Motriz, Rio Claro, v.26, Issue 3, 2020, e10200228

Original Article (short paper)

Lack of dystrophin influences muscle inflammation but not
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Abstract - Aim: To investigate the consequences of chronic eccentric exercise in histopathology, inflammatory,
and myogenic regulatory factors response in gastrocnemius muscle of X-chromosome-linked muscular dystrophy
(mdx) mice. Method: Male mdx and control mice (C57BL/10 lineage) were distributed in the following groups:
Sedentary Control (SC), Trained Control (TC), Sedentary Mdx (S-Mdx), and Trained Mdx (T-Mdx). Trained animals
were subjected to downhill running for 7 weeks. Gastrocnemius was submitted to histopathological analysis and
immunoexpression of Cyclooxygenase-2 (COX-2) and myogenic regulatory factors (myoD and myogenin). Results:
The exercise influenced inflammation response as demonstrated by the increased COX-2 immunoexpression in T-MdXx.
Interestingly, Myogenic regulatory factors revealed that the lack of dystrophin has not been influenced myoD and the
increase of myogenin occurred due to exercise and was not aggravated by the absence of dystrophin. Conclusion: In
conclusion, an eccentric exercise in gastrocnemius of mdx mice was characterized by an intense inflammatory process
without myogenic response. These findings suggest that special attention should be given to inflammatory aspects
related to COX-2 associated with a decrease of myoD expression, as biomarkers in motor rehabilitation programs.
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Introduction

Duchenne muscular dystrophy (DMD) is caused by a muta-
tion in dystrophin, a critical muscle protein that connects the
cytoskeleton and the extracellular matrix'. It is a rare muscle
disorder related to a deficiency in the gene responsible for coding
dystrophin?. The absence of dystrophin damages skeletal muscle
during contractions* and this lesion requires repetitive cycles of
muscle fiber degeneration and regeneration.

The pathology of DMD involves muscle damage. After the
injury, quiescent satellite cells are activated by inflammatory
cells and up-regulate members of myogenic regulatory factors
expression, myoD, and myogenin, in order to regulate myogenesis
process’. myoD stimulates differentiation of satellite cells into
myogenic cells and activates myogenin, which is characterized
by the promotion of the differentiation and development of
myofibrils and myotubes*. Therefore, myogenin is an important
modulator of cell cycle exit during differentiation, while myoD
is involved in the determination of myogenic cells®. During
muscle regeneration, several substances including prostaglandins
are released as a product of fiber degeneration®. Prostaglandin
synthesis is performed by enzymes called cyclooxygenase
(COX), among them a pro-inflammatory mediator COX-2".
After muscle injury, COX-2 expression is induced in the early
stages of muscle repair to activate satellite cells myoblasts
proliferation and myoD expression increases®. However, it is

well established that overexpression of inflammatory markers
contributes to increased fibrosis process.

In DMD disease, there are many strategies aiming to improve
patients’ quality of life and slow down the progression of the
disease and prevent complications, considering that there is no
effective therapy available for this disease. These strategies are
based on induced pluripotent stem cells as a powerful techno-
logy in drug discovery?, improvement of pre-clinical models',
application of pharmacological agents that slow the progression
of the disease!, and motor rehabilitation programs based on
motor and functional recovery and complications prevention.
According to Gaiad et al.'2, motor objectives in physical therapy,
such as to improve quality of life and prevent complications, are
clear. In addition, Kostek!'* describes motor physical therapy to
focus on splinting, to prevent contractures and maintain flexi-
bility, and non-weight bearing physical activity, such as water
exercises, to provide a mild muscle stimulation. Meanwhile,
Gaiad et al.”? and Kostek!® reported intense physical exercise
(training) contradictions, needing further analysis due to the
difficulty in identifying the ideal intensity and frequency that
do not damage the muscle. Therefore, is necessary a precision
exercise therapy'?, which is according to the genetic variation,
disease staging, and response to specific targeted therapies. To
evaluate the precision exercise therapy, are important to consider
a panel of biomarkers outcomes to the severity and progression
of the disease and response to treatment'*.
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Therefore, preclinical studies on the mdx mouse model are
important and could allow us to clarify the influences of the
dystrophin deficiency on skeletal muscle post-exercise and
biomarkers involved. In mdx mice, eccentric exercise promotes
sarcolemma rupture and an increased inflammatory profile of
exercised skeletal muscle and accelerates regeneration/degen-
eration muscle cycle'®. Although eccentric exercise in DMD is
associated with an accelerated process of muscle degeneration,
the inflammatory and myogenic regulatory factors as well as the
relationship between them have not been elucidated. In this way,
the muscle-injury-inducing exercise was chosen in this study to
investigate, in a preclinical model of DMD, biomarkers involved
in this process. Therefore, this study aimed to investigate the
consequences of chronic eccentric exercise in histopathology,
inflammatory, and myogenic regulatory factors response in
gastrocnemius muscle of mdx mice.

