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ARTIGO ORIGINAL

suplementação com antioxidantes. Os 
fármacos, administrados isoladamente ou 
em associação, foram capazes de atenuar a 
mionecrose nos músculos distróficos STN e 
TA, observada por diminuição significativa 
de fibras EBD-positivas e de fibras com 
núcleo centralizado, com concomitante 
aumento de fibras com núcleos periféricos. 
No músculo DIA, houve uma tendência de 
redução da mionecrose, porém esta não foi 
significativa. Usando o diâmetro mínimo 
Feret ' s ,  um parâmetro geométr ico, 
observou-se que o tamanho da secção 
transversal das fibras era semelhante nos 
músculos DIA, STN e TA distróficos 
tratados e não tratados, com exceção para o 
músculo DIA do grupo mdx ND, o qual 
apresentou aumento no diâmetro da fibra. 
Estes resultados fornecem evidências que 
NAC e DFX administrados isoladamente ou 
em combinação promove diminuição da 
mionecrose  das  f ib ras  muscula res 
distróficas e, assim, suporta investigações 
sobre a suplementação com antioxidantes 
como uma potencial terapia para as 
distrofinopatias.

ABSTRACT

T h i s  A u t h o r s  m a d e  u s e  o f 
histopathological procedures to reveal the 
effect of N-acetylcysteine (NAC) and 
D e f e r o x a m i n e  ( D F X )  a n t i o x i d a n t 
supplementation on dystrophic muscle 
fibers of mdx mice, the widely used animal 
model of Duchenne muscular dystrophy 
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RESUMO

Os Autores utilizaram procedimentos 
histopatológicos para revelar o efeito da 
suplementação com os antioxidantes n-
acetilcisteina e deferoxamina em fibras 
musculares distróficas de camundongos 
mdx, modelo experimental da Distrofia 
M u s c u l a r  d e  D u c h e n n e  e  ( D M D ) 
amplamente utilizado. O objetivo do estudo 
foi determinar alterações histopatológicas 
n o s  m ú s c u l o s  d i a f r a g m a  ( D I A ) , 
esternomastoide (STN) e tibial anterior (TA) 
de camundongos mdx após 14 dias de 
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side effects that limit their long-term use4. 
The mdx mouse also lacks dystrophin and is 
the most widely used animal model of DMD. 

T h e  s p o n t a n e o u s  m y o p a t h y  i s 
characterized by a pathological changes 
including muscle fibers with central nuclei, 
size variation, splitting, inflammatory 
infiltrate, necrosis, and elevated serum 
creatine kinase (CK) levels5,6. It has been 
reported that oxidative stress is involved in 
the  pathophysiology of  dystrophic 
muscles7. This is consistent with the 
hypothesis based on the similarities between 
the pathology in the dystrophies and the 
pathology of muscle exposed to oxidative 
stress in vitamin E deficiency8. The 
existence of a hyperoxidative status in 
dystrophic patients7and mdx mice9, suggest 
that antioxidant therapy may have b 
eneficial effects in this disease. 

R e c e n t l y  r e p o r t s  s h o w e d  t h a t 
antioxidants, as N-acetylcysteine (NAC) 
and ascorbic acid, protected dystrophic 
muscles of mdx mice against degeneration 
and inflammation10-12. A number of studies 
reported that the effect of NAC in 
combination with Deferoxamine (DFX), an 
iron chelator, is superior to NAC used alone 
in oxidative stress and inflammatory 
diseases13-15. 

We hypothesized that in vivo treatment 
with NAC plus DFX may have beneficial 
effects on muscle morphology in mdx mice 
by reducing oxidative stress. 

AIM

In the present study were examined 
histopathological observations in the 
diaphragm (DIA), sternomastoid muscle 
(STN) and tibialis anterior (TA) of untreated 
28 week-old mdx mice, compared with 28 
week-old counterparts supplemented with 
the antioxidants NAC and DFX, separately 
and in combination, for 14 days.

