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Abstract

Repeated bouts of endurance exercise promotes numerous biochemical adaptations in skeletal
muscle fibers resulting in a muscle phenotype that is protected against a variety of homeostatic
challenges; these exercise-induced changes in muscle phenotype are often referred to as “exercise
preconditioning”. Importantly, exercise preconditioning provides protection against several threats
to skeletal muscle health including cancer chemotherapy (e.g., doxorubicin) and prolonged muscle
inactivity. This review summarizes our current understanding of the mechanisms responsible for
exercise-induced protection of skeletal muscle fibers against both doxorubicin-induced muscle
wasting and a unique form of inactivity-induced muscle atrophy (i.e., ventilator-induced
diaphragm atrophy). Specifically, the first section of this article will highlight the potential
mechanisms responsible for exercise-induced protection of skeletal muscle fibers against
doxorubicin-induced fiber atrophy. The second segment will discuss the biochemical changes that
are responsible for endurance exercise-mediated protection of diaphragm muscle against
ventilator-induced diaphragm wasting. In each section we highlight gaps in our knowledge in
hopes of stimulating future research in this evolving field of investigation.
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INTRODUCTION

Skeletal muscle comprises approximately 40% of total body mass in healthy young adults
and among other functions, muscle plays an essential role in the force generation required
for both locomotion and breathing. Moreover, it is established that skeletal muscle is a
secretary (endocrine) organ that releases hormones that are collectively termed “myokines”.
Numerous myokines are released during exercise and contribute to the many beneficial
systemic effects of exercise training on cardiovascular, metabolic, and mental health
[24,29,45]. Therefore, it is important to maintain healthy skeletal muscles and engage in
regular exercise.
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Unfortunately, numerous threats to skeletal muscle health exist; these include age-related
loss of skeletal muscle (i.e., sarcopenia), disease-related muscle wasting (e.g., cancer
cachexia, sepsis-induced cachexia, etc.), disuse locomotor muscle atrophy (e.g. limb
immobilization, etc.), ventilator-induced diaphragm atrophy, and the skeletal muscle
myopathy associated with the treatment for cancer using select chemotherapy agents (e.g.,
doxorubicin) [12,28,79].

Ironically, although prolonged mechanical ventilation (MV) or treatment with doxorubicin
(DOX) are often life-saving clinical interventions, both therapies result in significant skeletal
muscle wasting. In particular, MV is a life-sparing therapy for many critically ill patients.
Unfortunately, prolonged MV promotes the rapid development of diaphragmatic atrophy and
contractile dysfunction; this diaphragmatic weakness increases the risk for the inability to
wean patients from the ventilator [21,106]. DOX is a potent anticancer drug that is
commonly used to treat many human cancers. Regrettably, DOX is also cytotoxic to healthy
cells and promotes rapid atrophy of both limb and respiratory muscles resulting in muscle
weakness and fatigue in patients [28]. Because of the widespread clinical usage of both
doxorubicin and MV, developing strategies to prevent muscle wasting from both of these
therapies is important.

It is well-established that regular endurance exercise stimulates numerous adaptations in
both limb and diaphragm muscle fibers [11,32,70,77]. In the context of this review, we
define endurance exercise as submaximal exercise (i.e., 50-70% VO, max) performed 4-5
days/week (30-60 minutes per training session). In this regard, treadmill exercise training is
the most common exercise modality utilized in rodent endurance exercise studies. It is well-
established that repeated bouts of endurance exercise training activates select cell signaling
pathways that promote mitochondrial biogenesis, expression of stress proteins, and increased
antioxidant capacity in the skeletal muscle fibers recruited during the exercise modality
(reviewed in [8]). Collectively, these endurance exercise-induced adaptations in the active
limb and respiratory muscles result in fibers that are protected against a variety of stresses;
this exercise-induced muscle phenotype is commonly termed “exercise preconditioning”.
Importantly, exercise preconditioned muscle fibers are protected against both DOX-induced
myopathy and MV-induced diaphragmatic wasting. This review will highlight the
experimental evidence that exercise preconditioning protects skeletal muscles against both
DOX-induced muscle myopathy and MV-induced diaphragm wasting and debate the
putative mechanisms responsible for exercise-induced protection against these myopathies.