Methods

Animals, groups and eccentric exercise protocol

Male eight-week-old C57BL/10 lineage (control mice) and
C57BL/10-Dmd™* (a spontaneous DMD Mdx mutant mice that
do not express dystrophin) were randomly assigned to one of the
four groups (n=5): Sedentary Control (SC), Trained Control (TC),
Sedentary Mdx (S-Mdx) and Trained Mdx (T-Mdx). The animals
were obtained from Fundagdo Oswaldo Cruz, Manguinhos — RJ
(FIOCRUZ-Manguinhos), and they were kept at the laboratory
animal house of the Department of Bioscience in a tempera-
ture-controlled room (22°) with a 12h-12h light-dark cycle and
free access to water and food. The study was performed according

Table 1- Histopathology scoring system

Lack of dystrophin and muscle after exercise in mdx mice

to the guide proposed by the National Council for the Control
of Animal Experimentation (CONCEA). All procedures were
approved by the Animal Ethics Committee in the Use of Animal
of the Federal University of Sao Paulo, Brazil (8165240614).

Aiming to generate the muscle-injury inducing exercise,
trained groups were subjected to eccentric exercise treadmill
protocol, a downhill running. The first week was used to adapt
the animal to a treadmill. After adaptation week, animals
were subjected to daily running on a motorized treadmill
with negative inclination (-15°) at 14m/min for 60 minutes,
for 7 weeks. The first 10 minutes of each session was used
to progressively reach a speed of 14m/min. Each session of
the exercise was of high intensity for the mice. The exercise
protocol was adapted by Taniguti et al'®. After exercise, sixteen-
week-old animals of all groups were euthanized with a lethal
intraperitoneal injection of Ketamine (150mg/Kg) and Xylazine
(30mg/Kg). Gastrocnemius muscle was dissected and fixed in
10% formalin phosphate buffer for 24h. The specimens were
routinely embedded in paraffin blocks and cut in transversal
sections (4 pm). The slides were stained with hematoxylin
and ecosin (H&E).

Histopathological and morphoquantitative analysis

Histopathological analysis was conducted by H&E evalua-
tion. In addition, a semi-quantitative assessment was performed
by the muscle histopathological score (0-10) as described by
Carter et al.'” The histopathology score was performed blinded
by M.C. Lazzarin for each muscle group and, according to this
evaluation, 0 represents a lack of histopathological alterations
and 10 represents intense inflammatory infiltrate with complete
tissue degeneration (Table 1):

Numerical Score

Skeletal Muscle Histopathology

0 No abnormal findings

1 Mild localized mononuclear cell infiltration

2 Mild multifocal mononuclear cell infiltration, rare necrotic fibers

3 Moderate generalized mononuclear cell infiltrations, occasional necrotic fibers
4 Moderate cell infiltration including PMN, mild multifocal necrosis

5 Marked cell infiltration including PMN, moderate multifocal fiber necrosis

6 Marked cell infiltration including PMN, moderate generalized fiber necrosis

7 Severe cell infiltration including PMN, marked multifocal fiber necrosis

8 Severe cell infiltration, hemorrhage possible with severe fiber necrosis

9 Massive cell infiltration, hemorrhage possible with severe generalized fiber necrosis
10 Massive cell infiltration, and complete loss of tissue architecture

