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Abstract

Muscular dystrophies (MD) are a group of heterogeneous genetic disorders characterized by
progressive striated muscle wasting and degeneration. Although the genetic basis for many of
these disorders has been identified, the exact mechanism for disease pathogenesis remains unclear.
The presence of oxidative stress (OS) is known to contribute to the pathophysiology and severity
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of the MD. Mitochondrial dysfunction is observed in MD and likely represents an important
determinant of increased OS. Experimental antioxidant therapies have been implemented with the
aim of protecting against disease progression, but results from clinical trials have been
disappointing. In this study, we explored the capacity of the cacao flavonoid (-)-epicatechin (Epi)
to mitigate OS by acting as a positive regulator of mitochondrial structure/function endpoints and
redox balance control systems in skeletal and cardiac muscles of dystrophic, §-sarcoglycan (5-SG)
null mice. Wild type or 8-SG null 2.5 month old male mice were treated via oral gavage with
either water (control animals) or Epi (1 mg/kg, twice/day) for 2 weeks. Results evidence a
significant normalization of total protein carbonylation, recovery of reduced/oxidized glutathione
(GSH/GSSG ratio) and enhanced superoxide dismutase 2, catalase and citrate synthase activities
with Epi treatment. These effects were accompanied by increases in protein levels for
thiolredoxin, glutathione peroxidase, superoxide dismutase 2, catalase and mitochondrial
endpoints. Furthermore, we evidence decreases in heart and skeletal muscle fibrosis, accompanied
with an improvement in skeletal muscle function with treatment. These results warrant the further
investigation of Epi as a potential therapeutic agent to mitigate MD associated muscle
degeneration.
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Introduction

Muscular dystrophies (MD) comprise a heterogeneous group of inherited diseases that
mainly affect striated muscle. MD are characterized by progressive muscle weakness,
atrophy and in many instances, premature death [1]. MD share common histopathological
features, such as muscle necrosis followed by replacement with connective (scar) tissue and
fat [2]. These disorders are due to selective mutations in a number of molecules, including
extracellular matrix, cytoskeletal, cytosolic, nuclear membrane and sarcolemmal proteins
(such as members of the dystrophin-associated protein complex; DAPC) [3]. Many of these
mutations cause cell membrane disruption [4] which may trigger cytoplasmic and/or
mitochondrial calcium overload [5]. Calcium overload can induce mitochondrial swelling
and organelle dysfunction, which can lead to high levels of reactive oxygen species (ROS)
and thus, tissue oxidative stress (OS) [6]. The redox balance control system is comprised of
physiological buffers and multiple enzymes and is responsible for the physiological
management of ROS. It is thought that the progressive muscle degeneration process seen
with MD is exacerbated by alterations in redox balance control systems leading to
dramatically increased OS. OS may then, further accelerate the damage process and as such,
be an early aggravating event in the initiation and progression of MD leading to tissue
necrosis [7]. Multiple MD clinical trials using antioxidants were implemented but have
failed to attenuate disease progression [8]. Failure may be related to the unidimensional
approach used of trying to eliminate or scavenge free radicals, while not also targeting the
redox balance control systems.
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Flavonoids are a class of natural compounds recognized for their health benefits [9]. Health
benefits are attributed to their “direct” antioxidant potential. However, for flavonoids with
similar antioxidant activity end-biological effects vary widely, suggesting other mechanistic
venues for attenuating OS [9]. We recently reported that (=)-epicatechin (Epi), the most
abundant flavonoid found in cacao substantially ameliorates OS in skeletal muscle (SKM) in
a mouse model of insulin resistance [9]. Similar effects were observed in the SkM of heart
failure and type 2 diabetes mellitus patients treated with Epi-rich cocoa [9]. Effects were
accompanied by the recovery of key elements of the redox balance control systems
including physiological antioxidants (e.g., glutathione) and enzymes such as mitochondrial
superoxide dismutase (SOD2) and catalase, as well as multiple mitochondrial structure/
function proteins [9].

In the present study, we examined the effects of two weeks of Epi treatment on SkM and
myocardial redox balance control systems including mitochondrial related proteins as well
as mitochondrial function and tissue fibrosis in §-sarcoglycan (SG) knock out (6-KO) mice.
Furthermore, we evaluated SKM function in the 5-KO mice. This mouse model recapitulates
several characteristics of the human form of limb-girdle muscular dystrophy 2F in which
DAPC defects are reflected in SkM as well as in myocardium, leading to the development of
a severe cardiomyopathy.

