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Mitochondrial dysfunction is an early consequence
of partial or complete dystrophin loss in mdx mice.
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Abstract
Background:

Muscular dystrophies are a diverse family of genetic and hereditary disorders manifested primarily by the
progressive wasting of skeletal muscle. Duchenne muscular dystrophy (DMD), the most common
muscular dystrophy, has no cure, with most treatments seeking to mitigate symptoms. Emerging gene or
stem cell therapies hold promise, although widespread clinical adoption may not occur for quite some
time. There remains a need for alternative strategies, including drug and lifestyle combination-based
therapies, and to continue furthering understanding the physiological effects of dystrophin gene
mutations. Mitochondrial dysfunction is well known as a pathological feature of DMD. However, whether
mitochondrial dysfunction is a cause or the consequence of DMD is not well known. We hypothesized
that dystrophin deletion would lead to mitochondrial and metabolic abnormalities prior to the onset of
observable muscle damage.

Methods:

Utilizing the commonly employed muscular dystrophy mouse model, C57BL/10ScSn-Dmdmdx/J (mdx),
we sought to determine how the loss of dystrophin effects mitochondria and metabolism in both male
and female mdx mice. We also treated male mdx mice with an autophagy inhibitor, leupeptin, to
investigate its potentially impact on mdx pathology.

Results:

We detected, via electron microscopy, aberrant mitochondrial morphology, reduced cristae numbers per
area of mitochondria, and large mitochondrial vacuoles from both two-week-old male and 24-week-old
female mdx carrier mice, prior to the onset of visible muscle �ber damage. We systematically
characterized mitochondria during disease progression starting before the onset of gross muscle �ber
damage noting changes in mitochondrial DNA copy number and regulators of mitochondrial size. We
further detected mild metabolic and mitochondrial impairments in female mdx carrier mice (heterozygous
mdx/+) that was exacerbated with high-fat diet feeding. Lastly, we found autophagy inhibition did not
improve pathology in mdx male mice.

Conclusions:

Our results suggest that prior to the onset of visible muscle damage, mitochondrial and metabolic
abnormalities are present within the mdx mouse.

Background
Muscular dystrophies are a diverse family of genetic disorders manifesting primarily by the progressive
wasting of skeletal muscle. The most severe and frequent muscular dystrophy, Duchenne muscular
dystrophy (DMD), is an X-linked disorder caused by mutations in the dystrophin gene and affects
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approximately one in every 3,500–5,000 male births (1–3). DMD patients present with clinical
manifestations typically before age three with ambulatory loss during teenage years and eventual death
before age 30 primarily due to respiratory and cardiac failure (4, 5). Most DMD patients have minimal or
no detectable dystrophin at the sarcolemma within muscle (6). The most commonly used mouse model
to study DMD is the C57BL/10ScSn-Dmdmdx/J mouse (mdx),, which possesses a point mutation in exon
23 of the dystrophin coding region leading to a premature stop codon (7). Although the mdx mouse
manifests the hallmark symptoms of DMD in humans, the phenotype is less severe than in DMD,
particularly with respect to the associated cardiomyopathy and respiratory dysfunction that is life-
threatening in DMD (8, 9).

Currently, DMD has no cure. Existing clinical care includes corticosteroids that delay disease progression,
but frequently produce severe adverse side effects (10–13). Additional developing therapies hold
promise, especially those utilizing AAV delivery of microdystrophin, exon skipping via antisense
oligonucleotides, or CRISPR-Cas9 gene-editing technology (14, 15). Nevertheless, these therapies have
experienced recent setbacks, are often only directed to a speci�c subset of muscular dystrophy patients,
or face several regulatory hurdles (16). While these developments are encouraging, it is likely that such
treatments are several years from the accepted standard of care and FDA approval. Therefore, there is a
need for alternative strategies, including combination-based therapies, that can be informed from a more
complete understanding of the cellular and physiological impact on the myo�ber as a consequence of
dystrophin loss.

Muscle �bers have a well-ordered intracellular structure that is critical for neural control of force
production and load-bearing. Mitochondria within the skeletal muscle are part of this ordered structure,
and their speci�c location within muscle �bers permits the generation of energy in areas of greatest
demand (17–19). Recent evidence indicates mitochondria can adapt in size and morphology to changes
in the cellular environment in virtually all cell types assessed (20–22). Part of this adaptation includes the
formation of new mitochondria (biogenesis), alteration in size and shape (�ssion and fusion), and
removal of damaged or unneeded mitochondria by autophagic turnover (mitophagy) (23, 24). All phases
of this adaptation typically occur in unison toward a particular mitochondrial adaptive state. Dysfunction
of any adaptive response can lead to dysmorphology, impaired oxidative phosphorylation, metabolic
dysfunction, and an inability to adapt to stressors (23, 25–38).