(DMD). The aim of the study was to 
determine the histopathological changes in 
the diaphragm (DIA), sternomastoid (STN) 
and tibialis anterior (TA) muscles of mdx 
mice following a 14 day trial with 
antioxidant supplementation. The two 
drugs, administered alone or together, were 
able to attenuate myonecrosis in dystrophic 
STN and TA muscles, as they showed a 
significant decrease in EBD-positive fibers 
and central nucleated fibers, with a 
concomitant increase in fibers with 
peripheral nuclei. In the DIA muscle, there 
was a t rend toward a reduction in 
myonecrosis, but this was not statistically 
significant. By using minimal Feret's 
diameter, a geometrical parameter, it was 
observed that the fiber cross-sectional size 
was similar in untreated and treated 
dystrophic DIA, STN and TA muscles, 
except for the ND-treated DIA muscle, 
which showed a high increase in fiber 
diameter. These results provide evidence 
that NAC and DFX alone or in combination, 
resulted in a decrease in the myonecrosis of 
dystrophic fibers and thus support further 
i n v e s t i g a t i o n s  o n  a n t i o x i d a n t 
supplementation as a potential therapy for 
dystrophinopathies.

INTRODUCTION

Duchenne muscular dystrophy (DMD), 
the second most common genetic disease in 
humans, is a lethal disorder characterized by 
lack of protein dystrophin. The main 
symptom of DMD is a progressive muscle 
degeneration of striated muscles. Muscle 
weakness progresses, leaving patients 
wheelchair-bound by their teens, with death 
occurring in their twenties owing to 
respiratory and cardiovascular failure1. 
Currently, corticosteroids are main drugs 
used to improve and prolong the life of 
dystrophic patients2,3, but have numerous 

Avaliação histológica de camundongos mdx tratados com suplementação de antioxidantes. - Luis Henrique Rapucci Moraes e cols.

Perspectivas Médicas, 25(3): 13-20, set./dez. 2014. DOI: 10.6006/perspectmed.20140302.4073708666



The DIA, STN and TA muscles were 
dissected out, snap frozen in isopentane, 
cooled in liquid nitrogen, and stored at -
70°C. Cryostat cross-sections (7 µm thick) 
were incubated in ice-cold acetone for 10 
min at 20°C, washed 3 times for 10 min in 
PBS, and mounted in DABCO (fluorescence 
mounting medium; Sigma). EBD emits a 
bright red color when analyzed under a 
fluorescence microscope. The number of 
EBD-positive muscle fibers was determined 
in all sections with a hand counter, and the 
fibers were photographed with a Nikon 
fluorescence microscope connected to a 
Hamamatsu video camera. The number of 
EBD-positive muscle fibers is expressed as 
the percentage of the total number of muscle 
fibers counted in each section. 

HISTOPATHOLOGICAL ANALYSIS

Cryostat cross-sections of the DIA, STN 
and TA muscles of 5 animals per group were 
stained with hematoxylin/eosin. Slides were 
examined under a Nikon Eclipse E400 
microscope connected to a personal 
computer and a video camera (Nikon 
Express Series). 

Nonoverlapping images of the entire 
cross-section were taken and tiled together 
using the ImagePro-Express software 
(Media Cybernetic, Silver Spring, MD, 
USA). The number of central nucleated 
fibers and fibers with peripheral nuclei, 
expressed as a percentage of the total 
number of fibers, was determined in each 
cross-section (4-5 sections per muscle). 

DETERMINATION OF CROSS-
SECTIONAL SIZE

A histopathological hallmark of the 
dystrophic muscle is the variation in muscle 
fiber cross-sectional size as a result of 
different stages of muscle regeneration5. 

For the correlation of fiber size with 
potential effect antioxidant treatment, the 
minimal Feret's diameter, defined as the 

MATERIAL  AND  METHODS

A N I M A L S  A N D  D R U G 
ADMINISTRATION

M d x  m i c e  ( C 5 7 B L / 1 0 -
Dmdmdx/PasUnib) (14 days old) received 
daily intraperitoneal injections of NAC 
(Sigma-Aldrich, Inc., St. Louis, MO), DFX 
(Sigma-Aldrich, Inc., St. Louis, MO) or 
NAC in combination with DFX at a dose of 
150 mg/kg body weight diluted in 0.1 ml 
saline, or only saline for 14 days. C57BL/10 
mice (C57BL/10ScCr/PasUnib) were used 
to control. The animal experiments were 
performed in accordance with the guidelines 
of the Brazilian College for Animal 
Experimentation (COBEA; process #2128-
1). 

EVANS  BLUE  DYE  STAINING

For morphological visualization and 
quantification of muscle fiber damage, 
Control mice (C57BL/10), mdx mice 
(saline-treated), mdxND mice (NAC+DFX-
treated), mdxN mice (NAC-treated) and 
mdxD mice (DFX-treated) of 5 animals per 
group were injected with Evans blue dye 
(EBD; Sigma, St. Louis, MO). EBD is a 
sensitive and early marker of myofiber 
damage and is widely used to study cellular 
membrane permeability16-18. 

