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Abstract

Duchenne muscular dystrophy (DMD) is characterized by progressive muscle necrosis. One of the major challenges for
prescribing physical rehabilitation exercises for DMD patients is associated with the lack of a thorough knowledge of dys-
trophic muscle responsiveness to exercise. This study aims to understand the relationship between myogenic regulation,
inflammation and oxidative stress parameters, and disease progression induced by downhill running in the skeletal muscle of
an experimental model of DMD. Six-month-old C57BL/10 and C57BL/10-DMD™® male mice were distributed into three
groups: Control (C), mdx, and mdx + Exercise (mdx +Ex). Animals were trained in a downhill running protocol for seven
weeks. The gastrocnemius muscle was subjected to histopathology, muscle regeneration (myoD and myogenin), inflammation
(COX-2), oxidative stress (8-OHdG) immunohistochemistry markers, and gene expression (QPCR) of NF-kB and NADP(H)
Oxidase 2 (NOX-2) analysis. In the mdx +Ex group, the gastrocnemius muscle showed a higher incidence of endomysial
fibrosis and a lower myonecrosis percentage area. Immunohistochemical analysis revealed decreased myogenin immunoex-
pression in the mdx group, as well as accentuated immunoexpression of nuclear 8-OHdG in both mdx groups and increase
in cytoplasmic 8-OHdG only in the mdx+ Ex. COX-2 immunoexpression was related to areas of regeneration process and
inflammatory infiltrate in the mdx group, while associated with areas of muscle fibrosis in the mdx + Ex. Moreover, the NF-kB
gene expression was not influenced by exercise; however, a NAD(P)HOxidase 2 increase was observed. Oxidative stress
and oxidative DNA damage play a significant role in the DMD phenotype progression induced by exercise, compromising
cellular patterns resulting in increased endomysial fibrosis.

Keywords Mdx mice - Exercise-induced muscle damage - Connective tissue - cyclooxygenase-2 - 8-hydroxy-2-
deoxyguanosine

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked degen-
erative disease characterized by progressive loss of muscle
strength and, in some cases, delayed motor development
and intellectual disability (Araujo et al. 2017). DMD has
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no cure; however, corticosteroid treatment combined with
multidisciplinary intervention has been directly associated
with increased longevity and improved quality of life for
DMD patients (Duan et al. 2021). Moreover, improvement
of gene therapies and exon skipping bring promising cur-
rent perspectives of a new muscle phenotype with increased
function even in advanced DMD stages, in addition to rais-
ing the possibility of using exercises to optimize interven-
tion programs (Kostek and Gordon 2018). Physical therapy
plays a critical role in maintaining muscle function in DMD
patients, and its management requires an understanding of
the disease (Birinkrant et al., 2018). Dystrophic muscles,
however, are intolerant to exercise (Barnabei et al. 2011);
one of the main obstacles for prescribing physical therapy is
the lack of a comprehensive profile of the dystrophic muscle
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responses to exercise (Kostek 2019; Spaulding and Selsby
2018). In these cases, physical therapy should consider the
different degrees of disease progression, exercise intensi-
ties, as well as how exercise aggravates the progression of
the disease.

DMD is caused by mutations or rearrangements of the
dystrophin gene, a protein located in the cytoplasmatic face
of the dystrophin-glycoprotein complex (Gao; Mcnally,
2015; Hoffman et al. 1987). The absence of dystrophin
implies complex instability, increasing the susceptibility of
sarcolemma injury due to muscle contraction. The progres-
sion of the disease, however, is a secondary event to the
absence of dystrophin (Allen et al. 2016).

The chronicity and frequency of sarcolemma lesions
exacerbate the immune response in dystrophic muscles, via
the nuclear factor-kappa B (NF-kB) (Acharyya et al. 2007;
De Paepe and De Bleecker 2013). NF-kB regulates inflam-
mation, immunity, cell proliferation, and tissue differentia-
tion (Oeckinghaus and Ghosh 2009), and the chronic activa-
tion of this transcription factor is a key element for DMD
progression (Peterson and Guttridge 2008). After mechani-
cal stress (Kumar and Boriek 2003), NF-kB chronic activa-
tion increases the degradation of muscle proteins; represses
myogenesis, compromising synthesis of myogenic transcrip-
tion factors myoD and myogenin (Li et al. 2008; Thoma
and Lightfoot 2018); and increases expression of pro-
inflammatory molecules, like ciclo-oxygenase-2 (COX-2),
collaborating with chronic inflammation (Barnes; Adcock,
1997; Messina et al., 2011). Moreover, to act on an increase
in inflammation, NF-kB also has its expression increased
by pro-inflammatory cytokines and reactive oxygen spe-
cies (ROS) in dystrophic muscles (Kozakowska et al. 2015;
Whitehead; Yeung; Allen, 2006).