Evidence links muscular dystrophies with mitochondrial and metabolic dysfunction (8, 39–47). However,
the timing of these defects with respect to disruption of muscle �ber structure is unknown. We sought to
determine the impact of the loss of dystrophin on mitochondrial and metabolic dysfunction in both male
and female carrier mdx mice. We hypothesized that, due to the highly structured intracellular environment
of muscle, lacking a structural protein (dystrophin) would lead to an aberrant mitochondrial and
metabolic phenotype. Our results indicate an early mitochondrial and metabolic phenotype in both male
and female mdx mice prior to the onset of gross muscle �ber abnormalities, potentially suggesting an
early mitochondrial role in the etiology of this disease.
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Methods
Ethical Approval

The University of California, Los Angeles Institutional Animal Care and Use Committee approved this
study. All animal care, maintenance, surgeries, and euthanasia were conducted in accordance with this
Institutional Animal Care and Use Committee and the National Institutes of Health.

Muscular Dystrophy Mouse Model

Jackson Laboratories (Bar Harbor, ME, USA) 001801 (genotype: C57BL/10ScSn-Dmdmdx/J) homozygous
female laboratory mice were purchased and crossed with the recommended Jackson 000476 (genotype:
C57BL/10ScSnJ) mice (Control) to generate hemizygous male (mdx) and female (mdx carrier) mice used
for all studies. Mice were group-housed two to four per cage, fed chow diet ad libitum (8604, Teklad,
calories: 25% protein, 14% fat, 54% carbohydrate) or high-fat diet ad libitum where indicated (D12451,
Research Diets, Inc., calories: 45% fat, 20% protein, 35% carbohydrates), and on a 12-hour light/dark
cycle. Mice were fasted for 6 hours prior to euthanasia. LPT (leupeptin) injections were given at 12 mg/kg
every other day for �ve weeks, where indicated in nine-week-old mice.

Glucose and Insulin Tolerance Tests

Glucose and insulin tolerance tests (GTT or ITT) were performed following a 6 hour fast as previously
described (48). Brie�y, the GTT consisted of an intraperitoneal dextrose (1g/kg) injection and glucose
was assessed at 15-minute intervals over the 120-minute testing period. The ITT consisted of an
intraperitoneal insulin injection (0.7 U/kg). Blood samples were drawn, and glucose was measured at 0,
15, 30, 45, 60, 90, and 120 minutes post-injection.

Plasma Analysis

Immediately following euthanasia, whole blood was removed via 27-gauge needle from the abdominal
aorta and centrifuged at 2,000xG for 2 minutes in EDTA-coated tubes. Plasma was analyzed for insulin
and leptin using the Meso Scale Discovery (Rockville, MD, USA) platform following the manufacturer’s
recommended protocol. Assessment of plasma triglyceride was determined using the L-Type TG M Assay
(Wako Diagnostics, Mountain View, CA, USA). Assessment of plasma glucose was determined using
HemoCue Glucose 201 Systems glucometer.

Ex vivo Skeletal Muscle Glucose Uptake

Whole-muscle ex vivo glucose uptake was assessed using 2-deoxyglucose uptake assay (48). Brie�y,
soleus muscles were carefully excised from anesthetized animals and immediately incubated for 30
minutes in complete Krebs-Henseleit buffer with or without insulin (60 μU/ml) at 35°C. Muscles were then
transferred to the same buffer containing [3H] 2-deoxyglucose (3 μCi/ml) and [14C] mannitol (0.053
μCi/ml), and incubated for 20 minutes before being blotted of excess liquid and frozen in liquid nitrogen.
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Muscles were homogenized in lysis buffer and counted for radioactivity. Glucose uptake was
standardized to the nonspeci�c uptake of mannitol and estimated as micromole of glucose uptake per
gram of tissue.

Grip strength, Maximal Running Speed, and Dynamic Hanging

The following experiments were performed as previously described without variation (49). Mouse
genotypes were blinded to the experimenter for all tests. Grip strength was assessed using the GT3 Grip
Strength Meter (BIOSEB, Pinellas Park, FL, USA). Each mouse performed �ve trials and the highest three
trials were averaged. Maximal running speed was assessed as described previously (50). Mice were
acclimated to the running treadmill on two separate occasions prior to the maximal running speed test.
On testing day, mice performed a 5-minute warm-up at 5–10 m/min. Treadmill speed was increased by 3
m/min until mice were unable to maintain the speed for 10 consecutive seconds with gentle
encouragement. Mice were given three attempts at each speed and approximately 60 seconds of rest
after each increase in treadmill speed. Dynamic hanging as assessed by latency to fall test, an index of
grip strength and muscle endurance, was performed as previously described (51). Mice were acclimated
to the wire grid on two separate occasions prior to testing. Mice performed three trials and the data were
averaged and reported as a Mean ± SEM. Mice were given �ve minutes of rest between each trial.

