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SUMMARY: Duchenne muscular dystrophy (DMD) is a genetic neuromuscular disorder with progressive clinical signs until
death, around the second decade of life. Mdx is the most used animal model to pre-clinical studies of DMD. Parameteys ohexerci
this muscular disease are still unknown. This research aimed to investigate if the low intensity treadmill training wobktexaee
markers of muscle injury, fibrosis, and the composition of the extracellular matrix by type I and Il collagens of the rhdxyisioojehic
11-week-old male mice were separated in exercised (mdxE, n=8) and sedentary (mdxC, n=8) groups. Wild-type mice were used as
control (WT, n=8). Exercised group underwent a LIT protocol (9 m/min, 30min, 3days/week, 60 days) on a horizontal treadmill.
Gastrocnemius muscle was collected at day 60 and processed to morphological and morphometric analyzes. Sedentary mdx animals
presented inflammatory infiltrate and necrotic fibers. Histochemical analysis revealed that the perimysium of the mdx@gmoiges
into thick and clustered collagen fibers, which generates a larger area of intramuscular collagen fibers for these aoimuafshbfisetry
attested that fraction area of collagen fibers of mdxC group was higher than mdxE group (p=0.04) and mdxE group valeed/Jimilar
group (p=1.00). Centrally located nuclei fibers and the variance coefficient (VC) of minimal Feret's diameter was simd&ranand
mdxC groups (p=1.00) and both groups presented higher mean values than WT group (p<0.00). Immunohistochemistry revealed the
presence of type | collagen mainly in the mdxC group. LIT protocol had not exacerbated muscle injuries resulting froraghmdystr
deficiency membrane fragility at the same time that had reduced the intramuscular collagen deposition. LIT had posigregdinflu
these markers of dystrophic muscle injury on gastrocnemius muscle of mdx model.
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INTRODUCCION

Duchenne Muscular Dystrophy (DMD) is afragmented sarcolemma (Brigwedtal, 2004; Manret al,
progressive, X-linked recessive genetic disease that affee@l1; Nakamura & Takeda). In addition, there is an aberrant
1: 3500 male births. DMD is marked by the lack ofepair of the muscle tissue that is gradually replaced by
dystrophin, the major protein of the dystrophinmuscle fibrosis as a result of a chronic inflammatory
glycoprotein complex (Nakamura & Takeda, 2011iesponse (Manet al; Holland et al, 2016). Muscular
Hyzewiczet al, 2015). fibrosis has functional consequences such as increased

muscle stiffness and reduced functionality (Smith &

The absence of dystrophin leads to mechanicBlarton, 2014; Serrano & Mufioz-Canoves, 2017). The main
changes in muscle fiber, as repetitive cycles of degeneratiggilagen fibers in muscle tissue are collagen fibers type
and regeneration, resulting in high percentage of myofibeit mainly located at perimysium and Type I, more present
with central nucleus; fiber size heterogeneity anth endomysium (Mackegt al, 2005; Hollancet al).
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The natural progression of the disease leads samilarity of fibrosis and muscular deterioration between
progressive muscle weakness, loss of ambulation abilitymans and mdx mice age-matched. See schematic Figure 1
around 12 years old, cardiorespiratory complications amtbtted with these similarities between both species according
death around the second or thirty decade of life. Physidalthe literature (Briguedt al; Ground<t al, 2008; Barnabei
therapy acts in a multidisciplinary way aiming to giveet al, 2011; Hyzewiczet al, 2015). This research was
supportive therapy to these patients. However, it epproved by the Ethics Committee on Animal Use of the
uncertain if exercise is beneficial or deleterious to skeletdhiversity Federal dos Vales do Jequitinhonha e Mucuri
dystrophic muscle (Gianokt al, 2013) once the absence(CEUA/UFVJIM), protocol number 017/2011.
of dystrophin leads the muscle fiber susceptible to exercise-
induce injury (Manret al). Training protocol. Animals of mdxE group underwent a

low-intensity training (LIT) protocol on a horizontal

The most used animal model for pre-clinical studieseadmill (EP 131, Insight®, Brazil) 30 min/day, 3 times a
of DMD is the mdx mouse (Manning & O'Malley, 2015;week for 8 weeks at a velocity of 9 m/min. The speed was
Hyzewiczet al, 2015). The mdx mouse shows absence abntrolled at 9 m/min so the protocol was considered of
dystrophin and has genetic and biochemical homology lmw intensity (Kacsoet al, 2007). Before the experimen-
humans DMD but its phenotype is considered milthl period, animals underwent a period of adaptation in
(Manning & O’Malley). order to familiarize with the treadmill and speed, which