The animals received an intraperitoneal 
injection of 1% EBD in phosphate-buffered 
saline (PBS; 0.15 M NaCl, 10 mM 
phosphate buffer, pH 7.4) at a dose of 100 
µl/10 g body weight. The mice were visually 
examined for dye uptake. Discoloration of 
all animals was observed within 1-2 h after 
intraperitoneal injection of EBD. Successful 
injection of the dye was indicated by a blue 
color of the ears and paws. Twelve hours 
later, the mice were anesthetized with a 
mixture of ketamine hydrochloride (130 
mg/kg, Francotar, Virbac, Brazil) and 
xylazine hydrochloride (6.8 mg/kg, 2% 
Virbaxil, Virbac, Brazil). 

15
Avaliação histológica de camundongos mdx tratados com suplementação de antioxidantes. - Luis Henrique Rapucci Moraes e cols.

Perspectivas Médicas, 25(3): 13-20, set./dez. 2014. DOI: 10.6006/perspectmed.20140302.4073708666



16

minimum distance of parallel tangents at 
opposing borders of the muscle fiber19, was 
calculated for at least 200 fibers of each 
muscle using the Image-Pro Express 
software (Media Cybernetics). All counts 
and measurements were done by a blinded 
observer. 

STATISTICAL  ANALYSIS

All data are expressed as mean ± standard 
deviation (SD). Statistical analysis for direct 
comparison between means of two groups 
was performed by the Student t-test and 
ANOVA was used for multiple statistical 
comparisons between groups. P≤0.05 was 
considered statistically significant. 

RESULTS

The histological appearance of control 
muscles (C57BL/10 mice) and mdx mice is 
shown in Figure 1. In the control mice, 
muscle fibers were round or roughly 
polygonal with rounded angles. In the cross 
sections, their nuclei were always found in a 
peripheral location directly under the 
sarcolemma. Muscle fibers had a relatively 
uniform diameter and no degenerating 
myofibers were observed (Figure 1A). 

Dystrophic muscles displayed evidence 
of myopathy, showing central nucleation 
indicative of muscle fiber regeneration 
(Figure 1B). At the age studied (28 days), 
about 9.2%, 35% and 43.2% of the 
dystrophic (mdxS group) DIA, STN and TA 
fibers respectively were centrally nucleated 
(Figure1C). NAC, DFX and NAC+DFX 
treatments caused a significant decrease in 
central nucleated fibers, with a concomitant 
increase in fibers with peripheral nuclei, in 
STN and TA muscles studied (Figure 1C and 
D). 

There was a reduction of central 
nucleated fibers in the treated-DIA-muscles 
accompanied by an increase in fibers with 
peripheral nuclei, but this change was not 
significant (Figure 1C and D). EBD-positive 

fibers were only seen in groups or were 
isolated in mdx mice (Figure 2A and B). In 
saline-treated mdx mice, the largest number 
of EBD-positive fibers was observed in the 
STN muscle compared to DIA and TA 
muscles (Figure 2C). NAC, DFX and 
NAC+DFX treatments caused a decrease in 
EBD staining in the DIA, STN and TA 
muscles, but this reduction was only 
significant in the STN and TA muscles 
(Figure 2C). Dystrophin-deficient DIA, 
STN and TA muscles showed an increase in 
myofiber size (Figure 3A,B and C). 

The fiber cross-sectional size was similar 
in untreated and treated dystrophic DIA, 
STN and TA muscles, except for the ND-
treated DIA muscle, which showed a high 
increase in fiber diameter (Figure 3A).  

Figure 1: Histological appearance in Sterno mastoid 
muscle of Ctrl mice (A) and mdx mice (B). In (A), 
arrowheads indicate fibers with peripheral nuclei. In (B), 
central nucleated fibers are shown by the arrows. Graphs 
showing quantification of fibers with centrally located 
nuclei ( C) and peripheral nuclei (D) in the diaphragm 
(DIA), sternomastoid (STN) and tibialis anterior (TA) 
muscles of the C57BL/10 (Ctrl), mdx (mdx), N-
acetylcysteine plus de feroxime-treated mdx (mdx ND), 
N-acetylcysteine-treated mdx (mdx N) and deferoxamine-
treated mdx (mdx D) mice. Values are expressed as the 
percentage of the total number of fibers in DIA, STN and 