Nucleic Acid Extraction, cDNA Synthesis, and Quantitative RT-PCR

DNA and RNA were extracted from a portion of pulverized frozen muscle using DNeasy/RNeasy Isolation
kits (Qiagen, Germantown, MD, USA) as described by the manufacturer. Isolated DNA and RNA were
tested for concentration and purity using a NanoDrop Spectrophotometer (Thermo Scienti�c, Waltham,
MA, USA). Isolated RNA was converted into cDNA, assessed for purity, and qPCR of the resulting cDNA
levels was performed as previously described (52). All genes were normalized to the housekeeping genes
Ppia or 18S. Mitochondrial DNA content was assessed as a ratio of mitochondrial DNA (mtCO2) to
nuclear DNA (18S). Primers used for qPCR can be found in Supplemental Table 1.

Immunoblot Analyses

Pulverized frozen muscle was used for immunoblotting. Proteins from each individual whole cell
homogenate were normalized (expressed relative to the pixel densitometry) to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, AM4300, Ambion, Foster City, CA, USA). Phosphorylation-speci�c
proteins were normalized (expressed relative to pixel densitometry) to the same unphosphorylated protein
(i.e. phosphorylated Drp1 at Ser 616 was expressed relative to the pixel densitometry of Drp1 for each
individual sample). See Supplemental Table 2 for a list of the primary antibodies used.

Mitochondrial Isolation

Mitochondria were isolated from muscle via Dounce homogenization and the Mitochondria Isolation Kit
for Tissue (Thermo Scienti�c). Subsequent immunoblotting underwent the same procedure described in
the Immunoblot Analyses methods section.
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Tissue Histology

Tibialis anterior or gastrocnemius muscles were sectioned and stained for hematoxylin & eosin (H&E),
succinate dehydrogenase (SDH), and cytochrome c oxidase (COX) as previously described (53). Semi-
quantitative analyses were performed on a blind basis using a scale (high, medium, and low density of
staining) for each slide by three individuals.

Transmission Electron Microscopy (TEM)

Soleus muscle was �xed with a freshly prepared �xative containing 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.15 M cacodylate buffer. After �xation, muscles were processed for TEM analysis
as described previously (54). Ultrathin (~60 nm) sections were viewed using a JEOL 1200EX II (JEOL,
Peabody, MA) electron microscope and photographed using a Gatan digital camera (Gatan, Pleasanton,
CA) as previously described.

Complex IV Enzyme Activity Assay

Mitochondrial complex IV enzymatic activity was measured using Complex IV Rodent Enzyme Activity
Microplate Assay Kit (Abcam, ab109911).

Mitochondrial Respirometry

Frozen skeletal muscle tissues were thawed on ice and homogeneized in MAS (70 mM sucrose, 220 mM
mannitol, 5mM KH2PO4, 5 mM MgCl2, 1 mM EGTA, 2 mM HEPES, pH 7.4). The samples were
mechanically homogenized with 60 strokes in a te�on-glass dounce homogenizer. All homogenates were
centrifuged at 1000×g for 10 min at 4°C then the supernatant was collected. Protein concentration was
determined by BCA (Thermo). Homogenates were loaded into Seahorse XF96 microplate in 20 μL of MAS
at 6µg/well. The loaded plate was centrifuged at 2,400 x g for 10 min at 4°C (no brake) and an additional
130 μL of MAS supplemented with 100µg/mL cytochrome c was added to each well. Substrate injection
were as follows: Port A: NADH (1mM) or succinate + rotenone (5mM + 2 μM); Port B: rotenone +
antimycin A (2 μM + 2 μM); Port C: N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) + ascorbic acid
(0.5mM + 1mM); and Port D: azide (50mM). These conditions allow for the determination of the maximal
respiratory capacity of mitochondria through Complex I, Complex II, and Complex IV.

Statistical Analysis

Values are presented as mean ± SEM and expressed relative to the average value obtained for each
experimental control group unless otherwise stated. Group differences were assessed by Student’s t-test
with statistical signi�cance established a priori at P < 0.05 (Graph Pad Prism, San Diego, CA, USA).

