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Abstract

Prolonged skeletal muscle inactivity (e.g. limb immobilization, bed rest, mechanical ventilation,
spinal cord injury, etc.) results in muscle atrophy that manifests into a decreased quality of life and
in select patient populations, a higher risk of morbidity and mortality. Thus, understanding the
processes that contribute to muscle atrophy during prolonged periods of muscle disuse is an
important area of research. In this regard, mitochondrial dysfunction has been directly linked to
the muscle wasting that occurs during extended periods of skeletal muscle inactivity. While the
concept that mitochondrial dysfunction contributes to disuse muscle atrophy has been
contemplated for nearly 50 years, the mechanisms connecting mitochondrial signaling events to
skeletal muscle atrophy remained largely unexplained until recently. Indeed, emerging evidence
reveals that mitochondrial dysfunction and the associated mitochondrial signaling events are a
requirement for several forms of inactivity-induced skeletal muscle atrophy. Specifically,
inactivity-induced alterations in skeletal muscle mitochondria phenotype and increased ROS
emission, impaired Ca2* handling, and release of mitochondria-specific proteolytic activators are
established occurrences that promote fiber atrophy during prolonged periods of muscle inactivity.
This review highlights the evidence that directly connects mitochondrial dysfunction and aberrant
mitochondrial signaling with skeletal muscle atrophy and discusses the mechanisms linking these
interconnected phenomena.
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1. Introduction

Maintaining healthy skeletal muscle mass is an essential component for sustaining quality of
life through the performance of activities of daily living. Notably, maintaining a healthy
skeletal muscle mass is associated with lower risk of all-cause mortality [1, 2].
Unfortunately, several health-related conditions (e.g., bone fractures, coma, etc.) can result
in circumstances that induce prolonged inactivity of skeletal muscle resulting in muscle
atrophy (e.g. limb immobilization, mechanical ventilation, etc). While it is well established
that muscle atrophy occurs during inactivity due to alterations in the rates of both protein
synthesis and protein degradation, the precise mechanisms that drive these alterations remain
under investigation. In this regard, mounting evidence has revealed that mitochondria
become damaged and dysfunctional during prolonged muscle inactivity, and that this
mitochondrial dysfunction is a causal event in the initiation of muscle-inactivity induced
atrophy [3, 4]. However, the specific mechanisms employed by dysfunctional mitochondria
that enact signaling of inactivity-induced muscle atrophy have yet to be fully elucidated.

This review will discuss the key role that aberrant mitochondrial signaling plays in the
development of inactivity-induced skeletal muscle atrophy. We begin with an overview of
the events leading to inactivity-induced muscle atrophy. Then, we will briefly describe the
processes required to maintain homeostatic mitochondrial function, followed by a discussion
of the potential mechanisms that contribute to inactivity-induced mitochondrial dysfunction
in muscle fibers. Finally, we will summarize the evidence linking mitochondrial dysfunction
as a central player in the promotion of muscle atrophy during inactivity.

2. Inactivity-induced muscle atrophy: an introduction

2.1 Models of Inactivity

Unfortunately, there are numerous circumstances that result in prolonged inactivity of
skeletal muscle, and, consequentially, muscle atrophy. For example, a broken bone resulting
in limb immobilization (i.e., casting), prolonged bed rest, and the use of mechanical
ventilation resulting in inactivity of inspiratory muscles are all events that reduce skeletal
muscle activity and induce muscle atrophy. To investigate the events of inactivity-induced
muscle atrophy, several experimental models have been employed to mimic the muscle
atrophy conditions observed in clinical scenarios in order to elucidate relevant cellular and
physiological processes. For instance, hindlimb unloading in rodents via tail suspension is
often employed to unweight ambulatory muscles and mimic the inactivity-induced muscle
atrophy that is observed during bed rest or space flight. Additionally, rodent models of limb
immobilization can be used to study the inactivity-induced atrophy that occurs when a limb
is casted for prolonged periods of time. Spinal cord isolation and muscle denervation are
also experimentally induced in order to disable motor neuron activation of muscles in order
to study the muscle atrophy that occurs as a result of inactivity due to spinal cord injury.
Furthermore, a pre-clinical model of mechanical ventilation that is used to artificially
support pulmonary gas exchange also induces muscle atrophy by reducing the activity of
inspiratory muscles (e.g. diaphragm). Indeed, mechanical ventilation is often a life-saving
intervention used to support respiration in critically ill patients or those undergoing surgery.
However, patients who undergo prolonged mechanical ventilation often encounter
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difficulties in weaning due to the atrophy that occurs in respiratory muscles. Therefore, pre-
clinical models of ventilator-induced respiratory muscle wasting are also extremely useful
for investigating this unique type of muscle wasting. Collectively, these experimental models
are important tools of research utilized to simulate the respective conditions that occur in
humans.

In regard to the experimental selection of an inactivity-induced atrophy model, it is
important to appreciate that the respective time point and model chosen in these experiments
can impact the observation of the dependent variables measured. For instance, the muscle
atrophy that occurs in diaphragm after 12 hours of mechanical ventilation requires 3 days of
immobilization of the hindlimb in order to see similar atrophy in the gastrocnemius muscle
[5-7]. Furthermore, the effects of disuse models can be compounding, as a combination of
mechanical ventilation and denervation results in an amplified atrophic following 12 hours
of mechanical ventilation [8]. Despite these differences, it is established that the muscle
atrophy that occurs in these conditions is due to an imbalance in protein synthesis and
protein degradation and a brief discussion of these processes follows.

2.2 Muscle atrophy occurs due to an imbalance between protein synthesis and protein

degradation

Muscle protein balance is determined by the rates of protein synthesis and protein
degradation. Specifically, muscle atrophy can occur due to decreases in protein synthesis,
increases in protein degradation, or a combination of both. Indeed, studies reveal that during
periods of prolonged inactivity, muscle atrophy occurs due to both a decrease in protein
synthesis and accelerated proteolysis [9]. In regard to decreased protein synthesis during
muscle inactivity, protein synthesis rates decrease due to a combination of decreased
transcriptional activity, increased degradation of transcripts (e.g. mRNA stability), and
decreased assembly of translational machinery (i.e., translation). In this regard, the
PI3K/Akt/mTOR pathway is a key regulatory pathway involved in mediating the processes
involved in protein synthesis in skeletal muscle and this pathway is down-regulated in
muscle fibers during prolonged periods of inactivity [10-12]. Additionally, rates of protein
synthesis can also be negatively impacted by a decreased abundance of myonuclei during
prolonged muscle inactivity; this serves to decrease the transcriptional capacity of muscle
[13]. As mentioned earlier, prolonged muscle inactivity is associated with increased
proteolysis and muscle atrophy only occurs when rates of protein synthesis are below rates
of protein degradation.

