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BACKGROUND

SUMMARY

Background. Dystrophic skeletal muscle undergoes fast degeneration and therapeu-
tic exercise is controversial in this condition. The aim of this study was investigate
the effects of a low-intensity training protocol on muscle fibrosis and function of the
mdx model.

Methods. Mdx male animals with 8 weeks of age were (T0; n=8) underwent a protocol
of eight weeks at a horizontal treadmill (9 m/min, 3x/week, 30 min/day). Mdx animals
were randomly allocated at the Trained group (72dx-T, n=8) or sedentary (72dx-NT,
n=8). In vivo functional measurements of strength and performance, immunolocaliza-
tion of TGF-B1 and histomorphometry of intramuscular collagen fibers were assessed
over time of protocol (T0, T4, T8) on Tibial Anterior (TA) and Soleus (SOL).
Results. Strength decreased after 4 weeks of training (T4) and was regained at T8 at
mdx-T. The percentage of intramuscular collagen fibers area decreased at SOL muscle
of mdx-T at T4 when compared to TO (p=0,025) and TA of 72dx-T had a lesser area at
T8 when compared to TA of 7dx-NT group (p=0,002). TGF-f1 was observed at the
sarcoplasm of TA and SOL muscles of #72dx-NT group, with an age-dependent change.
Conclusions. Treadmill low-intensity training provoked dystrophic skeletal muscle
adaptation of fibrosis and maintained grip strength of the 7zdx model.
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population of adult stem cells (satellite cells). In dystro-

Duchenne Muscular Dystrophy (DMD) is the most common
muscular dystrophy that affects 1:3500 boys due to an x
linked disorder with genetic inheritance. Mutations in the
dystrophin gene lead to protein expression deficiency result-
ing in muscular degeneration, necrosis and atrophy (1).
Dystrophin is typically expressed on skeletal, smooth and
cardiac muscles and on the brain but its absence on DMD
is particularly observed on skeletal and cardiac muscles (2).

The muscle damage is constant and outpaces the muscles
normal ability for self-regeneration through its resident
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phin’s absence, there is increased cellular membrane
damage (even under light muscle tension), constant necrot-
ic inflammation, and satellite cell exhaustion. Eventually,
muscle cells are replaced with nonfunctional fibrotic colla-
gen build up and adipose tissue accumulation (3) inflam-
matory cells that infiltrate at the necrosis place are a source
of transforming growth factor beta (TGF-f). TGF-p is a
multifunctional cytokine that acts in different cellular types.
Its role on the regulation of skeletal muscle inflammatory
response, inhibition of regeneration, regulation of the extra-
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cellular matrix remodeling and fibrosis promotion is well
established on literature (3), and also is positively regulated
on 7zdx muscle (4).

Skeletal muscle fibrosis increases the area of Extracellular
Matrix (ECM) on muscle sections and, as a result of the high
deposition of collagen fibers, increases of muscle stiffness
and contractibility; it limits muscle function and mobility.
Muscle fibrosis also limits the amount of available muscle
tissue to therapy and repair (4).

Important events of DMD natural history were clarified
by preclinical studies using the 7zdx model. They include
the sarcolemma mechanical fragility (5), aberrant calcium
homeostasis (6), mitochondrial distress, imbalanced oxida-
tive stress (7) and chronic inflammation (8).

The endurance training was proposed to enhance muscle
strength and avoid contractures on boys with DMD, but
the impact and beneficial mechanisms due to the endurance
exercise regimen need more research (9, 10) once the stud-
ies with 7zdx model produced inconsistent results.

High intensity training, as a horizontal treadmill running
at high speeds of 12 m/min, has been suggested to exacer-
bate muscular dystrophy (11). In the other hand, voluntary
exercise as swimming and voluntary wheel running seems
to delay the disease progression (10, 12, 13). However, an
exactly dose of these therapeutic exercise considered as of
low intensity has not been determined yet. According to
Kostek and Gordon (12) it is unknown how much stress is
necessary to induce the positive effects of exercise without
exacerbate the disease.