Oxidative stress is pointed out as an important amplifier
of dystrophic muscle pathology (Lawler 2011). The major
productor of ROS in dystrophic muscles is NADPH Oxi-
dase 2 (NOX-2), an enzyme complex that converts molecular
oxygen into ROS (Whitehead et al. 2010). High levels of
ROS in the cytosol of dystrophic muscles result in dam-
ages to the lipid membrane, impairment of regulatory and
structural proteins, and in the generation of DNA oxidative
damage (Terrill et al. 2013). 8-Hydroxy-2’-deoxyguanosine
(8-OHAQG) is a product of the oxidation of the guanine base
of DNA and has been identified as a more relevant biomarker
for the evaluation of nuclear and mitochondrial DNA oxi-
dative damage (Halliwell and Whiteman 2004; Valavanidis
et al. 2009). Previous research showed increased levels of
8-OHdG in urine (Rodriguez and Tarnopolsky 2003) and in
muscles of DMD patients, mainly in satellite cells and regen-
erating myofibers (Nakae et al. 2005). Additionally, 8-OHdG
immunoexpression has been previously observed in regions
of inflammation and fibrosis in the dystrophic muscle of
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DMD experimental model, showing that 8-OHdG may be
associated with disease progression (Souza et al. 2020).

X-chromosome-linked muscular dystrophy (mdx) mice,
an experimental model for DMD, are the result of spontane-
ous mutation of the dystrophin gene (Bulfield et al. 1984).
Despite having genetics and histopathological changes simi-
lar to DMD patients, mdx mice have a less severe dystrophic
phenotype, with preserved motor functionality (Manning;
O’Malley, 2015). Due to the ability of increasing mechani-
cal stress, physical exercise is a tool used to aggravate mdx
phenotype, especially the protocols with a predominance of
eccentric contraction, such as downhill running (Hyzewicz
et al. 2015). Several studies have shown the effect of down-
hill treadmill running in the muscle of mdx mice, such as
increase in muscle damage with relevant membrane dam-
age (Anderson et al. 2006; Brussee et al. 1997); increase
in myoglobinuria (Kobayashi et al. 2012); increase of the
enzymatic activity of xanthine oxidase, an indicator of oxi-
dative stress (Lindsay et al. 2018); and increase of muscle
fibrosis (Taniguti et al. 2011). Few studies, however, have
investigated the influence of downhill running in the mdx
muscle at an advanced stage of the disease, but with pre-
served functionality. Thus, this study aims to understand the
relationship between of myogenic regulation, inflammation,
and oxidative stress parameters and the effects on the pro-
gression of the disease induced by downbhill running in the
skeletal muscle of mdx mice.

Materials and methods
Animals and experimental groups

Twenty-four-week-old C57BL/10 and C57/BL/10-DMD™
male mice were distributed into three groups (n=10 each):
Control, mdx, and mdx + Exercise (mdx+ Ex). The control
group was used only for the immunohistochemistry and real-
time polymerase chain reaction (PCR) analysis. The animals
were obtained from the Center of Development of Experi-
mental Models for Medicine and Biology (CEDEME) at the
Federal University of Sao Paulo (UNIFESP). The experi-
ment lasted for eight weeks, and the animals remained in
bioterium at a controlled temperature room of 22-24°C
with regular 12- hour light-dark cycle; water and food were
offered ad libitum. All experiments were approved by the
Animal Ethics Committee on the Use of Animal (CEUA/
UNIFESP), Brazil (6,379,151,116).

Downhill running exercise protocol

Animals of mdx+ Ex groups had one week of adaptation
before exercise protocol. The adaptation period aimed to
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familiarize the animal with the treadmill and lasted five days.
The duration of the adaptation session and speed were pro-
gressively increased over the days: 0 m/min, 30 min (day 1);
0 m/min, 60 min (day 2); 3 m/min, 60 min (day 3); 5 m/min,
60 min (day 4), 7 m/min, 60 min (day5). The adaptation was
performed in a treadmill without inclination.

The exercise protocol was chosen to induce muscle injury
and adapted by Taniguti et al. @*!. The mice were subjected
to daily running on a treadmill with an inclination of —15°
for 60 min. The exercise sessions were of high intensity and
the running speed was animal specific to ensure the mice
reached exhaustion at the end of session. The mice of the
mdx + Ex group started walking for 3 min at a speed of 5 m/
min, followed by 7 min at 7 m/min. After this warm-up,
there was an increment of 1 m/min every minute until the
mice reached the maximum speed of the session. The speed
of each training session was set at the maximum speed that
the animal was able to achieve while maintaining running
biomechanics. Exhaustion was defined as the moment when
mice showed resistance to running after three consecutive
stimuli.

Tissue collection

All mice were euthanized at thirty-two-weeks old (8-months-
old). The mdx+Ex group were euthanized 24 h after the last
exercise session. The euthanasia occurred by decapitation
after previous anesthesia with Isoflurane (Cristalia, Itapira,
SP, BRA). Medial gastrocnemius and lateral gastrocnemius
muscles were carefully dissected. Proximal and distal thirds
were transversely sectioned, and the middle portions were
collected.