Results
Regulators of the mitochondrial life cycle are altered in skeletal muscle from 40-week-old male mdx mice.

https://www.sciencedirect.com/topics/medicine-and-dentistry/rotenone
https://www.sciencedirect.com/topics/medicine-and-dentistry/antimycin-a1
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DMD was considered to be a disease of metabolic origin with a de�ciency of key metabolic systems and
regulators, including mitochondria (47). To ascertain the impact of lacking dystrophin upon mitochondria,
we �rst quanti�ed protein and RNA expression for several regulators of the mitochondrial network in
gastrocnemius muscles from 40-week-old male mice (mdx-40wks), which represents the late,
hypertrophic stage of disease. Gene expression for the in�ammatory cytokines IFNγ, IL10, IL6, and TNFα
were elevated by approximately 4.5 to 7.5 folds in mdx males compared with age-matched controls
(Figure 1A, P < 0.05). We also observed substantial reductions of genes related to mitochondrial �ssion
(Dnm1l, Mff, and Fis1) and mitophagy (Maplc3b and Pink1) in mdx mice vs. age-matched controls
(Figure 1A, P < 0.05). Reduced phosphorylation of Drp1 at Serine 616, a pro mitochondrial �ssion signal,
and elevated protein levels of mitochondrial fusion regulators (Mfn1 and Mfn2; Figure 1B, Supplemental
Figure 1, P < 0.05) were evident. Moreover, the protein levels of mitophagy related factors (Parkin and
Lc3bI) were also elevated in mdx males compared with age-matched controls (Figure 1B, Supplemental
Figure 1, P < 0.05). In general, we found regulators of mitochondrial life cycle are altered in the skeletal
muscle from 40-week-old male mdx mice.

Dysfunction of mitochondrial enzymatic activity and morphology are evident at early stages of
dystrophin-de�cient disease.

Because of the large changes in the expression of regulators of the mitochondrial network observed in
late stage of disease (mdx-40wks), we hypothesized that these responses resulted from widespread
muscle damage and chronic in�ammation that eventually causes muscle �ber apoptosis and necrosis.
To test this hypothesis, we investigated 11-week-old mdx male mice (mdx-11wks), which represents the
active regeneration phase of the disease (prior to the onset of severe muscle damage, apoptosis, and
necrosis) to determine if mitochondrial network alterations occur because of or as a precursor to severe
muscle damage as observed previously (55). We found that quadriceps muscle from mdx-11wks male
mice display reduced mitochondrial DNA copy number as well as reduced mitochondrial DNA derived
transcript (mtCO3) relative to age-matched controls (Figure 2A-B, P < 0.05). We observed no changes in
the gene expression of regulators of mitochondrial DNA replication (PolGII, Peo1, and Mgme1),,
mitochondrial RNA polymerase (Polrmt),, and protein translation (Gfm2;Figure 2B, P > 0.05). At the protein
level, several regulators of the mitochondrial network were increased including Lc3bI, Parkin, Pink1, Parl,
Mfn2, mature and active Oma1, Fis1, Pgc1α, and Ampkα compared with age-matched controls (Figure 2C,
Supplemental Figure 2, P < 0.05). Active form of Ampkα (Phosphorylated threonine (Thr) 172) and Drp1
(serine (Ser) 616) were also signi�cantly altered (Figure 2C, Supplemental Figure 2, P < 0.05). Since
changes in protein levels observed in whole-cell lysates might not re�ect proteins present within or on
mitochondria, we immunoblotted for a select number of proteins in isolated mitochondria from the
quadriceps muscle. Both Parkin and Drp1 were signi�cantly increased, but no change of Mfn2 in the
mitochondrial fraction from mdx-11wks vs. age-matched controls (Figure 2D-F, Supplemental Figure 2, P
< 0.05) was observed. Electron micrograph images from the soleus muscle depicted a highly altered
mitochondria network that included aberrant area, structure, and cristae numbers per area of
mitochondria (Figure 2G, P < 0.05). Muscle damage was also overtly visible via altered �ber and z-line
orientation. As expected, there was extensive myo�ber centralized nuclei in mdx samples, which is
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consistent with ongoing muscle degeneration and regeneration that is characteristic of DMD (Figure 2H).
Such changes occur concomitantly with reduced percentage of muscle �bers with high density of
succinate dehydrogenase (SDH) and cytochrome c oxidase (COX) staining indicative of reduced
mitochondrial function (Figure 2H).

Mitochondria DNA copy number is reduced at the onset of gross tissue abnormalities in four-week-old
mdx male muscles.