This study investigated the effects of chronic low-intensity
training on function and regeneration of skeletal muscle of
the 72dx model over time.

MATERIALS AND METHODS

Forty males dystrophic 7zdx mice (C57BL/10ScSn- Dmdrz-
dx/]) acquired from UniABC, Sao Paulo, Brazil (CQB-
172/02) were studied. Animals were maintained in cages on
a 12h day/12h dark inverted cycle with ambient tempera-
ture controlled at 22 °C and supplied with food and water
ad libitum. Thirty-two 7zdx animals were randomly assigned
into two groups: Trained (mdx-T, n=16) or No-Trained
(m2dx-NT,n=16) group. The other eight animals were control
(n=8) of the initial time TO. This research was approved by
the Ethics Committee on Animal Use of the Universidade
Federal dos Vales do Jequitinhonha e Mucuri (CEUA/
UFVJM), protocol n® 025/15 and meets the ethical stan-
dards of the Muscles, Ligaments and Tendons Journal (14).

Design

Training protocol began after the first assessment (TO).
One group had trained for 4 weeks — T4: Short protocol
(mdx-T=8 and mdx-NT=8) and another one had trained for
8 weeks — T8: Long protocol (72dx-T=8 and 72dx-NT=8)
(figure 1). TO was determined at the time dystrophic animals
had 8 weeks of age. The age of 8 to 12 weeks is considered
a morphological stable phase of the disease to 7zdx model

Ixfweek

Functional tests: Rotarod and grip strength;
Horizontal treadmill training: 9 m/min, 30 min/day,

Adaptation:
Rotarod and treadmill

— — Short Protocol — —

— — — — — Long Protocol — — — —

:

@“\ T6 (T8
~ .

Figure 1. Experimental design: Times of assessment and collection of biological collection. Functional measurements of mdx-T
and mdx-NT: Rotarod and Grip Strength at TO, T2, T4, T6 e T8; Biological collection at TO, T4 e T8.
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once animals have already suffered an important cycle of
degeneration/regeneration (15).

Training protocol

After an adaptation protocol (table I), 72dx-T group were
stimulated to run at a motorized treadmill (EP 131; Insight®,
Brazil) at 9 m/min. The speed was controlled at 9 m/min so
the protocol was considered of low intensity according to
previously described protocols specific to this animal model
(16). The protocol consisted of 30 min/day, 3x/week during
4 weeks (Short protocol -T4) or 8 weeks (Long protocol —
T8). Animals of 72dx-NT group were placed at the horizon-
tal treadmill with speed at Om/, 3x/week during 4 weeks
aiming to be exposed to the same environmental conditions.

Functional tests

Grip Strength and Rotarod were used as functional measure-
ments. They were assessed each 2 weeks of protocol over
time (TO, T2, T4, T6 and T8) (figure 1). Every moment
of functional measurements animals were weighted at a
semi-analytic balance (UX-420H 0,001g precision) to follow
animals well-being and also to further use to normalization
the values of grip strength avoiding the influence of weight
on this variable as described by Van Putten et al. (17).

Rotarod

Performance at Rotarod was used to assess coordina-
tion, balance, muscle strength and condition over time of
protocol (17). An automated device was used (MP13977,
Insight®, Brazil). After adaptation at the device (table II),
the mice were placed in the rotarod tube as it rotated at a
slow and steady speed of 5 rpm. The running started as soon
as all the mice were in position. The tube speed accelerated
from 5 to 37 rpm and maintained that speed. The running
time was stopped automatically when mice dropped from
the tube, as this activated the time bar positioned below the
tube, but the animals were repositioned immediately. The
test session was terminated for mice capable of running for

Table I. Adaptation protocol of mdx-T group at the treadmill.

Time Speed

4 min 2 m/min
15 min 4 m/min
30 min 6 m/min
15 min 9 m/min
30 min 9 m/min

*Adaptation protocol started at the week before the training protocol
where mdx animals were 7 weeks of age and lasted 5 days long.
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Table Il. Adaptation protocol to Rotarod.