Results

Protein carbonylation

Protein carbonylation significantly increased (~60%) in SkM (Fig. 1A) and approximately
doubled in heart (Fig. 1B) of Ctrl 8-KO mice group vs. Ctrl WT group. In the 8-KO group
treated with Epi, carbonylation significantly decreased vs. Ctrl 8-KO. No significant
differences were observed between the Epi 6-KO vs. Ctrl WT groups.

Reduced/oxidized glutathione (GSH/GSSG) ratio

The Ctrl 3-KO group evidenced a significant decrease in SkM and heart GSH/GSSG ratios
vs. Ctrl WT (Fig. 2A and B). In the Epi 8-KO group, treatment significantly increased GSH/
GSSG ratio in SKM (Fig. 2A) and heart (Fig. 2B) vs. Ctrl 8-KO. The Epi WT group also
yielded a significant increase in the ratio vs. Ctrl WT in both tissues (Fig. 2A and B).

OS Regulatory Protein System

SIRT3, TRX, GPx, SOD2 and catalase protein levels were measured as relevant redox
control system endpoints. In SkM and hearts, all proteins evidenced significant decreases in
Ctrl 3-KO vs. Ctrl WT mice (Fig 3A and B). In the Epi 8-KO group, the flavonoid was able
to induce a significant recovery of all proteins measured in SkM and heart as compared vs.
Ctrl 3-KO mice (Fig 3A and 3B). The recovery of protein levels in SkM fluctuated from
~50% for GPx and SIRT3 to ~80% for SOD2 (Fig. 3A). In the heart, recovery fluctuated
from ~60% for GPx to ~80% for SOD2 (Fig. 3B). Interestingly, there was a significant
increase in the levels of TRX and SOD2 in the Epi WT group vs. Ctrl WT in SkM (Fig. 3A),
while in the heart increases were noted in SIRT3, TRX and SOD2 (Fig. 3B).
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SOD and catalase activities

SkM and heart SOD?2 activity decreased significantly by ~50% in the Ctrl 3-KO group vs.
the Ctrl WT group (Fig. 4A and B). Catalase activity also decreased by ~60-65% in both

organs (Fig. 4C and D). Treatment with Epi, fully restored the activity of both enzymes in
SkM and heart. The Epi WT group evidenced a significant increase in the activities of the
enzymes vs. Ctrl WT in both organs (Fig. 4A-D).

Mitochondrial related proteins

SIRT1, PGCla, TFAM, porin, mitofilin and complex V were evaluated as mitochondrial
relevant endpoints. In both SKM and heart, all proteins demonstrated a significant decrease
(of up to ~60%) in the Ctrl 8-KO vs. the Ctrl WT group (Fig. 5A and B). Treatment with Epi
either partially restored or fully recovered SkM protein levels (Fig. 5A) a pattern similarly
observed for heart samples (Fig. 5B). PGCla, TFAM, porin, mitofilin and complex V
protein levels evidenced significant increases in the Epi WT group vs. Ctrl WT in both
organs (Fig. 5A and B).

Citrate synthase (CS) activity

SkM and heart CS activity decreased significantly by ~60% in the Ctrl 8-KO group vs. the
Ctrl WT group (Fig. 6A and B). Treatment with Epi fully restored the activity of the enzyme
in the SKM and heart of the §-KO mice (Epi 5-KO vs. Ctrl 3-KO). The Epi WT group also
evidenced a significant increase in the activity of the enzyme vs. Ctrl WT in both organs
(Fig. 6A and B).

Cell death signaling pathway related proteins

Proteins isolated from mitochondria of SkM and heart were analyzed for changes in
cytoplasmic and mitochondrial levels of Bax and Cyt C (Fig. 7). Bargraph results are
expressed as ratio of mitochondrial over cytoplasmic Cyt C and ratio of cytoplasmic over
mitochondrial for Bax. SKM and heart Cyt C levels increased significantly in the cytoplasm
of Ctrl 8-KO vs. Ctrl WT group. However, with Epi treatment Cyt C decreased to almost
normal levels in both organs (Fig. 7A and B). In contrast, SkM and heart Bax levels were
higher in SKM and heart mitochondria of Ctrl §-KO vs. Ctrl WT group. With treatment, Epi
8-KO group, Bax levels decreased to normal in mitochondria (Fig. 7A and B).