PMN, polymorphonuclear cells.
Carter et al., 2
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Morphometric analysis was investigated by muscle fibers
cross-sectional area, as performed by Shavlakadze et al.'®,
Timpani et al.”” and Timpani et al.?’, using mdx animals. For
this purpose, one cut from all six sections stained with H&E
for each animal was chosen randomly. Five fields from each
section chosen were photographed with a 40x objective lens
(Axio Observer.D1, Zeiss®, Thornwood, NY, USA). To mea-
sure the area of muscle fibers, a delimited area of 10,000pm?
standardized by a test frame was considered?®'. All cells located
within this delimited area were measured and the area values
were obtained in um?. The distribution frequency of the muscle
fibers cross-sectional area was presented in a histogram.

Immunohistochemical analysis: Myogenic regulatory
factors (myoD, myogenin) and inflammation (COX-2)

The paraffin of serial muscle sections (4 pm) was removed
with xylene and sections were rehydrated in graded ethanol and
then pre-treated with 0.01 M citric acid buffer (pH 6) in a mi-
crowave for 15 min at 850 W for antigen retrieval. The sections
were pre-incubated for 5 min in 0.3 % hydrogen peroxide in
phosphate-buffered saline (PBS) solution to inactive the en-
dogenous peroxidase. Then the material was blocked with 5 %
normal goat serum in PBS solution for 10 min. Specimens were
incubated with primary antibodies: anti-MyoD (dilution 1:100,
clone 5.8A, sc-32758, Santa Cruz Biotechnology), anti-myogenin
(dilution 1:100, clone SFD, sc-52903, Santa Cruz Biotechnology),
and anti-COX-2 (dilution 1:100, clone M19, sc-1747, Santa Cruz
Biotechnology). Sections were incubated overnight at 4°C in a
refrigerator. Then they were washed in PBS and incubated with
biotin-conjugated secondary antibody anti-rabbit IgG (Vector
Laboratories, Burlingame, CA) at a dilution of 1:200 in PBS for
30 min, washed with PBS, followed by the application of per-
formed avidin-biotin complex conjugated to peroxidase (Vector
Laboratories) for 30 min. Then continued with the application
of a 0.05 % solution of a 3-3-diaminobenzidine solution and
counterstained with Harris hematoxylin (Merck). Negative con-
trols were analyzed by omitting the primary antibody from the
staining procedure. Additionally, internal positive controls were
performed with each staining bath.

Both, myoD and myogenin were investigated by analyzing
immunoreactive nuclei density (% immunoreactive nuclei). The %
immunoreactive nuclei were calculated from five random photo-
micrographs per animal and were carried out using a computerized
imaging system (software Axio Visio 4.5 Zeiss) with an objective
magnification of x40. The number of myoD and myogenin immu-
noreactive nuclei were counted by an evaluator and expressed as a
percentage relative to the number of total nuclei*!?2. Cytoplasmatic
immunoexpression (COX-2) was established to determine the
percentage of the immunoreactive area (% immunoreactive area),
calculated from five random photomicrographs per animal, and
were carried out using a computerized imaging system (software
Axio Visio 4.5 Zeiss) with the objective magnification of x40.
The percentage of immunoreactive COX-2 area was quantified as
a COX-2-immunomarked percentage relative to the total image
field taken?, using the mentioned software.
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Statistical treatment

All data are expressed as mean + standard deviation (SD).
Gastrocnemius muscle was evaluated by analysis of variance
(ANOVA) with two factors (group and exercise), and followed
with a Tukey’s test for multiple comparisons, when necessary.
P<0.05 was considered to be statistically significant. All analysis
was performed using the R Core Team software (R Core Team,
Vienna, Austria).

Results

Effects of exercise on histopathological and
morphoquantitative parameters

C groups (SC and TC) sections for gastrocnemius muscle
exhibited fibers with peripheral nuclei, a polygonal shape, and
homogeneous morphology. In contrast, Mdx groups (S-Mdx and
T-Mdx) showed a wide variety of morphology (polygonal and
round muscle fibers), different sizes, centralized and peripheral
nuclei, fiber necrosis, and inflammatory infiltrate (Figure 1).

Histopathological score revealed that Mdx groups had
higher scores than C groups (p<0.05). Eccentric exercise
training did not influence the histopathology of the gastroc-
nemius (Figure 2A).