Time Rotarod speed
250 sec 16 rpm
250 sec 25 rpm
500 sec 37 rpm

*Rotarod adaptation started at the week before the training protocol where
mdx animals were 7 weeks of age and lasted 3 days long.

500 seconds. The mice were given a maximum of two more
attempts, which allowed them to improve their execution
time when they fell earlier. The maximum execution time
(z.e. the longest of the tests) was used for further analysis (17).

Grip Strength test

The forelimb grip strength was performed with the Grip
Strength Meter (PanLLAb®, Brazil). Animals were suspend-
ed by the tail above the grid and after they grasped, they
were pulled backwards. The value of maximal force was
registered by the Grip Strength Meter. Each animal was
tested five times with one minute interval between trials.
The three highest values were averaged to calculate the
absolute strength, which was divided by the corporal mass
in grams. All measurements were made by the same blinded
investigator to avoid bias.

Muscle tissue analysis

Animals were euthanized during the protocol period: n=8
at TO, n=16 at T4 and n=16 at T8 according to CEUA
protocol n°® 025/15 seventy-two hours after the final exer-
cise session. All animals were subjected to an overdose of
ketamine hydrochloride (200 mg/kg) and xylazine hydro-
chloride (20 mg/kg), via intraperitoneal injection. Tibi-
al Anterior (TA) and Soleus (SOL) muscle were collected
and fixed in paraformaldehyde solution at 4% during 24h
and further tranfered to phosphate buffer. They were treat-
ed with increasing ethanol concentrations (70 to 100%) to
dehydrate and with xylene to clear. The samples were then
embedded in paraffin (Ervplast®) and sections of 5 mm in
thickness were obtained. The cross-sections were oven-
dried (60 °C) at a horizontal position for better adhesion
of the cuts. After deparaffinization protocol, the sections
were stained using Hematoxylin-Eosin (HE) according
to conventional histological procedures to identify histo-
pathological features. Histochemical reaction using Picros-
sirius red, a combination of Sirius red F3BA (Sigma-Al-
drich, Color Index 35780) dissolved in a saturated picric
acid solution, was used in order to distinguish collagen
from the skeletal muscle fibers.

Muscles, Ligaments and Tendons Journal 2020;10 (4)
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Intramuscular collagen fiber quantification

Slides reacted with picrossirius red were analyzed under
polarized light in 400x. Photomicrographs of ~20 sequen-
tial images of each animal studied were performed to carry
out the analysis of the whole section transverse muscle (18)
totalizing an analysis of an area of 2000 to 3000 fibers/
animal. The amount of deposition of the collagen fibers was
calculated by the percentage of the area of collagen fibers
in relation to the total area (57248.52 pm?) of each image,
through binary analysis (black/white) and expressed in
micrometers using Image]® software: “Process” > “Bina-
ry” > “Make Binary” > “Analyze” > “Set Measurements” >
selected “Area’ + Area fraction” > “Analyze” > “Measure”.

Immunohistochemical analysis (IHC)

Primary polyclonal antibodies against TGFf-1 (anti-hu-
man) (StressMarq Biosciences®), 1:750 were applied on TA
and SOL muscle sections. Sections were immersed in citric
acid solution at 0.01M, pH 6.0 and submitted to 95 °C for
30 min to antigenic recovery. Next, the blockade of endoge-
nous peroxidase with hydrogen peroxide at 3% for 40 min
was performed. Primary antibodies were applied and incu-
bated for 20 h in a damp chamber at 4 °C. After three more
rinses in Buffered Saline Solution (PBS), secondary anti-
body (N-Histofine®) was applied and incubated for 30 min
at room temperature (24 °C). THC reaction was revealed
with DAB (Chromogen/Substrate Bulk Pack, ScyTek Labo-
ratories) for 2 min. In the negative control, the primary anti-
body was omitted and all slides were counterstained with
hematoxylin.

All tissue photomicrographs for histological, histomorpho-
metrical and IHC analyses were made under an optical
microscope (LABOMED® LxPol) equipped with an Axio
CAM HRc camera and Software Capture Pro 2.9.0.1.

