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RESEARCH ARTICLE
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Abstract

Duchenne muscular dystrophy (DMD) is associated with distinct mitochondrial stress responses. Here, we aimed to determine
whether the prospective mitochondrial-enhancing compound Olesoxime, prevents early-stage mitochondrial stress in limb and
respiratory muscle from D2.mdx mice using a proof-of-concept short-term regimen spanning 10–28 days of age. As mitochon-
drial-cytoplasmic energy transfer occurs via ATP- or phosphocreatine-dependent phosphate shuttling, we assessed bioenergetics
with or without creatine in vitro. We observed that disruptions in Complex I-supported respiration and mH2O2 emission in
D2.mdx quadriceps and diaphragm were amplified by creatine demonstrating mitochondrial creatine insensitivity manifests ubiq-
uitously and early in this model. Olesoxime selectively rescued or maintained creatine sensitivity in both muscles, independent
of the abundance of respiration-related mitochondrial proteins or mitochondrial creatine kinase cysteine oxidation in quadriceps.
Mitochondrial calcium retention capacity and glutathione were altered in a muscle-specific manner in D2.mdx but were generally
unchanged by Olesoxime. Treatment reduced serum creatine kinase (muscle damage) and preserved cage hang-time, microCT-
based volumes of lean compartments including whole body, hindlimb and bone, recovery of diaphragm force after fatigue, and
cross-sectional area of diaphragm type IIX fiber, but reduced type I fibers in quadriceps. Grip strength, voluntary wheel-running
and fibrosis were unaltered by Olesoxime. In summary, locomotor and respiratory muscle mitochondrial creatine sensitivities are
lost during early stages in D2.mdx mice but are preserved by short-term treatment with Olesoxime in association with specific
indices of muscle quality suggesting early myopathy in this model is at least partially attributed to mitochondrial stress.

muscle; neuromuscular disease; oxidative phosphorylation; permeability transition pore; reactive oxygen species

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a debilitating
and progressive muscle wasting disease resulting from a
mutation in the gene encoding the protein dystrophin (1, 2).
By connecting the cytoskeleton to the sarcolemma, dystro-
phin promotes membrane stability during muscle contrac-
tion and is a key component of the dystroglycan complex
that cross-links the cytoskeleton to the extracellular matrix.
The absence of dystrophin results in cell membrane instabil-
ity and muscle fiber tearing during contraction (3). Constant
cycles of fiber degeneration are associated with considerable
inflammation as well as many intracellular stressors includ-
ing elevated cytosolic calcium, cytoskeletal disorganization,
and both redox and metabolic abnormalities. Each of these

disruptions have been associated with mitochondrial stress
responses (4), but the degree to which mitochondria contrib-
ute tomuscle weakness in DMD remains to be determined.

The emergence of mitochondrial-enhancing therapeu-
tics provides an opportunity to revisit the role of mito-
chondrial stress in a variety of diseases. However, in some
cases, the potential clinical efficacy of the compounds
somewhat outpaces the discovery of their mechanisms of
action. For example, the cholesterol-based compound
Olesoxime (cholest-4-en-3-one oxime, or TRO1966) pro-
moted motor neuron survival, improved motor perform-
ance, and extended lifespan using in vitro and in vivo
models of amyotrophic lateral sclerosis (ALS) (5). Although
mitochondrial assessments were not performed in these
models, separate experiments in a variety of brain-derived
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cell lines found that Olesoxime accumulated in mitochondria
(6) and interacted with the voltage-dependent anion channel
(VDAC) (5). This protein was considered to be a putative com-
ponent of the proapoptotic mitochondrial permeability transi-
tion pore (mPTP), and several effects attributed to mPTP
inhibition were reported. These include reduced mitochon-
drial-linked apoptosis in cultured motor neurons (5), in a rat
model of Huntington’s (7) and camptothecin chemotherapy
exposure (8), aswell as other anti-mPTP effects inHeLa cells (6)
and in cardiomyocytes exposed to doxorubicin chemotherapy
(6). These lines of evidence suggest a potential to treat other
conditions that present with dysregulated mPTP. However,
the effect of Olesoxime on other mitochondrial bioenergetic
functions in conditions causing mitochondrial stress remains
unclear.

The degree to which Olesoxime may benefit muscle-weak-
ness disorders remains uncertain. Clinical trials of Olesoxime
in spinal muscle atrophy yieldedmixed results (9–13). As some
studies in mouse models of DMD reported increased mPTP
(12–14) further investigation into the potential for Olesoxime
to treat muscle weakness in mdx mice seems warranted,
especially one with an expanded assessment of bioenergetic
functions relevant to muscle weakness including oxidative
phosphorylation and reactive oxygen species generation. We
also assessed the ability of calcium stress to triggermPTP given
the excess cytosolic calcium in dystrophic fibers are thought to
contribute to fiber degeneration, and Olesoxime’s effects on
calcium as a specific trigger of mPTP are less studied. As
Olesoxime passed Phase I clinical trials for safety (15), any
potential benefit of this drug in other disorders could be trans-
lated to clinical applicationsmore rapidly.

In this study, we employed a short-term treatment protocol
as a proof-of-principle design that targets the early stages of
myopathy in the D2.mdxmousemodel of DMD given we have
previously characterized several relationships between mus-
cle dysfunction and mitochondrial stress, including mPTP, at
4 wk of age in this model (14, 17, 18). Here, we report a novel
effect by which Olesoxime protects mitochondrial bioener-
getics by preserving the mitochondrial function of creatine.
This effect was found in both locomotor and respiratory
muscles, suggesting a ubiquitous mechanism. This improved
mitochondrial creatine sensitivity was generally linked to pre-
serving oxidative phosphorylation and attenuating increased
mitochondrial hydrogen peroxide emission (mH2O2), but sur-
prisingly not calcium-induced mPTP. This short-term treat-
ment protocol at the early stages of the disease led to a robust
reduction in the muscle damage marker serum creatine ki-
nase as well as modest benefits to various indices of muscle
quality. The findings indicate attenuated mitochondrial crea-
tine functions may be one component of the stressors influ-
encing early stages of myopathy during dystrophin deficiency
which warrants longer term investigations.