Having observed aberrant mitochondria in mdx muscle as early as 11 weeks of age, we extended our
investigation to four-week-old mdx male mice (mdx-4wks), which represents the early state of disease
just as the �rst signs of muscle regeneration are evident. Similar to our previous results, we observed a
reduction in mitochondrial DNA copy number in quadriceps muscles of mdx-4wks vs. age-matched
control mice (Figure 3A, P < 0.05). Histological staining of gastrocnemius muscle from these same
animals revealed muscle �bers with centralized nuclei, localized reductions in �ber cross-sectional area,
and regions of nuclei accumulation potentially indicative of in�ammatory cell in�ltration (Figure 3B).
Therefore, even at 4weeks of age, mdx muscle exhibits reduced mitochondrial DNA copy number
simultaneously with the onset of overt muscle �ber damage.

Mitochondria from prenecrotic two-week-old mdx male muscle displays altered size and cristae structure.

To further test our hypothesis regarding the connection between mitochondria and muscle damage, we
generated two-week-old mdx male mice (mdx-2wks), which represent the prenecrotic stage of disease and
is before the onset of overt muscle pathology. We measured mitochondrial DNA copy number in
quadriceps muscles and found no difference between mdx-2wks and age-matched controls (Figure 4A, P
> 0.05). Quadriceps muscles were immunoblotted for several proteins related to mitochondria, mitophagy,
�ssion, fusion, and biogenesis which showed no differences in levels of these marker proteins between
the two groups (Figure 4B, P > 0.05). Gross muscle �ber morphology was examined by histological
staining of the gastrocnemius muscle, revealing no signs of muscle damage. In fact, mdx and control
samples were virtually indistinguishable between mdx-2wks and age-matched controls (Figure 4C).
Despite observing no differences in mitochondrial DNA copy number, protein levels, and muscle �ber
morphology, we found reduced cristae numbers per area of mitochondria and the presence of
mitochondrial vacuoles in muscle from two-week-old mdx male mice in electron micrographs (Figure 4D).
Additionally, although mitochondrial oxygen consumption rate of complex I/II/IV were not altered,
mitochondrial complex IV enzymatic activity was signi�cantly decreased (Figure 4E-F). These results
suggest the alteration of mitochondrial architecture and enzyme activity before the onset of observable
muscle damage.

Autophagy inhibition did not improve muscle or mitochondrial phenotype in mdx male mice.

Our previous results in mdx mice at40wks and 11wks of age revealed elevated levels of genes and
proteins related to mitophagy and autophagy. Furthermore, electron micrograph images of mdx-2wks
displayed mitochondrial vacuoles. These observations and other results from the research community
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have supported the concept of autophagy inhibition as a potential therapy for muscle wasting conditions
(39, 56, 57). Therefore, we treated mdx male mice via intraperitoneal injections of saline (mdx + saline) or
the autophagy inhibitor, leupeptin (mdx + LPT) for �ve weeks, as described previously (58–60), starting at
9 weeks of age in an attempt to preserve mitochondrial degradation. Within quadriceps muscles,
mitochondrial DNA copy number was not changed in mdx + LPT vs. saline-treated mdx mice (Figure 5A, P
< 0.05). Without changing gene expression, LPT treatment elevated the protein level of mitochondrial
proteins (Drp1, Vdac1, Opa1, and Complex IV) and mitophagy related factors (Lc3bII/I, p62, and Pink1),
validating robust autophagy inhibition by LPT (Figure 5B, Supplemental Figure 3A-B). However,
mitochondrial enzymatic histochemical and activity analyses of the tibialis anterior muscle showed no
differences in LPT treated animals suggesting LPT treatment did not ameliorate mitochondrial
dysfunction in mdx mice (Figure 5C-, 5D, P > 0.05).

Female asymptomatic mdx carriers present with diet-induced obesity and insulin resistance.