Histopathological and morphometric analysis

The right medial gastrocnemius muscle was placed on a
mounting surface and covered by optimal cutting temper-
ature compound and neutral talc to protect from freezing
artefacts. The samples were cryofixed in a liquid nitrogen
container and stored at —80 °C. The muscles were cross-
sectioned at 10 pm using a cryostat (LEICA CM1820) with
the chamber kept at —25 °C. Semi-serialized muscle sections
were stained with hematoxylin-eosin (H&E) and Sirius red
for histopathological examination.

Histopathological analysis investigated areas of degenera-
tion, regeneration, and inflammatory infiltrate of the muscle
of the mdx and mdx+Ex groups. Protocol was determined
based on the standard guidelines DMD_M.1.2.007 TREAT-
NMD. First, one histological section per animal was used
and the total cross-sectional area of the muscle was meas-
ured and the area with histopathological characteristic of
interest was estimated. This analysis was performed on the
entire cross-section of the muscle. The percentage of the

histopathological features was estimated (total area of the
histopathological feature / total area of muscle cross-section
% 100).

Morphometric analysis evaluated the distribution fre-
quency of the muscle fibers of the cross-sectional area. Nine
histological photomicrographs of each animal (three fields
of three sections) were acquired with 40X objective. The
measurement of the area of muscle fibers was performed
as described by Lazzarin et al. (2020). Area values were
obtained in um? and were presented in a histogram.

Muscle fibrosis area was determined by Sirius red stain-
ing. Six photomicrographs were captured along the entire
length of the slice. Blood vessels, epimysium, and inflamma-
tory infiltrate regions were not considered. The area of each
image and percentage of connective tissue was measured by
Image J software (National Institutes of Health, Bethesda,
MD, USA).

All photomicrographs, for both the morphometric and
Sirius red analysis, were captured by Axio Observer.D1
microscope (Zeiss®, Thornwood, NY, USA) coupled to
a computerized imaging system, Axio Vision 4.8. Zeiss
software.

Immunohistochemical analysis

After the muscle fixation routine with a 10% phosphate-
buffered formalin solution for 24 h, the left medial gastroc-
nemius muscles of the control, mdx, and mdx + Ex groups
were dehydrated in an ascending alcohol series and embed-
ded in paraffin. The transversal sections of 4 pm were depar-
affinized, rehydrated, and pre-treated with 0.01 M citric acid
buffer (pH 6). Endogenous peroxidase was blocked by incu-
bation in 3% hydrogen peroxide in phosphate-buffered saline
(PBS) solution.

Specimens were incubated with primary antibodies:
mouse monoclonal anti-myoD (dilution of 1:100, Santa Cruz
Biotechnology-32,758), mouse monoclonal anti-myogenin
(dilution of 1:100, Santa Cruz Biotechnology-52,903),
mouse monoclonal anti-8-OHdG (dilution of 1:100, Santa
Cruz Biotechnology-66,036), and mouse monoclonal anti-
COX-2 (dilution of 1:100, Santa Cruz Biotechnology-1747).
Sections were incubated overnight at 4 °C. After washing
with PBS, the tissue was incubated with biotin-conjugated
anti-rabbit secondary antibody IgG, followed by streptavidin
peroxidase, and stained with DAB chromogen of the Starr
trek Universal HRP Detection kit (Biocare Medical, Califor-
nia, USA), contrasted with Harris’ hematoxylin.

MyoD, myogenin, and 8-OHdG immunoreactive nuclei
density (number of immunoreactive nuclei/mm?) was deter-
mined by using three sections of each animal and, three pho-
tomicrographs of different fields were obtained from each
Sect. (63x objective). 8-OHdAG cytoplasmic immunostaining
was evaluated by a semi-quantitative score as follows: O for
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0<5%; 1 for 5-25%; 2 for 25-50%; 3 for 50-75%; and 4
for 75-100% immunostaining area (Tomé et al., 2020). The
analysis was performed independently by two observers. All
photomicrographs were obtained with an Axio Observer.D1
microscope (Zeiss, Ny, USA) coupled to a computerized
imaging system (Axio Vision 4.8. Zeiss software).