EXERCISE TRAINING PROTECTS AGAINST DOXORUBICIN-INDUCED
SKELETAL MUSCLE WASTING

DOX is an anthracycline antibiotic that is commonly used as a frontline drug for treating
numerous cancers [101]. Although DOX is considered an effective anticancer drug, its usage
is limited because of cellular toxicity [31]. Specifically, DOX is cytotoxic in a dose-
dependent manner and often results in damage to the heart, skeletal muscles, and other
organs [31,100]. In regard to DOX-induced skeletal muscle damage, DOX promotes rapid
skeletal muscle fiber atrophy resulting in both muscle weakness and fatigue in patients
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[100]. This DOX-induced muscle weakness and fatigue is associated with a reduced ability
to perform activities of daily living (i.e., impaired quality of life) and a higher risk of
morbidity and mortality in cancer patients [60,100]. Therefore, developing countermeasures
to protect skeletal muscles against DOX-induced myopathy is important. The next segments
discuss the mechanisms responsible for DOX-induced skeletal muscle myopathy, highlight
the evidence that endurance exercise training protects muscles against DOX-induced
myopathy, and debate the mechanisms responsible for exercise-induced protection against
DOX-induced muscle wasting.

DOX-induced muscle weakness: overview and mechanisms

The mechanisms responsible for DOX-induced cardiac and skeletal muscle myopathy have
received significant experimental attention during the past two decades and these findings
are summarized in recent reviews [54,100]. Therefore, only a brief discussion of the
mechanisms responsible for DOX-induced skeletal muscle myopathy will be provided here.

DOX-induced skeletal muscle weakness follows a dose-dependent relationship with higher
doses of DOX promoting the greatest muscle weakness [40]. Preclinical studies have shown
that this DOX-induced muscle weakness is due to both fiber atrophy and muscle contractile
dysfunction (i.e., reduced specific force production); moreover, the DOX-induced muscle
fatigue is greatest in skeletal muscles that possess a high percentage of slow fiber types (e.g.,
soleus muscle in rodents) [20,40].

The molecular basis behind DOX-induced skeletal muscle myopathy remains an active area
of research. In this regard, it is established that mitochondrial dysfunction plays a central
role in DOX-induced skeletal muscle myopathy [54,59,100].

Although the mechanisms responsible for DOX-induced mitochondrial dysfunction are
complex, increases in the production of reactive oxygen species (ROS) are predicted to play
a key role in DOX-induced mitochondrial damage [17,84]. Indeed, a single dose of DOX
results in a robust increase in ROS emission from skeletal muscle mitochondria [26,27,59].
Although DOX-induced increases in mitochondrial ROS production occurs at several sites
within mitochondria, the primary site of elevated ROS production occurs at complex | via
the single electron reduction of DOX by mitochondrial NADH-dehyrdrogenase; this
reduction of DOX generates an unstable semiquinone that forms a redox cycle to donate an
electron to oxygen to form the superoxide radical [16,18].

Another factor that contributes to DOX-induced impairment of mitochondrial energy
production is that after entering the mitochondria, DOX forms a complex with the
phospholipid, cardiolipin, located on the mitochondrial inner membrane [84]. The formation
of the DOX/cardiolipin complex impairs the normal functions of cardiolipin [84]. Moreover,
in rats treated with DOX, mitochondrial levels of cardiolipin are also decreased [65,66].
These DOX-induced changes in cardiolipin abundance and function are important because
cardiolipin is an essential component of the mitochondrial inner membrane that plays a key
role in many mitochondrial processes, including oxidative phosphorylation [19].
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Also, preclinical studies reveal that treatment of rodents with DOX results in an
accumulation of iron inside the mitochondrion [41]; this is significant because an increase in
mitochondrial iron content promotes the production of the highly reactive hydroxy! radical
resulting in greater mitochondrial oxidative damage [76]. Indeed, a DOX-induced increase
in mitochondrial iron levels accelerates DOX-induced damage to cardiac myocytes [41].