MATERIALS AND METHODS

Animal Care

Male D2.mdx mice were bred from an in-house colony
established at York University (Toronto, Ontario). Mice were
housed with littermates until euthanasia (28 days) and then
were separated for functional testing commencing 48 h

before euthanasia. Three-week-old DBA/2JWTmice were or-
dered directly from Jackson Laboratories (Bar Harbor) due
to low breeding performance experienced in-house as
reported previously (19) and allowed to acclimatize for 7
days before euthanasia. Mice were maintained on a 12:12-h
light-dark cycle while being provided access to standard
chow and water ad libitum. All experiments and procedures
were approved by the Animal Care Committee at York
University (AUP Approval Number 2016-18) in accordance
with the Canadian Council on Animal Care.

Olesoxime Treatment

D2.mdxmice were treated with Olesoxime (30 mg/kg body
wt/day) dissolved in corn oil (5, 20, 21) or corn oil alone via
oral gavage adapted for young pups (22). Treatment lasted
from 10 days of age to 28 days (up to 30 days of age).

Body Composition and Functional Assays

In vivo computed tomography was assessed as previously
described (14) with a threshold for fat-free mass set to 39–50
and normalized to body weight in grams. Voluntary wheel
running, cage hang-time, and forelimb grip strength were
assessed as described previously (14).

Minute Voluntary Movement Tracker

Voluntary ambulation was monitored according to the
protocol established by Gibbs et al. (23). Animals were placed
in an open-field container and movement was recorded for 6
min and analyzed using Kinovea software (kinovea.org). The
cumulative distance moved in centimeters over the 6-min
period was recorded.

Serum Creatine Kinase

Serum creatine kinase activity (U/L) was assessed spectro-
fluorometrically (QuantaMaster 80, HORIBA; emission 450
nm) using the Pointe Scientific Serum Creatine Kinase Kit
(Pointe Scientific, Canton, MI) and calculated from the rate
of NADPH production applied to a standard curve performed
under the same conditions and volume dilution as samples.

In Vitro Diaphragm Force

Assessment of in vitro diaphragm force has been partially
adapted from (24, 25). Briefly, the entire diaphragm was
excised and placed in ice-cold Ringer solution containing (in
mM) 121 NaCl, 5 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, 24
NaHCO3, 5.5 glucose, and 0.1 EDTA; pH 7.3. A diaphragm
strip, no more than 3–4 mm in width, from the lateral costal
hemidiaphragmwas cut with adjacent sections of the rib and
part of the central tendon as demonstrated in (26). Silk
suture was attached to the central tendons and the ribs and
secured in a bath with oxygenated Ringer’s solution (95%O2/
5% CO2) maintained at 25�C with ribs secured to the force
transducer with an s hook and central tendon to the lever
arm. The diaphragm was positioned between two platinum
electrodes driven by a biphasic stimulator (Model 305 C;
Aurora Scientific, Inc., Aurora, ON, Canada) and allowed to
acclimatize for 30 min. The optimal resting length (L0) was
found using single twitches until the maximal force was
attained. A force-frequency curve was performed (1, 10, 20,
40, 60, 80, 100, 120, and 140 Hz) with 1 min of rest between
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contractions with a final 5-min rest period provided before a
fatiguing protocol was performed (70 Hz for 350 ms every 2 s
for 5 min). Recovery from fatigue was assessed at 5-, 10-, and
15-min post fatigue at the frequency that elicited maximum
force in the force-frequency protocol. Force production was
analyzed using Dynamic Muscle Control Data Acquisition
software (Aurora Scientific, Inc) and normalized to cross-sec-
tional area (CSA) of the muscle strip (m/l � d) wherem is the
mass of the strip devoid of the central tendon and ribs, l is
the length (from the point of insert on the ribs to themyoten-
dinous junction of the central tendon), and d is the mamma-
lian skeletal muscle density (1.06 g/mm3) (27).

Preparation of Permeabilized Muscle Fiber Bundles

This technique was adapted from previous methods as
described elsewhere (14, 28). Quadriceps and diaphragm
muscles were excised carefully frommice while under heavy
sedation using isoflurane. A piece of the nonstimulated
quadriceps or diaphragm was removed and placed immedi-
ately into ice-cold BIOPS containing (in mM) 50 MES
Hydrate, 7.23 K2EGTA, 2.77 CaK2EGTA, 20 imidazole, 0.5 di-
thiothreitol, 20 taurine, 5.77 Na2 ATP, 15 Na2 PCr, and 6.56
MgCl2·6 H2O (pH 7.1). Bothmuscles were trimmed of connec-
tive tissue and fat and separated along the longitudinal axis
into small bundles weighing �1.0–2.5 mg wet weight for res-
piration and mH2O2 and 0.5–1.4 mg wet weight for calcium
retention capacity. Bundles were permeabilized with 40 mg/
mL saponin (Sigma Aldrich; St. Louis, MI) in BIOPS on a plat-
form rotor for 30 min at 4�C. The permeabilized bundles
were then transferred to wash buffers to remove saponin as
follows: MiRO5 for mitochondrial respiration, Buffer Z for
mitochondrial H2O2 emission (mH2O2), and Buffer Y for cal-
cium retention capacity. The composition of each buffer has
been described previously (14). Fibers prepared for Complex
I-supported mitochondrial H2O2 emission (mH2O2) were per-
meabilized in the presence of 35 mM 2,4-dinitrochloroben-
zene (CDNB) to deplete glutathione and allow for detectable
rates of mH2O2 (29). All bioenergetic assays were performed
within 4 h of washing tomaintain fiber viability.

Mitochondrial Respiration

Mitochondrial respiration was performed as described in
(14, 28). High-resolution oxygen consumption was performed
in 2 mL of MiRO5 supplemented with (creatine-dependent) or
without (creatine-independent) 20 mM creatine to saturate
mitochondrial creatine kinase activity (28, 30) to permit
assessments of mitochondrial creatine sensitivity. O2 con-
sumption was measured using the Oroboros Oxygraph-2K
(Oroboros Instruments, Corp., Innsbruck, Austria) while stir-
ring at 37�C in the presence of 5 mM blebbistatin to prevent
spontaneousmuscle fiber contraction in response to ADP (28).
Each chamber was oxygenated with 100% pure O2 to an initial
concentration of �350 μM and experiments were completed
before chamber [O2] reached 150 μM (31, 32). Before permeabil-
ization, fiber bundles were gently and quickly blotted, and
weighed in �1.5 mL of tared cold BIOPS (ATP-containing
relaxingmedia) to ensure fibers remained relaxed. Respiration
was normalized to bundle wet weight. Complex I-supported
respiration was stimulated using 5 mM pyruvate and 2 mM
malate (NADH) followed by titration of ADP concentrations

from physiological ranges (25, 100) to supraphysiological (500)
and saturating to stimulate maximal coupled respiration
(5,000 mM). An addition of 10 mM cytochrome c was added to
test mitochondrial outer membrane integrity. Experiments
with low ADP-stimulated respiration (bundles that did not
respire in response to ADP stimulus) or high cytochrome c
responses (>15% increase in respiration) were removed (17 out
of 192 bundles). Lastly, 20 mM succinate (FADH2) was added
to support Complex II respiration.