Real-time polymerase chain reaction

For gene expression analysis, the total RNA extractions were
performed from the lateral gastrocnemius muscle, frozen
at -80°C. For this, the muscle was homogenized in 1 mL
Trizol (Invitro-gen, CA, USA). Chloroform, isopropanol,
and 75% ethanol were added to the samples and, after that,
they were resuspended in diethylpyrocarbonate (DEPC)
water. RNA purity and integrity were observed by optical
density (260/280 nm ratio > 1.9; NanoDrop 2000c, Thermo
Scientific, Canada). The samples were treated with DNase
(deoxyribonuclease I Amp Gradel, Invitrogenl, CA, USA)
as recommended by the manufacturer. cDNA was obtained
by reverse transcriptase polymerase chain reaction (RT-
PCR), using the High-Capacity cDNA kit Reverser Tran-
scription (Applied Biosystems 1, Foster City, CA, EUA).
Primers previously designed for genes of interest and endog-
enous control (GAPDH) were used to analyze gene expres-
sion, and amplification was detected by DNA intercalation
(Sybr Green, Applied Biosystems). The following primer
sequences were used: NF-kB (p65), forward: 5’-TGGAGT
TCGTGACCGCCGCCG-3’, reverse: 3’-GCTGGCTCTGCC
GGGAAGATG-5’; NAD(P)H Oxidase 2, forward: 5’AGC
TATGAGGTGGTGATGTTAGTGG-3’, reverse: 3’-CAC
AATATTTGTACCAGACAGACTTGAG-5"; GAPDH,
forward: 5’GCTCTCTGCTCCTCCCTGTTC-3’, reverse:
3’-GACGCTGGCACTGCACAA-5".

Samples were pipetted to the 7500 Fast Real-Time PCR
equipment (Applied Biosystems), and the cycling conditions
were: 95 °C for 10 min, followed by 40 cycles at 95 °C for
15 s and 58 °C for 1 min. Samples were normalized against
the housekeeping gene using the method 2744C,

Statistical analysis

The Shapiro-Wilk test was used to assess the normality of vari-
ances. For non-parametric distribution data, the logarithm of
the variable was used for the hypothesis test. Unpaired Stu-
dent’s r-test was used to compare two experimental groups
(mdx vs. mdx+EXx). One-way ANOVA was used to compare
three experimental groups (Control vs. mdx vs. mdx + Ex),
followed by Tukey’s test when necessary. For all analyses,
p <0.05 was considered statistically significant.
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Results

Effects of chronic downhill running protocol
on dystrophic muscle morphology

In the gastrocnemius muscle stained with H&E, histopatho-
logical changes were heterogeneous along the cross-sections
in both the mdx and mdx+ Ex groups (Fig. 1). Both groups
have shown loss of the polygonal muscle fibers shape, cells
in splitting process, presence of rounded fibers with central
nucleation, and disorganized muscle fascicles. Regarding
frequency distribution of muscle fiber in the cross-sectional
area, mdx groups showed muscle fibers in varied sizes. The
mdx group presented muscle fibers with variations from 100
to 9500 pm?, and the mdx+ Ex group presented a variation
with slightly smaller interval, from 100 to 8,100 pm2. More-
over, 92% of the muscle fiber area values ranged from 100
to 2,600 pm? and the mdx groups showed a higher frequency
range (about 60%) from 100 to 500 pm? (Fig. 1i).

Regions in process of regeneration and degeneration were
observed in both experimental groups (Fig. 1a-h). Regen-
eration cells were observed in cellular clusters of immature
myoblasts or blue basophilic fibers with large nuclei asso-
ciated with inflammatory infiltrates. Degeneration regions
were related to muscle cells in phagocytosis surrounded by
inflammatory cells, and isolated or clustered necrotic fibers
with pale cytoplasm.

Quantitative analysis of histopathological changes
(Fig. 1j-1) showed that the exercise protocol did not change
the inflammatory infiltrate nor the regeneration area; how-
ever, a significant (p <0.05) reduction in percentage of mus-
cle degeneration area was observed in the mdx + Ex group
compared to the mdx.

Sirius red revealed muscle fascicles, the perimysium and
endomysium (Fig. 2). The mdx and mdx+ Ex groups showed
disorganization of muscle fascicles associated with the pro-
liferation of connective tissue that turns into a muscle bun-
dle, a perimysium fibrosis. The exercise protocol was able to
change the connective tissue pattern and increase endomy-
sial fibrosis, characterized by isolated fibrous tissue deposits
located between myofibers or thickening of the endomysium.
Additionally, eccentric exercise increased the percentage of
connective tissue (p <0.05) in the gastrocnemius muscles of
the mdx +Ex group.

Effect of exercise protocol on myogenic regulatory
factors, myoD, and myogenin

MyoD and myogenin were detected in the peripheral
nuclei of the muscle fiber and the results were expressed
by immunoreactive nuclei density (Fig. 3a—g). In the
semi quantitative analysis of the myoD, no statistically
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Fig. 1 Representative photomicrographs of regeneration and degen- and h images, muscle cells in phagocytosis (arrow) are highlighted,
eration areas in the medial gastrocnemius muscle of mice from the surrounded by inflammatory cells. In the highlighted images, fibers

