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Abstract: Doxorubicin (Dox) is a commonly used chemotherapeutic that can adversely affect skele-
tal muscle, including causing muscle atrophy. Dox is known to induce an event known as mito-
chondrial permeability transition (MPT) in cardiac muscle and this plays an important role in Dox-
mediated cardiac toxicity. Further to this, recent evidence identifies MPT as a mechanism of atrophy
in skeletal muscle, suggesting that MPT may underlie some of the Dox-related toxicity in skeletal
muscle. To test this hypothesis, we used cultured human primary myotubes, C2C12 myotubes, and
single adult mouse flexor digitorum brevis (FDB) muscle fibers in experiments involving Dox treat-
ment with or without inhibitors of MPT. Dox treatment of myotubes caused myonuclear transloca-
tion of the mitochondrial protein apoptosis inducing factor (AIF) and increased mitochondrial reac-
tive oxygen species (mROS), consistent with the known consequences of MPT. Furthermore, Dox
caused atrophy in C2C12 myotubes grown on patterned plates, human primary myotubes, and sin-
gle muscle fibers from adult mice. Notably, Dox-induced atrophy could be prevented by a wide
variety of agents that inhibit MPT, as well as by inhibiting mROS or Caspase 3. In conclusion, our
results indicate that MPT plays an important role in driving Dox-mediated skeletal muscle atrophy.
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1. Introduction

Skeletal muscle is essential to life and plays an essential role in movement, eating,
and breathing. Conditions associated with muscle atrophy, therefore, have far-reaching
implications for not only quality of life [1], but if severe can also impact mortality [2]. In
this respect, cancer and its treatment can adversely affect skeletal muscle, causing atrophy,
impaired contractility and mitochondrial dysfunction [3-8]. These maladaptations are per-
haps best characterized in late-stage cancer patients, where both tumor- and treatment-
related factors affect muscle [9,10]. However, muscle impairment is also seen in patients
with early-stage disease undergoing chemotherapy following tumor removal. For exam-
ple, breast cancer patients receiving anthracycline-based chemotherapy following tumor
resection experience substantial muscle atrophy [11] and weakness [12], underscoring the
adverse effects of chemotherapy on skeletal muscle in cancer patients.

To gain insight into the impact of anthracycline-based chemotherapy on skeletal
muscle, we previously employed a mouse model of Doxorubicin (Dox)-based chemother-
apy [13]. Briefly, chemotherapy treated mice received Dox (i.p. 10 mg per kg) on day one
of each cycle and Dexamethasone (DeXx; s.c. 2.5 mg per kg) on days 1 through 5. Dex was
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included to emulate clinical regimens, where it prevents anaphylaxis and nausea [14].
Control mice were injected s.c. with saline on days 1 through 5. This 5-d chemotherapy
treatment was repeated at 3-wk intervals for 4 cycles. Mice were sacrificed 3 months fol-
lowing their 4t cycle of treatment to capture persistent, post-treatment effects of chemo-
therapy. Dox treated mice exhibited 12% lower gastrocnemius muscle mass versus saline
control, and this was accompanied by a 36% lower maximal respiratory capacity and 17%
lower citrate synthase enzyme activity in gastrocnemius muscle. Given that impaired
physical function is evident in cancer survivors years beyond treatment [15-17], our pre-
clinical data suggest that this is due at least in part to chemotherapy-induced atrophy and
persistent mitochondrial respiratory dysfunction in skeletal muscle. This raises the ques-
tion of the mechanisms by which chemotherapeutic agents affect skeletal muscle, where
mounting evidence implicates an important role for mitochondria [18]. Indeed, several
previous studies have identified that various chemotherapeutic agents have adverse ef-
fects on the mitochondrion in skeletal muscle [19-21], although the consequences of these
mitochondrial impacts are poorly understood.