was gradually increased between the sessions. Animals of

Trying to elucidate the best frequency, type anthe mdxC and WT group were sedentary and exposed to
modality of exercise for DMD, the mdx mouse has beehe same variations of illumination and noise level.
used to attest the effects of different modalities such as
swimming, voluntary wheel running, Rota-rod® andSkeletal Muscle CollectionTwenty four h after the final
motorized treadmill (Hyzewicet al, 2015). These studies exercise session, all animals were subjected to an overdose
have brought some insight of what should, or should nof ketamine hydrochloride (200 mg/kg) and xylazine
be applied to skeletal dystrophic muscle but there is nohgdrochloride (20 mg/kg), via intraperitoneal injection
consensus once major of them use a high intensity trainif@EUA protocol n°017/11). The lateral gastrocnemius
that exacerbates the progression of the disease and attastcle (GAS) of the pelvic right limb were collected and
the efficacy of some method of intervention. fixed in paraformaldehyde solution at 4 %.

The objective of this study was to investigate iHistological and histochemical analysisMuscle samples
the low intensity treadmill training would exacerbate thevere treated with increasing ethanol concentrations (70 to
morphological features such as markers of muscle injudQ0 %) to dehydrate and with xylene to clear. The samples
fibrosis, and the composition of the extracellular matriwere then embedded in paraffin (Ervplast®) and sections
by Type | and Il collagens of the mdx model. of 5um 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
MATERIAL AND METHOD sections were stained using Hematoxylin-eosin (HE) to
identify histopathological features. Histochemical reaction
using Picrossirius red, a combination of Sirius red F3BA
Sixteen male dystrophic mdx mice (C57BL/10ScSntSigma-Aldrich, Colour Index 35780) dissolved in a
Dmdmdx/J) and controls wild-type (C57BL/10) acquired fronsaturated picric acid solution, was used in order to
Fiocruz Institute (Rio de Janeiro, RJ, Brazil) were used in thiistinguish collagen from the skeletal muscle fibers.
study. Animals were maintained in cages on a 12h day/1Bthotomicrographs were made under an optical microscope
dark cycle with ambient temperature controlled at 22 °C afdABOMED® LxPol) equipped with an Axio CAM HRc
supplied with food and wated libitum The mdx mice were camera and Software Capture Pro 2.9.0.1.
randomized into two groups: Exercised group (mdxE, n = 8)
and Sedentary group (mdxC, n = 8). A control group waSentrally located nuclei (CLN) quantification.
composed by wild-type mice and denominated WT (n = 8Rhotomicrographs of the HE slides were performed in
At the beginning of the exercise protocol, animals were 1MI00x, sequentially, in different fields, not overlapping and
weeks old. The age of 8 to 12 weeks is consideredtlae images were analyzed using ImageJ® software. ~2000
morphological stable phase of the disease once animals havescle fibers per animal were analyzed to determine the
already suffered an important cycle of degeneratiorpercentage of muscle fibers that presented CLN in relation
regeneration. Also, at this age there is an already descrildedotal fibers (Dubach-Powettt al, 2014).
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Minimal Feret's diameter (MFD) quantification. The 95°C for 30 min to antigenic recovery. Next, the blockade
minimal Feret's diameter is the minimum distance obf endogenous peroxidase with hydrogen peroxide at 3 %
parallel tangents at opposing margins of the muscle fibfer 40 min was performed. Primary antibodies were applied
(Briguet et al). The variance coefficient (VC) of the and incubated for 20 h in a damp chamber 4Z 4After
minimal Feret’s diameter (MFD) was determined from HEhree more rinses in buffered saline solution (PBS),
stained sections from 400x images from the musciecondary antibody (N-Histofine®) was applied and
samples with integrity of sarcolemma. VC of a minimunincubated for 30 min at room temperature {23. IHC
of 100 muscle fibers per animal (de Britical,, 2006) was reaction was revealed with DAB (Chromogen/Substrate
analyzed using ImageJ® software. Bulk Pack, ScyTek Laboratories) for 2 min. In the negative
control, the primary antibody was omitted and all slides
Intramuscular collagen fiber quantification. Slides were counterstained with hematoxylin.
reacted with picrosirius red were analyzed under polarized
light in 100x. Photomicrographs of ~5 sequential imagd3ata analysis.Qualitative assessments of histological,
of each animal studied were performed to carry out thestochemical and IHC of muscle samples were analyzed
analysis of the whole section transverse muscle (Smithl& observing three sections from each of the animals (n =
Barton). The amount of deposition of the collagen fibei®) per group (3). The descriptive statistical analysis was
was calculated by the percentage of the area of collagegrformed via mean and standard deviation calculations
fibers in relation to the total area (964819.0%) of each (CLN quantification, VC of MFD and intramuscular
image, through binary analysis (black/white) and expressedllagen fiber quantification). Analysis of the normality
in micrometers using ImageJ® software. of the data was performed by the Shapiro-Wilk test and
considering normal distribution the p value>0.05. To detect
Immunohistochemistry analysis (IHC). Primary difference between groups the analysis of variance
polyclonal antibodies against collagen (anti-mouse) typ€&NOVA) was performed and the Bonferroni test was used
I and Il (Abcam®), 1:100 and 1:250 dilution were applieds post hoc. The IBM SPSS Statistics ver. 22.0 (IBM Co.,
on the muscle sections, separately. Sections were immersechonk, NY, USA) was used with the level of significance
in citric acid solution at 0.01M, pH 6.0 and submitted tset at p<0.05.
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Fig. 1. Scheme detailing the pelvic limb muscle degeneration progression and its relation between humans
DMD and the mdx mice model. Adapted from Brigaeal (2004), Groundst al (2008) Barnabest al.