The evidence that increases in mitochondrial ROS emission plays a required role in DOX-
induced skeletal muscle myopathy derives from experiments revealing that treatment of
animals with a mitochondrial-targeted antioxidant (SS-31) prevents the DOX-induced
increase in mitochondrial ROS emission and muscle atrophy [59]. Specifically, SS-31 is a
multifunctional mitochondrial protective compound that acts by reducing the DOX-induced
increases in ROS production, inhibiting cardiolipin peroxidation, and preserving
mitochondrial structure [14]. Indeed, treatment of animals with SS-31 prevented the DOX-
induced increase in mitochondrial ROS emission and protected both limb and diaphragm
muscle from DOX-induced fiber atrophy (Fig. 1). These findings have been confirmed by a
study demonstrating that targeted overexpression of mitochondrial catalase in skeletal
muscle prevents DOX-induced mitochondrial ROS emission and protects against both
skeletal muscle atrophy and contractile dysfunction [26].

The nexus between increased ROS production (i.e., oxidative stress) and muscle atrophy is
well established. In this regard, the first evidence that redox disturbances contribute to
muscle atrophy was reported in the early 1990’s [50]. Since this original observation, many
studies have confirmed that chronic oxidative stress promotes skeletal muscle atrophy by
inhibiting anabolic signaling/muscle protein synthesis and accelerating proteolysis [80].

In reference to DOX-induced proteolysis leading to muscle wasting, preclinical studies
demonstrate that treatment with DOX activates all of the major proteolytic systems (i.e.,
calpains, caspase-3, ubiquitin-proteasome system, and autophagy) in skeletal muscles
[47,59,94]. Although each of these proteolytic systems likely contribute to DOX-induced
muscle weakness, the activation of calpain plays a key role in DOX-mediated muscle
atrophy and contractile dysfunction [59]. Indeed, pharmacological inhibition of DOX-
induced calpain activation results in significant protection against DOX-induced muscle
fiber atrophy (Fig. 2) and partial protection against DOX-mediated muscle contractile
dysfunction. Moreover, inhibition of calpain activity in skeletal muscles of DOX-treated
animals protects against both caspase-3 activation and myonuclear apoptosis in muscle
fibers [59]. The explanation for this finding is likely linked to the regulatory cross-talk that
exists between calpain and caspase-3 whereby calpain activation promotes an increase in
caspase-3 activity [67].

Endurance exercise-induced protection against DOX-induced myopathy

As discussed previously, the use of DOX in human cancer treatment is limited by a dose-
dependent cardiotoxicity that can progress to cardiomyopathy and congestive heart failure
[108]. The search for therapies to prevent or delay DOX -induced cardiomyopathy has been
an ongoing process for several decades. The fact that endurance exercise training promotes
numerous cellular changes in both cardiac and skeletal muscles that have the potential to
protect against DOX-induced myopathy (e.g., increased antioxidant capacity) has stimulated
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research to determine if endurance exercise training, performed before or during DOX
treatment, confers protection against DOX-induced cardiomyopathy. The first study to
investigate the protective effects of exercise on DOX-induced cardiac injury was performed
over 30 years ago [44]. Since this original investigation, numerous preclinical studies have
confirmed that endurance exercise training results in a cardiac phenotype that is protected
against DOX-induced cardiomyopathy. Similar to the studies in the heart, preclinical studies
have consistently confirmed that endurance exercise training protects skeletal muscles
against DOX-induced oxidative stress, calpain activation, and myofilament degradation
[46,47,94] (Fig. 3). Importantly, translational studies in humans also reveal that regular
exercise reduces the daily fatigue in female breast cancer patients receiving chemotherapy
that includes doxorubicin [87].

Mechanisms responsible for endurance exercise training-induced protection against DOX-
induced skeletal muscle atrophy