mdx (a-d) and mdx+ Exercise (e-h) groups stained with HE. a and at splitting process (thick arrow). Scale bar: 50 pm. The graphs show
e images show a cluster of immature myoblasts (highlighted area). b muscle fiber cross sectional area frequency distribution (i), the mean
and f photomicrographs present basophilic cells in different degrees and SD values of the percentage of inflammatory infiltrate area (j),
of maturity with purple hue and centralized nuclei surrounded by regeneration (k) and degeneration (I), in the medial gastrocnemius
inflammatory infiltrate (highlighted area). In ¢ and g, cells undergo- muscle of the mdx and mdx + exercise groups. (*) p<0.05

ing necrosis with the cytoplasm colored in light pink (asterisk). In d

significant difference (p > 0.05) was observed between  (210.6 + 88.3) when compared with Control group
the Control (320.4 + 142.3), mdx (390.4 +188.6), and  (335.1 +£78.6), Fig. 3 h.

mdx +Ex (288.7 £ 67) groups (Fig. 3d). In contrast,

the myogenin analysis showed a significant (p <0.05)

reduction of immunoreactive nuclei in the mdx group
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madx

madx + Ex

Fig.2 Representative photomicrographs of medial gastrocnemius
muscle connective tissue (red) of the mdx (a=b) and mdx+ exercise
(c—d) groups stained with Sirius red. a and ¢ show muscle fascicles
disorganization accompanied by a proliferation of connective tissue.
In b, the thickening of the perimysium is identified as connective
tissue cords (arrows). In d, endomysial fibrosis is shown (asterisk),

Control madx

myogenin

Fig.3 Representative photomicrographs of myoD (a—c) and myo-
genin (e-g) immunohistochemistry in medial gastrocnemius muscle
of the Control (a, e), mdx (b, f), and mdx+ Exercise (mdx+Ex) (c,
g) groups. Thin arrows indicate myoD and myogenin immunoreactive

Effect of the exercise protocol on COX-2 and 8-OHdG
in dystrophic muscles

COX-2 immunoexpression occurred in the extracellular
matrix environment and cell cytoplasm (Fig. 4). COX-2
immunoexpression was observed in different regions of
muscle tissue depending on the analyzed group. The mdx
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group showed COX-2 immunoexpression in two distinct
patterns, in clusters of necrotic fibers and myoblast sur-
rounded by inflammatory cells, and in areas of inflam-
matory infiltrate (Fig. 4b and c). In the mdx + Ex group,
immunoexpression of COX-2 was observed only in regions
of muscle fibrosis (Fig. 4d).
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Fig.4 Representative photomi-
crographs of COX-2 immuno-
histochemistry in gastrocnemius
muscle of the Control (a), mdx
(b, ¢) and mdx+Ex (d) groups.
In a, Control group presents no
COX-2 immunoexpression. The
mdx group shows COX-2 immu-
noexpression in cell clusters of
necrotic fibers and myoblasts
surrounded by inflammatory
cells (b), and in regions of
inflammatory infiltrates (c). In
D, the mdx+Ex group shows
COX-2 immunoexpression in
regions with accumulation of
connective tissue. Scale bar:

50 pm

8-OHdG immunoexpression was observed in the nuclei
(DNA nuclear) and cytoplasm (mitochondrial DNA) of
muscle fibers (Fig. 5). The result of nuclear 8-OHdG
was expressed by the density of immunoreactive nuclei
per mm?, and the cytoplasmatic 8-OHdG was analyzed
by immunohistochemical score. 8-OHdG nuclei density
showed statistical difference between groups (p <0.05).
The mdx groups had a higher density of 8-OHdG immu-
noreactive nuclei when compared with the Control group.
The groups also showed differences in 8-OHdG cytoplas-
matic immunostaining (p < 0.05). The mdx groups had a
higher mean score when compared with the Control group,
and the exercise showed to elevate cytoplasmatic 8-OHdG
immunostaining in mdx mice.

Effect of chronic downhill running protocol
on NF-kB and NOX-2 gene expression in the muscle
of mdx mice

The gene expression of NF-kB showed a significant
decrease in the mdx and mdx + Ex group when compared
with the Control group (p <0.05) (Fig. 6a). Regarding
NOX-2 expression, mdx group had lower gene expres-
sion when compared with the Control group (p <0.05)
(Fig. 6b).

Discussion

Dystrophic muscles have a structural vulnerability that
makes it susceptible to muscle damage after contractions,
especially eccentric contraction (Deconinck and Dan 2007,
Durbeej and Campbell 2002). In the early stages of the dis-
ease, low-intensity exercise can offer benefits to the dys-
trophic muscle and increase its functionality, while high-
intensity exercise decreases strength and causes muscle
damage (Hyzewicz et al. 2015). Since there is a need to
better understand the effect of exercise on the advanced
stages of the disease, this study aimed to analyze regenera-
tion, inflammation, and oxidative stress parameters in the
gastrocnemius muscle of 6-month-old mdx mice, subjected
to downhill running. Refuting some of our hypotheses, the
exercise protocol did not increase inflammatory infiltrate and
it was responsible for myonecrosis decrease; as expected,
however, it increased endomysial fibrosis. These histopatho-
logical changes were accompanied by an increase of myo-
genin and cytoplasmatic 8-OHdG immunoexpression, the
presence of COX-2 immunostaining in regions of muscle
fibrosis, as well as by an increase in NOX-2 gene expression.