Women who are carriers of the DMD gene are largely asymptomatic with regard to skeletal muscle
symptoms, but they are susceptible to cardiomyopathy (61–65). Recent Given that we observed
mitochondrial defects in presymptomatic mdx muscle, we sought to query the impact upon mitochondria,
muscle, and metabolism in 24-week-old female mdx carriers (mdx carriers) mice. Female mdx carriers
were chosen because human female mdx carriers typically display symptoms during adult hood and
because maximal muscle growth has nearly been achieved according to Jackson laboratory growth
curves. We found that female mdx carriers displayed similar body weight to age-matched controls (Figure
6A, P > 0.05). These mice showed a lower gonadal white adipose tissue mass (gWAT) although no
differences in the weights of other metabolic organs (Figure 6B, P < 0.05) were observed. Because of the
role of muscle in glucose homeostasis, we performed glucose and insulin tolerance tests (GTT and ITT
respectively). Female mdx carrier mice showed slight impairments in glucose and insulin sensitivity
although plasma insulin, leptin, and triglyceride values were not different compared to age-matched
controls (Figure 6C-D, Supplemental Figure 4A-C, P < 0.05). Ex vivo glucose uptake into excised soleus
muscles revealed a similar modest reduction in insulin-stimulated glucose uptake in female mdx carriers,
although this did not reach statistical signi�cance (Figure 6E, P > 0.05). We then performed functional
muscle strength and endurance testing and found no differences between the two groups in these
parameters (Supplemental Figure 4D-F, P > 0.05). Our previous results indicated that a loss of dystrophin
had an impact upon the expression of regulators of the mitochondria life cycle within skeletal muscle.
However, female mdx carriers fed with normal chow showed no differences in proteins related to
mitophagy, autophagy, mitochondrial biogenesis, �ssion, or fusion (Figure 6F, P > 0.05). Nevertheless,
electron micrograph images from female mdx carriers consistently displayed mitochondrial vacuoles,
similar to what was observed in presymptomatic 2 weeks old mdx mice, despite no overt changes to the
muscle �ber or z-line orientation (Figure 6G). Moreover, we performed both enzymatic and seahorse
assays and observed a signi�cant reduction of mitochondrial complex IV activity in female mdx carriers,
suggesting a defect in mitochondrial function (Figure 6H-I, P < 0.05). Interestingly, we found that high-fat
diet (HFD) administration signi�cantly reduced quadriceps and gastrocnemius muscle weights,
dramatically elevated body weight, gWAT weight, impaired GTT, and elevated fat mass ratio without
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changing plasma triglyceride and lactate levels in female mdx carriers (Figure 6 J-L, Supplemental Figure
4G-I, P < 0.05). These results suggest female mdx carriers present with mild metabolic impairment that is
exacerbated with HFD administration.

Discussion
While there are three FDA approved drugs for DMD, there is currently no cure for this disease. It is likely
that combinatorial approaches will be needed to address the multi-faceted features of DMD. Thus, a
greater understanding of the many consequences of loss of dystrophin are needed in order to inform the
rationale design of combinatorial therapies. We sought to understand the biological impact of lacking
functional dystrophin protein upon mitochondria and metabolism within male and female mice. We
hypothesized that due to the highly structured intracellular environment of muscle, lacking a structural
protein (dystrophin) would lead to an aberrant mitochondrial and metabolic phenotype. This, in turn,
would exacerbate muscle damage, propagating this vicious cycle.

We utilized the commonly employed mdx mouse, where males have little, if any, detectable dystrophin
expression and female carriers have a roughly 50% reduction in dystrophin expression due to possessing
one mutant copy of the dystrophin gene. We detected, via electron microscopy, aberrant mitochondrial
morphology, reduced cristae numbers per area of mitochondria, and large empty spaces within
mitochondria in both male and female mdx mice prior to the onset of observable muscle �ber damage.
To our knowledge, this work represents the �rst to suggest that mitochondrial ultrastructure is impacted
prior to gross muscle �ber damage. We further observed impaired complex IV enzymatic activity.
Nevertheless, published research does suggest a mitochondrial phenotype occurring early in muscular
dystrophy disease progression (66, 67). These data suggest that a connection may exist between
mitochondria, dystrophin, and muscle �ber damage at least in a mouse model of muscular dystrophy.
Our results are also in agreement with data showing genetic or pharmacological increases in PGC1α, a
known master regulator of mitochondria, improving recovery from injury in mdx mice (68–70).

Male mdx mice have already been shown to possess metabolic abnormalities after disease onset and
during progression (71, 72). We additionally observed mitochondrial dysfunction and metabolic disorder
in female mdx carrier mice that was exacerbated with high-fat diet feeding. These �ndings indicate
mitochondrial and metabolic dysfunction in female mdx carriers with increased susceptibility to diet-
induced obesity and insulin resistance despite possessing one functional copy of the dystrophin allele.
To our knowledge, this is the �rst characterization of metabolism and mitochondria within female mdx
carrier mice. Phenotypic abnormalities, particularly related to mild muscle weakness and cramping, have
been noted in a small subset of human female dystrophin mutation carriers (73–79). Nevertheless,
epidemiological evidence linking female dystrophin mutation carriers with increased prevalence of
obesity, type 2 diabetes, or metabolic dysfunction is lacking. Furthermore, while such metabolic changes
are slight in female mdx carrier mice, they do suggest that females harboring dystrophin mutations could
be susceptible to metabolic dysfunction particularly in the context of diet-induced obesity or aging, which
our �ndings corroborate. Female carriers of DMD may present with associated cardiomyopathy (80),
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which has led to more widespread cardiac monitoring of women with DMD offspring. Interestingly,
mitophagy has been implicated in DMD cardiac disease (81, 82), further supporting that mitochondria
dysfunction is a common feature of DMD.