Although it is established that endurance exercise training performed prior to DOX
treatment protects against DOX-induced skeletal muscle myopathy, the mechanisms
responsible for this exercise-induced protection remains unclear. Specifically, to date, no
studies have experimentally confirmed the cause and effect behind exercise-induced
protection against DOX-mediated skeletal muscle wasting. Nonetheless, in theory, several
endurance exercise-induced changes in skeletal muscles could interact to provide protection
against DOX-induced myopathy. For example, DOX-induced toxicity in skeletal muscles is
due, at least in part, to the increased generation of ROS and resultant oxidative damage in
skeletal muscle fibers [46,47,94]. This DOX-induced oxidative stress has been linked to the
activation of all four major proteolytic systems (i.e., calpains, caspase-3, ubiquitin-
proteasome system, and autophagy) [46,47,94]. Therefore, an endurance exercise-induced
increase in muscle antioxidant capacity has the potential to provide protection against DOX-
induced muscle wasting by combatting DOX-induced increases in ROS production. In this
regard, endurance exercise training results in increases in both cytosolic and mitochondrial
antioxidants. Specifically, compared to sedentary animals, limb muscles of endurance
exercise trained animals exhibit a higher abundance of several cytosolic antioxidant enzymes
including superoxide dismutase 1 (SOD1) and glutathione peroxidase 1 (GPX1) [94]. The
elevation in SOD1 increases the fiber’s ability to eliminate superoxide radicals and the
increased abundance of GPX1 enhances the capability to remove hydrogen peroxide [76].
Moreover, endurance exercise training increases cytosolic levels of the cytoprotective stress
protein, heat shock protein 72 (HSP72) in the trained limb muscles [53]. Indeed, it is well
established that endurance exercise training increases HSP72 gene expression in both the
heart and skeletal muscles [78]. Hence, it is feasible that increases in one or more of these
aforementioned proteins contribute to the exercise-induced protection against DOX toxicity
by reducing oxidative stress and protecting against DOX-induce activation of proteases.

Moreover, endurance exercise training promotes mitochondrial biogenesis in the exercised
muscles [34]. Importantly, endurance exercise training also alters mitochondrial phenotype
by increasing mitochondrial antioxidant enzymes [76]; this results in a mitochondria
phenotype that resists oxidative injury and pro-apoptotic stimuli [98]. Collectively, the
exercise-induced increase in mitochondrial biogenesis/turnover and increased abundance of
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mitochondrial antioxidant enzymes provide skeletal muscles with a healthy population of
mitochondria with an improved capacity to resist DOX-induced ROS production.

Further, another mechanism by which endurance exercise training can protect against DOX-
induced myopathy is that exercise training increases the expression of mitochondrial-
specific ATP-binding cassette transporters that act to reduce the accumulation of DOX in
both cardiac and skeletal muscle [62]. Specifically, endurance exercise training increases
both the mRNA and protein abundance of four mitochondrial localized ATPase binding
cassette (ABC) transporters (i.e., ABC6, ABC7, ABC8, and ABC10) in cardiac myocytes
[62]. Hence, exercise training could also protect skeletal muscles by reducing the
accumulation of DOX within muscle fibers serving to ameliorate the consequences of a
deleterious dose-dependent relationship.

In summary, the precise mechanisms responsible for exercise-induced protection against
DOX-induced muscle wasting remain unclear. Nonetheless, it is feasible that endurance
exercise-induced protection against myopathy is due to increases in: 1) cytosolic and
mitochondrial antioxidant enzymes; 2) HSP72 levels; and 3) expression of mitochondrial-
specific ATP-binding cassette transporters to reduce DOX accumulation in muscle fibers
(Fig. 4). Regardless of the exact mechanisms responsible for exercise-induced protection of
skeletal muscle against DOX-induced myopathy, it is clear that endurance exercise training
performed before DOX treatment protects skeletal muscle against DOX-induced atrophy by
prevention of both oxidative stress and the activation of skeletal muscle proteolytic systems
[47,94].

ENDURANCE EXERCISE-INDUCED PROTECTION AGAINST VENTILATOR-
INDUCED DIAPHRAGM DYSFUNCTION

As discussed earlier, endurance exercise training results in a muscle fiber phenotype that is
“preconditioned” and protected against a variety of stresses [51,107]. This last section of this
report will discuss the evidence that endurance exercise training protects against MV-
induced atrophy of the primary inspiratory muscle, the diaphragm. We begin with an
introduction to the clinical consequence of MV-induced diaphragmatic weakness.

Ventilator-induced diaphragm weakness-clinical significance

MV is a therapy used to maintain pulmonary gas exchange in patients during critical illness,
drug overdose, neuromuscular diseases, and surgery; an estimated 15 million patients are
treated with MV annually [1]. While MV is a life-saving therapy in many patients, an
unfortunate consequence of prolonged MV is the rapid occurrence of respiratory muscle
weakness that ensues due to both diaphragmatic atrophy and contractile dysfunction.
Collectively, the MV-induced diaphragmatic weakness is termed “ventilator-induced
diaphragm dysfunction” (VIDD). VIDD is significant because diaphragmatic weakness is a
primary risk factor that contributes to difficulties in removing (i.e., weaning) patients from
MV [21,105]. The failure to wean patients from MV is a major clinical problem that results
in prolonged hospitalization and increased morbidity and mortality [5,15]. Therefore,
developing a therapeutic intervention to protect the diaphragm against VIDD is critical; the
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prerequisite to designing a therapy to prevent MV-induced diaphragmatic weakness is an
understanding of the mechanisms responsible for VIDD. The next two segments discuss the
remarkably rapid development of VIDD and highlight the mechanisms responsible for
ventilator-induced diaphragm weakness.