Protein degradation is a constitutively active process in muscle fibers that serves to recycle
and remove damaged proteins. Four main proteolytic systems contribute to the degradation
of proteins: 1) ubiquitin proteasome system (UPS); 2) calpain; 3) caspase-3; and 4)
autophagy (Figure 1). Collectively, these proteolytic systems interact to maintain
proteostasis in the fiber and prevent the aggregation of damaged protein structures. However,
prolonged muscle inactivity results in signaling events that further activates these systems
and, if left unchecked, can result in accelerated protein degradation of undamaged proteins
resulting in a net loss of muscle protein. Importantly, autophagy, UPS, calpain, and the
caspase-3 proteolytic systems have all been demonstrated to contribute to protein
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degradation during disuse muscle atrophy [14-16]. More details of these proteolytic systems
follows.

The UPS functions to degrade damaged myofibrillar proteins within the muscle. The UPS is
composed of numerous ubiquitin ligase enzymes and a large proteolytic complex termed the
proteasome. Importantly, the UPS plays a large role in the protein degradation that occurs in
skeletal muscle atrophy [17]. In this regard, ubiquitin ligase enzymes tag proteins that are
damaged or deemed unnecessary with the protein ubiquitin; tagging of proteins with
ubiquitin marks them for degradation by the proteasome. Specifically, two muscle specific
E3 ligases, atrogin-1/MAFbx and muscle ring finger protein-1 (MuRF-1), are recognized in
playing a significant role in UPS mediated protein degradation in skeletal muscle wasting
[18]. Specifically, atrogin-1 is capable of ubiquitinating sarcomeric proteins (e.g. myosin
light isoforms) as well as proteins involved in protein synthesis pathways [19]. Conversely,
MuRF-1 is purported to play a larger role in the ubiquitination of thick filament components
such as myosin heavy chain isoforms [20].

Importantly, the structural proteins that tether contractile elements (e.g. a-ll-spectrin, titin,
etc.) in skeletal muscle are cleaved by calpain/caspase-3-dependent proteolysis in order to
free the thick and thin myofilaments [21]. However, the calpain and caspase-3 system may
go beyond initial cleaving of large protein structures and serve as signaling effectors for
protein degradation as well. Indeed, both the calpain and caspase-3 systems are implicated
as critical proteolytic enzymes required for inactivity-induced atrophy to occur [22]. Both
calpain and caspase-3 systems are allosterically regulated by Ca?*. Specifically, proteolysis
in the caspase-3 system is mediated by activated caspase-3. In this regard, Ca2+-induced
activation of caspase-12 or calpain results in activation of caspase-3 which can then cleave
its target proteins. Moreover, caspase-3 activation may occur due to mitochondrial signaling
pathways involving the release of cytochrome C (CytC) from the mitochondria [23].

The autophagy system has also been demonstrated to be a critical proteolytic system
involved in inactivity-induced muscle atrophy [24]. Autophagy acts to degrade proteins and,
in some cases, entire organelles. Autophagy occurs through the formation of an
autophagosome which acts to engulf protein structures destined for degradation, and this
autophagasomal degradation is facilitated through fusion of the autophagosome with
lysosomes.

Taken together, all four proteolytic systems have been demonstrated to be critically involved
in skeletal muscle atrophy [14-16]. Thus, it is important to note that activation of the UPS,
autophagy, calpain, or caspase-3 systems often coincides with activation of another:
highlighting the extensive crosstalk that occurs between these systems. This observation is
exemplified by the actions of a key transcriptional regulator of these systems: Forkhead box
O (Fox0). FoxO has been recognized as an important transcriptional regulator during
muscle inactivity-induced muscle wasting [25, 26]. In this regard, FoxO activation induces
the transcription of UPS related genes (e.g. Atrogin-1 and MuRF-1) as well as autophagy
related genes (e.g. microtubule-associated proteins 1A/1B light chain 3b (LC3), BCL2
interacting protein 3 (Bnip3), and cathepsin L) [27]. Moreover, the activation of the FoxO
pathway during muscle inactivity also down-regulates PI3K/Akt/mTOR mediated protein
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synthesis [26]. Collectively, it is apparent that FoxO regulates the activation of multiple
proteolytic systems and negatively impacts the systems involved in protein synthesis. The
interconnected relationship between these systems also represents the possibility for a single
governing regulator to exist that is capable of mediating atrophy programs during inactivity
(e.g. mitochondrial dysfunction). Nonetheless, our understanding of the proteolytic systems
involved in muscle atrophy have grown extensively. However, a large portion of the
aforementioned knowledge of proteolysis in skeletal muscles has been derived from rodent
experimental models and debate exists about the involvement of these systems in humans.

2.3 Controversy exists regarding the role that accelerated proteolysis plays in inactivity-
induced atrophy in human skeletal muscle

Humans studies describing the rate of inactivity-induced muscle atrophy reveal that <14
days of bed rest or immaobilization results in muscle loss at a rate ranging between
0.2%-2.3% of fiber cross sectional area per day [28]. Although it is clear that disuse muscle
atrophy occurs due to both a decrease in protein synthesis and an increase in protein
degradation in rodent experimental models [6, 29-32], debate exists on the role that
proteolysis plays in mediating inactivity-induced muscle atrophy in humans. Indeed, it has
been argued that in humans the key determinant of muscle atrophy during muscle inactivity
is entirely due to decreased muscle protein synthesis [9]. However, the argument that a
decrease in protein synthesis is the only factor driving muscle atrophy during inactivity may
be flawed due to an inability to accurately measure rates of proteolysis in humans and
therefore, this issue remains in debate [33]. While discrepancies exist on the relative
contribution of protein synthesis and protein degradation to atrophy in humans, it is
important to note that mitochondrial dysfunction is a hallmark trait that occurs during
prolonged muscle inactivity in both animals and humans [34-37]. In the next section, we
discuss the events involved in regulation of homeostatic mitochondrial function and how
these are altered during muscle inactivity to induce mitochondrial dysfunction.