Data analysis

Qualitative assessments of histological, histochemical and
IHC of muscle samples were analyzed by observing three
sections from each one of the animals (n=8)/per group=5:
TO, T4 mdx-T and mdx-NT, T8 mdx-T an mdx-NT. The
descriptive statistical analysis was performed via mean and
standard error calculations (grip strength, Rotarod and
intramuscular collagen fiber quantification). Analysis of the
normality of the data was performed by the Shapiro-Wilk
test and considering normal distribution the p value > 0.05.
To detect difference between groups the Student t test anal-
ysis was conducted and to detect difference intra groups
an Analysis of Variance (ANOVA) was performed and the
Tukey test was used as post-hoc. The effect size (Cohen’s d)
was measured by Cohen’s D Test. The IBM SPSS Statistics

Muscles, Ligaments and Tendons Journal 2020;10 (4)

ver. 22.0 (IBM Co., Armonk, NY, USA) was used with the
level of significance set at p < 0.05.

RESULTS

The 7dx-T and #dx-NT groups presented an age depen-
dent increased in corporal mass, without difference between
groups. All 72dx-T animals from Short (4 weeks) and Long
Protocol (8 weeks) have finished the established treadmill
protocol completing the 30 min/session at 9 m/min. The
mean values of the length of stay at Rotarod also have not
shown difference between or intra groups (figure 2 a).

The normalized grip strength data are shown at figure 2 b-d.
There was a difference in T2 between groups (p=0.028),
with the 7zdx-T group presenting higher values at this time
(figure 2 b). There was a decrease of the grip strength values
at T4 related to the protocol training. The #2dx-T showed
difference between T2 to T4 (p=0.009), T4 to T6 (p=0.022)
and T4 to T8 (p=0.002) (figure 2D). There was an increase
of grip strength of the trained animals after the 4% week (T4)
of training until the T8.

The 7dx-NT group showed a gradual decreased on grip
strength values until T6 and a slightly increase at T8 not
superior to TO. There was significant difference between TO
to T2 (p=0.006), TO to T4 (p=0.049), TO to T6 (p=0.002),
TO to T8 (p=0.043), T4 to T8 (p=0.047), and T6 to T8
(p=0.047) times of assessment (figure 2 c).

The area of intramuscular collagen fibers of SOL muscle was
different between groups (p=0.025). At T4 (0.31 + 0.04) it
was lower than T0 to #2dx-T animals (0.48 + 0.05) (p=0.04)
(figure 3 a). The TA muscle showed different percentage
of area between groups (p=0.002). The 72dx-NT group at
T8 (0.31 + 0.03) was different from the m2dx-T group at
T4 (0.29 + 0.01) (p=0.021) and T8 (0.31 + 0.04) (p=0.001)
(figure 3 b).

For more details of Grip Strength, Rotarod and Intramus-
cular collagen deposition morphometry analysis, see the
Supplementary material.

Typical histopathological features of dystrophic skele-
tal muscle were observed at SOL and TA muscle of both
groups. Collagen fibers were distributed between muscular
fibers with thicker tracts at perimysium than at endomysi-
um. The 72dx-T group presented innumerous thinner tracts
at endomysium, mainly at T4 with thicker tracts observed
at TO than at T8, time were the collagen fibers had covered
a higher area. Tracts of mdx-NT group were thicker at
perimysium at TO when compared to T4 (figure 4).

TA muscle showed thinner collagen fibers at perimysium of
mdx-T group with the thicker ones at the perimysium of
mdx-NT group on all assessed moments, especially at T8
(figure 5).
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Figure 2. (A) Lenght of stay (seconds) at Rotarod over time of protocol training. (B) Normalized Grip Strength over time
comparing mdx-T and mdx-NT groups. (C, D) Normalized Grip Strength of mdx-NT and mdx-T. *Difference between groups,
independent t Test; horizontal bars show difference intra-group, paired t test with p < 0.05.
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Figure 3. Effect of low-intensity training on the percentage of intramuscular collagen fibers deposition. Morphometric analysis
of the percentage of intramuscular collagen fiber deposition in soleus (A) and tibial anterior (B). *Significant difference between
groups (ANOVA with post-hoc Tukey).
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Figure 4. Morphological analysis of the deposition of collagen fibers on soleus muscle of mdx-NT and mdx-T. Picrossirius red
reaction. >> Deposition of collagen fibers in the perimysium. > Deposition of collagen fibers in endomysium. Scale bar=100 ym.