Interestingly, previous studies in human cardiac muscle show that Dox induces an
event known as mitochondrial permeability transition (MPT) [22], where MPT is an estab-
lished mechanism of cardiac toxicity operating through reactive oxygen species (ROS) and
activation of the intrinsic pathway of apoptosis (e.g., cytochrome c-mediated increase in
Caspase 3 activity) [23]. Although MPT has not been studied directly in skeletal muscle in
response to Dox, one study found that Dox-induced toxicity in skeletal muscle required
an increase in mROS [24], which is noteworthy because MPT is associated with an increase
in mROS release [25]. Furthermore, we recently identified MPT as a novel mechanism of
skeletal muscle atrophy that operates through both mROS- and Caspase 3-dependent
mechanisms [26]. Building upon this observation, in the present study we conducted ex-
periments involving cultured C2C12 myotubes (a murine muscle cell line), human pri-
mary myoblasts, and single isolated muscle fibers from the flexor digitorum longus (FDB)
of adult mice to test the hypothesis that Dox-induced skeletal muscle atrophy is mediated
through MPT. We also tested the involvement of mROS and caspase 3 activation in this
process.

2. Materials and Methods

2.1 Muscle cell culture. C2C12 myoblasts (3-4 biological replicates per experiment)
were obtained from ATCC (ATCC Cat # CRL-1772). Myoblasts were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM: 4.5g/L glucose, 110 mg/L sodium pyruvate,
and 2mM GlutaMax) supplemented with 10% FBS and 1% penicillin/streptomycin. In
some experiments, C2C12 myoblasts were differentiated on micromolded/patterned hy-
drogels to promote greater maturation as previously described [27]. Human primary my-
oblasts were isolated from four donors (age = 58 + 8 y, 3 male/1 female) that underwent a
muscle biopsy procedure. All human study procedures were approved by the institu-
tional review board at the University of Florida (Protocol 201801553) and carried out ac-
cording to the Declaration of Helsinki. Participants were fully informed about the research
and provided written informed consent. The isolation procedures and culturing methods
of human primary myoblasts have been previously described [28-30]. Myoblast differen-
tiation was initiated by serum withdrawal using DMEM (4.5g/L glucose, 110 mg/L sodium
pyruvate, and 2mM GlutaMax) supplemented with 2% heat-inactivated horse serum and
1% penicillin/streptomycin. Differentiation medium was changed every 24 hours until ex-
perimentation. All cells were cultured in standard conditions at 37°C and 5% COs.

2.2 MPT and Nuclear Translocation of AIF. C2C12 myotubes were treated with 1uM
Dox (Sigma D1515) or vehicle (phosphate buffered saline; PBS) beginning at day 4 of
differentiation to induce MPT. To modulate MPT in response to Dox, cells treated with
Dox were also treated with either 1uM Cyclosporin A (CsA; Sigma C1832), 1uM
bongkrekic acid (BA) (Sigma B6179), 5uM mitoTEMPO (Sigma SML0737), 25uM Morin
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hydrate (Morin; Sigma M4008), 0.5uM Isoxazole 63 (Isox63), or vehicle (DMSO - all equal
volume) at the same time as the addition of Dox. After 48 h of treatment, myotubes were
washed twice with PBS and fixed with 4% paraformaldehyde for 10 min. Cells were
permeabilized with PBS + 0.2% triton X-100 for 10 min with gentle shaking, then blocked
with PBS + 5% goat serum + 1% bovine serum albumin (BSA) for one hour at room
temperature. Cells were incubated with primary antibody against apoptosis inducing
factor (AIF; Abcam ab32516) at 1:300 in blocking solution overnight at 4°C. Cells were then
washed 3x in PBS, followed by incubation with 1:500 secondary antibody (AlexaFluor594,
mouse IgG2b, ThermoFisher) for one hour at 37°C. Cells were washed 3x in PBS,
incubated with DAPI stain (Nucblue, ThermoFisher) and then imaged using automated
capture routines on an Evos FL Auto 2 inverted fluorescent microscope (ThermoFisher).
Five 20x images were captured per well (n=4-5 wells per group) and analyzed by
calculating a Mander’s coefficient for colocalization between the AIF and DAPI signals,
indicating AIF translocation to the nucleus. All processing procedures were performed
uniformly over the entire set of images by a blinded investigator using Image] plugin
Coloc2.