(2011) and Hyzewicet al. (2015).
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RESULTS

%) (p<0.00) (Fig. 3A). This same behavior was observed to
the VC of the MFD: mdxE (345#814.3) and mdxC
(343.1+:34.4) presented similar heterogeneity of their

Qualitative analysis showed the presence ahiofibers (p=1.00) and higher variability than WT group
heterogeneity and centrally located nuclei of muscle fibé207.829.5) (p<0.00) (Fig. 3B).
from mdxE and mdxC groups (Fig. 2A-C). Animals of mdxC

group also presented necrotic fibers and inflammatory

infiltrate (Fig. 2B). MdXE (65.86.9 %) and mdxC (62+F.2
%) animals showed similar values of fiber with CLN indystrophic animals, exercised or sedentary. Collagen fibers
relation to the total number of fibers (p=1.00). These botif WT animals are organized in thin tracts at perimysium
groups presented higher CLN fibers than WT groupH22 and endomysium (Fig. 4A-C). The perimysium ofrtinexC

The collagen fibers are organized in thick tracts in
the perimysium and thin bundles in the endomysium of all

WT

Hematoxilin-eosin
y
A

A R e 2

Fig. 2. Morphological analysis of gastrocnemius muscles of mdxE, mdxC and WT groups at 60 days of LIT protocol, 400x, HE
staining; O heterogeneity of muscle fibers, centrally located nucle#, inflammatory infiltrate and] necrosis. Bar = 1Q0m.
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Fig. 3. Percentage of muscle fibers with centrally located
nuclei (CLN) (A) and VC of Minimal Feret's Diameter
(MFT) (B). Mean values of mdxC and mdxE are
statistically different from mean values of WT groups in
both graphics. *Mean values are statistically different at

5 % attested by Anova, post-hoc Bonferroni.

474

group is organized into thick and clustered collagen fibers,
which generates a larger area of intramuscular collagen
fibers for these animals (Fig. 4B). The percentage area of
intramuscular collagen fibers deposition of mdxC group
was higher (4.23.3) than mdxE (1#0.9) (p=0.04) and
WT (1.1+1.1) (p=0.03) groups (Fig. 5).

Collagen fibers type | are located at perimysium
and collagen fibers type Il at endomysium and perimysium
of WT (Fig. 6). On dystrophic animals, Collagen type | is
located also at endomysium (Fig. 6B) staining thicker tracts
on mdxC group.