Mitochondrial H2O2 Emission

Mitochondrial H2O2 (mH2O2) emission was performed
as described (14). mH2O2 was determined spectrofluoro-
metrically (QuantaMaster 40, HORIBA Scientific, Irvine, CA)
utilizing Buffer Z containing 10 mM Amplex Ultra Red (Life
Technologies; Carlsbad, CA), 1 U/mL horseradish peroxidase, 1
mM EGTA, 40 U/mL Cu/Zn SOD1, 5 mM blebbistatin, and 20
mMCr. Complex I-supportedmH2O2 was initiated through the
addition of 10mMpyruvate and 2mMmalate (NADH; forward
electron flow) and separately with 10 mM succinate (FADH2;
reverse electron flow from Complex II to I). The ability of ADP
to suppress mH2O2 was assessed with a titration of physiologi-
cal concentrations (25, 100) and saturating for oxidant genera-
tion (500 mM). All protocols were repeated without creatine
in the assay buffer to permit comparisons with the creatine
condition, thereby allowing assessments of mitochondrial cre-
atine sensitivity. Bundles were lyophilized in a freeze-dryer
(Labconco, Kansas City, MO) for>4 h andweighed on amicro-
balance (Sartorius CubisMicrobalance, Gottingen, Germany).

The rate of mH2O2 emission was calculated and converted
to [mH2O2] using a standard curve under the same assay con-
ditions and then normalized to fiber bundle dry weight.

Mitochondrial Calcium Retention Capacity

Mitochondrial calcium retention capacity was performed as
previously described but withmodifications (14, 33). This assay
was measured spectrofluorometrically (QuantaMaster 80,
HORIBA Scientific) in a cuvette with 300 mL assay buffer con-
taining 1 μM Calcium Green-5N (Invitrogen), 2 μM thapsigar-
gin, 5 μM blebbistatin, and 40 μM EGTA while maintained at
37�C with continuous stirring. 5 mM glutamate, 2 mM malate,
5mMADP, and 20mMcreatine were added to the assay buffer
and minimum fluorescence was recorded. 4 nmol pulses of
CaCl2 were added until the mitochondrial permeability transi-
tion pore (mPTP) opening was observed as an increase in fluo-
rescence corresponding to net mitochondrial calcium release,
at which point saturating pulses of CaCl2 were used to establish
maximum fluorescence. Changes in free Ca2þ during mito-
chondrial Ca2þ uptake were then calculated using the known
Kd for Calcium Green-5N and equations established for calcu-
lating free ion concentration (34). Calcium retention was then
normalized to fiber bundle dry weight.

Histochemical and Immunofluorescent Staining

Excised quadriceps and diaphragm were mounted for
histology and immunofluorescence in Tissue Plus Optimal
Cutting Temperature compound (OCT; Fisher Healthcare),
frozen in isopentane chilled in liquid nitrogen and stored
at�80�C. The sample collectedwere cut into 10-mm thick serial
cross sections with a cryostat (Thermo Fisher Scientific;
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Kalamazoo, MI) maintained at �20�C on Fisherbrand Super-
frost Plus slides (Thermo Fisher Scientific). Hematoxylin and
eosin (H&E) and picrosirius red (PSR) staining were used to
assess muscle health and fibrosis as previously described (14).
Centralized nuclei, a marker of regenerating fibers, was ana-
lyzed by selecting five evenly spaced images throughout the
muscle and averaging the result. Areas of necrosis (fibers with
fragmented sarcoplasm and immune cell infiltration) were
expressed as a percentage of the entire muscle section. PSR
staining was used to assess fibrotic regions and was expressed
as a percentage of whole muscle section. Images were taken
using EVOS M7000 imager (Thermo Fisher Scientific) using
�20 magnification and analyzed using ImageJ (http://imagej.
nih.gov/ij/). Immunofluorescent analysis of myosin heavy
chain expression was previously described (35). Images were
taken with EVOS M7000 equipped with standard red, green,
and blue filter cubes. Fibers that were not positively stained
were considered IIX fibers. These images were then analyzed
with ImageJ for fiber type distribution and cross-sectional area
(CSA).

Caspase Activity

The enzymatic activities of caspase 3, 8, and 9 were meas-
ured spectrofluorometrically using substrates Ac-DVED-AMC,
AC-IETD-AMC, and Ac-LEHD-AMC (Enzo Life Sciences,
Farmingdale, NY) respectively, as described elsewhere
(36, 37). Samples were homogenized in ice-cold lysis buffer
without protease inhibitors and pipetted into a 96-well
plate where they were incubated with an appropriate sub-
strate. Fluorescence was read for 1 h and maximal activity
was recorded and normalized to the total protein content.

Glutathione

Reduced glutathione (GSH) and oxidized glutathione
(GSSG) were assessed by UV-HPLC and fluorescent HPLC
respectively using the Shimadzu Nexera X2 UHPLC system
(Mandel Scientific Company Inc. Guelph, Canada). Quadriceps
and diaphragmmuscles were prepared according to Ref. 38 in
tris buffer [50 mmol/L Tris (hydroxymethyl) amino methane
buffer containing 20mmol/L Boric acid, 2 mmol/L L-serine, 20
μmol/L Acivicin, and 5 mmol/LN-ethylmaleimide (NEM)] and
acidified using TCA and PCA for GSH and GSSG, respectively.
Separation was achieved using a Zorbax C18 column (Agilent
Technologies, Mississauga, ON, Canada). GSH was measured
under isocratic conditions by monitoring NEM-GSH using a
0.25% glacial acetic acid mobile phase with 6% acetonitrile at
1.05 mL/min flow rate detected at 265 nm. GSSG was meas-
ured using GS-o-pthalymide (0.1%) conjugate excited at 350
nm and detected at 420 nm emission using HPLC/UHPLC flu-
orescence detector (Mandel Scientific). GSSG samples were
diluted in 0.5 M NaOH and run using 25 mM Na2HPO4 in
HPLC-grade H2O with 15% methanol mobile phase at a 0.5
mL/min flow rate. Distinct standard curves were applied to
both GSH and GSSG and all samples were normalized to pro-
tein content measured using bicinchoninic acid protocols
(Life Technologies, Carlsbad, CA).