2.3 Myotube Mitochondrial Oxidative Stress. C2C12 or human primary myotubes were
treated with 1uM Dox (Sigma D1515) or vehicle (PBS) beginning at day 4 of differentiation
to induce MPT. As above, cells treated with Dox were also treated with either 1uM CsA
(Sigma C1832) to inhibit MPT, 1uM BA (Sigma B6179) to inhibit MPT, or 5uM mitoTEMPO
(Sigma SMLO0737) to scavenge mROS, at the same time of addition of Dox. To account for
the impact of MPT on mROS production and how this related to myotube atrophy, after
24 hours of treatment, myotubes were washed twice with Hanks balanced salt solution
(HBSS) and incubated with 500nM MitoSox (ThermoFisher) for 15 min in HBSS prior to
imaging. Sixteen 20x images were captured per well (N=4-5 wells per group) and analyzed
using custom written routines in CellProfiler (Broad Institute) to assess both mitoSox
positive area and mean intensity. All processing procedures were performed uniformly
over the entire set of images using batch processing modes to remove any human bias.

2.4 Myotube Atrophy. Myotubes were treated with 1pM Dox (Sigma D1515) or vehicle
(PBS) beginning at day 4 of differentiation to induce MPT. To examine the role of MPT in
myotube atrophy, cells treated with Dox were also treated with either 1uM CsA (Sigma
C1832), 1uM bongkrekic acid (BA) (Sigma B6179), 5uM mitoTEMPO (Sigma SML0737),
25uM morin hydrate (Sigma M4008), 0.5uM Isox63, or vehicle (DMSO - all equal volume)
at the same time of addition of Dox. After 48 hours of treatment, myotubes were washed
twice with PBS and fixed/permeabilized with ice cold methanol/acetone (1:1) for 10 min.
Cells were then blocked with PBS + 5% goat serum + 1% BSA for one hour at room
temperature. Cells were incubated with primary antibody against sarcomeric myosin (MF
20 was deposited to the Developmental Studies Hybridoma Bank by Fischman, D.A.
(DSHB Hybridoma Product MF 20)) at 1:25 in blocking solution for one hour at 37°C. Cells
were then washed 3x in PBS, followed by incubation with 1:250 secondary antibody
(AlexaFluor594, mouse IgG2b, ThermoFisher) for one hour at 37°C. Cells were washed 3x
in PBS, then imaged using automated capture routines on an Evos FL Auto 2 inverted
fluorescent microscope. Sixty-four 20x images were captured per well (N=4 biological
replicates per group) and analyzed using custom written routines in CellProfiler (Broad
Institute) to assess MF20+ area (myotube area). All processing procedures were performed
uniformly over the entire set of images using batch processing modes to remove any
human input.

2.5 shRNA Experiments Targeting Caspase 3. pLKO.1 puro was a gift from Bob
Weinberg (Addgene plasmid # 8453) [31]. The shRNA cloning cassette from pLKO.1 puro
was PCR amplified and inserted into a promoterless AAV cloning vector (Cellbiolabs)
using In-Fusion cloning (Takara). The resultant pAAV-LKO.1 puro plasmid was
linearized with Agel and EcoRI and purified by gel extraction. To knockdown Caspase 3,
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a shRNA sequence for mouse CASP3 was obtained from Millipore-Sigma Mission shRNA
library TRCN0000321020. The shRNA duplex was inserted in the linearized pAAV-LKO.1
puro plasmid via a ligation reaction. The resulting plasmids were transfected into C2C12
muscle cells at day 4 of differentiation using Xfect reagent (Takara), and myotubes were
subsequently treated with 1uM Dox 48 hours later. A nonsense scrambled shRNA
sequence was used as a negative control.