Our main �nding of mitochondrial vacuoles within and adjacent to mitochondria is inconclusive. These
structures could represent swollen mitochondria due to calcium in�ux, enlarged lipid droplets, or
autophagic vesicles. Further work is needed to verify the identity of these structures. We found reduced
mitochondrial DNA copy number and elevated levels of genes and proteins related to mitophagy and
autophagy only in adult mdx mice but not in two-week-old mdx mice. Lastly, despite the connection
between autophagy, mitochondria, and muscular dystrophy (1, 39, 83, 84), autophagy inhibition did not
improve disease pathology in adult mdx mice, similar to previous results (39, 56, 57, 85). The severity of
the disease could preclude the ability of autophagy inhibition to reverse the symptoms. Moreover, the
failure of autophagy inhibition to improve the mitochondrial or muscle �ber damage could be related to
the relatively low dose administered (12 mg/kg), the method of administration which did not speci�cally
target skeletal muscle (intraperitoneal injection), the infrequent dosing scheme employed (Q. O.D, every
other day), or the short duration of administration (�ve weeks).

Collectively, our results suggest mitochondrial and metabolic abnormalities prior to the onset of
observable muscle damage in both male and female mdx mice. These results highlight a mitochondrial
etiology to the muscular dystrophy family of diseases. Research presented here, as well as from other
groups, supports future endeavors to improve mitochondrial function as a component of combination-
based therapies to combat muscular dystrophy.

Conclusions
Prior to onset of gross muscle �ber damage, skeletal muscle from male mdx and female mdx carrier mice
presented with aberrant mitochondrial size, shape, reduced cristae numbers per area of mitochondria, and
large empty spaces within mitochondria in addition to reduced mitochondrial function. Moreover, female
mdx carriers present mild metabolic impairments that are exacerbated with high-fat diet feeding. These
unexpected phenotypes prior to observable muscle damage suggests a mitochondrial etiology to the
muscular dystrophy family of diseases and a connection between mitochondria and the dystrophin
protein within muscle. This insight can help shape future therapeutics that might aim to improve
mitochondrial function to help mitigate the impact of this devastation group of diseases.

List Of Abbreviations
18S—18S Ribosomal RNA

AMPKa—Protein Kinase AMPK-Activated Catalytic Subunit Alpha 1

AUC—Area under the Curve
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CI—Mitochondrial Complex 1 NADH:Ubiquinone Oxidoreductase Subunit B8

CII or II–30—Mitochondrial Complex 2 Succinate Dehydrogenase Complex Iron Sulfur Subunit B

CIII—Mitochondrial Complex 3 Ubiquinol-Cytochrome C Reductase Core Protein II

CIV—Mitochondrial Encoded Cytochrome C Oxidase I

CV or V-a—Mitochondrial Complex 5 ATP Synthase Alpha

COX—Cytochrome C Oxidase

DJ1—Parkinson Disease 7

DNM1L—See Drp1

Drp1—Dynamin Related Protein 1

Esr1—Estrogen Receptor 1

Fis1—Fission, Mitochondrial 1

GAPDH—Glyceraldehyde–3-Phosphate Dehydrogenase

Gastroc - Gastrocnemius

Gfm2—G Elongation Factor Mitochondrial 2

gWAT—Gonadal White Adipose Tissue

H&E—Hematoxylin and Eosin

HSPA1A—Heat Shock Protein Family A Member 1A

HSPA1B—Heat Shock Protein Family A Member 1B

IFNy—Interferon Gamma

IL10—Interleukin 10

IL6—Interleukin 6

JNK1—Mitogen-Activated Protein Kinase 8

LC3B—See MAPLC3B

LPT - Leupeptin
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MAPK1—Mitogen-Activated Protein Kinase 1

MAPLC3B—Microtubule Associated Protein 1 Light Chain 3 Beta

mdxDuchenne Muscular Dystrophy Mouse Model

MFF—Mitochondrial Fission Factor

MFN1—Mitofusin 1

MFN2—Mitofusin 2

Mgme1—Mitochondrial Genome Maintenance Exonuclease 1

mtCO3—Cytochrome C Oxidase Subunit III

mtDNA—Mitochondrial DNA

Oma1—Overlapping With the M-AAA Protease 1

Opa1—Optic Atrophy Protein 1

Parl—Presenilin Associated Rhomboid Like

Park2—Parkin RBR E3 Ubiquitin Protein Ligase

Peo1—Twinkle mtDNA Helicase

PGC1a—PPARG Coactivator 1 Alpha

Pink1—PTEN Induced Putative Kinase 1

PolGII—DNA Polymerase Gamma 2, Accessory Subunit

Polrmt—RNA Polymerase Mitochondrial

Quad—Quadriceps

Ser - Serine

SDH—Succinate Dehydrogenase

SQSTM1—Sequestosome 1

TFAM—Transcription Factor A, Mitochondrial

Thr - Threonine
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Tom20—Translocase of Outer Mitochondrial Member

