal
muscle atrophy by 14 days of HS in the soleus (slow-twitch) [19] and the gastrocnemius
(predominantly fast-twitch) [128] muscles of young and aged rats. Both studies reported
decreased muscle mass following HS in both age groups. However, the degree of atrophy in
the soleus muscle was highest in the young animals [19], in contrast to the gastrocnemius
muscle where atrophy was more severe in the old rats [128]. The activation of apoptosis was
confirmed by elevated levels of DNA fragmentation in both muscle types in all HS animals
[19,128]. Interestingly, the highest levels of apoptosis were observed in both the gastrocnemius
[128] and the soleus [19] muscles of aged rats, suggesting a marginal role for apoptosis in
soleus muscle atrophy in young animals. Investigations into the pathways contributing to the
increased apoptosis observed in acute atrophy revealed some striking differences depending
on the age and muscle type. Siu et al. [128] found elevated cytosolic levels of AIF in the
gastrocnemius muscle of old rats following 2 weeks of HS. In contrast, no increases in AIF
release were detected in young HS animals. Cytosolic levels of cytochrome ¢ were elevated in
both HS groups, with a greater increase in the young rats (41% vs. 31%) [128]. However, no
differences in the levels of Apaf-1, caspase-9, caspase-3 or Smac/DIABLO were detected in
either young or aged rats following HS. Interestingly, Leeuwenburgh et al. [19] reported
increased caspase-3 activity in the soleus muscle of young, but not old HS rats. Moreover, the
mitochondrion-specific nuclease EndoG was found to co-localize with muscle fiber nuclei after
14 days of HS in the soleus muscle of old rats, whereas the amount of nuclear-located EndoG
was unchanged in the young HS animals [19]. Given the increased levels of DNA fragmentation
documented in the muscles of both young and old HS rats, it may be hypothesized that distinct
apoptotic pathways are operative depending on age. More specifically, it appears that the
caspase-independent pathway of apoptosis mediated by EndoG or AIF (or both) predominates
inaged muscle, whereas a caspase-dependent mechanism may be selectively activated at young
age.
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To further elucidate the dynamics of mitochondrial apoptotic signaling during acute atrophy,
a recent study investigated the temporal relationship between the occurrence of apoptosis and
myonuclear translocation of EndoG in the soleus muscle of young rats subjected to short-term
HS [22]. A significant decline in muscle fiber cross-sectional area was observed 2 days
following HS, before any measurable decrease in muscle weight could be detected.
Noteworthy, evidence of apoptosis was apparent as early as 12 h following HS, reaching a
maximum at 2 days, which preceded the elevation in muscle atrophy F-box (MAFbx) mMRNA
(a marker for protein degradation). Interestingly, co-localization of EndoG with apoptotic
myonuclei occurred 12 h after the initiation of HS [22]. The localization of EndoG within a
single fiber was also interesting. EndoG was observed to co-localize with apoptotic nuclei, but
was often found in the vicinity of nuclei not undergoing apoptosis. The “preference” of EndoG
to certain nuclei could indicate a transportation limitation, having been released from nearby
mitochondria. It further suggests that not all mitochondria were releasing EndoG and/or nuclei
had to be somehow susceptible (e.g., oxidative damage to the nuclear membrane) in order for
EndoG to permeate the nuclear membrane. Interestingly, activated caspase-3 was expressed
in interstitial cells undergoing apoptosis, suggesting that in these cells apoptosis may be
executed via a caspase-dependent pathway.

The involvement of caspase-independent apoptogenic factors in the early phases of disuse
atrophy has recently been confirmed by Ferreira et al. [24]. These authors detected maximal
AIF expression following 24 h HS in the murine soleus muscle, temporally coinciding with
the highest degree of apoptotic DNA fragmentation. In contrast, activity of caspase-8 and
caspase-3 was highest at 12 h, concomitant with a decrease in muscle protein concentration.
This suggests arole for the caspase cascade in protein degradation rather than apoptosis. Further
confirmation for the role of mitochondria-mediated apoptosis in acute muscle atrophy arises
from the observation that signaling within this pathway is activated but is then downregulated
during the recovery period following immobilization [141].

The involvement of myonuclear apoptosis in disuse muscle atrophy has recently been
challenged by Bruusgaard and Gundersen [142], who reported no apoptotic loss of myonuclei
in murine skeletal muscles atrophied for up to 28 days. Myonuclei were transfected with green
fluorescent protein containing a nuclear localization tag and tracked using in vivo time-lapse
microscopy. Unexpectedly, no myonuclear loss was observed in either slow- or fast-twitch
muscles, despite a significant reduction in muscle cross-sectional area. Furthermore, terminal
deoxynucleotidyl transferase biotin-dUTP nick-end labeling (TUNEL) analysis of
approximately 27,000 myonuclei revealed only an exiguous number to be apoptotic.