MV-induced diaphragmatic atrophy is a unique type of disuse muscle atrophy

Several modes of MV exist (e.g., full and partial ventilator support); nonetheless, all modes
result in a reduction in diaphragmatic contractile activity below that required during
spontaneous breathing and all modes of MV result in the rapid development of VIDD [82].
Specifically, preclinical studies using a variety of animal models reveal that as few as 12-24
hours of MV promotes atrophy in all muscle fiber types in the diaphragm (i.e., type I, type
A, type IIx, and type I1B) [2-4,7,9,12,13,23,25,36,85,92,93,47,102]. This rapid rate of
MV-induced atrophy in the diaphragm is surprising given that the magnitude of muscle fiber
atrophy (i.e., —15-20%) that occurs in the rat diaphragm during 12 hours of MV would
require ~96 hours to emerge in rat limb muscles exposed to prolonged disuse (e.g., hindlimb
suspension) [104].

Identical to the preclinical studies, reports consistently confirm that prolonged MV also
results in the rapid development of VIDD in humans [30,33,35,38,43,86,111]. Indeed, a
side-by-side comparison of the human and animal investigations reveals that the temporal
pattern of MV-induced diaphragmatic atrophy is comparable between humans and rats, with
diaphragmatic atrophy developing within 12-18 hours after initiation of MV [82].

Mechanisms responsible for the rapid development of VIDD

Prolonged MV results in atrophy of diaphragm muscle fibers due to both a decrease in
protein synthesis and increased proteolysis [37,91]. Note, however, due to the swift rate of
MV-induced diaphragmatic atrophy, it is evident that increased proteolysis is the dominant
factor driving diaphragmatic atrophy during the early stage of MV (i.e., first 12-24 hours)
[82]. Indeed, all of the four major proteolytic systems are active in the diaphragm during
prolonged MV (e.g., calpains, caspase-3, ubiquitinproteasome system, and autophagy)
[39,55,36,97,109].

The signaling pathways responsible for MV-induced diaphragmatic atrophy have been
studied extensively and several lines of evidence reveal that MV-induced oxidative stress is
required for the rapid activation of proteases in diaphragm fibers. For example, treatment of
animals with antioxidants (e.g., trolox) before and during MV protects against oxidative
stress in the diaphragm and prevents protease activation, resulting in protection against
diaphragmatic atrophy [2,6,56,109].

MV-induced oxidative stress in the diaphragm occurs due to both increased oxidant
production and decreased muscle fiber antioxidant capacity [22,48,57,58,75]. Although the
MV-induced increase in ROS production in the diaphragm fibers originates from three
separate oxidant generating systems (e.g., NADPH oxidase, xanthine oxidase, and
mitochondria), mitochondria are the primary site of ROS production [22,48,57,58,75]. This
MV-induced increase in mitochondrial ROS production occurs rapidly (i.e., within the first
6-12 hours of MV) [48,75]. Moreover, in both humans and rats, this MV-induced increase in
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mitochondrial ROS emission is accompanied by mitochondrial uncoupling (i.e., decrease in
respiratory control ratio) and depressed activities of the electron transport chain complexes
(i.e., complexes II, 111, and 1V) [48,68,103].

Experimental support for the notion that increased mitochondrial ROS emission is essential
for VIDD stems from evidence that treatment of animals with a mitochondrial-targeted
peptide that prevents MV-induced increases in mitochondrial ROS emission, protects the
diaphragm against MV-induced atrophy by both preventing protease activation and
maintenance of protein synthesis (Fig. 5) [81] [37]. For more details about the nexus
between oxidative stress and skeletal muscle atrophy see Powers et al. [80,81].