Mdx groups showed muscle fiber cross-sectional area val-
ues between 50 and 4.300pum? and Control groups had a lower
numerical range between 200 and 2.100 um?. A comparative
analysis between groups revealed that control groups presented
two frequency peaks: 500-700pum? and 1.100-1.300pum?. In con-
trast, the Mdx groups showed only one peak of distribution fre-
quency between 200-400pum?. Note that T-Mdx presented higher
frequency (27%) on peak than S-Mdx, with 20% (Figure 2B).

Effects of exercise on myogenic regulatory factors
(myoD and myogenin) and inflammatory response
(COX-2)

Both, myoD and myogenin immunoexpression were detect-
ed in muscle fiber nuclei. Gastrocnemius of Mdx, in general,
had a lower percentage of myoD immunoreactive nuclei than
Control groups (p<0.05) and eccentric exercise did not cause
differences among the groups. Concerning myogenin, Mdx
groups (S-Mdx and T-Mdx) had a lower percentage of immu-
noreactive nuclei than C groups. However, it was observed
that eccentric exercise was able to increase the percentage of
immunoreactive nuclei in the C group (TC>SC) and Mdx group
(T-Mdx >S-Mdx) (Figure 3-4).

COX-2 immunoexpression in gastrocnemius evidenced
higher immunoreactivity area in Mdx groups when compared
to C groups (p<0.05). Regarding the eccentric exercise effect,
it was verified that the exercise exacerbated the inflammatory
response investigated by COX-2 (p<0.05) (Figure 5-6).
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Gastrocnemius

Figure - 1 Effects of exercise on gastrocnemius muscle of mice stained with H&E. SC and TC groups presented fibers with equidistant space, homogeneous size and peripheral nuclei.
S-Mdx arrows and prominence image indicate intense inflammatory infiltration. Asterisk shows rounded cells undergoing degeneration process. Thin arrows and prominence image in
T-Mdx indicate cells with heterogeneous size, centralized nuclei, moderate inflammatory infiltration, and asterisk demonstrates cells in necrosis. Bar =50pm.
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Figure - 2 Histopathological score (A) and muscle fiber cross sectional area frequency distribution (B). The graph (A) shows gastrocnemius histopathological score (Mean + S.D.) of
Mdx groups were higher than C groups (*=p<0.05). The graph (B) shows muscle fiber area frequency distribution of gastrocnemius muscle and arrows show peaks of frequency.
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Figure - 3 Effects of exercise on both myoD and myogenin immunoexpression of gastrocnemius muscle. Thin arrows highlight nuclear immunoexpression. Bar = 50pm.
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Figure - 4 Both, myoD (A) and myogenin (B) graphs show the percentage of immunoreactive nuclei (Mean + S.D.). In (A), the percentage of myoD
immunoreactive nuclei in Mdx groups were lower than C groups (*=p<0.05). In (B), the percentage of myogenin immunoreactive nuclei in Mdx groups were
lower than C groups (*=p<0.05). In addition, TC was higher than SC group (#=p<0.05) and T-Mdx was higher than S-Mdx group (&=p<0.05).

COX-2
_ —

Figure - 5 Effects of exercise on COX-2 immunoexpression. Asterisks in S-Mdx and T-Mdx shows connective tissue thickening in infiltrate inflammatiory areas.

In T-Mdx head arrows shows cytoplasmatic immunolabeling. Bar=50pm.
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Figure - 6 Graph shows the percentage of COX-2 immunoreactive area (Mean + S.D) higher in Mdx groups than in C groups (¥*=p<0.05); and T-Mdx higher
than S-Mdx group (&=p<0.05).
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Normal dystrophin (Control mice)
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Figure - 7 Schematic response of biomarkers in Control (normal dystrophin) and Mdx (lack of dystrophin) mice after eccentric exercise training. After training, Control mice increase
myogenin and do not alters myoD and COX-2 immunoexpressions. Regarding mdx mice, lack of dystrophin provokes decrease of myogenic regulatory factors (myoD and myogenin)
and increase of COX-2. After eccentric exercise training, myoD immunoexpression in mdx do not alter but myogenin increase and COX-2 had exacerbated response. Note that the

increase of myogenin occurred due to exercise and not aggravated by lack of dystrophin.