3. Mitochondrial morphology, proteins, protein import, and composition

are disrupted during muscle inactivity

Mitochondrial dysfunction is a critical regulatory event for the activation of atrophic
programs during inactivity-induced muscle atrophy [3, 4] and this key topic will be
addressed in detail in a later section. Studies highlighting the mitochondrial dysfunction that
occurs in skeletal muscles during periods of prolonged inactivity commonly measure
mitochondrial respiratory function, reactive oxygen species (ROS) production, and
morphology. In this regard, during prolonged muscle inactivity, mitochondria undergo rapid
decrements of respiratory capacity and coupling, decreased mitochondrial volume, increased
mitochondrial ROS emission, and morphological changes [34-39]. However, the factors that
promote this mitochondrial dysfunction during prolonged muscle inactivity have not been
fully elucidated. Nonetheless, in the next segments we will provide an overview of the
established mechanisms that maintain mitochondrial function and how these processes are
disrupted during inactivity (Figure 2).
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3.1 Mitochondrial morphology favors fission during muscle inactivity

The first report of on the existence of mitochondria was published in 1898, yet our
understanding of the morphology/function of these organelles continues to expand [40].
Indeed, the discovery that mitochondria existed as a reticulum in skeletal muscle occurred
eight decades later [41]. Importantly, the recent utilization of high-powered imaging
techniques has provided an in-depth view on the extent of the mitochondrial reticulum [42].
These new findings provide the conceptual framework of mitochondria functioning as an
interconnected “power grid”. For rapid ATP formation to occur in skeletal muscle during
prolonged contractile activity, a high proton force must be maintained by the mitochondria
to allow the transfer of electrons through the electron transport chain. When mitochondria
exist in an elongated reticulum, sites near ATP consuming areas are aided by proton pumps
distal from energy-requiring sites (e.g. Myosin ATPase, SERCA, etc.) acting to maintain a
high proton gradient [42]. The regulation of this mitochondrial reticulum is an active process
that involves frequent restructuring of mitochondrial organization in the forms of fusion (i.e.
joining of adjacent mitochondria) and fission (i.e. separation of mitochondria). In this
regard, fusion allows mitochondria to employ a larger breadth of machinery and increase
ATP production capacity [42, 43]. Fission, however, serves as a process of quality control by
separating damaged mitochondria from the existing reticulum, and can conversely act to
create new mitochondrial networks [44]. In regard to muscle inactivity, mitochondria
undergo a state of fission which may serve as a signaling effector for muscle atrophy due to
a disruption in the ability to produce energy [39, 45, 46]. Thus, further understanding of the
control mechanisms of fusion and fission is warranted.

The process of mitochondrial fusion and fission require elaborate fine-tuning due to the
mitochondrial lipid bilayer membrane, thus necessitating coordination at both the inner and
outer membrane. During fusion, the proteins mitofusin 1 and 2 (MFN1 and MFN2) mediate
fusion by tethering the outer mitochondrial membrane to adjacent mitochondria, while the
fusion of the inner membrane is mediated by optic atrophy 1 (OPA1) [47]. MFN 1 and 2 are
also involved in mediating junctions between the sarcoplasmic reticulum creating membrane
associated-sarcoplasmic reticulum membranes (MAM) which serve important roles in
mitochondrial Ca2* handling [48, 49]. A key regulatory element to regulation of fusion via
MFEN proteins is the E3 ligase Parkin, which ubiquitinates MFN1 and MFN2 leading to its
extraction from the outer membrane of the mitochondria and subsequent degradation, thus
serving to prevent mitochondrial fusion [50, 51]. Additionally, the mitochondrial proteases
presenilins-associated rhomboid-like protein (PARL 1), mitochondrial ATPases associated
with diverse cellular activities (m —AAA), and high temperature requiredA2 (HtrA2) can
cleave OPA1 resulting in functionally different OPA1 isoforms that vary in their action (e.g.
mediating fusion or cristae remodeling) [52].

Conversely, the process of fission is largely coordinated by dynamin related protein 1
(DRP1). DRP1 resides in the cytosol until signaling events induce its translocation toward
the outer membrane of the mitochondria [53]. Currently, the best described regulatory
actions of DRP1 translocation is phosphorylation at specific-serine sites. Phosphorylation at
Ser616 is believed to activate DRP1, whereas phosphorylation at Ser637 and Ser693 appear
to inactivate DRP1 and prevention of mitochondrial fission [54-56]. In addition, DRP1
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activity can also be modified by sumoylation and S-nitrosylation [53]. Upon DRP1
recruitment to the mitochondria, DRP1 interacts with mitochondrial fission 1 (FIS1) on the
outer mitochondrial membrane serving to anchor DRP1 to the mitochondria [57]. DRP1
oligomerizes with the mitochondria and multiple DRP1 dimers form a filament around the
mitochondria leading to scission and fission of the mitochondria [58, 59]. Importantly,
muscle inactivity results in alterations of the proteins involved in mediating both fusion and
fission [39, 60].

During inactivity-induced muscle atrophy, total as well as phosphorylated (i.e. pPDRP1-S616,
active) DRP1 is increased in response to inactivity implicating DRP1 as an important
mediator of the mitochondrial fragmentation that occurs with inactivity [39, 61].
Furthermore, levels of MFN1, MFN2, and OPA1 protein content are decreased, which
reduces the capacity for mitochondrial fusion to occur [60]. Taken together, a concomitant
decrease in fusion proteins along with an increased signaling for mitochondrial fission via
DRP1 likely underlie mitochondrial fragmentation during muscle inactivity.

3.2 Key mitochondrial proteins are rapidly down-regulated during muscle inactivity

Intriguingly, decreases in the abundance of mitochondrial fusion proteins may be mediated,
in part, by a decreased synthesis of mitochondrial proteins. Indeed, transcriptomic and
proteomic studies reveal that pathways involved in mitochondrial biogenesis are
downregulated during skeletal muscle inactivity [62, 63] and, in particular, these signaling
pathways are the most negatively impacted transcriptional sub-group following only 48
hours of immobilization [38]. Regulation of mitochondrial proteostasis is unique due to the
multi-faceted coordination of the nuclear and mitochondrial genome that operate
synchronously to maintain functioning mitochondrial proteins. In this regard, the
mitochondrial genome is responsible for encoding 37 proteins that are involved in
mitochondrial maintenance and function, whereas over 1100 nuclear encoded proteins have
currently been identified in the formation of human mitochondria [64].