Tissue fibrosis

As evidenced by Masson’s trichrome staining and the quantification of collagen area
fraction, SKM (Fig. BA-E) and heart (Fig. 8G-K) tissue fibrosis increased significantly in
Ctrl 3-KO (Fig. 8B and H) vs. the Ctrl WT (Fig. 8A and G). Epi treatment essentially
normalized SKM (Fig. 8D and E) and heart (Fig. 8J and K) fibrosis to levels comparable to
those of Ctrl WT animals. These results are consistent with the collagen 111 protein levels
noted by Westerns in SKM (Fig. 8F) and heart (Fig. 8L).

Skeletal muscle function

Five Ctrl 6-KO and 5 Epi 6-KO mice were evaluated using a hanging wire time test to
determine whether Epi treatment had an impact on SkM function. Under the conditions
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used, Epi treatment of 5-KO mice demonstrated a statisticaly significant incfrease in
normalized hanging wire time as compared vs. Ctrl 6-KO (Fig. 9)

Discussion

Unique results from this study indicate that 2 weeks of Epi treatment of 5-KO mice yields
the normalization of total protein carbonylation, increases reduced/oxidized glutathione ratio
and enhances SOD2, catalase and citrate synthase activities. These effects are accompanied
by increases in protein levels for TRX, GPx, SOD2, catalase and multiple mitochondrial
endpoints. Furthermore, a normalization of SkM and heart fibrosis, as well as an
improvement in SkM function is observed with treatment.

ROS are generated during normal cell metabolism mainly in mitochondria and although they
are essential for cell signaling, when present in excess they can adversely modify cell
structure/function. Excess ROS can be attained when endogenous cell defense mechanisms
involving buffering systems, as well as redox control enzymes are outweighed by its
generation thus, resulting in OS [10]. Dysfunctional mitochondria are an important source of
excess ROS. OS causes cellular damage by directly and irreversibly altering
macromolecules such as DNA, lipids and proteins [10]. OS can also activate proteolytic
enzymes and pro-inflammatory/fibrotic cytokines. OS has been also been implicated in the
pathophysiology of SkM conditions and diseases such as those seen with aging (sarcopenia)
or metabolic disorders (type 2 diabetes) as well as in multiple cardiac pathologies [9, 11—
14]. Although most of the MDs have a well identified genetic basis, the exact mechanism for
their pathogenesis remains unclear. Emerging evidence indicates that interactions between
the primary genetic defect and the ensuing OS contributes notably to the progression of the
disease leading to tissue necrosis and fibrosis [15]. Human mutations in the 3-SG gene
causes limb-girdle MD type 2F, an autosomal recessive MD that triggers progressive
weakness and wasting of proximal limb muscles which is often accompanied with cardiac
involvement [16]. Patient survival depends on the ability to sustain proper cardiac and
respiratory function consequently, many succumb to dilated cardiomyopathy and/or
respiratory failure [17, 18]. There are a number of animal models of 5-sarcoglycanopathy
that have aided in the understanding of its pathogenesis [19, 20]. §-KO mice from young
age, develop typical histological features (including fibrosis and SkM waste) of MD in most
of their SkM [16, 21]. 8-KO mice also develop a severe cardiomyopathy with focal areas of
fibrosis that is thought to be related to structural and functional abnormalities in the
coronary vasculature yielding local vasospasms [16, 21]. Therefore 8-KO mice recapitulate
many of the important features of the human disease, making it a useful preclinical research
tool.

It has been demonstrated that in the 8-KO mouse, the absence of 5-SG is accompanied by
the concomitant loss of a-, -, v, and e-SGs and sarcospan in SkM and cardiac muscle,
which has been also observed in human forms of 8-sarcoglycanopathy [16], [22]. Similar
observations have been made for -SG [23]. The altered disposition of these molecules is
likely due to the central role of - and 3-SG as part of an assembly core for the rest of the
SGs and to their association with the C-terminus of dystrophin [24]. Although several types
of MD animal models develop OS, there is limited knowledge regarding 5-KO mice. In this
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study, we report the presence of elevated SkM and heart OS in 6-KO animals as evidenced
by high levels of markers (i.e. total protein carbonylation) as well as important decreases in
the levels or activities of key regulators of the redox control systems (enzymatic and non-
enzymatic). Treatment with Epi was able to largely normalize SkM and heart OS related
abnormalities. There is precedent for catechins to positively impact OS related endpoints.
The use of green tea extracts (tipically rich in epicatechins) in a mouse model of Duchenne’s
MD (mdx), reduced in a dose-dependent manner extensor digitorium longus muscle OS and
necrosis, as well as OS in cultured C2C12 cells [7]. Epi effects on OS related endpoints
observed in this study also closely mirror those previously reported by us in the SkM of a
high fat diet mouse model of insulin resistance and obesity where the redox control systems
are adversely impacted. In the clinical part of that study, we also reported on the beneficial
effects that Epi-rich cocoa has on heart failure and type 2 diabetes patient SkM OS
regulatory systems such as glutathione, SOD2 and catalase, where we identified the nuclear
regulatory mechanisms implicated in mediating the effects of treatment which involved the
activation of the transcriptional factors PGC1la and FOXO1 [9].