The progression of the disease in 6-month-old mdx mice
was marked by a reduction in the degeneration and regenera-
tion cycles; an increase in muscle fibrosis, especially in the
endomysium; and a replacement of muscle fibers by adipose
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tissue after 18 months old (Grounds et al. 2008; Roig et al.
2004). The exercise protocol used in this study promoted
two significant histopathological changes in mdx muscle: a
decrease in myonecrosis and an increase in muscle fibrosis.
This allows us to infer that downhill running promoted dis-
ease progression in the muscle of adult mdx mice. According
to Okano et al. (2005) exercise induces DMD disease pro-
gression since chronic exercise accelerates the degeneration-
regeneration cycle, advancing pathological processes that
would be present only in later stages of mdx mice life.
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mdx mdx + Ex Control mdx mdx + Ex

It is well stablished that the effect of eccentric contrac-
tion in mdx mice promote sarcolemma lesion (Eston et al.
1995), leading the damaged fibers from muscle injury to
be phagocytosed by inflammatory infiltrate cells, suffering
segmental necrosis (Ciciliot; Schiaffino, 2015). Based on
this, it was hypothesized that trained animals would pre-
sent marked muscle necrosis; this hypothesis, however, was
refuted. Smaller caliber muscle fibers are more resistant to
necrosis when constantly exposed to degeneration processes
(Karpati et al. 1988; Okano et al. 2005) and are less sensitive
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to the functional exercise overload (Terada et al. 2012). The
smaller size of muscle fibers in the adult mdx mice is due to
the splitting processes and the presence of atrophied myo-
tubes. Cells in the splitting process result from the ramifica-
tion of cells in hyperplasia, as a response to muscle damage
and chronic regeneration (Duddy et al. 2015). Notably, the
splitting process is an adaptative process of the fiber in reac-
tion to extreme muscle overload, similar to the branching
process, enabling the force to be distributed over a larger
surface (Murach et al. 2019).

Concomitant with the muscle necrosis decrease, the exer-
cise protocol was able to change connective tissue organi-
zation, increasing endomysial fibrosis in mdx mice. These
results agree with those of previous studies that reported
changes in the connective tissue of muscle in mdx mice, such
as an increase in the percentage of area with muscle fibrosis
after a chronic treadmill protocol (Pessina et al. 2014; Van
Putten et al. 2012). In dystrophic muscles, chronicity of mus-
cle regeneration compromises the complete remodeling of
the extracellular matrix causing the accumulation of matrix
components (Smith and Barton 2018; Taniguti et al. 2011)
described that the increase of mdx muscle fibrosis after
exercise is not only related to degeneration-regeneration
processes, but also to the increased expression of fibrotic
factors, which positively signals the production of collagen
type L.

As noted earlier, the relationship between physical exer-
cise and muscle fibrosis in mdx mice has been previously
described in the literature. However, we found no previous
studies addressing endomysial fibrosis and exercise proto-
cols in mdx mice. Endomysium is the connective tissue in
direct contact with the sarcolemma, responsible for main-
taining muscle integrity, enabling muscle myogenesis and
regeneration; it has small blood vessels responsible for irri-
gation of the myofiber and terminal neurons (Purslow 2020).
Thus, endomysial fibrosis is a very harmful histopathologi-
cal change for muscle functioning, and it is characteristic
of the progression of myopathies and muscle degeneration
(Doe et al. 2017). In DMD patients, endomysial fibrosis is
associated with the loss of motor functions due to the sepa-
ration of capillaries in muscle cells, a process that compro-
mises cell nutrition and is associated with the reduction of
satellite cells (Desguerre et al. 2009). Moreover, endomy-
sial fibrosis acts as a physical barrier in the cell, preventing
the correct distribution of drugs to the muscle (Smith and
Barton 2018). These data reflect the importance of careful
physical therapy prescription to DMD patients since it can
compromise the success of the therapy if prescribed in a
way to increase fibrosis, besides enabling the progression
of the disease.

In dystrophic muscles, fibrosis increased can be explained
by the exhaustion of the muscle regeneration process, given
the chronicity of muscle injuries (Deconinck and Dan 2007).