Discussion

The relationship between a panel of biomarkers and exercise
outcomes is necessary to establish an indication of disease pro-
gression and motor treatment response. Therefore, this study of
the pre-clinical mdx mouse model allows clarifying the influence
of the dystrophin deficiency on skeletal muscle after exercise as
well as biomarkers involved, considering that a chronic eccentric
exercise program associated with the accelerated process of muscle
degeneration was chosen. The main results revealed that eccentric
exercise provokes exacerbated inflammatory response by COX-2
increase in Mdx trained group, but, at the same time, the response
of myogenic regulatory factors (myoD and myogenin) revealed
that the lack of dystrophin has not been influenced myoD and
the increase of myogenin occurred due to exercise and was not
aggravated by the absence of dystrophin (Figure 7).

The muscle researched suffered the direct influence of phys-
ical exercise, because gastrocnemius, responsible for animal
locomotion has been widely recruited in treadmill protocols.
In addition, it has been well established that gastrocnemius
muscle is composed of a mix of fiber types, representing one
good model for muscle morphological and functional features.
Downhill running is an eccentrically biased exercise used as a
tool to generate muscle damage. In muscle of rodents, downbhill
running promotes muscle membrane rupture and elevations in
plasma CK, local inflammation with aggregations of leukocytes,

and regeneration with satellite cell activation®’. However, in the
mdx mice, whose regeneration capacity is compromised, chronic
downhill running protocol increase muscle fibrosis and decrease
forelimb strength?. Mdx mice showed typical histopathological
alterations® with rounded cell and centralized nuclei, heterogenic
sizes of fibers, and big spaces between muscle fascicles. In addi-
tion, results revealed high histopathological scores obtained by
the presence of cells in the degeneration process or necrosis and
inflammatory infiltrate. Despite the large differences between
control groups and Mdx groups in histopathological findings,
interestingly eccentric exercise did not aggravate the Mdx group
because no statistical difference was found between sedentary
and trained mice.

In our investigation, different degrees of involvement were
introduced in the analysis of the muscle fibers cross-sectional
area, and data collected corresponded to a wide variation
in fiber size and necrotic fibers presence accompanied by
inflammatory infiltrate. These characteristics contributed to
the high heterogeneity of muscle fibers cross sectional area in
Mdx mice. According to Duddy et al.?’, the heterogeneity of
skeletal muscle fibers of mdx mice is composed of hypotro-
phy, hypertrophy, and hyperplasia processes. Because of the
heterogeneity of muscle fibers cross-sectional area in Mdx, this
study analyzed the range of fibers area and frequency peaks.
Gastrocnemius fibers of mdx mice had a higher percentage of
cells with reduced size associated with a very wide range of
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cell size (up to 4.300pum?), while the control group presented
cell size up to 2.100um?, in general. A large percentage of cells
with reduced size identified in this study possibly corresponds to
the increased number of myonuclei per muscle fibers in growth
for regeneration attempt. Conversely, the larger size of some
fibers found in Mdx groups is in line with the wide variety of
round fibers identified in the histopathology. Notably, T-Mdx
presented a higher percentage of small fibers than S-Mdx. These
muscle fibers with a small area can be represented by myoblast
proliferation stimulated by exercise.

The morphometric changes found in dystrophic muscle
and the effect of exercise may be related to muscle regener-
ation mechanisms, as the expression of myogenic regulatory
factors, myoD, and myogenin. Following injury, satellite cells
are activated and differentiate into myoblasts, stimulated by
myogenic regulatory factor myoD. The myoblasts upregulate the
expression of myogenin, promoting to the exit of the cell cycle,
maturation, and fusion of myoblasts to form newly regenerating
myofibers®. Therefore, myoD expression is essential to satellite
cell proliferation and differentiation into myoblasts, while the
myogenin is expressed during myoblast formation, stimulated
maturation, and generating the muscle fiber®. Our data showed
reduced regenerative capacity in mdx mice, with low values
for myoD and myogenin when compared with control groups.
This indicates that differentiation and proliferation of satellite
cells, as well as the maturation of myotubules, were injured by
muscular dystrophy. Gastrocnemius mdx animals had lower
myoD immunoreactive nuclei than the Control group. In this
study, muscle mdx mice have not been influenced by exercise
probably because of the age of the animals evaluated (consid-
ered young). In fact, according to Dellorusso et al.?’, muscles
of mdx mice appear to experience increased susceptibility to
contraction-induced injury with age.