Western Blotting

Western blotting was performed to determine expression
levels of VDAC, adenine nucleotide translocase (ANT),

electron transport chain proteins (OXPHOS), and mitochon-
drial creatine kinase (mtCK) using standard SDS-PAGE pro-
cedures. Frozen sections of quadriceps and diaphragm from
each muscle (�10–30 mg in size) were homogenized using a
plastic microcentrifuge tube with tapered Teflon pestle in
ice-cold buffer containing (in mM) 40 HEPES, 120 NaCl, 1
EDTA, 10 NaHP2O7·10H2O pyrophosphate, 10 b-glycerophos-
phate, 10 NaF, and 0.3% CHAPS detergent (pH 7.5 adjusted
using KOH) supplemented with protease inhibitor (1:200)
and phosphatase 2/3 inhibitors (1:100). A 10% acrylamide
get was used for mtCK while all other proteins were resolved
using a 12% acrylamide gel. All gels were transferred
onto 0.2 mm low fluorescence PVDF membrane (Bio-Rad,
Mississauga, Canada) and blocked with Li-COR Odyssey
Blocking Buffer (LI-COR, Lincoln NE) for 1 h. Membranes
were then incubated with specific primary antibodies (listed
below) overnight at 4�C. A commercially available monoclo-
nal rodent OXPHOS Cocktail (ab110413; Abcam, Cambridge,
UK, 1:250 dilution) including V-ATP5A (55 kDa), III-UQCRC2
(48 kDa), IV-MTCO1 (40 kDa), II-SDHB (30 kDa), and I-
NDUFB8 (20 kDa) were used to detect electron transport
chain proteins. Commercially available polyclonal antibod-
ies were used to detect VDAC 2 (32059, 33 kDa; Santa-Cruz,
1:1,000) and ANT 1 (ab180715, 32 kDa; Abcam, 1:1,000). The
primary antibody for mtCK was a polyclonal serum-based
primary antibody kindly provided by Dr Uwe Schlattner
(Grenoble, France; 42 kDa, 1:1,000) and has been previously
validated (39). After overnight primary antibody incubation,
membranes were washed three times (5 min each time) in
TBS-T and incubated at room temperature with appropriate
fluorescent secondary antibody (LI-COR). Before detection,
membranes were washed in TBS-T three times for 5 min and
then imaged using infrared imaging (LI-COR CLx; LI-COR,
Lincoln, NE) and quantified by densitometry (ImageJ,
http://imagej.nih.gov/ij/). All images were normalized total
protein assessed between 25 and 75 kDa from the samemem-
brane stained using Amido Black total protein-stained mem-
brane (A8181, Sigma). Western blots were at times performed
on tissues from separate mice than those used for mitochon-
drial bioenergetics and histology, given the very small
muscles at this young age, particularly in the D2.mdx groups,
were insufficient for all analyses in this study. As such, bio-
energetics data were not normalized toWestern blot markers
of the mitochondrial proteins outlined above.

Reduced Thiol Detection of mtCK

The redox state of mtCK thiols was assessed by labeling free
thiol using IR-Dye 800CW-maleimide (Li-Cor Biotechnology,
Lincoln, NE) as described previously but with slight modifica-
tions (40, 41). Briefly, quadriceps tissue was homogenized in
lysis buffer (25 mM Tris-HCl pH 7.2, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, and 5% glycerol supplemented with a fresh
protease inhibitor tablet, pH 7.2). Samples were incubated
overnight at 4�C with IR-Dye 800CW at 100 nM/200 mg total
protein. Samples were then spun through Zeba desalting col-
umns (Exclusion size: 7 kDa MW cutoff; Thermo Fisher
Scientific) twice to remove excess dye and small free thiols
that could sequester the dye, and a protein concentration was
determined using a BCA assay. One milligram of protein G
SureBeads (Bio-Rad) was incubated with 1 mg s-mtCK
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(Santa Cruz Biotechnology) for 10 min at room tempera-
ture followed by 600 mg of IR-Dye 800CW-labeled proteins,
incubating overnight at room temperature. Bound pro-
teins were then eluted with 20 mM glycine (pH 2.0) and
were subjected to 10% SDS-PAGE. The gels were scanned
using infrared imaging (LI-COR CLx) and quantified by
densitometry (ImageJ). In this assay [essentially macro-
scale ALISA (42)], target-specific redox state is calculated
as (IR-MAL/Total target), with total mtCK being deter-
mined via immunoblot. An increase in reversible cysteine
oxidation would manifest as a loss of IR-MAL signal.

Statistics

Results are expressed as means ± SD with the level of sig-
nificance established as P < 0.05 for all statistics. Before sta-
tistical analyses, outliers were omitted in accordance with
ROUT testing (Q = 0.5%) and then tested for normality using
a D’Agostino–Pearson omnibus normality test (GraphPad
Prism Software, La Jolla, CA). State III respiration and
mH2O2 were analyzed using a two-way ANOVA followed by
uncorrected Fisher LSD post hoc testing when appropriate
given the risk for false discovery rate is very low with a three-
group design (43, 44). For all other data, statistical differen-
ces were analyzed using a one-way ANOVA (or Kruskal-
Wallis for nonparametric results) between all three groups
followed by uncorrected Fisher LSD or uncorrected Dunn’s
test (when nonparametric) post hoc analyses where appro-
priate. To assess creatine sensitivity in bioenergetic meas-
urements, a two-way ANOVA within groups was applied to
data collected at 100 and 500 mM ADP were examined given
that 25 mMand 5mMADP are less sensitive to creatine.