Importantly, a key regulator of mitochondrial biogenesis, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), is significantly decreased during prolonged
muscle inactivity [65] (Figure 2). PGC-1a. is an important transcriptional coactivator that
aides in the regulation of genes involved in mitochondrial biogenesis, fatty acid oxidation,
and glycolysis. It follows that decreases in PGC-1a abundance results in impaired
mitochondrial biogenesis resulting in a negative impact on mitochondrial structure and
function [66]. Conversely, studies reveal that overexpression of PGC-1a preserves
mitochondria and attenuates inactivity-induced muscle atrophy during limb immobilization,
hindlimb suspension, and denervation [67-69]. Additionally, overexpression of PGC-1a
ameliorates the decreases of MFN1, MFN2 and OPA1 that occur with muscle unloading
[60], further highlighting the importance of maintaining upstream transcriptional activators.
However, interpretation of the protective effects of PGC-1a in relation to mitochondrial
dysfunction and the direct impact on muscle inactivity-induced atrophy is difficult. Indeed,
PGC-1a commands a broad array of signaling and transcriptional events not all directly
related to mitochondria [70]. Nonetheless, these PGC-1a overexpression studies add to the
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culminating evidence that protection of mitochondrial function is critical to attenuating
inactivity induced muscle wasting.

Additionally, decreases in the mitochondrial transcription factor A (TFAM) that occur in
response to prolonged muscle inactivity may also serve as an event dictating mitochondrial
dysfunction [37, 65, 71]. A downstream target of PGC-1a, TFAM is an important regulator
of transcription of mitochondrial DNA (mtDNA) encoded genes and acts to stabilize and
protect mtDNA from damage and degradation [72]. Indeed, ablation of TFAM results in
embryonic lethality [73]. During muscle inactivity, TFAM promoter activity is decreased by
30% a mere 8 hours following denervation and further decreased by 65% following 3 days
[74]. Furthermore, denervation results in a significant decrease of TFAM localization within
mitochondria and a corresponding decrease in mitochondrial copy number [74]. Thus,
decreases in TFAM during disuse muscle atrophy may expose mtDNA to a higher risk of
damage: resulting in a cascading effect of damage leading to mitochondrial signaling events
that activate atrophic pathways [72]. Indeed, this is significant as mtDNA number decreases
during prolonged muscle disuse [5, 37] which is likely a response to accumulation of
damaged mtDNA and consequential removal. Nonetheless, direct interventions of
modulating TFAM independently have not been performed in inactivity-induced atrophy and
may warrant future research. Moreover, the reductions in the synthesis of mitochondrial
proteins are further exacerbated by a decreased capacity for mitochondrial protein import.

3.3 Mitochondrial protein import and import machinery are disrupted during prolonged
muscle inactivity

Reductions in the abundance of mitochondrial proteins can be further exacerbated by a
decreased capacity for mitochondrial protein import. Mitochondria utilize specialized
transporters to incorporate nuclear encoded proteins by shuttling them across the
mitochondrial inner and outer membranes. Specifically, protein import requires a multitude
of various membrane transporters, as well as processing enzymes to cleave the
mitochondrial protein precursors responsible for guiding nuclear encoded proteins destined
for mitochondrial import [75]. During prolonged muscle inactivity however, the capacity for
mitochondrial protein import is decreased along with decreases in the associated proteins for
mitochondrial import [76]. Indeed, the mitochondrial import translocase of the outer
membrane (Tom20) and translocase of the inner membrane (Tim 23) are significantly
reduced following muscle denervation in rodents [76]. These findings are likely important,
as the decrease in the capacity for mitochondrial import following denervation was highly
correlated with the extent of mitochondrial dysfunction. Furthermore, this disruption in
mitochondrial protein import capacity is also likely translatable to humans as transcripts
encoding for mitochondrial import machinery are also downregulated in human skeletal
muscles during prolonged limb immobilization [38].

3.4 Prolonged skeletal muscle inactivity decreases mitochondrial cardiolipin

Cardiolipin is a critical component in the composition of the mitochondrial membrane.
Specifically, the phospholipid cardiolipin is largely exclusive to the mitochondrial inner
membrane. Cardiolipin functions to spatially orient mitochondrial cristae, trap protons in the
intermembrane space to maintain a proton gradient, and provide a scaffold for the electron
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transfer complexes in the respiratory chain [77]. In order for mitochondria to incorporate
cardiolipin, the molecule is synthesized by cardiolipin synthase (CLS) and then further
converted into a mature form via remodeling of its four fatty acid chains by the enzymes
tafazzin (Taz) and Acyl-CoA:lyscocardiolipin acyltransferase-1 (ALCAT1) [78].

During prolonged muscle inactivity, cardiolipin abundance decreases along with a congruent
decrease in the relative composition of cardiolipin with linoleic acid (18:2/-6) fatty acid
chains [79]. While the findings that cardiolipin abundance is altered during inactivity is still
novel, this may be an important occurrence during muscle inactivity as alterations of
cardiolipin abundance as well as the composition of its fatty acid chains can have direct
effects on mitochondrial function [80]. In skeletal muscle, cardiolipin fatty acid chains are
primarily composed of linoleic acids (18:2/+6) [81]. Of note, decreases in the relative
composition of cardiolipin with linoleic acids is associated with decreased cytochrome ¢
oxidase activity [82], thus may serve as one mechanism for mitochondrial dysfunction.
Intriguingly however, a compensatory mechanism appears to take place for the loss of
cardiolipin during muscle inactivity, as Taz protein expression and transcription of ALCAT1
and CLS are increased during muscle inactivity [78, 79]. While future research is required to
fully understand the processes and extent of cardiolipin remodeling during disuse, this may
play an important role in mitochondrial dysfunction as cardiolipin modeling impacts another
key trait of mitochondrial dysfunction: increased ROS emission [14, 83]. Importantly,
increased ROS emissions are a hallmark of mitochondrial dysfunction during prolonged
muscle disuse and will be discussed in the subsequent section.