The myogenin expression in gastrocnemius showed lower
values in mdx animals than in the control groups. However,
eccentric exercise promoted increased myogenin immunore-
activity in mdx and Control animals after eccentric exercise
(TC>SC and T-Mdx>S-Mdx). Similar results about the effects
of exercise were observed by Siu et al.’®, which reported in-
creased expression of myogenin after physical training in rats.
As expected, myogenin expression has been increased in T-Mdx
due to activated repair in the latter stages of differentiation as
a result of muscle hypertrophy characterized by higher fiber
calibers stimulated by exercise. However, interestingly this
increment of myogenin after eccentric exercise in dystrophic
mice occurred in the control group as well because myogenin
of trained control mice was higher than sedentary mice. In a
study of the role of myogenin in mdx mice, Meadows et al.’!
concluded that although myogenin expression is elevated in Mdx
mice, myogenin is not required for survival or progression of
muscular dystrophy. Therefore, in this study, we suggest that
the increase of myogenin occurred due to exercise and was not
aggravated by a lack of dystrophin.

To understand the role of the inflammatory response caused
by eccentric exercise in mdx mice, we investigated the COX-2
immunoexpression on gastrocnemius muscle. Several stud-
ies have demonstrated that COX-2 plays a crucial role after
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skeletal muscle injury using different experimental models®32.
Nevertheless, studies investigating COX-2 immunoexpression
in mdx muscle mice as a consequence of a chronic excentric
program response were not performed so far COX-2 plays a
crucial role in the initial process of muscle regeneration, acti-
vating satellite cells and myoblasts proliferation of increased
myoD expression®. In this study, greater COX-2 immuno-
expression in Mdx groups was observed in the same space
occupied by the altered conjunctive tissue corresponding to
necrotic and fibrotic lesions. This characterizes a chronic state
of inflammation in dystrophic muscle, as described by Martinez
et al.¥, who detected the progress of the inflammatory process
related to COX-2 expression in mice dystrophic muscle. T-Mdx
showed greater COX-2 immunoexpression when compared
with the S-Mdx group. Increased COX-2 immunoexpression in
dystrophic muscles is due to eccentric exercise that promotes
mechanical disruption of the sarcolemma, increasing the
local inflammatory process to achieve tissue regeneration. In
addition, chronic inflammation in dystrophic muscle analyzed
histologically and by COX-2 immunoexpression, stimulates
pro-fibrotic factors, increasing extracellular matrix, and stim-
ulating fibrotic process®*. In this study, gastrocnemius suffers
exacerbated inflammation effect of eccentric exercise because
due to a lack of dystrophin, leading to an undesirable increment
of inflammatory muscle profile.

Conclusion

In conclusion, an eccentric exercise in gastrocnemius of mdx
mice was characterized for an intense inflammatory process
without myogenic response, since myoD was not altered and
the increase of myogenin occurred due to exercise and was not
aggravated by lack of dystrophin. According to the data collected,
the undesirable effects of exercise in skeletal muscle of DMD
disease are related mainly to the inflammation process resultant
from a decreased capacity of regeneration, and the expression
of COX-2 is associated with a decrease of myoD expression
serves as an indicator for motor programs of rehabilitation
exercise. There are very few studies that examined exercise in
DMD patients or experimental models, and COX-2 response
in limb reinforces the understanding, as it is well established
in the literature, that extensive exercise can represent a serious
disadvantage in DMD. Future studies are necessary to better
understand less invasive methods of monitoring exercise (e.g.
the levels of inflammatory mediators and myogenic regulatory
factors response in blood and urine) in DMD patients on therapy
and during day-to-day activities, with aiming to maintain the
maximum muscular integrity possible as the disease progresses
and in response to motor rehabilitation programs.
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