melx-NT

TJ\. S \

= e L_a"’\ J

mdx-T

Figure 5. Morphological analysis of the deposition of collagen fibers on tibial anterior muscle of mdx-NT and mdx-T. Picros-

sirius red reaction. >> Deposition of collagen fibers in the perimysium. > Deposition of collagen fibers in endomysium. Scale
bar=100 pm.
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Immunolocalization of TGF-f31 has shown the presence of DISCUSSION
this pro fibrotic marker in the endomysium and perimysium  The low-intensity protocol training had maintained grip
of the TA and SOL muscles at TO, T4 and T8. It was also  strength, performance on rotarod and favored a decline
observed in sarcoplasm at TO and #dx-NT at T4 and T8  on the intramuscular collagen fibers area of tibial anterior
(figure 6, 7). muscle over time.
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Figure 6. Morphological analysis of tibial anterior muscle of mdx-T and mdx-NT groups at TO, T4 and T8, 400x, IHC. Immuno-
localization of TGF-B1 and negative control of immunohistochemical reaction. On A: Tibial anterior muscle at TO; B (mdx-T) and
C (mdx-NT) at T4; D (mdx-T) and E (mdx-NT) at T8. *Perimysium — endomysium, — A sarcoplasm. Bar: 100 um.
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Figure 7. Morphological analysis of Soleus muscle of mdx-T and mdx-NT groups at TO, T4 and T8, 400x, IHC. Immunolocaliza-
tion of TGF-B1 and negative control of immunohistochemical reaction. On A: Soleus muscle at TO; B (mdx-T) and C (mdx-NT)
at T4; D (mdx-T) and E (mdx-NT) at T8. *Perimysium — endomysium, — A sarcoplasm. Bar: 100 pm.

TGF-p1 stained at endomysium and perimysium tracts of  increase progressively with the progression of the disease
muscle fibers, as expected to dystrophic muscle. Sarcoplasm  and is positively correlated to the collagen density.

of sedentary animals was also stained to TGF-B1 at T8.  The effect of the intensity and of the time of treadmill train-
According to Ismaeel et al. (4) the expression of TGF-f1  ing protocol on forelimb strength in vivo and on corporal
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mass of 7zdx mice has been already studied (11). Our results
attest that a training of low-intensity did not worsened
muscle function of 7zdx mice. It is interesting to note that
at the moment were animals were 12 weeks old (at T4), the
length of stay at Rotarod was lower than at the beginning or
end of the 8 weeks of protocol. The same was observed to
grip strength which suffered a decline at T4.

Some studies suggest that the strength of 7zdx mice decrease
after 3 months of age (15). It is related to degeneration/
regeneration cycles that are present between 4 and 15 weeks
of age of these animals. This result is in accordance with the
forelimb strength decrease that was found in 7zdx mice of
5 to 12 weeks age that have not made other functional tests
besides grip strength or treadmill running (18). Capogrosso
et al. (19) submitted animals of 4 and 5 weeks age to a proto-
col of 12 weeks of treadmill training, at 12 m/min and also
found a decline on grip strength after 4 weeks of protocol.
Even that trained and not trained mice have not shown
difference between their grip strength (inter group), there
was a considered increase of grip strength of trained mice
between T6 to T8 that attest an adaptation to trained that
could not be observed on sedentary ones.

Exercise regulates function, morphology and metabolism
of skeletal muscle through modulation of different signal-
ing pathways (11). Also, exercise decrease dysfunctional
adipose tissue and improve oxygenation (20).