Damage and/or loss of mitochondria in the setting of MD has been well documented and as
discussed bellow, has critical implications in the development of cell death. A strategy that
can be used to counteract mitochondrial loss is to stimulate its biogenesis. Multiple studies
have reported on the key importance of the sirtuin-PGC-1a-TFAM pathway in the process
of mitochondrial biogenesis. SIRT1 activates PGC-1a through deacetylation leading to its
translocation into the nucleus [25]. PGC-1a then activates several transcription factors
leading to the expression of a broad set of mitochondrial genes including oxidative
phosphorylation complexes (OXPHOS) and TFAM [26, 27]. Reduced levels of gene
programs regulated by PGC-1a have been reported in MD [28] and it has been suggested as
an important contributor to mitochondrial dysfunction in multiple muscle-associated
diseases [29]. Results from this study evidence the restorative effects of Epi treatment on
protein markers of mitochondrial biogenesis and organelle structure/function (i.e. citrate
synthase activity) in the SkM and heart of 8-KO mice. There is precedent for other
polyphenols (e.g. resveratrol) yielding beneficial effects via increasing SIRT1 activity in 8-
SG deficient hamster and mdx mice [30]. Previously, we reported that 2 weeks of treatment
with Epi resulted in increases in OXPHOS complexes I, 11, 1l and V, mitofilin, porin, and
TFAM protein levels as well as mitochondrial volume and cristae abundance in hindlimb
and cardiac muscles of normal middle aged mice (12 months old) [31]. We also previously
reported on the abnormal microstructural features of SkM in heart failure/diabetic patients.
Noteworthy, there was loss of mitochondrial cristae [32] and sarcomere organization [33].
Protein levels for multiple members of the DAPC including dystrophin, dystroglycans and
sarcoglycans were very low as compared to normal muscle [33]. Treatment with Epi rich
cocoa for 3 months, increased cristae abundance and was associated with higher protein
levels of multiple regulators of mitochondrial biogenesis and of DAPC members [32, 33].
Therefore, Epi appears uniquely capable of restoring mitochondrial related endpoints which
has the potential to translate into improved muscle structure/function likely by favorably
impacting cellular bioenergetics.

OS in 8-KO mice has been attributed at least partially, to abnormalities in the structure/
function of mitochondria. Mitochondrial swelling which compromises organelle function is
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commonly observed by electron microscopy in MD tissues [1, 34, 35]. It has been reported
that treatment with a cyclophilin inhibitor (Debio-025) which reduces mitochondrial
swelling mitigates necrotic disease manifestations in mdx and in 5-KO mice [1].
Mitochondrial swelling can also lead to the release of mitochondrial proteins such as Cyt C
which in concert with the abnormally high levels of Bax in the organelle, can activate cell
death (apoptotic) pathways [5]. In this study, we document in 3-KO mice, the abnormal
presence of Cyt C in SkM and heart sample cytoplasm while evidencing increases of Bax in
mitochondria. With Epi treatment, we observe a resegregation of Cyt C into mitochondria
and Bax to the cytoplasm, an effect that can be interpreted as reflecting the preservation of
mitochondrial structure and thus, avoidance from cell death commitment.

OS is also tightly related to the development of tissue fibrosis, a process activated in part by
ROS-triggered profibrotic signaling pathways (i.e. transforming growth factor-p pathway)
[36, 37]. Fibrosis development/progression can also depend on unmitigated wound-healing
process in response to chronic tissue inflammation and necrosis [38]. Muscle fibrosis is
recognized as a prominent pathological feature of dystrophic patients. Fibrosis contributes to
muscle dysfunction and importantly to the lethal phenotype of MD. Although there are no
effective therapies for MD, recent studies have demonstrated that ameliorating muscle
fibrosis may represent a viable therapeutic approach [38]. In this study, we report the
normalization of SKM and heart tissue fibrosis in 5-KO mice with Epi treatment. The
normalization of tissue fibrosis with Epi is likely to arise from the multiple benefits attained
such as reduced OS, inflammation, necrosis and improved cell viability. Reductions in
collagen production may also be impacted by the inhibition of its synthesis or by enhancing
degradation [39] issues which await further research. Together with decreases in tissue
fibrosis, we observed with Epi treatment an improvement in SKM function as evidenced by
the increased hanging wire time recorded in 3-KO animals.