In summary, the mitochondrial dysfunction that occurs in skeletal muscle fibers during
prolonged periods of inactivity likely occurs due to a combination of alterations in
mitochondrial morphology, transcription and translation of mitochondrial proteins, protein
import capacity, and changes in the membrane lipid profile. Indeed, mitochondria become
fragmented during prolonged muscle inactivity by increases in activation of mitochondrial
fission machinery along with decreases in fission proteins. Furthermore, decreases in the
transcriptional and translational events for mitochondrial proteins reduce the ability for
mitochondrial biogenesis and preservation of mtDNA. Additionally, a decreased capacity to
import and incorporate these proteins into the mitochondria yields a lower ability to recycle
damaged mitochondrial proteins and sustain adequate mitochondrial function. Alterations in
the composition and content of cardiolipin in mitochondria may also serve to decrease the
ability to trap protons in the intermitochondrial membrane space resulting in increased ROS
emissions and reducing ATP production. These alterations that occur in skeletal muscle
mitochondria during prolonged periods of inactivity highlight the extensive interruptions that
occur in mitochondrial function and illustrate a path to dysfunction. The next section
discusses the evidence that dysfunctional mitochondria directly contribute to activation of
the signaling pathways that promote skeletal muscle atrophy.
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4. Mechanisms of mitochondrial dysfunction-induced skeletal muscle

atrophy

The final sections of this review will discuss the mechanisms involved in mediating
mitochondrial dysfunction induced muscle atrophy during inactivity. We begin with an
overview of the first evidence that stimulated interest in the role that mitochondria play in
promoting skeletal muscle atrophy followed by direct evidence linking mitochondrial
dysfunction with muscle fiber atrophy. The concept that mitochondrial dysfunction
contributes to muscle atrophy during inactivity first appeared in the literature half a century
ago in the 1960’s [84, 85]. However, direct evidence adjudging dysfunctional mitochondria
as the nexus between inactivity and muscle atrophy was lacking until recently. Indeed,
technological advancements in the tools capable of specifically targeting mitochondria have
only recently become available, and even so the methodology employed must be selective in
order to demonstrate direct causal evidence for this phenomena. For instance, the findings
that overexpression of PGC-1a protect against mitochondrial dysfunction and muscle
atrophy are useful [67], however PGC-1a. affects a broad array of metabolic and anabolic
pathways thus complicating the interpretation of these findings in relation to a direct role for
mitochondria. In this regard, the first evidence suggesting that mitochondrial dysfunction
mediates muscle atrophy was published by Romanello et al. [45], demonstrating that by
knocking down proteins involved in mitochondrial fragmentation and degradation (FIS1 and
Bnip3) skeletal muscle was partially protected against muscle atrophy due to denervation
(~35% reductions in cross-sectional area vs ~50% in control animals). While these findings
were critically important in providing evidence that mitochondrial dysfunction promotes
inactivity-induced muscle atrophy, this methodology approached the problem from a
perspective of protecting mitochondria against fragmentation and did not demonstrate full
protection against muscle atrophy. In order for a causal link to be determined between
mitochondrial dysfunction and inactivity-induced muscle atrophy, it was necessary to
demonstrate that the pathways that dictate muscle atrophy are not activated in the absence of
mitochondrial dysfunction.

In this regard, two key studies emerged demonstrating that dysfunctional mitochondria are a
causal event in mediating the processes of muscle atrophy due to inactivity [3, 4]. In both of
these studies, utilization of a mitochondrial targeted peptide, SS-31, protected against
mitochondrial dysfunction and completely prevented muscle-inactivity induced atrophy [3,
4]. Administration of SS-31 protected mitochondrial function as demonstrated by preventing
inactivity-induced decrements in mitochondrial coupling and elevations in mitochondrial
ROS emissions [3, 4]. Consequently, protecting against mitochondrial dysfunction abolishes
increased proteolysis in muscle fibers by prevention of inactivity-induced activation of
proteolytic enzymes (i.e. calpain-1 and caspase-3), upregulation of atrogenes (i.e. Atrogin-1
and MuRF-1), and activation of the autophagy system (i.e. ratio of LC3 I/l and cathepsin
mMRNA) [86]. Furthermore, the anabolic signaling pathways promoting protein synthesis (i.e.
p-mTOR/mTOR) are also protected against inactivity-induced decrements when
mitochondria are protected [86].
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The mechanisms of protection of skeletal muscle mitochondria against inactivity-induced
dysfunction remain an active area of research. In this regard, SS-31 exhibits a high
specificity for binding to cardiolipin within the mitochondria and does not exhibit off-target
effects outside of the mitochondria [77]. While the exact mechanisms of SS-31 functions are
not completely understood, SS-31 demonstrates high specificity for co-localization within
mitochondria by binding and stabilizing cardiolipin, but the molecule also demonstrates
antioxidant properties [77]. Indeed, the interactions of SS-31 with cardiolipin may have
important implications on why elevated ROS emissions were prevented in inactive muscle
mitochondria and this point will be discussed later. Nonetheless, the aforementioned studies
demonstrate that protection of mitochondrial function ameliorates muscle atrophy during
inactivity by preventing mitochondrial dysfunction-induced activation of proteolytic
pathways and suppression of protein synthesis pathways [3, 4, 86].

A key question remains; how do dysfunctional mitochondria activate the signaling pathways
that trigger accelerated proteolysis in skeletal muscle fibers? In the subsequent sections, we
highlight the available knowledge on the signaling events involved in promoting muscle
atrophy due to inactivity-induced mitochondrial dysfunction. In this regard, one of the most
prominent components of mitochondrial dysfunction-induced muscle atrophy is the role of
mitochondrial ROS emissions during inactivity [87].

4.1 Mitochondrial ROS trigger atrophy signaling pathways during prolonged muscle

inactivity

Aberrant mitochondrial ROS emissions serve as important signaling effectors for muscle
atrophy during inactivity (Figure 3). Although mitochondrial ROS emissions serve as
signaling molecules in homeostatic regulation of muscle fibers, high levels of ROS
production can negatively impact the pathways involved in maintaining muscle mass [87,
88]. In brief, unabated ROS production promotes expression of proteins involved in the UPS,
the autophagy system, and activation of the calpain and caspase systems. Furthermore, ROS-
induced oxidation of myofibrillar proteins increases their susceptibility to degradation by
proteolytic systems. Protein synthesis pathways can also be negatively impacted by levels of
ROS through inhibition of the initiation of mMRNA translation [89]. Additionally, it has also
been demonstrated that exposure of myocytes to high ROS levels promotes mitochondrial
fission [90], which also has implications on inducing muscle atrophy [45] and the
relationship between mitochondrial fission and muscle atrophy will be discussed in a later
section.