Muscle regeneration process is orchestrated by myogenic
regulatory factors, such as the myoD and myogenin. The
myoD acts on the differentiation of satellite cells into myo-
blasts and in the activation of myogenin, which, in turn,
promotes differentiation of myoblasts into myotubes and
myofibers (Asfour et al. 2018; Sabourin and Rudnicki 2000).
Our data showed that the chronic exercise protocol did not
alter the myoD immunoexpression in adult mdx mice, i.e.,
the myoD did not stimulate the differentiation of satel-
lite cells into myoblasts. This result can be explained by
the decrease in the proliferative capacity of satellite cells
observed over the years (Sacco et al. 2010), as well as the
loss of satellite cells polarity due to the dystrophin absence,
collaborating with non-functional satellite cells (Chang et al.
2016). Additionally, the fact that we found no difference
between groups for myoD immunoexpression may also be
related to the decrease in necrotic areas and inflammatory
infiltrates, since myoD gene expression is associated with
early stages of muscle regeneration (Marotta et al. 2007).
Moreover, as muscles becomes more resistant to showing
muscle necrosis after constant degeneration-regeneration
cycles, we can speculate that the stimuli from the last ses-
sions of the exercise protocol were not able to generate new
lesions to the dystrophic muscle, to the point of needing
cell activation for regeneration, since myoD expression is
present in the first eight days after muscle injury (Shi and
Garry 2006; Zammit 2017).

Contrary to the myoD result, the mdx group showed
lower myogenin immunoexpression. This finding confronts
previous studies that reported higher immunoexpression of
myoD and myogenin in the mdx muscle (JIN et al., 2000).
In the aforementioned study, myoD and myogenin immuno-
expressions were analyzed in young mdx mice, with potent
regeneration capacity. However, a lower immunoexpression
of myogenin-positive cells was also observed in 18-month-
old mdx mice (Alexakis et al. 2007), corroborating our data.
Interestingly, an association was found between a decrease
in myogenin and an increase in type I collagen in agreement
with the fact that muscle fibrosis is harmful to myoblast
differentiation (Engler et al. 2004; Smith and Barton 2018).

In contrast, the mdx group subjected to exercise showed
no difference concerning the control group, indicating
that exercise promotes the non-aggravation of myogenin
response in the mdx muscle. Data previously published by
our group also observed increased myogenin immunoexpres-
sion in the muscle of young mdx mice subjected to exercise
(Lazzarin et al. 2020), indicating that the myogenin exercise
response is not influenced by the stage of the disease. It has
been previously described in the literature that myogenin
plays a role in the regulation of muscle metabolism (Flynn
et al. 2010), although it is not necessary for muscle regen-
eration in adult mdx mice (Meadows et al. 2011). Thus, the
non-aggravation of myogenin with exercise occurs due to the
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need for metabolic adaptation and not due to the increase in
post-exercise regeneration capacity. Furthermore, myogenin
may increase in the exercised animals, which collaborates
with the advancement of myoblast maturation and, conse-
quently, it is a mechanism by which exercise promotes DMD
progression.

Muscle regeneration process is orchestrated by several
substances, including cyclooxygenase 2 (COX-2), a prosta-
glandin-converting enzyme. COX-2 regulates satellite cell
activity (Paulsen et al. 2012) and is determinant for early
stages of myofibrillar growth (Bondesen et al. 2004). Curi-
ously, our study showed that COX-2 immunoexpression is
present in clusters of regenerating cells and also in inflam-
matory infiltrates in the mdx mice not subjected to exercise
program; whereas immunoexpression occurred in regions
of fibrosis muscle in trained animals. This demonstrates that
the exercise-induced fibrosis is mediated by COX-2 in mdx
muscles, and our data corroborate recent study that identi-
fied that COX-2 inactivation has potent antifibrotic proper-
ties, altering TGF-p signaling pathways (Chen et al. 2021).

As well as other pro-inflammatory molecules, COX-2
expression is regulated by NF-kB, and a decrease in the
NF-kB activation causes a reduction in the COX-2 level
(Khan and Khan 2018). Although high NF-kB gene expres-
sion was expected, regardless of physical exercise, mdx mice
showed lower NF-kB gene expression when compared with
the control group. This result may be due to the age of the
mdx mice and later stage of the disease — since the high
NF-kB activation occurs in the early stages and in the first
weeks of the animal’s life — due to the intense degenerative-
regenerative activity and processes inflammatory (Acharyya
et al. 2007). Thus, genetic reduction of the activated form
of NF-kB decreased the chronic inflammation of dystrophic
muscles (Yin et al. 2017). Furthermore, regulation of NF-kB
gene expression in mdx mice is involved with the dystrophin-
glycoprotein complex, and the involvement of this complex
generates changes in the signaling pathways that increase
NF-kB activation (Evans et al. 2009). It is also speculated
that low NF-kB gene expression is related to the advanced
stage of muscle fibrosis in mdx mice, which compromises
NF-kB activation from the dystrophin-glycoprotein complex.