In the present study, we postulate that the beneficial effects of Epi in 8-KO mice are related
to its capacity to favorably impact multiple molecular regulatory mechanisms rather than
exerting direct antioxidant actions. As Epi is known to be safe and non-toxic, we believe it
offers an opportunity to be rigorously tested in the clinical setting in particular, as the
consumption of dark chocolate has been associated with multiple beneficial effects on
cardiometabolic endpoints.

Materials and Methods

Animal Model

8-KO (B6.129-Sgcdtm1Mcn/J) mice were purchased from Jackson Laboratories (Bar
Harbor, ME). The genotype of 6-SG locus was verified using a protocol provided by
Jackson Laboratory to differentiate wild type (B6.129-Sgcd wild type [WT]) vs. the 3-KO
mice (http://jaxmice.jax.org/strain/004582.html). All procedures were performed in
accordance to The Code of Ethics of the World Medical Association (Declaration of
Helsinki) and the U.S. Guidelines for the Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources (http://www.nal.usda.gov/awic/pubs/noawicpubs/
careuse.htm) and approved in Mexico by the National Academy of Medicine following the
Mexican Official Standard NOM-062-Z0O0-1999.
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Experimental Design and Approach

At the age of 2.5 months, 8-KO mice develop most of the disease features which resemble
human limb girdle muscle dystrophy [16]. We examined the effects of Epi on skeletal
muscle (quadriceps femoris) and heart (left ventricle) muscles of 2.5 month old male WT
and 8-KO mice. A total of 20 animals (10 WT and 10 6-KO mice) were allocated into four
groups of 5 animals each: 1) water WT (Ctrl WT); 2) Epi WT; 3) Epi 6-KO and 4) Ctrl &-
KO groups. Mice were provided either vehicle (water) or 1 mg/kg body mass of Epi (Sigma-
Aldrich, St Louis, MO, USA) by oral gavage twice a day (morning and evening) for 2
weeks. After 14 days of treatment, mice were euthanized by using isoflurane sedation
followed by cervical dislocation. The quadriceps femoris (SkM) and heart were harvested
and used for histological, biochemical and molecular analysis.

Protein Carbonylation

Protein carbonylation was used as an indicator of tissue OS levels [9]. Approximately 100
mg of SKM and heart were rinsed with PBS pH 7.4. Tissues were homogenized in 1 ml of
cold buffer (50 mM MES pH 6.7, containing 1 mM EDTA). Homogenates were centrifuged
at 10,000 g for 15 min at 4 °C. Supernatant was recovered and incubated at room
temperature for 15 min with streptomycin sulfate at a final concentration of 1%. Samples
were centrifuged at 6000 g for 10 min at 4 °C. Supernatant was recovered and an aliquot
was used to measure protein content using a Bradford assay (Bio-Rad). A total of 50 pg of
protein was used for dot blot assays. Dot blot assays relied on protein carbonyl functional
group derivatization with 2,4-dinitrophenyldrazone (DNP) from the protein carbonyl assay
kit (Cayman Chemicals) to render stable DNP-proteins. Protein samples were then applied
to polivydinil fluoride membranes and used for carbonylation detection via a specific anti-
DNP antibody (Millipore) following the method outlined bellow for Western blot detection.

Measurement of reduced (GSH) and oxidized (GSSG) glutathione

Reduced glutathione (GSH) is an important intracellular antioxidant and their levels can be
impacted (reduced) in the setting of OS [40]. Tissue samples (25 mg) were homogenized
with a polytron in 250 pL of cold buffer (50 mM potassium phosphate, pH 7, containing 1
mM EDTA), centrifuged at 10, 000 x g for 15 min at 4°C. The supernatants were
deproteinated as per manufacturer instructions. Briefly, samples were mixed with an equal
volume of 1.25M metaphosphoric acid (MPA) and centrifugated at 2000 x g for 2 min.
Supernatants were recovered and incubated with triethanolamine (TEAM) 4M, then samples
were used to measure GSH and GSSG using a colorimetric detection assay kit according to
the manufacturer’s instructions (Cayman Chemicals, intra-assay coefficient of variation of
1.6%). All samples were tested in duplicates and measured at room temperature.