The occurrence of oxidative stress (i.e. an imbalance between oxidants and antioxidants)
occurs in muscle fibers during prolonged muscle inactivity and plays a significant role in
mediating muscle atrophy [87]. In this regard, the delivery of exogenous antioxidant
treatment to animals has been shown to attenuate proteolysis and muscle atrophy in
preclinical models of immobilization and mechanical ventilation-induced muscle wasting
[91-93]. While numerous sources of ROS production exist in skeletal muscle, mitochondria
are a primary source of ROS production in skeletal muscle during prolonged periods of
inactivity [87]. Indeed, overexpression of a mitochondrial specific antioxidant,
peroxiredoxin, has been shown to provide partial protection against disuse atrophy in
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diaphragm muscle fibers following 6 hours of mechanical ventilation [37]. Moreover,
mitochondrial dysfunction-induced muscle atrophy is further supported by the observation
that the treatment of animals with the mitochondrial-targeted peptide SS-31 prevents the
muscle inactivity-induced increases in mitochondrial ROS emission and protects against
oxidative stress [3, 4]. However, the specific mechanisms that promote increased
mitochondrial ROS emissions during prolonged muscle inactivity remain unclear.

One potential mechanism to explain increased mitochondrial ROS emissions during
prolonged muscle inactivity is alterations of mitochondrial levels of cardiolipin. Given that
cardiolipin abundance and composition are disrupted in skeletal muscle mitochondria during
prolonged inactivity [79], the observation that the mitochondrial peptide SS-31 preserves
mitochondrial function by binding to cardiolipin implicates the importance of conserving
cardiolipin in skeletal muscle mitochondria during long periods of contractile inactivity.
Indeed, the SS-31/cardiolipin complex has been shown to protect against peroxidation of
cardiolipin by cytochrome ¢ peroxidase, resulting in protection against alterations in
mitochondrial cristae that occur during prolonged ischemia [94]. Further, cardiolipin plays
an important role in scaffolding for electron transport chain enzymes and thus, changes in
cardiolipin structure or abundance can be deleterious for mitochondrial function by
negatively affecting the ability of cardiolipin to perform this role [77, 83]. It follows that
protecting cardiolipin during inactivity may be a critical factor for protecting skeletal muscle
mitochondria during prolonged periods of muscle inactivity. Clearly, future research is
warranted to better understand the involvement of cardiolipin alterations in the development
of mitochondrial dysfunction during prolonged periods of muscle inactivity. In this regard,
cardiolipin’s role in mitochondrial ROS production is currently being evaluated in Barth’s
syndrome which occurs due to a mutation in tafazzin, an important protein involved in
cardiolipin metabolism; this research will likely lead to an improved understanding of the
role that cardiolipin plays in mitochondrial function [83].

Alterations in mitochondrial-Ca2* handling have also been posited to induce the aberrant
mitochondrial ROS emissions observed during prolonged muscle inactivity. Importantly,
mitochondria act as a Ca2* sink and mitochondrial play an integrative role in cellular Ca2*
handling and signaling. Moreover, mitochondrial respiration is also regulated, in part, by
mitochondrial Ca2* levels [95, 96]. For instance, Ca2* is an allosteric activator of citric acid
cycle enzymes (e.g. pyruvate dehydrogenase, isocitrate dehydrogenase, etc.,) and electron
transport chain components (e.g. ATP synthase) [97]. However, the dynamic relationship
between mitochondria and Ca2* signaling is altered during prolong muscle inactivity and
this may play a role in precipitating the mitochondrial dysfunction that promotes disuse
muscle atrophy. In this regard, muscle cytosolic Ca2* levels increase during prolonged
periods of muscle inactivity. Because mitochondria function as a Ca2* sink,
intramitochondrial Ca2* levels rise in response to elevated cytosolic Ca* during muscle
inactivity; this increase in mitochondrial Ca2* level may promote an increased production of
ROS. Indeed, Ca?* activates mitochondrial ROS producing enzymes such as a.-ketoglutarate
dehydrogenases and glycerol phosphate dehydrogenase [98]. Furthermore, Ca2* stimulation
of citric acid cycle and electron transport enzymes increases the proton motive force within
mitochondria. A high proton motive force in mitochondria results in greater ROS production
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[99]; this is problematic during prolonged inactivity of skeletal muscle where ATP turnover
is decreased and a high proton motive force is sustained.

Of note, a previous study has demonstrated that the sarcoplasmic reticulum calcium handler,
ryanodine receptor 1 (RyR1), is oxidized during muscle inactivity causing a Ca2* leak from
the sarcoplasmic reticulum (SR) due to disassociation of the protein calstabinl [100].
Intriguingly, pharmacologic stabilization of the calstabin1-RyR1 complex reduced the Ca2*
leak from the RyR1 and results in protection against inactivity-induced muscle atrophy
[100]. Thus, Ca2* leak from the SR could trigger an increase in CaZ*-stimulated
mitochondrial ROS production. Nonetheless, this study did not assess mitochondrial
function and therefore, the impact of reducing the Ca%* leak from the RyR1 in these
experiments remains unknown. Given that mitochondrial ROS emissions could also play a
role in the oxidation of the RyR1, it would be interesting to assess the relationship between
these events and determine if prevention of the Ca2* leak from the SR would also confer
protection to the mitochondria.

The entry of cytosolic Ca2* into the mitochondria is largely mediated by the mitochondrial
Ca?* uniporter (MCU). Intriguingly, overexpression of MCU has been shown to provide
protection against disuse muscle atrophy in a denervation model of muscle wasting [101]. At
first glance, the observation that overexpression of MCU protects against atrophy may seem
paradoxical due to a greater capacity of Ca2* entry into mitochondria, which could result in
a higher Ca2* abundance in mitochondria and promote an increase in mitochondrial ROS
emission. However, a recent study may help explain this finding with evidence suggesting
that a lack of a Ca2* transient during inactivity may trigger the onset of mitochondrial
dysfunction via a lack of mitochondrial Ca2* uptake [102]. These experiments revealed that
the increased mitochondrial ROS generation in denervated muscle was attenuated when the
muscle was stimulated to contract via electrical stimulation. Yet, the protective effects of
electrical stimulation against denervation-induced increases in mitochondrial ROS was lost
when mitochondrial Ca2* uptake was prevented by pharmacological blockade of the MCU
(Ru360). Given the positive regulatory role Ca%* plays in mitochondrial energetics [96], it is
possible that prevention of mitochondrial CaZ* uptake will disrupt the energy producing
capacity and initiate mitochondrial dysfunction. Thus, a physiological Ca2* transient
between the cytosol and mitochondria is likely important for maintaining normal
mitochondrial function by regulating mitochondrial ROS production. Future studies are
required to provide the molecular basis responsible for the mitochondrial response to Ca2*
transients.