As discussed earlier with regard to sarcopenia, causality between the activation of the apoptotic
program and muscle atrophy has not been definitely established. Nevertheless, the concurrent
attenuation of apoptosis and muscle loss observed in Bax(-"") mice [21] strongly suggests a
causal relationship between the execution of myonuclear apoptosis and denervation-induced
muscle atrophy. Furthermore, activation of mitochondrial apoptotic signaling during the early
phases of disuse muscle atrophy [22,24] suggests that this may serve to achieve a new balance
between muscle size and the needs of the organism. From this perspective, myonuclear
apoptosis during muscle atrophy and the incorporation of new nuclei during hypertrophy may
be seen as fundamental mechanisms regulating myonuclear number and, hence, muscle
plasticity [143]. Clearly further research is required to better comprehend the cellular
mechanisms underlying disuse muscle atrophy and the role played by apoptosis in this process.
In addition, a deeper understanding of the apoptotic pathways involved at different ages and
in specific muscle types is imperative to design targeted and effective interventions to rescue
skeletal myofibers during periods of prolonged disuse.
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7. Conclusions

Several cellular mechanisms contribute to muscle loss during aging and disuse atrophy. Among
them, myonuclear apoptosis has recently emerged as a potential factor involved in the
pathophysiology of both sarcopenia and disuse muscle atrophy. Due to their central position
in the execution of programmed cell death, mitochondria are acknowledged as critical
mediators contributing to myonuclear apoptosis. Both caspase-dependent and independent
mitochondrial apoptotic pathways are activated during muscle loss, each predominating
according to age, nature of the atrophying condition and muscle type. However, despite
important advances in the field of myocyte apoptosis, several fundamental questions remain
unanswered: is there a causal relationship between the activation of the apoptotic program and
muscle loss? Are myonuclei degraded in a stochastic fashion or are they selectively targeted?
Likewise, are mitochondria randomly involved in triggering apoptosis or is this process only
instigated by damaged or dysfunctional mitochondria? What is the impact of apoptosis on
muscle loss relative to other cellular processes (e.g., altered protein turnover, impaired satellite
cell function, dysfunctional autophagy)? What is the role of apoptosis in sarcopenia and disuse
muscle atrophy in humans?

Future research will attempt to elucidate these and other yet unclear aspects concerning the
relevance of apoptosis to muscle loss. This knowledge will likely allow the design of more
effective therapeutic tools to combat sarcopenia and disuse muscle atrophy.
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Glossary
AlF apoptosis-inducing factor
ANT adenine nucleotide translocase
Apaf- 1 apoptotic protease-activating factor-1
CAD caspase-activated DNase
Cox cytochrome c oxidase
CyPD cyclophilin D
DED death effector domain
EDL extensor digitorum longus
EndoG endonuclease G
ETC electron transport chain
FADD Fas-associated death domain
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heat requirement A2 protein
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mitochondrial apoptosis-induced channel
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mitochondrial outer membrane permeabilization
mitochondrial permeability transition
mitochondrial permeability transition pore
mitochondrial DNA
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reactive nitrogen species

reactive oxygen species
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transcription factor A
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Fig. 1.

Schematic overview of mitochondrial apoptotic signaling in skeletal muscle. The left panel
shows an apoptotic myonucleus (circled bright spot) identified by TUNEL staining. The right
panel depicts the various molecules that may be involved in mitochondria-mediated apoptosis.
Release of apoptogenic factors from the mitochondrial intermembrane space occurs as a result
of an imbalance between pro- and anti-apoptotic members of the Bcl-2 family proteins and/or
following mitochondrial permeability transition pore (mPTP) opening. This latter causes a
sudden increase in membrane permeability, collapse of membrane potential, mitochondrial
swelling and rupture of the outer membrane, with subsequent release of mitochondrial death
effectors. Mitochondria-mediated apoptosis can be executed via caspase-dependent and
independent pathways. The former is initiated by the release of cytochrome ¢ (Cyto ¢) which
associates with apoptotic protease-activating factor-1 (Apaf-1), dATP and procaspase-9. The
resulting macromolecular complex (apoptosome) promotes the activation of caspase-9,
followed by the engagement of caspase-3, which in turn carries out DNA fragmentation (via
caspase-activated DNase, CAD) and protein breakdown. The release of the second
mitochondria-derived activator of caspases/direct inhibitor of apoptosis-binding protein with
low pl (Smac/Diablo) and heat requirement A2 protein (Omi/HtrA2), which block the activity
of the inhibitor of apoptosis proteins (IAPs), ensures complete activation of caspases for the
execution of apoptosis. Additionally, mitochondria can induce apoptosis via a caspase-
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independent mechanism, executed by the apoptosis-inducing factor (AlF) and endonuclease
G (EndoG), both of which can cleave DNA without the participation of caspases. Finally,
crosstalk between death receptor-mediated and mitochondria-driven apoptosis can occur via
cleavage and activation of Bid by caspase-8.
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