SOD2 Activity

SOD2 transforms superoxide, a byproduct of the mitochondrial electron transport chain, into
hydrogen peroxide and diatomic oxygen and thus, constitutes an important enzyme member
of the redox control system [9]. To measure its activity, ~25 mg of SkM and heart were
rinsed with PBS pH 7.4, homogenized using teflon homogenizer with 300 pL sucrose buffer
(0.25 M sucrose, 10 mM Tris, 1 mM EDTA, pH 7.4). The homogenate was sonicated on an
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ice bath for 5 min and centrifuged at 10,000 g for 60 min at 4 °C. The supernatant was used
to measure SOD?2 activity using a colorimetric kit (Dojindo Molecular Technologies, intra-
assay coefficient of variation of < 5%) in which KCN (1 mM) was added to the sample so as
to inactivate non-SOD2 activities.

Catalase Activity

Catalase is another important member of the redox control system and it catalyzes the
decomposition of hydrogen peroxide to water and oxygen [9]. To measure its activity, ~25
mg of the SkM and heart were rinsed with PBS (pH 7.4). Tissues were homogenized with
polytron in 250 ml cold 50 mM potassium phosphate, pH 7.0, containing 1 mM EDTA.
Homogenates were centrifuged at 10,000 x g for 15 minutes at 4°C. The supernatant was
used to measure catalase activity using a colorimetrically-based detection assay (Cayman
Chemical).

Western blotting

Approximately 50 mg of SkM and heart were homogenized with a polytron in 500 pl lysis
buffer (1% Triton X-100, 20 mM Tris, 140 mM NaCl, 2 mM EDTA, and 0.1% SDS) with
protease and phosphatase inhibitor cocktails (P2714 and P2850, Sigma-Aldrich),
supplemented with 0.15 mM PMSF, 5 mM NazVO,4 and 3 mM NaF. Homogenates were
sonicated 20 min at 4°C and centrifuged 12,000 g for 10min. Total protein content was
measured in the supernatant using the Bradford method. A total of 40 pg of protein was
loaded onto a 4-15% precast polyacrylamide gel (Bio-Rad), electrotransferred to a
polyvinylidene difluoride (PVDF) membrane using a semidry system. Membranes were
incubated 1 h in blocking solution (5% non-fat dry milk in TBS plus 0.1% Tween 20 [TBS-
T]), followed by a 3h incubation at room temperature with primary antibodies: glutathione
peroxidase (GPx; Abcam), thiolredoxin (TRX), SOD2, catalase (Cell Signaling) were used
to examine redox control related proteins [9]. To examine mitochondrial biogenesis/cell
metabolism related proteins we evaluated, sirtuin-1 (SIRT1), SIRT3, peroxisome
proliferator-activated receptor gamma, coactivator-la (PGC1la) (Cell Signaling) and TFAM
(Sigma-Aldrich) [32]. To examine mitochondria structure/function related proteins we
examined, porin (a membrane protein), mitofilin (a cristae protein) and oxidative
phosphorylation complex V (MitoSciences) [31]. To examine cell death pathway related
proteins Bax (Abcam) and Cytochome C (Cyt C) (Santa Cruz Biotechnologies) levels were
evaluated in cytoplasmic and mitochondrial samples. To examine tissue fibrosis, collagen 111
(Col3; GeneTex) levels were evaluated. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH,; Cell Signaling) was used as a loading control. All primary antibodies were diluted
1:1000-2000 in blocking solution. Membranes were washed (3 x for 5 min) in TBS-T and
incubated 1 h at room temperature with specific HRP-conjugated secondary antibodies.
Membranes were again washed 3 times in TBS-T, and the immunoblots developed using an
ECL Plus detection kit (Amersham-GE). The band intensities were digitally quantified using
ImageJ software (http://www.nih.gov).
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Citrate synthase activity

As an indicator of mitochondrial function we evaluated CS activity in heart and SkM
samples. Tissue samples (25 mg) were homogenized with a polytron in 250 uL of cold
extraction buffer (20 mM Tris-HCI, 140 mM NaCl, 2 mM EDTA, and 0.1 % sodium
dodecyl sulfate) with protease inhibitors (P2714, Sigma-Aldrich), 5 mM Na3V04, and 3
mM NaF. Homogenates were centrifuged at 10,000 x g for 15 min at 4°C. Supernatants
were recovered and used to measure CS as the rate of production of the mercaptide ion
based on conversion of acetyl-CoA and oxaloacetate into citrate synthase and CoA-SH.
CoA-SH in the presence of 5,5-disthiobis-2-nitrobenzoic acid (DTNB) produces mercaptide
ion. Samples were analysed in a Beckman DU 730 spectrophotomer (Beckman, Fullerton,
CA, USA) at 412 nm [31]. All samples were tested in duplicates and measured at room
temperature.