RESULTS

Olesoxime Preserves Mitochondrial Bioenergetics in a
Creatine-Dependent Manner

To study the effect of Olesoxime on mitochondrial bioen-
ergetics, we determined mitochondrial respiration (a mea-
sure of oxidative phosphorylation) and H2O2 generation (a
product of electron slip from the electron transport chain) in
permeabilized fiber bundles of three experimental groups:
wild-type mice (WT), D2.mdx mice (D2.mdx), and D2.mdx
mice treated with Olesoxime for 18 days (Olesoxime). We
designed in vitro assays that distinguish two different path-
ways of energy transfer between mitochondria and cyto-
plasm (Fig. 1): respiratory stimulation by either ADP alone or
a combination of ADP and creatine. The latter creatine-
stimulated respiration accelerates intramitochondrial recy-
cling of ADP and the export of phosphocreatine, an energy-
rich intermediate that is more highly concentrated and
diffusible as compared to ADP (45–51). As the effect of crea-
tine and mitochondrial respiration, in general, depend on
ADP concentration, the primary signal of cellular energy
turnover, we also analyzed a range of ADP concentrations.

In quadriceps from D2.mdx mice (Fig. 2), ADP-stimulated
respiration driven by pyruvate/malate (NADH, Complex I)
was attenuated in both creatine-independent (P = 0.053) and
-dependent conditions (P < 0.05; Figs. 2, A and B) when
assessed between groups. Improvements to creatine-depend-
ent respiration were still noted after additional respiratory

stimulation with 20 mM succinate (representing Complex
I þ II, Supplemental Fig. S1,A andB). Olesoxime partially pre-
served respiration, but only in creatine-dependent conditions
(P < 0.05; Fig. 2B; Supplemental Fig. S1B). We then directly
compared the creatine-independent and -dependent condi-
tion in each experimental group (statistics assessed between
these two conditions), a parameter defined here as creatine
sensitivity. Such creatine sensitivity (i.e., increased respira-
tion with creatine) was detected in WT (P < 0.05; Fig. 2C), lost
in D2.mdx (Fig. 2D) but partially restored by the addition of
Olesoxime (P< 0.05; Fig. 2E).

We then analyzed mH2O2 generation in quadriceps with
succinate as substrate (allowing for reverse electron transfer
through Complex I). No differences occurred between
D2.mdx andWT (Fig. 2, F and G), whereas Olesoxime in crea-
tine-independent conditions increased mH2O2 relative to
WT. However, the pattern of creatine sensitivity was similar
to mitochondrial respiration: attenuation of mH2O2 genera-
tion by creatine (51) in WT (P < 0.05; Fig. 2H) was lost in
D2.mdx (Fig. 2I) but rescued by Olesoxime (P < 0.05; Fig. 2J).
When using pyruvate/malate as substrates (forward electron
flow through Complex I), mH2O2 generation increased in
D2.mdx compared with WT (P < 0.05; Supplemental Fig. S2,
A and B), and this increase was partially attenuated by
Olesoxime (P< 0.05), but only in presence of creatine.

We then repeated the same analyses for diaphragm
muscle (Fig. 3). As in quadriceps, D2.mdx diaphragm
showed attenuated ADP-stimulated respiration in both
creatine-independent and -dependent conditions (P <
0.05; Fig. 3, A and B), which was rescued by Olesoxime
only in the presence of creatine (P < 0.05; Fig. 3B). This
pattern seen with pyruvate/malate as substrate did not
reach significance when including additional succinate
(Supplemental Fig. S1, C and D). However, creatine none-
theless stimulated respiration in all groups as measured
by the creatine sensitivity index (P < 0.05; Fig. 3, C–E).
Generation of mH2O2 in diaphragm was similar to quadri-
ceps. Specifically, in either creatine condition, there
was no difference between experimental groups with suc-
cinate as substrate (Fig. 3, F and G), whereas there was an
increase in D2.mdx and Olesoxime groups with pyruvate/
malate as substrates (P < 0.05; Supplemental Fig. S2, C
and D). Importantly, the pattern of creatine sensitivity
was again the same as in quadriceps: attenuation of
mH2O2 generation by creatine in WT (P < 0.05; Fig. 3H)
was lost in D2.mdx (Fig. 3I) but rescued by Olesoxime (P <
0.05; Fig. 3).

We next determined whether the reduced mitochondrial
creatine sensitivity in D2.mdx and its preservation by
Olesoxime were related to altered protein levels of key com-
ponents in mitochondrial energy transfer (see Fig. 1). No dif-
ferences were noted in the contents of specific subunits
within Complexes I-V except for reductions within Complex
III in quadriceps for both D2.mdx and Olesoxime relative to
WT (Fig. 4, A and B). Reductions in VDAC2 and ANT1 iso-
forms in D2.mdx quadriceps and ANT1 in the diaphragm
(P < 0.05) were unaltered by Olesoxime (Supplemental Fig.
S3, B–E). Mitochondrial creatine kinase (mtCK) was lower in
D2.mdx and Olesoxime versus WT in quadriceps (P < 0.05;
Fig. 4C) but not diaphragm (Fig. 4D), and again unaltered by
Olesoxime. Noting that mtCK is inhibited by reactive oxygen
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species (53), we then assessed the relative amount of exposed
cysteine residues in the reduced state on immunoprecipi-
tated mtCK (see MATERIALS AND METHODS). Cysteine oxidation
is the first oxidative modification that occurs in themtCK oc-
tamer on the onset of oxidative stress (49). However, no dif-
ferences were seen for mtCK thiol redox state in any group in
quadriceps (P> 0.05; Supplemental Fig. S3A), suggesting dif-
ferences in creatine sensitivity (Fig. 2) were not due to redox
modifications of this complex. Assessments were not per-
formed in the diaphragm given tissue limitations at this
young age in the D2.mdxmodel.

Reduced and Total Glutathione Are Increased inD2.mdx
Diaphragm but Are Not Affected by Olesoxime

To determine whether alterations in creatine sensitivity
during mH2O2 affected global cellular redox conditions,
we assessed glutathione equilibria in each group. In quad-
riceps, there were no differences in total reduced GSH
(Fig. 5A), oxidized GSSG (Fig. 5B), their equilibria (GSH:
GSSG; Fig. 5C) or their sum (total glutathione; Fig. 5D). In
diaphragm, reduced GSH (P < 0.05; Fig. 5E) and total glu-
tathione (P < 0.05; Fig. 5H) were elevated in D2.mdx con-
sistent with past reports of possible compensations in

redox buffering in mdx mice (13, 14). Olesoxime tended to
preserve the WT levels of reduced GSH (P = 0.061; Fig. 5E).
There were no further differences in GSSG (Fig. 5F) and
GSH:GSSG (Fig. 5G).