A third mechanism that may contribute to elevated mitochondrial ROS emission during
prolonged muscle inactivity is the translocation of signal transducer and activator of
transcription 3 (STAT3) into mitochondria. Activated STAT3 binds to the mitochondrial
complex I subunit, GRIM-19, and results in increased mitochondrial ROS emissions [103].
During mechanical ventilation-induced diaphragm inactivity, STAT3 becomes
phosphorylated and translocates into mitochondria. However, prevention of STAT3
activation with the usage of a Janus kinase (JAK) inhibitor prevented inactivity-induced
increases in mitochondrial ROS emissions and diaphragm muscle atrophy [104]. While the
beneficial effects of blocking STAT3 signaling has only been demonstrated in diaphragm
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muscle, the JAK/STAT pathway is also activated in limb muscle during inactivity and may
also contribute to disuse muscle atrophy in limb muscle as well [105]. Currently, the
mechanisms responsible for increased mitochondrial ROS emissions due to STAT3
translocation to mitochondria is not fully understood. In this regard, it has been shown that
translocation of STAT3 to mitochondria can increase activity of the electron transport chain
[103]. It is possible that STAT3 translocation may induce ROS formation by this increase in
electron flux within the transport chain. This would be deleterious in inactive muscle where
mitochondria are at a basal state of respiration (i.e. state 4) where ROS emissions are higher
due to the reduced state of electron carriers in the electron transport chain [35]. Further
elucidation of the role that STAT3 plays in mitochondrial dysfunction may lead to
therapeutic targets for preventing inactivity-induced muscle atrophy.

Lastly, accumulating evidence also reveals that cross-talk exists between mitochondrial ROS
production and activation of ROS generating enzymes such as NADPH oxidase [106]. This
factor may be important during prolonged muscle inactivity whereby increases in
mitochondrial ROS formation or activation of NADPH oxidase results in a viscous cycle of
ROS formation between mitochondrial and NADPH oxidases. Indeed, mitochondria are
prone to damage during oxidative stress which can result in further elevated production of
ROS due to damaged mitochondrial machinery [107]. A viscous cycle of ROS production
would then lead to uncompensated oxidative stress and activation of the proteolytic systems.
In this regard, pharmacological inhibition of NADPH oxidase has been shown to attenuate
muscle-inactivity induced atrophy [108].

In summary, mitochondrial ROS emissions can indirectly and directly activate proteolytic
systems and promote muscle atrophy during prolonged periods of muscle inactivity.
However, the mechanisms that induce elevated ROS emission during inactivity are not fully
understood. Alterations in cardiolipin content and abundance, altered Ca?* handling, STAT3
translocation, and NADPH oxidase cross-talk may all be involved in mediating aberrant
mitochondrial ROS emission. Certainly mitochondrial ROS emissions play a major role in
activation of proteolytic systems, however dysfunctional mitochondria may also promote
muscle atrophy programs through other means separate from ROS activation and these
programs will be discussed in the following segments.

4.2 Mitochondrial dysfunction results in release of mitochondrial-specific atrophic
signaling effectors

In addition to increased ROS production, damaged and dysfunctional mitochondria can also
release mitochondrial-specific signaling molecules that activate atrophy pathways in skeletal
muscle. Specifically, the release of the mitochondrial proteins apoptosis inducing factor
(AIF) and CytC into the cytosol results in the activation of caspase-3 which can promote
actin/myosin breakdown and trigger myonuclear apoptosis which lowers the transcriptional
capacity of myofibers [23]. The role of CytC and AIF in prolonged inactivity-induced
muscle atrophy has been confirmed by a double knockout model of two proteins that
permeabilize the mitochondrial membrane: Bax and Bak [61]. Knockout of Bax and Bak
resulted in a blunted release of AIF and, consequentially, attenuated inactivity-induced
muscle atrophy [61]. However, mitochondria were not protected against inactivity-induced
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dysfunction (as determined by dysfunctional mitochondrial respiration and increased ROS
emission) and this likely explains why fiber atrophy was only partially attenuated in these
experiments. Nonetheless, the release of AlF and CytC from mitochondria play an important
role in signaling for muscle atrophy via activation of proteolytic systems and likely act in
concert with other mitochondria signaling effectors to induce the full extent of muscle
atrophy that occurs in response to prolonged periods of inactivity.

The release of AlF and CytC can occur via permeabilization of the mitochondrial membrane
or opening of the mitochondrial permeable transition pore (mPTP) allowing for AlF and
CytC to enter into the cytosol. The mPTP is a non-specific channel that, when opened, is
permeable to molecules <1.5kDa. Intriguingly, the specific proteins that form the mPTP
have not been concisely agreed upon. Currently, the mPTP is suggested to consist of the
adenine nucleotide transporter (ANT), phosphate carrier (PiC), and FoF1 ATP synthase
[109]. The opening of the mPTP is largely regulated by Ca%* present within the
mitochondrial matrix and opens in response to a Ca2* overload. In this regard, mPTP
sensitivity to Ca2* induced opening is subject to modulation and can be increased by factors
such as oxidative stress and phosphate [109]. During inactivity, the sensitivity of mPTP
opening is increased in skeletal muscle and may serve an important role in the release of
CytC and AIF from mitochondria [110]. Given that prolonged muscle disuse promotes an
increase in cytosolic Ca2* abundance, a heightened sensitivity to mPTP may serve as an
important mechanism for the release of AlIF and CytC and the subsequent activation of
proteolytic pathways leading to muscle atrophy.

4.3 Mitochondrial fission disrupts energy homeostasis and activates atrophy during

inactivity

The mitochondrial fission that occurs during prolonged muscle inactivity may also play a
role in signaling to promote muscle atrophy [39, 45, 46]. While fission itself can have
implications on multiple aspects of mitochondrial function such as ROS formation, fission
can result in decreases in ATP production and therefore, impact muscle atrophy. Indeed,
another mechanism that may contribute to inactivity-induced muscle atrophy due to
mitochondrial dysfunction is lowered ATP output resulting in increases in the abundance of
AMP. A rise in cellular AMP levels results in activation of AMP-activated protein kinase
(AMPK) which can trigger atrophic signaling by activation of the transcriptional factor,
FoxO3 [45, 111]. Indeed, activation of AMPK in muscle fibers during prolonged inactivity
is closely associated with the activation of FoxO3 [45, 60, 68]. Activation of FoxO3
promotes muscle wasting by promoting an increased expression of atrogenes involved in
both the ubiquitin proteasome system and autophagy [112, 113]. In regard to AMPK
activation of FoxO3, AMPK can phosphorylate FoxO3 on its Ser588 site, resulting in the
increased transcriptional activity of the proteolytic target genes regulated by FoxO3 [114].