DISCUSSION

Dystrophic muscle is susceptible to injury-induced
by exercise training and the effects of physical training on
muscle fiber morphology are still controversial (Giaretla
al.; Hyzewiczet al, 2015). Most studies that have analyzed
the treadmill training on mdx mice model used a high
intensity of training. This high intensity treadmill training
has shown deleterious effects on dystrophic muscle such as
higher amount of muscle injury area (Capogretst 2017),
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Fig. 4. Histochemical reaction with picrossirius red (A, B and C) and photomicrographs under polarized light (D, E and
F) of gastrocnemius muscle of mdxE, mdxC and WT animals, 100x. On A, B, C, D, E and F: > collagen fibers at
endomysium and >> collagen fibers at perymisium. * represent tracts of collagen fibers. Banx 100

* *

N
g 5
f * Fig. 5. Quantification of intramuscular collagen fiber
-:“: . deposition of mdxE, mdxC and WT groups. Mean values
& of mdxC are statistically different from mean values of
g, mdxE and WT groups. *Mean values are statistically
§ . different at 5 % attested by Anova, post-hoc Bonferroni.
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Fig. 6. Morphological analysis of gastrocnemius muscles of mdxE, mdxC and WT groups at 60 days of LIT protocol,
400x, IHC; immuno-localization of Type | (A, B and C) and Type Ill (D, E and F) collagen and negative control of
immunohistochemical reaction in WT animal muscle (G). On A, B, C, D, E andIfimunolocalization of collagen

fiber in perimysium.-| Immunolocalization of collagen fiber in endomysium. Bar: iih0
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fragmented sarcoplasm, inflammatory cells (Radley-Crabb Regarding the type of collagen fiber deposition on
et al, 2012), higher muscular fibrosis area and increas@dramuscular fibrosis, collagen Types | and Il are located on
collagen fibers Type | (Pessim al, 2014) on exercised the same tissue in different proportion which defines the
mdx mice. features of the tissue (Macketal). Collagen fibers Type Il
are observed during the regeneration process of the skeletal
Until we know, few studies have investigated the lownuscle (Mackeyet al) and these fibers were observed in
intensity treadmill training (Faigt al, 2001; Kaczoetal, sedentary and exercised animals at endomysium and
2007) and they have shown that this modality and intensiperimysium. It shows that regeneration process as the markers
of training was physiologically beneficial to the mdx miceof muscle injury was not directly affected by the LIT training
model. here employed. Different from collagen fibers Type IlI,
collagen fibers Type I that is commonly observed at the end
Recent studies using other modalities of nonef the muscular regeneration process and have a lower
voluntary exercise training, as Rota-rod and swimming, haflexibility feature (Lieber & Ward, 2013), was seen in both
also shown beneficial effects on dystrophic muscle. Thealystrophic groups but stained thinner tracts on endomysium
described reduction of necrotic and inflammatory infiltratenuscle fibers of exercised mdx animals.
areas (Frinchiet al, 2014), modulation of antioxidant
enzymes (Fontanat al, 2015) and reduction of skeletal LIT treadmill training has no significant influence on
dystrophic muscle inflammatory process of mdx moddésion injury markers of gastrocnemius dystrophic muscle,
(Hyzewicz et al, 2017). The results of these researchamce the process observed was the same on sedentary and
reinforces that modalities of non-voluntary training and aéxercised animals. The presence of inflammatory infiltrate and
low intensity can bring beneficial responses of the dystrophiecrotic cells on sedentary mdx animals muscle could lead to
muscle of the mdx model even though few of them havbe higher amount of intramuscular fibrosis detectable at the
investigated morphological parameters of the dystrophénd of the experimental protocol. The immunolocalization of
muscle. collagen fibers Type | and Il was the same on both dystrophic
groups and the feature of thinner tracts of the collagen fibers |
Our results show that animals that underwent on Llfeinforce the mainly found of this investigation that shows
treadmill training showed similar amount of centrally locatethat LIT training affected dystrophic gastrocnemius muscle
nuclei fibers and similar variability of the muscle fiberin a beneficial way.
diameter, both markers of muscle injury (Brigwttal.;
Dubach-Powel) to the ones of sedentary dystrophic animals. Low intensity training provoked positive effects on
Morphologically we can see that skeletal muscle of sedentaggstrocnemius muscle of mdx mice model once it had reduced
mdx animals presented inflammatory infiltrate areas arttie intramuscular fibrosis deposition and had not exacerbated
necrotic fibers that were not seen on exercised mdx animalse markers of muscle injury.
Moreover, the amount of intramuscular fibrosis area of
sedentary mdx animals are similar to the ones already describ@gro, pP. A. F.: MACHADO, A. S. D.: LIBORIO, L. R.: SAN-
to mdx mice at this age (Salimeegal, 2004). On the other TOS, A. P.; OLIVEIRA, M. X. & GAIAD, T. P. El entrenamiento de
hand, exercised mdx animals showed similar values to wildaja intensidad provoca adaptaciones en la fibrosis muscular de un
type animals and significantly lower values than the madx thEedelo de distrofia musculant. J. Morphol., 36(2}71-477, 2018.
have not underwent LIT training. This result of higher