Olesoxime Does Not Alter Mitochondrial Calcium
Retention Capacity nor Muscle Necrosis or Fibrosis

Prior reports suggested that Olesoxime can attenuate
the formation of the permeability transition pore (mPTP)
(5, 6, 21). Given excess calcium stress in dystrophic fibers
is thought to trigger mPTP and apoptosis as contributors
to degeneration, we next compared mitochondrial cal-
cium retention capacity, a functional readout of mPTP, to
histological measures of fiber degeneration and fibrosis.
We included creatine and ADP in the assay media given
both are known to regulate mPTP through an attenuation
effect (53–55). In quadriceps, reductions in calcium reten-
tion capacity were noted in D2.mdx with and without
Olesoxime (P < 0.05; Fig. 6A), which reflects an increased
sensitivity of mPTP to calcium stress. However, there were
no changes in caspase 3 or 9 activity (Supplemental Fig.
S4, A and B), which can mediate apoptosis downstream of
putative mPTP opening (56–59). This observation was
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rier (VDAC) on the outer mitochondria membrane and adenosine nucleotide translocase (ANT) on the inner membrane. Creatine-dependent phosphate
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Figure 2. In quadriceps, Olesoxime preserves creatine sensitivity of mitochondrial respiration and mitochondrial H2O2 emission. A and B: complex I-sup-
ported respiration stimulated by NADH generation through 5 mM pyruvate and 2 mM malate (NADH) in permeabilized muscle fibers across a range of
ADP concentrations that represent increasing states of metabolic demand: 25 μM [resting muscle (30)]; 100 μM [high-intensity exercise (52)], and 500
μM (supramaximal) in both the absence and presence of 20 mM creatine. C–E: mitochondrial respiratory sensitivity to creatine (data replotted from A
and B) at ADP concentrations that are subject to control by creatine (47) as done previously (14, 18). F–J: similar analyses were performed to assess the
ability of creatine to enhance ADP’s effect on attenuating mH2O2 supported by 10 mM succinate (FADH2). Note that this stimulates Complex II but also
leads to reverse electron flow through Complex I known to generate reactive oxygen species. �P < 0.05 WT vs. D2.mdx-VEH; #P < 0.05 WT vs.
D2.mdx-OLX; $P < 0.05 D2.mdx-VEH vs. D2.mdx-OLX. §P < 0.05 Cr vs. No Cr condition. Data are shown as means ± SD, n = 10–14. OLX, Olesoxime;
VEH, vehicle; WT, wild type.

ENHANCING MITOCHONDRIA IN DUCHENNE MUSCULAR DYSTROPHY

AJP-Cell Physiol � doi:10.1152/ajpcell.00377.2022 � www.ajpcell.org C1147
Downloaded from journals.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on April 24, 2024.

http://www.ajpcell.org


Figure 3. In diaphragm, Olesoxime preserves mitochondrial creatine-dependent respiration and preserves creatine sensitivity during mitochondrial
H2O2 emission. A and B: as in Fig. 2, complex I-supported respiration stimulated by NADH generation through 5 mM pyruvate and 2 mM malate in per-
meabilized muscle fibers across a range of ADP concentrations that represent increasing states of metabolic demand: 25 μM [resting muscle (30)]; 100
μM [high-intensity exercise (52)] and 500 μM (supramaximal) in both the absence and presence of 20 mM creatine. C–E: mitochondrial respiratory sensi-
tivity to creatine (data replotted from A and B) at ADP concentrations that are subject to control by creatine (47) as done previously (14, 18). F–J: similar
analyses were performed to assess the ability of creatine to enhance ADP’s effect on attenuating mH2O2 supported by 10 mM succinate (FADH2). Note
that this stimulates Complex II but also leads to reverse electron flow through Complex I known to generate reactive oxygen species. �P < 0.05 WT vs.
D2.mdx-VEH; #P < 0.05 WT vs. D2.mdx-OLX; $P < 0.05 D2.mdx-VEH vs. D2.mdx-OLX. §P < 0.05 Cr vs. No Cr condition. Data are shown as means ±
SD, n = 10–14. OLX, Olesoxime; VEH, vehicle; WT, wild type.
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related to increased fiber degeneration and fibrosis (P <
0.05; Fig. 6, B–E). There was no effect of Olesoxime on
these measures. In diaphragm, there were no differences
in calcium retention capacity consistent with prior obser-
vations that this measure of mPTP is altered in a muscle-
specific manner in young D2.mdxmice (14). Likewise, fiber
degeneration and fibrosis were present in D2.mdx dia-
phragm (P < 0.05) but were not altered by Olesoxime (Fig.
6, G–J). There were no changes in caspase 3 or 9 activity in
diaphragm (Supplemental Fig. S3, D and E) or caspase 8,
which is activated by extracellular stressors and can influ-
ence mPTP (60).

Olesoxime Alters Cross-Sectional Area and Distribution
in a Fiber Type- and Muscle-Specific Manner

Muscle atrophy is a hallmark characteristic of DMD.
Using antibodies specific for myosin heavy chain isoforms
(Fig. 7, A, B, D, and E), we next determined the response of
specific fibers to Olesoxime. In quadriceps, atrophy was
not observed in any fiber type in D2.mdx in contrast to a
prior report at this same age and muscle showed an
increased cross-sectional area averaged over all fiber types
(14). Olesoxime decreased cross-sectional area of Type I
fibers in quadriceps (P < 0.05; Fig. 7B). The proportion of
type IIA fibers (%) was elevated in D2.mdx (P < 0.05),
whereas Olesoxime lowered distribution in I and IIA fibers

(P < 0.05; Fig. 7C). In diaphragm, D2.mdx showed lower
cross-sectional areas in IIA and IIX fibers with the latter
being preserved by Olesoxime (P < 0.05; Fig. 7, D and E).
There were no differences in fiber type distribution
between groups (Fig. 7F).