Endurance exercise preconditioning protects against VIDD

Endurance exercise training promotes numerous alterations in diaphragm muscle fibers that
could protect against ventilator-induced diaphragm atrophy [11,71,73,72,74]. Indeed, similar
to the endurance exercise-induced protection of limb skeletal muscle fibers against DOX-
induced wasting, endurance exercise training performed prior to MV, protects diaphragm
fibers from ventilator-induced mitochondrial dysfunction, oxidative stress, protease
activation, and fiber atrophy [95]. Specifically, as few as 10 consecutive days of endurance
exercise training results in significant protection against ventilator-induced diaphragmatic
atrophy (Fig. 6).

Interestingly, rats that have been selectively bred to attain a high capacity for aerobic
exercise possess a skeletal muscle phenotype similar to muscle fibers from endurance
exercise-trained rats [49]. Nonetheless, these untrained animals with a high intrinsic aerobic
exercise capacity are not protected against MV-induced diaphragm atrophy [99]. This
finding demonstrates that, independent of a genetic predisposition for a high aerobic
capacity, endurance exercise training results in unique changes in the phenotype of
diaphragm muscle fibers that results in protection against MV-induced diaphragm atrophy
[99]. To date, several studies have investigated exercise-induced biochemical changes in
diaphragm fibers and recent reports have clarified the mechanisms responsible for exercise-
induced protection against VIDD.

Mechanisms responsible for endurance exercise-induced protection against MV-induced
diaphragmatic atrophy

The first study to investigate the impact of endurance exercise training on diaphragm muscle
fibers was published over three decades ago [61]. This original investigation demonstrated
that, in response to endurance exercise training, diaphragm and limb skeletal muscles
undergo similar adaptive responses as evidenced by comparable increases in mitochondrial
oxidative enzymes. Since this earliest report, proteomic studies have profiled the exercise-
induced changes in the abundance of both cytosolic and mitochondrial proteins in the
diaphragm. These studies reveal that endurance exercise promotes changes in >70 cytosolic
proteins [95,98] and 30 different mitochondrial proteins [95,98].

Endurance exercise training increases the abundance of three key cytosolic antioxidant
enzymes that have the potential to protect the diaphragm against MV-induced oxidative
stress and subsequently, ventilator-induced diaphragmatic atrophy [95,98]. Specifically,
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exercise training increases the abundance of GPX1, SOD1, and catalase in the cytosol [95].
Collectively, these exercise-induced improvements in the diaphragm’s antioxidant capacity
could protect diaphragm fibers from both MV-induced oxidative damage and fiber atrophy
[80].

Endurance exercise training also elevates the abundance of HSP72 in the diaphragm [95].
This increase in HSP72 is potentially important because overexpression of HSP72 has been
demonstrated to protect against inactivity-induced muscle atrophy in locomotor muscles
[88,90]. The precise mechanism(s) of how HSP72 protects against disuse muscle atrophy
remains uncertain but overexpression of HSP72 can protect against atrophy in at least three
ways: 1) Protection of mitochondria against pro-apoptotic stimuli and subsequent
mitochondrial permeability transition pore opening [88]; 2) Defense against protein
aggregation by HSP72-mediated refolding of damaged proteins in the cytosol [88]; and/or 3)
Protection against increased proteolysis via inhibition of the activation of proteolytic
transcriptional factors (i.e., forkhead box O3 and nuclear factor kappa beta) that promote
muscle atrophy [89,90]. Hence, it is likely that endurance exercise-induced increases in the
abundance of HSP72 could protect the diaphragm against ventilator-induced atrophy in
multiple ways.

In support of the concept that increases in HSP72 protects the diaphragm against MV-
induced atrophy, exposure of sedentary animals to whole body heat stress increases the
abundance of HSP72 in the diaphragm and protects against MV-induced diaphragmatic
atrophy [42,110]. Nonetheless, this work does not prove cause and effect. In contrast, recent
work confirms that endurance exercise-induced increases in diaphragmatic levels of HSP72
plays a required role in exercise-induced protection against MV-induced diaphragmatic
atrophy [96]. Specifically, prevention of the endurance exercise-induced increase in HSP72
in the diaphragm attenuates the exercise training-induced protection against MV-induced
mitochondrial dysfunction, increased mitochondrial production of ROS, and protease
activation [96].