Nonetheless, it is noteworthy that conflicting evidence exists on the role that AMPK
activation plays in inactivity-induced muscle atrophy [39, 45, 60, 115]. Indeed, AMPK
activation may occur divergently depending on the experimental model used to study to
inactivity-induced muscle atrophy. For example, it has been predicted that a hypermetabolic
state occurs during muscle inactivity and that the AMPK pathway is not activated in
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diaphragm muscle during prolonged mechanical ventilation [37]. In this regard, it is possible
that AMPK activation in inactive skeletal muscle muscles may require several days of disuse
for sufficient levels of AMP to accumulate resulting in AMPK activation. It follows that
AMPK activation may not occur in diaphragm muscle during the 12-24 hours of study that is
commonly employed in mechanical ventilation studies. In contrast to this mechanical
ventilation study, a recent study in limb muscle suggests that AMPK signaling plays a key
role in inactivity-induced atrophy. Specifically, a study of transgenic mice expressing a
dominant negative mutant of AMPK reveals that disuse-induced muscle atrophy was
reduced by ~50% in the soleus muscle, whereas muscle atrophy was unaffected in both the
gastrocnemius and plantaris muscles; these results suggest that the role of AMPK-mediated
atrophy may differ between muscle fiber types [115]. Thus, it is plausible that mitochondrial
fission-induced AMPK activation during muscle inactivity may be one mechanism
mitochondrial dysfunction employs to promote muscle atrophy.

In regard to mitochondrial fission and muscle atrophy, overexpression of a mutant FIS1
(F1S1K148R) "the anchoring protein for DRP1, results in mitochondrial fission but does not
promote muscle atrophy or demonstrate increased transcription of FoxO3 target genes [45].
This observation suggests that fission itself is not responsible for the activation of muscle
atrophy. Intriguingly, blocking fission through the use of a dominant negative mutant DRP1
(DRP1K38A 'inhibits DRP1 ability to bind GTP and causes loss of DRP1 function)
attenuates skeletal muscle atrophy induced by transfection of a constitutively active FoxO3
(c.a.FoxO3) gene [45]. This finding is consistent with the notion that fission mediated by
DRP1 serves an important signaling event in promoting disuse muscle atrophy. In this
regard, the expression of DRP1X38A gene also prevents c.a.FoxO3 induced activation of a
MuRF-1 reporter gene, demonstrating that crosstalk exists between the mitochondrial
network and nuclear transcription (i.e. mitochondrial fission mediated by DRP1 is required
for FoxO3 upregulation of nuclear target genes). Hence, it is feasible that mitochondrial
fission promotes muscle atrophy through crosstalk between the mitochondrial network and
nuclear transcription by means outside of energy disruption and AMPK-FoxO3 mediating
signaling. Clearly, additional research is required to fully unravel the mechanisms
responsible for fission-mediated muscle atrophy.

5. Conclusions

Direct evidence confirms that prolonged periods of skeletal muscle inactivity results in
alterations in mitochondrial morphology, protein synthesis, protein import, and biochemical
composition that result in mitochondrial dysfunction. Importantly, this inactivity-induced
dysfunction in skeletal muscle mitochondria plays a causal role in disuse muscle atrophy
likely through elevations in mitochondrial ROS emission, release of proteolytic-activating
mitochondrial proteins, and cell signaling events caused by mitochondrial fragmentation.
However, several questions remain unanswered regarding the specific biochemical links
between prolonged muscle inactivity and mitochondrial dysfunction. For example, what are
the biochemical forces behind the reductions in key mitochondrial proteins? Which factors
are responsible for the inactivity-induced decrease in mitochondrial cardiolipin content?
How do changes in mitochondria Ca%* signaling contribute to muscle inactivity-induced
mitochondrial dysfunction? These unanswered questions and others remain as an important
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mitochondrial dysfunction and inactivity-induced muscle atrophy. Importantly, it is predicted
that future research elucidating the specific mechanisms responsible for inactivity-induced

mitochondrial dysfunction will inevitably lead to the development of novel therapeutic

strategies to protect against inactivity-induced muscle wasting. Indeed, it is feasible that

pharmaceutical approaches toward protecting mitochondria against damage during

prolonged periods of muscle inactivity will become an important therapeutic strategy for
prevention of disuse muscle atrophy.
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Figure 1. Prolonged muscle inactivity activates proteolytic pathways and decreases protein

synthesis pathways.

Muscle inactivity activates four proteolytic systems that mediate protein degradation: 1)
caspase-3; 2) calpain; 3) Autophagy; 4) and the ubiquitin proteasome system (UBS).
Additionally, prolonged muscle inactivity results in the inhibition of the PI3K/Akt/mTOR
pathway which mediates protein synthesis. See text for more details. FoxO, forkhead box O;
MuRF-1, muscle ring finger protein-1; LC3, microtubule-associated proteins 1A/1B light
chain 3b; Bnip3, BCL2 interacting protein 3; PI3K, phosphatidylinositol 3-kinase; Akt,
protein kinase B; mTOR, mammalian/mechanistic target of rapamycin.
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Figure 2. Prolonged muscle inactivity induces mitochondrial dysfunction.
Mitochondria become dysfunctional during prolonged inactivity and demonstrate increased

mitochondrial fission, decreased mitochondrial proteins, decreased mitochondrial protein
import, and decreased cardiolipin. See text for more details. FIS1, mitochondrial fission 1;
OPA1, optic atrophy 1; MFN, mitofusins; DRP1, dynamin related protein 1; PGC-1a,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TFAM,

mitochondrial transcription factor A.
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Figure 3. Dysfunctional mitochondria signal for proteolytic activation.
Prolonged inactivity induces mitochondrial dysfunction that activates proteolytic signaling.

Increased intramitochondrial Ca2*, disruptions in cardiolipin, STAT3 translocation, and
NADPH oxidase crosstalk increase ROS emissions. Dysfunctional mitochondria also release
CytC and AlF that activate proteolytic pathways. Mitochondrial fission also results in
disrupted energy production and activates FoxO via AMPK. See text for more details.
DRP1, dynamin related protein 1; STAT3, signal transducer and activator of transcription 3;
AMPK, AMP-activated protein kinase; CytC, cytochrome C; AlF, apoptosis inducing factor;
FoxO, forkhead box O; mPTP, mitochondrial permeable transition pore. I, 11, I, 1V, denote
complex I, complex 11, complex 111, and complex IV of the electron transport chain.
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