intramuscular area of sedentary mdx animals reflects the  RESUMEN: La distrofia muscular de Duchenne (DMD) es
un trastorno neuromuscular genetICO con signos clinicos progresivos

aberrant re_pa'r proceS_S_Of the dyStrOp_h'C mUSCIe tissue Whmta la muerte, alrededor de la segunda década de la vida. Mdx es el
presents higher deposition of connective fibers and leads tggelo animal mas utilizado para estudios preclinicos de DMD. Los

non-functional tissue (Serrano & Mufioz-Canoves). parametros del ejercicio en esta enfermedad muscular ain se desco-
nocen. Esta investigacion tuvo como objetivo investigar si el entrena-

Fibrosis is a final result of a chronic inflammatorymiento de cinta de baja intensidad exacerbaria los marcadores de le-
process on dystrophic muscle due to the absence of dystropﬂﬁ'i‘ muscular, fibrosis y la composicion de la matriz extracelular por

(Smith & Barton; Fontanat al, 2015). We have shown that colagenos tipo 1y lll del modelo mdx. Ratones machos de 11 semanas
this modality r,:md intensit’y of training affected thede edad con distrofia se separaron en grupos ejercitados (mdxE, n = 8)
sedentarios (mdxC, n = 8). Se usaron ratones de tipo salvaje como

intramuscular fibrosis in a beneficial way but furthel%:/ontrol (WT, n = 8). El grupo sometido a ejercicio se sometié a un
investigations are required to explain if LIT has delayed th@otocolo LIT (9 m / min, 30 min, 3 dias / semana, 60 dias) en una
formation of an intramuscular fibrosis or if it was reorganizeeinta de trotar horizontal. El misculo gastrocnemio se retiré el dia 60

by the contraction-induced adaptations on skeletal musgise procesoé para realizar andlisis morfolégicos y morfométricos. Los
tissue. animales sedentarios mdx presentaron infiltrado inflamatorio y fibras
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necréticas. El analisis histoquimico revel6 que el perimisio del grugganola, S.; Pecoraro, V.; Lambiase, S.; Gatti, R.; Banfi, G. & Moja, L.
mdxC esta organizado en fibras de colageno gruesas y agrupadas, I&fficacy of muscle exercise in patients with muscular dystrophy: A
gue genera una mayor area de fibras de colageno intramusculares pargyStematic review showing a missed opportunity to improve outcomes.
estos animales. La histomorfometria indico que el &rea de fraccion de”-0S One, §(6¢65414’ 20.13' . _
las fibras de colageno del grupo mdxC era mas alta que el grupo m unds, M. D.; Radl?y’ H. G.; Lynch, G. S.; Nagaraju, K. & De Luca, A.
S owards developing standard operating procedures for pre-clinical
(p= 0,04)y|0_s valores del gr,upo deE eran similares al grupo WT (P testing in the mdx mouse model of Duchenne muscular dystrophy.
=1,00). Las fibras de los nlcleos ubicados centralmente y el coefi- Neoyrobiol. Dis., 31(£)1-19, 2008.
ciente de varianza (VC) del diametro minimo de Feret fueron similgpiiand, A.; Murphy, S.; Dowling, P. & Ohlendieck, K. Pathoproteomic
res en los grupos mdxE y mdxC (p = 1,00) y ambos grupos presenta-profiling of the skeletal muscle matrisome in dystrophinopathy
ron valores medios mas altos que el grupo WT (p <0,00). La associated myofibrosi®roteomics, 16(2345-66, 2016.
inmunohistoquimica revelo la presencia de colageno tipo | principdlyzewicz, J.; Ruegg, U. T. & Takeda, S. Comparison of experimental
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d.ef.lf:le.nma de distrofina al m,lsmo tiempo qL.Je h?bla red.L.JCIdO la deﬁ'& T.; Ruegg, U. T.; Vater, A. & Takeda, S. Low-intensity training andythe
sicion intramuscular de colageno. LIT ha influido positivamente en
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