As mentioned previously, endurance exercise training elevates the abundance of at least 30
different mitochondrial proteins [52,98]. The majority of these exercise-induced increases in
mitochondrial proteins in the diaphragm fall into three functional categories: 1) anti-
apoptotic and fission proteins; 2) chaperone/stress proteins; and 3) antioxidant proteins.
Details about exercise-induced changes in the first two categories have been provided
previously [69,98] and the current discussion will focus on the importance of exercise-
induced changes in mitochondrial antioxidants as a potential protective mechanism against
MV-induced diaphragmatic atrophy.

In regard to endurance exercise and mitochondrial antioxidants in the diaphragm, endurance
exercise training elevates the abundance of the key mitochondrial antioxidant enzyme
superoxide dismutase 2 (SOD2) along with an important positive allosteric regulator of
SOD2 activity, sirtuin 3 (SIRT3) [95,98]. Further, endurance exercise training also amplifies
mitochondrial levels of GPX1 in the diaphragm [95]. SOD2 is found within the
mitochondrial matrix and dismutates superoxide radicals into hydrogen peroxide [76]. An
exercise-induced elevation in both SOD2 and SIRT3 is potentially important because SIRT3
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decetylates SOD2 and increases SOD?2 activity [10,83]; together, these changes improve the
capacity of mitochondria to eliminate superoxide radicals. The exercise-induced increase in
GPX1 increases the fiber capacity to remove hydrogen peroxide within the mitochondria and
collectively, these exercise-induced improvements in the mitochondria’s ability to scavenge
ROS could protect the diaphragm against MV-induced mitochondrial uncoupling and
oxidative damage [76]. Moreover, endurance exercise training is associated with a
mitochondrial phenotype in diaphragm muscle fibers that resists pro-apoptotic stimuli [98].
Indeed, compared to sedentary animals, mitochondria isolated from diaphragms of
endurance exercise-trained animals display a resistance to mitochondrial permeability pore
opening when confronted with pro-apoptotic stimuli such as oxidants and/or calcium
overload [98].

The question now becomes, “what role does the endurance exercise-induced changes in
mitochondrial proteins play in protection against MV-induced diaphragmatic atrophy?” A
complete answer to this question is not available but recent experiments indicate that an
increase in SOD?2 is essential to achieve the full benefit of exercise-mediated protection
against VIDD [64]. Intriguingly, however, the transgenic overexpression of SOD2 alone in
the diaphragm provides limited protection against MV-induced diaphragmatic atrophy [63].
Together, these results indicate that although increased expression of SOD2 plays a role in
exercise-induced protection against VIDD, an increase in diaphragmatic SOD2 appears to
work in concert with other cytoprotective molecules (e.g., HSP72, SIRT3, etc.) to provide
the full exercise-induced protection against VIDD.

In synopsis, studies probing the mechanisms to explain endurance exercise-induced
protection against MV-induced diaphragm atrophy reveal that exercise-induced increases in
both HSP72 and SOD2 play important roles in this protection (Fig. 7). More specifically,
exercise-induced increases in the abundance of HSP72 is essential to achieve exercise-
induced protection against MV-induced diaphragmatic atrophy. Finally, although exercise-
induced increases in diaphragmatic levels of SOD2 plays a contributory role in exercise-
induced protection against VIDD, transgenic overexpression of SOD2 alone in the
diaphragm does not protect against MV-induced diaphragm wasting.

CONCLUSIONS AND FUTURE DIRECTIONS

Maintaining healthy skeletal muscles is important for locomotion, breathing, and overall
health. Numerous threats to skeletal muscle health exist and unfortunately, two of these
threats are linked to life-saving medical interventions (i.e., treatment with chemotherapy or
prolonged MV). Indeed, prolonged MV promotes the rapid development of diaphragmatic
weakness which elevates the risk for problematic weaning of patients from the ventilator.
Similarly, although DOX is a life-saving treatment for many cancer patients, DOX is
cytotoxic and often results in severe muscle weakness and fatigue in patients. Given the
pervasive clinical usage of both MV and DOX, developing strategies to prevent muscle
wasting in both of these clinical therapies is important.

Notably, endurance exercise training results in a protective phenotype of skeletal muscle that
provides muscle fibers with the “cross tolerance” to withstand a wide variety of harmful
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challenges such as MV-induced diaphragmatic atrophy and DOX-induced limb muscle
weakness. While endurance training protects both diaphragm and locomotor muscles against
wasting, the situations foregoing a patients’ need for ventilator support or cancer treatment
does not make endurance exercise training a practical countermeasure against muscle
wasting in these circumstances. Nonetheless, investigations into the mechanism(s)
responsible for exercise-induced protection against skeletal muscle wasting is a powerful
investigational instrument to identify molecular targets that can be maneuvered to result in
new and beneficial approaches to protect against skeletal muscle wasting.