Olesoxime Improves Recovery from Fatigue in
Diaphragm

We next assessed aspects of muscle force given dystrophin
mutations cause severe muscle weakness, which severely
compromises the quality of life in DMD. Diaphragm muscle
strips were subjected to a series of stimulation protocols
(Fig. 8A) using force-frequency (Fig. 8B) followed by deter-
mination of fatigue (Fig. 8C) and recovery from fatigue
(Fig. 8D). Olesoxime improved recovery of force across 15
min of assessments during recovery (P < 0.05). Due to
technical limitations, assessments were not performed in
the quadriceps.

Olesoxime Improves Specific Markers of Muscle and
Bone Health

Finally, we determined some clinically relevant meas-
ures of muscle and bone quality. Using serum creatine ki-
nase as a marker of muscle damage, we found that
increases in D2.mdx mice were robustly reduced by
Olesoxime (P < 0.05; Fig. 9A). Likewise, Olesoxime
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modestly improved voluntary cage hang-time (P < 0.05;
Fig. 9B). Reductions in voluntary running wheel distance
(Fig. 9C), grip strength (Fig. 9D), and distance explored in
an open field (P < 0.05; Fig. 9E) were observed in D2.mdx
but were unaltered by Olesoxime. We then used 3-dimen-
sional microCT scans to assess aspects of body volume
and composition. Modest reductions in whole body vol-
ume at this early disease stage were prevented by
Olesoxime (P < 0.05; Fig. 9F). Likewise, Olesoxime mod-
estly increased hindlimb muscle volume (P < 0.05;
Fig. 9G). There was a general increase in whole body
lean volume measures, which includes muscle and vis-
ceral organs excluding lung that was accentuated by
Olesoxime (P < 0.05; Fig. 9H). We also assessed bone vol-
ume given reductions in bone mass are recognized as
a risk in DMD. Intriguingly, reductions in hindlimb
bone volume in D2.mdx were partially prevented by
Olesoxime (P < 0.05; Fig. 9I). Olesoxime did not alter adi-
pose tissue volumes or other assessed volumetric parame-
ters (Supplemental Table S1).

DISCUSSION

Recent reports indicate that several mitochondrial
stress responses occur within the first few days of age in
D2.mdxmice (14, 18, 61) suggesting that mitochondria may
be a secondary contributor to myopathy in DMD. Here, we
demonstrated that the mitochondrial-enhancing com-
pound Olesoxime can preserve 1) creatine-sensitive mito-
chondrial functions, in particular Complex I-supported
creatine-stimulated respiration and attenuation of H2O2

generation, 2) recovery from muscle fatigue, and 3) differ-
ent clinically relevant markers of muscle quality by 4 wk
of age. An overall heterogeneous effect of Olesoxime on

respiratory and limb muscle quality also suggests mito-
chondrial influences on myopathy varies across muscle
types. Thus, mitochondrial stress may have distinct influ-
ences on the progression of myopathy in DMD depending
on age and muscle type.

Possible Mechanisms of Olesoxime

Alterations in oxidative phosphorylation and generation
of reactive oxygen species have been described for D2.mdx
muscle (14, 17, 18) and other dystrophin-deficient models (4).
For analyzing these parameters in more detail in our study,
we carefully considered two different pathways of energy
exchange between mitochondria and the cytoplasm: ADP/
ATP versus creatine/phosphocreatine cycling. In both path-
ways, high-energy phosphate is shuttled from the matrix to
the cytoplasm albeit through different carriers (adenylates
vs. creatine) and at different rates (creatine/phosphocreatine
being faster).

By reconstituting these pathways in vitro through the
exclusion or inclusion of creatine in the respirometric
assay media as performed previously (14, 28, 30, 32, 62–
65), we discovered that the ability of creatine to stimulate
coupled respiration is lost in D2.mdx quadriceps and is
consistent with our previous observations in multiple
muscle types in this model (14, 18). This mitochondrial cre-
atine insensitivity was reversed following treatment with
Olesoxime (Fig. 2, C–E), which is a mechanism not previ-
ously reported for this compound. Finally, the loss of crea-
tine sensitivity in D2.mdx was not observed in the
diaphragm in contrast to our prior report (14), which might
be related to a possible variability in the dynamic remodel-
ing of a muscle occurring over days to weeks at this young
age. Olesoxime did not increase mtCK abundance or
decrease mtCK oxidation in D2.mdx quadriceps. However,
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mtCK oxidation could be evaluated with multiple thiol
labeling methodologies given the technique used in the
present study detects reduced thiols that exist in high
abundance and may be less sensitive than thiol oxidation
assessments such as the recently developed ALISA (42). It
is also possible that other elements of the creatine/phos-
phocreatine pathway (Fig. 1) are targeted by the drug.
These include the assembly of octameric mtCK within the
proteolipid complex as shown in Fig. 1 (49) or the perme-
ability of the outer membrane VDAC pore. The latter is a
likely candidate when considering the biological activity
of Olesoxime as addressed below. Lastly, although we
report changes in creatine-dependent respiration sup-
ported by Complex I, future work could consider whether

these creatine responses are conserved across multiple
substrate inputs.

Strikingly, mitochondrial H2O2 generation in both quadri-
ceps and diaphragm showed the same creatine sensitivity
pattern and rescue by Olesoxime as seen for quadriceps res-
piration. H2O2 is the major oxidant generated by mitochon-
dria (66, 67) and elevations have been reported at this age in
D2.mdx mice in association with early myopathy (14, 17, 18).
Key to the design of our in vitro assays was the recognition
that the rate of mH2O2 is inversely proportional to the degree
of coupled respiration (68). We stimulated respiration across
a range of ADP concentrations from low to high in presence
or absence of creatine to include physiologically relevant
conditions. As a key finding of our study, the observed
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creatine sensitivity patterns suggest that loss of creatine sensi-
tivity occurring in D2.mdx mice and its rescue by Olesoxime
is a general feature. This evidently raises the question as to
how Olesoxime regulates creatine sensitivity.