Corroborating the hypothesis that the age of the animal
— due to their histopathological characteristics — influences
NF-kB gene expression, an association between a decrease
in the area of necrosis and pro-inflammatory cytokines
expression and the reduction of NF-kB DNA-binding activ-
ity was observed in DMD patients (Messina et al. 2011).
Therefore, we speculate that disease progression and the
decrease in inflammatory profile results in the decrease of
NF-kB activity. Thus, when mdx mice were exposed to a
stimulus, such as exercise, the activation process is unable
to initiate due to the impairment of dystrophin-glycoprotein
complex generated by muscle fibrosis. Additionally, the
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decrease in NF-kB gene expression may also have occurred
as a result of accentuated oxidative stress in dystrophic
muscles in advanced stages of the disease. This is because
ROS have been reported to change NF-kB signaling; in
mdx myotubes, higher concentrations of hydrogen peroxide
reduced NF-kB transcriptional activity (Henriquez-Olguin
et al. 2015); and DNA oxidative damage generated by ROS
negatively impact gene expression of transcription factors
like as NF-kB (Klaunig 2018). However, further investiga-
tion is needed to understand the role of NF-kB in advanced
stages of the disease in the mdx mice, as well as the con-
tribution of this transcription factor on disease progression
mediated by exercise.

Different from NF-kB, although the mdx group had a
lower NOX-2 gene expression when they were subjected
to exercise, there was an increase in gene expression of this
enzyme complex. This allows us to suggest that the exac-
erbation of the disease was accompanied by an increase in
oxidative stress, mediated by ROS NOX-2 production. When
investigating the role of NOX-2 and ROS in mdx diaphragm,
histopathology identified that ROS production from NOX-2
is a central event in disease exacerbation, concomitant with
myotubule disorganization, fibrosis, and loss of muscle func-
tion (Loehr et al. 2018).

There are several consequences of the ROS increase in
dystrophic muscles such as an increased DNA oxidative
damage (Whitaker et al. 2017). Analysis of the 8-OHdG
immunoexpression, a biomarker for nuclear and mitochon-
drial DNA oxidative damage, revealed that both mdx groups
showed an increased 8-OHdG nuclear immunoexpression
and, when mdx mice were subjected to exercise, this increase
occurred in cytoplasmic 8-OHdG. Therefore, exercise-
induced disease progression is accompanied by DNA oxida-
tive damage, which compromises the expression of specific
muscle genes and reduces regulatory and structural protein
synthesis, impairing the myogenic differentiation, the mor-
phology, and the functioning of the dystrophic muscle (Bou
Saada et al. 2017), collaborating with DMD progression.
Besides presenting a greater DNA damage, dystrophic cells
also show a decrease in the ability to repair this damage
to the DNA, supporting the necrosis process and accelerat-
ing the evolution of the disease (Robbins et al. 1984). DNA
oxidative damage is also pointed out as a negative influence
of extracellular matrix remodeling in DMD (Martins et al.
2021), a hallmark of exercise-induced disease progression
in mdx mice.

Although it has been described that both mdx mice and
DMD patients have high 8-OHdG levels in muscle and urine
(Nakae et al. 2005; Rodriguez and Tarnopolsky 2003), to
the best our knowledge, this is the first study to investigate
DNA oxidative damage associated with exercise-induced
DMD progression. It is unknown if the increased oxidative
damage is one of the mechanisms for disease progression or
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Fig. 7 Effect of downhill
running on the gastrocne-

mius muscle of 6-month-old
mdx mice. Exercise protocol
increased endomysial fibrosis
and decreased myonecrosis,
characterizing the acceleration
of DMD progression in adult
mdx mice. DMD phenotype pro-
gression was accompanied by
non-aggravation of myogenin
response and COX-2 in regions
of muscle fibrosis. Oxidative
stress showed a very strong
relationship with the DMD pro-
gression, observed in the non-
aggravation of the NOX-2 gene
expression and in the increase-
ment of 8-OHdG, a biomarker
for DNA oxidative damage
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if the disease progression induces DNA oxidative damage;
however, it is certain that there is a very strong relationship
between the presence of 8-OHdG and exercise-induced dis-
ease progression. Thus, future studies should investigate the
possibility of 8-OHdG as a biomarker for the DMD progres-
sion in later stages of the disease and also as a biomarker to
assess the effect of rehabilitation protocols in DMD.

Conclusion

In conclusion, we observed in the gastrocnemius muscle
of 6-months-old mdx mice that the disease progression
induced by the downhill running protocol is characterized
by a decrease in muscle necrosis and an increase in endomy-
sial fibrosis. Furthermore, it is accompanied by COX-2
immunoexpression in regions of muscle fibrosis, DNA oxi-
dative damage identified by 8-OHdG immunoexpression,
and NOX-2 gene expression (Fig. 7). These results suggest
that oxidative stress and DNA oxidative damage play a sig-
nificant role in the DMD phenotype progression induced by
exercise in later stages of the disease, compromising cellu-
lar patterns resulting in increased endomysial fibrosis. This
study collaborates with profound preclinical knowledge of
the responsiveness of dystrophic muscles in advanced stages
of disease to exercise.
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