2.6 Animals and Surgical Methods for Single FDB muscle fiber isolation. All procedures
were conducted with approval from the University of Florida Institutional Animal Care
and Use Committee (protocol #202011171, to R.T. Hepple). Male C57BL/6 mice were
housed in ventilated cages, and provided food and water ad libitum. On the day of sacrifice,
mice were anesthetized with 2-4% isoflurane. FDBs were carefully dissected and removed
from both hindlimbs, trimmed of excess fat, blood vessels, and surrounding connective
tissue in room-temperature physiological rodent saline (PRS: 138 mM NaCl, 2.7 mM KCl,
1.8 mM CaCl, 1.06 mM MgClz, 12.4 mM HEPES and 5.6 mM glucose, pH 7.3). Following
isolation of the muscles, mice were killed by thoracotomy and removal of the heart.

2.7 Single Muscle Fiber Isolation and Culture. FDB muscles were prepared for single
muscle fiber isolation according to previously established methods [32,33]. Immediately
after isolation, both FDB muscles from a given mouse were incubated in an Eppendorf
tube containing a solution of 1.5 mL PRS with 0.2% collagenase type I (Worthington, USA),
0.1% elastase (Worthington), 0.0625% protease from Streptomyces griseus (Sigma-Aldrich,
USA), 0.033% dispase (Invitrogen, USA), and 10% fetal bovine serum (FBS, Invitrogen)
and maintained at 37°C and 5% CO: for 95 min to digest the inter-muscle fiber connective
tissue. After digestion, muscles were moved to a 35 mm culture dish containing
proliferative medium (PM: high-glucose Dulbecco’s modified Eagle’s medium (DMEM,
Life Technologies, USA) containing 10% FBS, 1% antibiotic-antimycotic mix (Life
Technologies), and 0.1% gentamycin (Life Technologies) and incubated for 5 min. Whole
muscles were then triturated with warm proliferative medium using a P1000 pipette for
dissociation into single muscle fibers. Individual muscle fibers were transferred to 35 mm
culture dishes (n=100-150 fibers) containing maintenance media (MM: high-glucose
DMEM supplemented with 20% 1X Serum Replacement 2; Sigma-Aldrich) and kept under
standard culture conditions for the duration of the experiment.

2.8 Dox Treatment in Adult Mouse Single FDB Muscle Fiber Culture. To confirm if Dox
induces atrophy through MPT in single muscle fibers from mouse FDB muscle (as seen in
C2C12 and human primary myotubes), we first treated single FDB muscle fibers from one
male mouse with (i) vehicle (water), (ii) 1 pM Dox, or (iii) 1 pM Dox and 1 uM of the MPT
inhibitor CsA (as in myotube cultures above) for 24 h. Based upon our previous
observations showing that MPT-induced atrophy required an increase in mROS and
caspase 3 activity [33], we then conducted a second series of single FDB muscle fiber
experiments to determine if Dox-mediated atrophy also required mROS and caspase 3.
Specifically, single FDB muscle fibers from 3 male mice were treated with (i) vehicle
(ddH=0), (ii) 1 uM Dox, (iii) 1 uM Dox and 0.5 uM of the MPT inhibitor Isox63; (iv) 1 uM
Dox and 5 uM of the mROS scavenger MitoTEMPO (as in myotube experiments); or (v) 1
uM Dox and 20 pM of the novel caspase 3 inhibitor Ac-AT010-KE.