Investigations into the mechanisms responsible for endurance exercise-induced protection
against DOX-induced limb muscle wasting are in the early stages and thus, a complete
understanding of the mechanism(s) responsible for exercise-induced protection of skeletal
muscles against DOX-induced muscle wasting is not currently available. Clearly, this is an
important area for future research as knowledge of the mechanism(s) behind exercise-
induced protection of limb muscles against DOX-induced wasting will lead to new
therapeutic approaches to protect patients against the cytotoxicity of DOX treatment.

Studies investigating the mechanisms responsible for endurance exercise-induced protection
against MV-induced muscle wasting have revealed that exercise-induced protection against
MV-mediated diaphragm weakness is linked to increases in both HSP72 and SOD2.
Additional mechanistic experiments are required to unravel the interactions between
exercise-induced increases in skeletal muscle levels of SOD2, HSP72, and possibly other
unidentified molecules. This key information will provide the foundation for the translation
of these basic science results into pharmacological interventions that can protect patients
against ventilator-induced diaphragm weakness.
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Treatment of animals with a mitochondrial-targeted antioxidant (SS-31) protects the (A)
diaphragm and limb muscles (i.e., (B) plantaris and (C) soleus) of rodents against DOX-
induced muscle fiber atrophy. See the text for more details. Data are from Min et al. [59].
Key: CON = control; DOX = doxorubicin treatment; CON + SS31= control animals treated
with SS31; DOX + SS31= animals treated with both DOX and SS31; * = different (P<0.05)
from all other groups; # = different (P<0.05) from all CON and CON+SS31; T = different

(P<0.05) from CON.
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Pharmacological inhibition of the protease calpain protects against DOX-induced atrophy of
the rodent (A) diaphragm and locomotor skeletal muscle fibers (i.e., (B) plantaris and (C)
soleus). See text for details. Data are from Min et al. [59]. Key: CON = control; DOX =
doxorubicin treatment; CON + SJA= control animals treated with the calpain inhibitor SJA;
DOX + SS31= animals treated with both DOX and SJA; * = different (P<0.05) from all

other groups; T = different (P<0.05) from CON.
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Fig. 3.

Endurance exercise training, performed prior to treatment with DOX, protects rodent
skeletal muscle fibers against DOX-induced (A) oxidative stress (protein carbonyls), (B)
calpain activation, and (C) degradation of the contractile protein actin. Data are from
Smuder et al. [94]. Key: SED = sedentary controls; EXTR = endurance exercise trained;
SEDDOX= sedentary animals treated with DOX; EXTRDOX= endurance exercise trained

and treated with DOX; * = different (P<0.05) from all other groups.
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Fig. 4.
Summary of potential mechanisms responsible for exercise-induced protection against
DOX-induced skeletal muscle wasting.
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Fig. 5.

Tr?eatment of animals with a mitochondrial-targeted peptide (SS-31) prevents MV-induced
increases in mitochondria emission of reactive oxygen species (H,0,) during both (A) state
3 and (B) state 4 respiration and also protects against (C) MV-induced atrophy of diaphragm
muscle fibers. Data are from Powers et al. [75]. Key: CON = animals with no experimental
treatment; MV = animals exposed to 12 hours of mechanical ventilation; MV-SS31 =
animals exposed to 12 hours of mechanical ventilation and treated with the mitochondrial-
targeted peptide SS-31; * = different (P<0.05) from all other groups.
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Fig. 6.
Endurance exercise training, performed prior to MV, protects the rat diaphragm against MV-

induced atrophy of all diaphragmatic fiber types. Data are from Smuder et al. [95]. Key:
CON = sedentary animals with no experimental treatment; MV = sedentary animals exposed
to 12 hours of mechanical ventilation; MV-EX = endurance exercise training animals
exposed to 12 hours of mechanical ventilation; * = significantly different (p<0.05) from all
other groups. Data are from Smuder et al. [95].
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Fig. 7.
Summary of the potential mechanisms responsible for exercise-induced protection against
ventilator-induced diaphragmatic atrophy.
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