Mitochondrial protein isolation

Histology

Bax plays a key role in apoptotic signaling in cells by allowing the release of mitochondrial
Cyt C into the cytoplasm [41, 42]. In healthy muscle Bax is found mainly in the cytoplasm
and Cyt C in mitochondria. However, when cell death processes are activated, Bax moves
into mitochondria and Cyt C is released to the cytoplasm [41, 42]. Thus, the isolation of
mitochondria was used to evaluate the presence of such proteins in SKM and heart.
Mitochondria were isolated using a Mitochondria Isolation kit (Thermo Sientific). Once
mitochondria were isolated, proteins were extracted, quantified by Bradford and analyzed by
Western blot as above.

SkM and heart were embedded in paraffin blocks and 4 um serial sections were obtained in
order to quantify SkM and heart fibrosis by using Masson’s trichome staining as published
[36]. Collagen area fraction was measured by 2 observers blinded to genotypes, by
visualizing blue-stained collagenous tissue vs. non-stained muscle from each section (n=3-5
animals/group, SKM and heart 12 sections/animal, 10 microscopic fields/section) observed
at 20X magnification under light microscope. Quantification of collagen area fraction was
performed using an image analyzer software (ImageJ) with color-based thresholding. The
percentage of fibrosis was determined as blue-stained area divided by total tissue area [36].

Hanging wire test

A total of ten §-KO mice (n=5 animals/group) were randomly assigned to water (Ctrl 5-KO)
or Epi treatment (Epi 6-KO). Before the start and at the end of treatment, mice were
subjected to a hanging wire test. The apparatus was lab-built using a polyethylene plastic
pail of approximately 8 cm in diameter, with an affixed handle. The bottom surface of the
pail was removed to yield an open cylinder. Subsequently, a circular piece of wire mesh (1
mm diameter wires and 1 cm x 1 cm spacing) was securely fastened to the entire surface top
of the pail using standard cable-ties. The pail handle was mounted onto a ring stand such
that the pail could be rotated freely about the handle over a cotton padded cage. To perform
the wire hanging test, the pail was inverted and an animal was placed inside the pail on the
wire mesh. The pail was then flipped around, thereby inverting the animal over the open
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bottom such that it had to hold on to the cage wire in order to avoid falling [43]. The
hanging time was then recorded. Values are reported as percent normalized vs. the pre-
treatment time value recorded for each animal.

Statistical Analysis

All data are presented as mean + SD. ANOVA was performed to compare the group means
for each variable. When appropriate, post hoc Tukey’s analysis was used to determine which
means were significantly different from each other. Statistical significance was defined
when P<0.05.
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Figure 1. Effect of Epi on protein carbonylation

Total protein carbonylation was determined by dot blots in quadriceps (A) and hearts (B) of
water (vehicle) and Epi treated WT and 6-KO mice. Bargraphs report on the densytometric
analysis of dot blots. Protein carbonylation was increased in the quadriceps and heart of Ctrl
8-KO as compared vs. Ctrl WT mice (*P<0.05). Epi treatment significantly reduced
carbonylation levels (#P<0.05 Epi 8-KO vs Ctrl §-KO). n=5 animals/group.
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Figure 2. Effect of Epi on GSH/GSSG ratio
GSH/GSSG ratio was measured in quadriceps (A) and heart (B) of WT and 6-KO mice.