All muscle fibers were subsequently imaged by brightfield illumination on a
customized Leica SP8 microscope (Leica Microsystems, Wetzlar, Germany) following
plating to permit baseline measurements of myofiber diameter, and imaged again
following 24 h incubation in the conditions noted above. Culture dishes were placed in a
pre-warmed stage-top incubator (Tokai Hit, Shizuoka, Japan) at 37°C, and tiled images
were taken of the entire dish. Images were stitched and exported for analysis in Image].
Single fibers were numbered and a total of 50 single fibers were selected at random for the
analysis. Measurements were collected along the length of each fiber to capture proximal,
proximal-medial, medial, distal-medial, and distal diameters. Fiber diameters were then
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averaged to provide a mean fiber diameter value per each selected fiber. Fibers that were
visually hypercontracted were excluded from the analysis, as described previously [33].

Statistics

Statistical comparisons between treatments employed a nested ANOVA to take
account of both technical replicates and biological replicates within each experimental
group/condition. Individual group differences were identified with a Sidak post-hoc test.
The p-value for determining significance was set at <0.05.

3. Results
3.1. Dox Treatment in Skeletal Muscle Myotubes

We first tested whether Dox induces MPT in skeletal muscle cells. Consistent with the
established effects of MPT in other tissues, C2C12 myotubes treated with 1 uM Dox for
24 h exhibited a marked increase in myonuclear AIF levels (Fig 1). Notably, the
myonuclear translocation of AIF following Dox treatment was attenuated by two
different MPT inhibitors that act through distinct mechanisms: CsA, which inhibits the
MPT-regulating protein cyclophilin D (CypD); and Bonkrekic Acid (BA), which inhibits
the adenine nucleotide transporter (ANT). Furthermore, Dox-induced myonuclear AIF
translocation could also be prevented by blocking mROS with MitoTempo. As MPT in
other tissues is associated with an increase in mROS, we also sought to determine if Dox
induced an increase in mROS in skeletal muscle in a manner that depends upon MPT.
Consistent with this notion, C2C12 myotubes treated with 1 uM Dox for 24 h exhibited
an increased area of staining for the mROS-sensitive probe MitoSox (Fig 2), and as with
myonuclear translocation of AIF, this was also attenuated both by inhibiting MPT (CsA,
BA) or by scavening mROS using mitoTEMPO.
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Figure 1. Treatment of C2C12 myotubes with Dox for 48 h causes nuclear translocation of the
mitochondrial protein, AIF (apoptosis inducing factor), and this is prevented by MPT inhibitors
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Figure 2. Treatment of C2C12 myotubes with Dox for 48 h caused an increase in the positive
area of MitoSox fluorescence, consistent with an increase in mROS. This was attenuated by
inhibitors of MPT (CsA [Cyclosporin A], BA [Bonkrekic Acid]) or by scavening mROS with

mitoTEMPO. ***p<0.001, ****p<0.0001 versus Con. ¢p<0.0001 versus Vehicle.

3.2. Dox Treatment Causes Skeletal Muscle Atrophy

To evaluate the role of MPT in mediating skeletal muscle atrophy following exposure
to Dox, we first performed studies in C2C12 myotubes seeded on patterned plates. 24 h
following Dox treatment there was significant myotube atrophy that was attenuated by
the MPT inhibitor CsA (Fig. 3). We then confirmed these findings in human primary
myotubes from 4 human donors, where Dox also induced atrophy that was prevented
by a variety of MPT inhibitors that operate through distinct mechanisms (CsA, BA,
Morin, and isox63) (Fig. 4). Finally, we treated single adult mouse FDB muscle fibers
with Dox, where Dox-induced atrophy could also be prevented by MPT inhibition (Fig.
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5). Thus, our results are consistent in showing that Dox induces atrophy of skeletal
muscle in a manner that depends upon MPT.
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Figure 3. C2C12 myotubes grown on a patterned plate and treated with Dox for 48 h exhibited atrophy that
was prevented by treatment with the MPT inhibitor CsA (Cyclosporin A). Bar = 300 pm. *p<0.05 versus Dox.
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Figure 4. Treatment of human primary myotubes with Dox for 48 h caused atrophy that was
prevented by a variety of MPT inhibitors (CsA [Cyclosporin Al, BA [Bonkrekic Acid], the
phytochemical Morin, Isox63).
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Figure 5. Treatment of mouse single FDB muscle fibers with Dox for 24 h caused muscle fiber
atrophy that was prevented by the MPT inhibitor, CsA (Cyclosporin A). Bar =200 pum.
**p<0.0005.