Physical exercise has been proposed as an adjuvant therapy
to humans DMD aiming to maintain muscle strength and
prevent contractures as long as possible. However, exercise
practice remains controversial once dystrophic muscle can be
damage due to excessive use (8). According to recent system-
atic reviews, besides some studies have demonstrate the bene-
fice of exercise in slow up motor function damage in young
people with DMD, more research must be conducted to
understand cardiac and respiratory function to exercise, the
effect of long-term training protocol on dystrophic muscle
and the effects of running and swimming on DMD (8, 12).
The intensity of training and age of dystrophic animals
influence the effects of exercise on dystrophic muscle. High
intensity training using forced treadmill or downhill running
causes loss of muscle strength, myofibres necrosis (21) and
fibrosis (22).

Moreover, damage-related genes as the transforming growth
factor-p1 (TGF-B1), tumor necrosis factor (TNF-a) and
tyrosine kinase c-src are severely increased, which reinforce
lesion signs and muscle dysfunction (11).

Muscles are susceptible different to damage induced by
exercise. Hindlimb muscles are directly involved in running
exercises (19). Soleus and tibial anterior muscle are hind-
limb muscles and are constituted by different fibers types
which explain their different answer to training. In general,
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tibial anterior muscle is more affected to treadmill training
because it has predominantly type II fibers (23). The fibro-
sis of tibial anterior muscle was influenced by low-intensity
training protocol demonstrating reduce values at the end of
the protocol in TA muscles of the animals that were submit-
ted to exercise. We also observed a reduction of collagen
fibers on soleus muscle after 4 weeks of protocol. Even in
the dystrophic genotype, a muscle of slow type fibers is
more resistant to mechanical challenge (11).

When fibrosis occurs, collagen not only increases its amount
but also suffers post transduction dysfunction that alters its
organization and contribute to tissue stiffness (18). Picros-
sirius red staining is one of the most known histochemical
techniques able to selectively detect tracts of collagen and
it becomes more specific when associated to the detection
under polarized light (24).

On mdx model the infiltration of immune cells reaches a
peak between 4 and 8 weeks of age (9) and fibrosis can be
seen after 10 weeks age (8), which is in accordance to our
finding on the muscle of 7zdx mice at TO (8 weeks of age).
In this way, we suggest that training had positively mediated
collagen deposition in both studied muscle at T4 and had
also kept smaller areas of fibrosis on trained mice in relation
to sedentary 7zdx mice.

Fibrosis was here studied by intramuscular collagen fibers
morphometry using picrossirius red under polarized light
and the immunolocalization of TGF-f1. It is possible to
observe that TGF-31 on mdx mice skeletal muscle is age
dependent and is located at epimysium and perimysium.
Also, at sarcoplasm and around blood vessels of sedentary
animals, features very close to intramuscular collagen fibers.
Sedentary 7zdx mice showed TGF-p1 localized at sarco-
plasm of muscle fibers, mainly at T8, time where they were
16 weeks old. TGF-P1 is generally present at epimysium and
perimysium of dystrophic muscle while on healthy muscle
no stain can be seen to this pro fibrotic marker (25).

Song et al. (1) attested that the expression of TGF-p1 is
correlated to the degree of pathology and clinic progression
of DMD. Its expression is regulated specifically at sarcoplasm
of muscle cells and at myenteric plexus of human with DMD.
Diverse animals’ studies observed answers of TGF-f§ to
muscle damage by eccentric muscle contraction, a modal-
ity of contraction proven harmful to the dystrophic muscle
(15). Studies show that levels of TGF-f3 are increased after
an eccentric muscle contraction (3).

CONCLUSIONS

As fibrosis reflects the final phase of a chronic inflamma-
tory process typical of the dystrophic muscle, we suggest
that low-intensity training can mediate the regeneration of
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muscle fibers of the hindlimb maintaining muscle strength
during a chronic protocol of exercise. The limitation of
this study is that cardiac and diaphragm muscles were not
analyzed and the profibrotic marker was not quantified.
The clinical contribution of these results is that DMD boys
in the ambulatory phase of the disease can benefit of train-
ing considered of low-intensity. Further clinical studies are
necessary to attest modalities of low-intensity training in
humans at this phase and its real effects not only on clinical
parameters but also on cardiac and respiratory muscle and
limb muscles involved on functional activities.
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