GSH/GSSG ratio significantly decreased in Ctrl 5-KO as compared vs. Ctrl WT mice
(*P<0.05). Epi treatment of 8-KO significantly increased GSH/GSSG ratio (#P<0.05 Epi 6-
KO vs Ctrl 5-KO). Epi WT mice GSH/GSSG ratio significantly increased vs. Ctrl WT
(¥P<0.05). n=5 animals/group.
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Figure 3. Effect of Epi on oxidative stressregulatory systems
Protein levels of sirtuin-3 (SIRT3), thioredoxine (TRX), glutathione peroxidase (GPx),

mitochondrial superoxide dismutase (SOD2) and catalase were analyzed by Western blot.
Significant decreases were observed in Ctrl 8-KO mice as compared vs. Ctrl WT mice
(*P<0.05). In the Epi 8-KO, treatment either partially restored or fully recovered their levels.
(#P<0.05 Epi 8-KO vs Ctrl 5-KO). In Epi WT animals there was a significant increase in the
levels of TRX and SOD2 in SkM, while in heart there was an increase in SIRT3, TRX, and
SOD2 vs. Ctrl WT (+P<0.05). The bargraphs report on densitometric analysis as: protein/
GAPDH for each group. n=5 animals/group.
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Figure 4. Effect of Epi on SOD2 and catalase activities
SOD2 (A and B) and catalase (C and D) activities were evaluated by colorimetric assays in

quadriceps (A and C) and heart (B and D). A loss of enzymatic activities was noted in Ctrl
8-KO mice as compared vs. Ctrl WT mice (*P<0.05). In the Epi 3-KO group, treatment fully
recovered enzyme activities (#P<0.05 Epi 8-KO vs Ctrl 5-KO). Epi WT mice significantly
increased enzyme activities vs. Ctrl WT (3P<0.05). n=5 animals/group.
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Figure5. Effects of Epi on mitochondrial related proteins
Protein levels for the mitochondrial related proteins SIRT1, PGCla, TFAM, porin, mitofilin

and CV were analyzed by Westerns. Ctrl 8-KO mice evidenced decreased levels of the
proteins as compared vs. Ctrl WT mice (*P<0.05). In the Epi 5-KO, treatment either
partially restored or fully recovered their levels (#P<0.05 Epi 8-KO vs Ctrl §-KO). In Epi
WT group there was a significant increase in the levels of PGCla, TFAM, porin, mitofilin
and CV in SKM and heart vs. Ctrl WT (3P<0.05). The bargraphs report on densitometric
analysis as: protein/GAPDH for each group. n=5 animals/group.
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Figure 6. Effect of Epi on citrate synthase activity
Citrate synthase activity was quantified in quadriceps (A) and heart (B). A decrease in

enzymatic activity was observed in Ctrl 5-KO mice as compared vs. Ctrl WT mice
(*P<0.05). In the Epi 6-KO group, treatment fully restored enzyme activity (#P<0.05 Epi 6-
KO vs Ctrl 3-KO). Epi WT mice significantly increased enzyme activities vs. Ctrl WT
(¥P<0.05). n=5 animals/group.
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Quadriceps femoris (A) and heart (B) enriched mitochondrial (M) and cytoplasmic (C)
fractions of water and Epi treated WT and 8-KO mice were analyzed for Cyt C and Bax

protein levels by Western blot. In Ctrl 5-KO mice, high levels of cytoplasmic Cyt C were
observed as the ratio mitochondrial/cytoplasmic levels show. Mitochondrial Bax was highly
present in Ctrl 5-KO tissues and Epi treatment significantly reversed it into the cytoplasm as
the ratio cytoplasmic/mitochondrial show. (*P<0.05 when compares 3-KO vs. Ctrl WT mice
or #P<0.05 Epi 8-KO vs Ctrl 3-KO). n=5 animals/group.
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Figure 8. Effects of Epi on tissuefibrosis
Masson’s trichrome staining was used in tissue sections of quadriceps (A-D) and heart (G-

J). 8-KO mice evidenced high levels of fibrosis in SKM (B) and heart (H) which were
normalized with Epi treatment (D and J respectively). Fibrous tissue quantification was
performed as a fraction of the total area (blue area/total area) for SkM (E) and heart (K). As
a surrogate of tissue fibrosis levels of collagen I11 were analyzed by Western blot. Ctrl §-KO
mice evidenced increased levels of the protein vs. Ctrl WT mice (*P<0.05). Epi treatment
fully normalized their levels (#P<0.05 Epi 6-KO vs Ctrl 6-KO). The bargraphs report on
densitometric analysis as: protein/GAPDH for each group. n=5 animals/group.
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Figure 9. Effects of Epi on hanging wiretime
Skeletal muscle function was evaluated in Epi 6-KO and Ctrl 8-KO mice using a wire test

and calculating the percent changes observed in hanging time (time normalized vs. pre-
treatment). After 15 days of treatment, there was an improvement muscle function in Epi 8-

KO mice vs. the moderate loss observed in Ctrl 8-KO animals.
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