3.3. Dox-induced Skeletal Muscle Atrophy Requires mROS and Caspase 3

To assess the roles of mROS and Caspase 3 in Dox-induced MPT causing muscle
atrophy, we first tested the impact of scavenging mROS using MitoTEMPO in Dox-
induced atrophy in C2C12 myotubes, finding that MitoTEMPO prevented Dox-induced
atrophy similarly to the MPT inhibitors CsA and BA (Fig. 6). We then utilized an shRNA
targeting Caspase 3, which caused an approximately 60% reduction in Caspase 3 RNA
expression, and found that knockdown of Caspase 3 also prevented Dox-induced
atrophy in C2C12 myotubes (Fig 7). To translate these findings in myoblast culture to
adult muscle, we then confirmed these findings in single FDB muscle fibers from 3 adult
mice, finding that blocking mROS with MitoTempo or blocking Caspase 3 activity using
the selective Caspase 3 inhibitor Ac-ATS010-KE [34] prevented Dox-induced muscle
fiber atrophy in a manner that was quantitatively similar to the atrophy protection
conferred by the MPT inhibitor Isox63 (Fig 8). Thus, collectively, our results indicate that
Dox-induced MPT causes muscle atrophy that depends upon both mROS and caspase 3
activation.
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Figure 6. The reduction in size of C2C12 myotubes after treatment with Dox for 48 h was
prevented by quenching mROS (mitoTEMPO).
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Figure 7. The reduction in C2C12 myotube size following 48 h treatment with Dox was
largely abolished following transfection of shRNA targeting Caspase 3 (CASP3). *P<0.05.
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Figure 8. The atrophy of single FDB muscle fibers from adult mice following 24 h treat-
ment with Dox was prevented by inhibiting MPT (Isox63), or by scavenging mROS (mi-
toTEMPO) or inhibiting Caspase 3 activity (Ac-ATS010-KE). Bar =200 um. *p<0.05,
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p<0.01.

4. Discussion

There is growing understanding that various chemotherapeutic agents used in treat-
ing cancers can have deleterious impacts on skeletal muscle, independent of the tumor.
These agents include the anthracycline, Dox, where previous studies have revealed that
cancer patients undergoing Dox chemotherapy can exhibit muscle atrophy [11] and weak-
ness [12]. Furthermore, preclinical studies in mice have shown that the adverse effects of
Dox treatment on skeletal muscle can persist for several months following cessation of
treatment [13], consistent with long-term physical impairment in cancer survivors [35] ,
which diminishes quality of life. These findings underscore the need for greater under-
standing of the mechanisms responsible for Dox-induced muscle impairment. Skeletal
muscle mitochondria are impacted by various chemotherapeutic agents [18], including
Dox [13], and studies in heart find that Dox induces an event known as mitochondrial
permeability transition (MPT) [22] that in turn causes an increase in mROS production
and initiation of proteolytic/apoptotic signaling such as increased activity of Caspase 3
[36]. Based upon our recent evidence showing that MPT in skeletal muscle induces atro-
phy in a manner that depends upon an increase in mROS and Caspase 3 activity [26], the
purpose of the current study was to test the hypothesis that Dox-induced muscle atrophy
is mediated by MPT. To test this hypothesis, we used a series of cell and tissue culture
approaches including C2C12 myotubes, human primary myotubes, and single muscle fi-
bers from adult mice maintained in culture, in combination with genetic and pharmaco-
logical manipulations to alter MPT and its downstream effectors. Our data show that Dox
induces myonuclear translocation of the mitochondrial protein AIF and increases mROS,
consistent with the established effects of MPT in other tissues [37,38]. Furthermore, we
observed that Dox caused muscle atrophy in C2C12 myotubes, human primary myotubes,
and single mouse muscle fibers that was inhibited by a wide variety of MPT inhibitors
operating through distinct mechanisms from one another. Finally, our data show that
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Dox-induced muscle atrophy requires both mROS and Caspase 3, based upon results of
experiments involving quenching of mROS using the mitochondrial-targeted antioxidant
mitoTempo in C2C12 myotubes and single mouse muscle fibers, and experiments em-
ploying either genetic knockdown of Caspase 3 by shRNA in C2C12 myotubes or chemical
inhibition of Caspase 3 activity in single mouse muscle fibers using the novel inhibitor Ac-
ATS010-KE. Collectively, therefore, our results show that Dox induces skeletal muscle at-
rophy in a manner that depends upon MPT, and which requires mROS and activation of
Caspase 3. Importantly, these discoveries implicate MPT as a potential therapeutic target
for reducing the adverse impact of Dox chemotherapy on skeletal muscle.