Olesoxime seems to exert its biological activity by accu-
mulating in mitochondrial membranes and binding to the
outer membrane proteins VDAC and peripheral benzodia-
zepine receptor (TSPO) on the outer mitochondrial mem-
brane TSPO (69). Based on this interaction with VDAC,
some initial reports suggested inhibition of the inner
membrane mPTP as a major mechanism of Olesoxime (5–
8). However, there is now consensus that VDAC is not
always a mPTP component. We did not observe an effect of
Olesoxime on mitochondrial calcium retention capacity,
the standard assay for mPTP calcium sensitivity, consist-
ent with a previous report (6). Such calcium stress was
chosen as a mPTP inducer (70, 71) since dystrophin-defi-
cient muscle shows cytosolic calcium overload (72, 73),
which may cause mitochondrial stress (4). Although we
cannot exclude attenuation of mPTP by mechanisms not
detectable with our calcium retention assay, it seems more
likely that Olesoxime affects calcium homeostasis or cyto-
chrome c release as found in other studies (5, 21) inde-
pendently of mPTP. By enriching in the mitochondrial
outer membrane and interacting with VDAC and TSPO,
Olesoxime may more directly control the permeability of
the outer membrane for small molecules like calcium (69)

and creatine/phosphocreatine, or cholesterol exchange
and membrane fluidity. Additionally, Olesoxime may also
affect the assembly of larger Bax pores which allows for
efflux of macromolecules like cytochrome c (74, 75). Thus,
our findings add new insight into the mechanisms by
which Olesoxime preserves mitochondrial bioenergetics
and proposes alternative stress-related mechanisms.

Mitochondrial Relationships to Myopathy in D2.mdx
Muscle

Our study suggests that preservation of mitochondrial crea-
tine sensitivity is linked to muscle quality in D2.mdx mice.
Although several markers showed modest improvements, the
more notable responses to Olesoxime included a robust
reduction in circulating serum creatine kinase—a marker of
muscle injury—and improved recovery from fatigue in dia-
phragm. Although we were unable to perform force assess-
ments in quadriceps due to technical limitations, these
findings provide a foundation to further explore the impor-
tance of mitochondrial creatine functions in regulating mus-
cle function and contributing to weakness in dystrophin-
deficient muscle. Not all measures of muscle quality
improved with Olesoxime, but this may not be surprising
given mitochondrial stress is secondary to dystrophin defi-
ciency and will not be the only contributor tomyopathy given
the known inflammatory, cytoskeletal, calcium, and other
stressors that arise in this disorder. Although speculative, an
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additional consideration for future directions includes the
influence ofmitochondrialmetabolism in cell types thatmod-
ify muscle remodeling including fibroblasts, fibroadipogenic
precursors, and macrophages (see Ref. 4 for perspectives),
particularly with longer term treatments throughout disease
progression. Nevertheless, the early improvements with this
short-term treatment regimen seen in the present investiga-
tion indicate that mitochondrial stress likely contributes to
the earlymyopathy in D2.mdxmuscle.

In this regard, the 4-wk-old mice examined in this study
capture a time of dynamic development as micemature. The
interaction between both developmental and disease influ-
ences on mitochondria will inevitably be complex, with the
reciprocal relationship being one of many determinants of
muscle quality. Nonetheless, this early age provides relevant
context given myopathy develops in young children with
DMD (1, 76). The heterogeneous relationship between altered
mitochondrial creatine metabolism and muscle quality in
the current study also provides a foundation for exploring
other mitochondrial-enhancing therapies across a range of
doses and treatment durations across stages of disease devel-
opment usingmuscle-specific comparisons.

An additional point of interest pertains to the mitochon-
drial calcium retention capacity measures. In vehicle-treated
mice, calcium retention capacity was reduced in the
quadriceps but not in the diaphragm compared to wild-

type consistent with our previous report (14). This finding
demonstrates that mitochondrial stress responses in one
muscle do not necessarily predict the response in another
muscle. Such muscle-specific mitochondrial responses to
dystrophin mutations are an intriguing opportunity to
understand the precise mechanisms by which stress sig-
nals differ between muscles or whether mitochondrial re-
silience to a given stress signal is heterogeneous across
the musculature (see Ref. 4 for perspective). The regula-
tion of mitochondrial calcium cycling is of course com-
plex and includes additional regulators not considered in
this study including mitochondrial calcium uniporters.
In this regard, 4-wk-old C57Bl10.mdx mice demonstrate
increases in MCUb (the inactive channel subunit of the
uniporter), which lowered the ratio of MCU/MCUb (77)
and is thought to be a metric that regulates the mitochon-
drial calcium transport kinetics. Our observations of mus-
cle-specific sensitivity or resilience to exogenous calcium
stresses in vitro support future considerations of how
MCU responses in this disease might contribute to this
heterogeneity.

From a broader perspective, the potential efficacy of target-
ing mitochondria to treat muscle weakness in DMD warrants
further focus, particularly with consideration of translation
frompreclinical models to clinical trials. For example, the qui-
none electron shuttling drug Idebenone improved cardiac
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function and exercise performance in a mouse model of
DMD, which was subsequently shown to also improve cardiac
and respiratory function in an initial clinical trial of people
with DMD (78, 79). However, subsequent clinical trials proved
unsuccessful (NCT 02814019) for reasons that are not fully
understood. These early attempts at targeting mitochondria
demonstrate that mitochondria could be a potential thera-
peutic target in DMD but that additional consideration of
pharmacological and biological factors influencing the trans-
lation of findings from preclinical models to humans will be
important for continued progress in developing mitochon-
drial therapeutics. Nonetheless, the results from the present
investigation identify mitochondrial creatine sensitivity
linked to respiration and mH2O2 attenuation as a new direc-
tion to for continued research in preclinical research.

Conclusions

This study examined the efficacy of early, short-term
administration of Olesoxime in the treatment of D2.mdx
mice. In the dystrophin-deficient muscle, Olesoxime pre-
servedmitochondrial creatine sensitivity in terms of creatine-
stimulated respiration and attenuated mH2O2 and improved
markers of muscle function and quality. This suggests that
mitochondria contribute to myopathy in DMD, albeit to a
degree that may depend on age and muscle type and the rela-
tive influence of other disease stressors. However, Olesoxime
did not improve mitochondrial calcium retention capacity,
questioning the role of the drug in altering calcium-induced
mPTP. Rather, the effect of the compound on creatine sensi-
tivity suggests regulation of outer membrane permeability or
stability of the mtCK proteolipid complex. Future studies
in D2.mdx mice should address the mechanism underlying
creatine sensitivity and the effects of longer-term Olesoxime
treatment on mitigation of oxidative stress and improved cre-
atine sensitivity as a new direction in developing prospective
mitochondrial-enhancing therapies for Duchenne muscular
dystrophy.
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