TNFa—Tumor Necrosis Factor Alpha

wks - weeks
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Figures

Figure 1
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40-week-old mdx male muscles display altered regulators of the mitochondrial life cycle. (A) Gene
expression from gastrocnemius muscle (N=4-5). (B) Protein expression from gastrocnemius muscle (N=4-
5). Data presented as Mean ± SEM. *, ** P < 0.05, 0.01 respectively.

Figure 2

11-week-old mdx male muscles display altered regulators of the mitochondrial life cycle, enzymatic
activity, and mitochondrial shape. (A) Mitochondrial DNA copy number in quadriceps muscle (N=6-8). (B)
mRNA expression in quadriceps muscle (N=5-8). (C) Protein expression in quadriceps muscle (N=6-8) (D-
F) Protein expression in mitochondria isolated from quadriceps muscle (N=6-8). (G) Electron micrograph
images of the soleus muscle with quanti�ed mitochondrial area and cristae numbers per area of
mitochondria shown right. (H) H&E, SDH, and COX staining in tibialis anterior muscle with the percentage
of muscle �ber density shown right (N=13). Black arrow indicates �bers with centralized nuclei. Only
some �bers are indicated. Scale bar = 0.1 mm. Data presented as Mean ± SEM. *, **, *** P < 0.05, 0.01,
0.001 respectively.
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Figure 3

Mitochondria DNA copy number is reduced at the onset of gross tissue abnormalities in four-week-old
mdx male muscles. (A) Mitochondrial DNA copy number in quadriceps muscle (N=8-10). (B) H&E stain of
gastrocnemius muscle. Black arrows indicate �bers with centralized nuclei. Only some �bers are
indicated. Scale bar = 0.1 mm. Data presented as Mean ± SEM. * P < 0.05.
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Figure 4

Mitochondria from two-week-old mdx male muscles display altered size, cristae numbers per area of
mitochondria, and enzymatic activity. (A) Mitochondrial DNA copy number in quadriceps muscle (N=3-5).
(B) Immunoblot images from quadriceps muscle (N=6-8, Showing N=3). (C) H&E stain of gastrocnemius
muscle. Scale bar = 0.1 mm. (D) Electron micrograph images of the soleus muscle with quanti�ed
mitochondrial area and cristae numbers per area of mitochondria shown right. Black arrows indicate
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aberrant mitochondria. (E) Complex IV activity in quadriceps muscle (N=5). Data presented as Mean ±
SEM. (F) Mitochondrial respirometry analysis in frozen quadriceps muscle (N=6-8).

Figure 5

Autophagy inhibition did not improve mitochondrial phenotype in 14-week-old mdx male mice. (A)
Mitochondrial DNA copy number in quadriceps muscle (N=5). (B) Protein expression in quadriceps
muscle (N=5) (C) H&E, COX, and SDH staining in tibialis anterior muscle with the percentage of muscle
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�ber density shown right (N=12). Scale bar = 0.1 mm. (D) Complex IV activity in quadriceps muscle (N=5).
Data presented as Mean ± SEM. * P < 0.05.

Figure 6

Female mdx carriers present mild metabolic impairments that are exacerbated with high-fat diet feeding.
Female mdx carriers fed with normal chow (A-I): (A) Tissue weight relative to body weight. (B) Body
weight (grams). (C-D) Glucose and insulin tolerance tests with Area Under the Curve (AUC) insert. (E) 2-
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deoxyglucose uptake with or without insulin in excised soleus muscle. (F) Immunoblot images for
respective proteins (Showing N=2). (G) Electron micrograph images of the soleus muscle with quanti�ed
mitochondrial area and cristae numbers per area of mitochondria shown bottom. Black arrow indicates
mitochondrial vacuoles. (H) Complex IV activity in quadriceps muscle (N=5). (I) Mitochondrial
respirometry analysis in quadriceps muscle (N=4-6). Female mdx carriers fed with high-fat diet (J-L): (J)
Tissue weight relative to body weight. (K) Body weight during high-fat diet feeding. (L) Glucose tolerance
tests with Area Under the Curve (AUC) insert. Data presented as Mean ± SEM. * P < 0.05.
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