Dox-induced MPT in Skeletal Muscle. MPT is a well-known mechanism of cytotoxicity,
particularly in the context of ischemic organ injury [39-41]. Although the molecular iden-
tity of the structure(s) responsible for MPT pore formation remains intensely studied [42],
the fundamental events that constitute MPT have been known for several decades. Gen-
erally, MPT events may be categorized as those that are brief with low conductance to
help dissipate excess mitochondrial membrane potential [43] and regulate mitochondrial
Ca? signaling [44], and those that are prolonged with high conductance leading to oxida-
tive stress and cell death. Although low conductance MPT events may be necessary for
normal function of the cell, the high conductance toxic form of MPT is implicated in an
increasingly diverse array of pathological settings in various tissues [36], including Dox-
induced cardiac toxicity [45]. We know comparatively less about the functions or conse-
quences of MPT in skeletal muscle than other tissues, although skeletal muscle mitochon-
dria have been known to undergo MPT in aging [46] and in some pathologies of muscle
such as muscular dystrophy [47]. However, we recently identified MPT as a novel mech-
anism causing skeletal muscle atrophy through mechanisms that require mROS and
Caspase 3 activation [26]. Although Dox has well-established toxicity in skeletal muscle
[13,48,49], whether it requires MPT has not been established, despite MPT being an estab-
lished Dox-induced cytotoxic mechanism in cardiac muscle [22,45].

Previous studies have observed alterations in skeletal muscle following Dox treat-
ment that hint at the possible involvement of MPT, such as an increase in mROS
[13,20,24,50]. To test whether Dox induces MPT in skeletal muscle we treated C2C12 my-
otubes with Dox for 48 h and subsequently fixed and labeled the myotubes to permit us
to examine the amount of the mitochondrial protein AIF that translocated to the myonu-
clei. The basis for this assay is that MPT permits the release of a variety of mitochondrial-
localized proteins, some of which (e.g., AIF) target the nucleus to initiate degradation of
DNA as part of the cell death pathway [38]. Hence, the degree to which Dox induces an
increase in myonuclear AIF can be used as a readout for the occurrence of MPT. Consistent
with the impact of Dox in causing MPT in the heart [22], our experiments show that Dox
induced a marked increase in the abundance of myonuclei that labelled positively for AIF.
This was prevented by two MPT inhibitors that operate through distinct mechanisms (i.e.,
CsA which inhibits the mitochondrial protein cyclophilin D to raise the threshold for MPT
[51]; BA which inhibits the adenine nucleotide transporter [52], one of the putative com-
ponents of the MPT pore [53]). Therefore, our results are consistent with Dox causing MPT
in skeletal muscle. Since there is also an increase in mROS release during MPT [26,37], we
then determined whether Dox caused an increase in mROS emission using the mROS-
sensitive probe, mitoSox. Our results show that Dox induced a significant increase in the
area of tissue that is positive for mitoSox fluorescence. The attenuation of the Dox-induced
increase in mitoSox positive area by MPT inhibitors indicates that a significant fraction of
the Dox-induced increase in mROS is secondary to the impact of Dox on MPT.

Dox, MPT and Skeletal Muscle Atrophy. As noted above, our recent work identifies
MPT as a mechanism causing skeletal muscle atrophy [26]. Furthermore, our results dis-
cussed above show that, like the impact of Dox in causing MPT in heart [22], Dox also
induces MPT in skeletal muscle. Therefore, to directly test the involvement of MPT in Dox-
mediated muscle atrophy, we first determined whether Dox would induce atrophy of
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C2C12 myotubes grown on patterned plates. Consistent with Dox mediating muscle atro-
phy through MPT-dependent mechanisms, our results showed that Dox treatment of
C2C12 myotubes for 48 h induced atrophy that could be prevented by the MPT inhibitor
CsA. To assess whether this also occurred in human skeletal muscle, we then treated hu-
man primary myotubes with Dox and observed significant atrophy that was prevented
by a wide variety of MPT inhibitors acting through distinct mechanisms. These inhibitors
include the aforementioned CsA and BA, as well the phytochemical Morin which likely
has pleiotropic effects on mitochondria in preventing MPT [54], and isox63 which is a
newly developed compound that acts through CypD-independent mechanisms [55]. We
then extended our findings to single skeletal muscle fibers from adult mouse and also
observed that Dox induced atrophy in a manner that required MPT. As such, our data
provide clear evidence that Dox induces skeletal muscle atrophy and can be prevented by
inhibiting/reducing MPT.

To help understand the mechanisms by which Dox-mediated MPT causes atrophy,
we then conducted experiments in C2C12 myotubes involving chemical inhibition of
mROS using mitoTEMPO, and both genetic (shRNA) and chemical inhibition of Caspase
3. The rationale for focusing on mROS and Caspase 3 is based upon extensive literature
implicating mROS in various muscle atrophy conditions [56-60], and a somewhat lesser
body of evidence for the involvement of Caspase 3 in muscle atrophy [61-63]. Moreover,
we have recently confirmed that, as in other tissues [36], MPT in skeletal muscle induces
an increase in mROS and Caspase 3 activity [26]. Consistent with our previous observa-
tions concerning the mechanisms by which MPT induces atrophy in skeletal muscle, the
myotube atrophy resulting from Dox-induced MPT was prevented by scavening mROS
and by both genetic and chemical approaches for blocking Caspase 3 in C2C12 myotubes.
We then confirmed these results in single adult muscle fibers, finding that scavenging
mROS and Caspase 3 inhibition prevented the atrophy occurring with Dox-induced MPT
in single mouse FDB muscle fibers. Collectively, therefore, our results show that Dox in-
duces skeletal muscle atrophy and that this requires MPT and its downstream sequelae,
mROS and Caspase 3 activation. The significance of these findings is that they provide
insights to some of the mechanisms that are likely to underlie the adverse effects of Dox
on skeletal muscle. On the other hand, much remains to be understood concerning the
mechanisms involved in MPT-induced muscle atrophy. This includes determining
whether myonuclear translocation of AIF is also associated with nuclear DNA degrada-
tion. Furthermore, it will also be important to identify the mechanisms by which Dox is
causing MPT in skeletal muscle, noting that Dox causes cellular disruptions that have been
identified as triggers for MPT [40], such as marked Ca? dyshomeostasis and ROS-medi-
ated oxidative stress [64]. Finally, in view of the mitochondrial impairment seen with a
variety of chemotherapeutic agents [65], many of which have established skeletal muscle
impact [18], it will also be valuable to address the potential role of MPT in chemotherapy-
induced skeletal muscle impairment more broadly.
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