a bTA muscles (n=5, p< 0.05 versus Ctrl; p< 0.05 versus 
mdx). Scale bar: 50 µm: Error bars, SD.
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Figure 3: Cross-sections of the tibialis anterior (TA) 
muscle of Ctrl mice (A) and mdx mice (B). The size of the 
muscle fibers was determined on a cross-section using the 
minimal Feret’s (arrows). In ( C) graphs showing 
quantification of diameter fiber in the diaphragm (DIA), 
sternomastoid (STN) and tibialis anterior (TA) muscles of 
the C57BL/10 (Ctrl), mdx (mdx), N-acetylcysteine plus 
Deferoxime-treated mdx (mdx ND), N-acetylcysteine-
treated mdx (mdx N) and deferoxamine-treated mdx (mdx 

aD) mice. All values are expressed as mean ± SD (n=, p< 
b0.05 versus all groups; p< 0.05 versus mdx). Scale bar: 50 

µm.

DISCUSSION 

The purpose of this study was to analyze 
whether the treatment with NAC plus DFX 
may have beneficial effects on muscle 
morphology in mdx mice. To evaluate 
histopathological changes in DIA, STN and 
TA muscles of mdx mice we assessed 

centralized nuclei, EBD-positive fibers and 
the variability of fiber sizes parameters. 
Taken together, these parameters describe 
well the degeneration/regeneration process 
of skeletal muscle seen reliably in 
dystrophic mice20. 

The histopathological results of untreated 
mdx mice the present study are in agreement 
with other studies, which address there is an 
abrupt onset of skeletal muscle necrosis 
around 21 days of age in hind limb that 
stimulates muscle regeneration21. Our 
results showed a distinct lower number of 
nuclei in the central position and the EBD-
positive fibers in DIA muscle compared to 
samples from the STN and TA muscles. 

According to the literature, the TA 
typically first manifests muscle necrosis 
from 21 days after birth22,23. Similarly the 
first signs of muscle degeneration-
regeneration were observed by 14-21 days in 
dystrophic STN muscle24. However, at 
early stages the pathology of the DIA is mild 
and different to the severe acute onset in 
limb muscles at least up to 30 days23. In 
treated mdx mice, the TA and STN muscles 
showed a decrease in permeability to EBD, 
with a concomitant increase in the 
percentage of fibers with peripheral nuclei, 
evidence that less myonecrosis occurred. In 
addition, the reduction in the percentage of 
central nucleated fibers further supports the 
lack of muscle degeneration. 

In the DIA there were no significant 
differences in morphological parameters 
analyzed between treated and untreated 
dystrophic muscles, possibly due to the low 
level of active degeneration in this muscle. 
These findings imply that the NAC, DFX or 
NAC plus DFX treatment has a protective 
effect on myofiber breakdown in limb (TA) 
and axial (STN) muscles of young mdx 
mice, which further supports its action on 
prevention of muscle degeneration. Another 
data analyzed in our experiments was the 
fiber cross-sectional size. It was verified an 
increase in the diameter of dystrophic 
muscle fibers. This phenomenon was also 
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Figure 2: EBD-positive myo fibers (arrow) indicate 
sarcolemmal leakage in diaphragm muscle fibers of Ctrl 
mice (A) and mdx mice (B). In ( C) graphs showing 
quantification of EBD-positive myofibers in the 
diaphragm (DIA), sternoma stoid (STN) and tibialis 
anterior (TA) muscles of the C57BL/10 (Ctrl), mdx (mdx), 
N-acetylcysteine plus Deferoxime-treated mdx (mdx 
ND), N-acetylcysteine-treated mdx (mdx N) and 
deferoxamine-treated mdx (mdx D) mice. Values arte 
expressed as the percentage of the total number of fibers in 

a bDIA, STN and TA muscles (n=5, p<  0.05 versus Ctrl; p< 
0.05 versus mdx). Scale bar: 50 µm: Error bars, SD.
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observed in patients with DMD and in other 
dystrophinopathic animal models25. 

An interesting finding was observed in 
DIA muscle of mdx ND group. The use of 
NAC plus DFX promoted a high increase in 
the fiber diameter. Muscle hypertrophy is 
found in most muscles in the mdx mice 
between 10 and 40 weeks of age and 
functionally compensates, in part, for the 
lack of dystrophin26,27. 

The mechanism of fiber hypertrophy with 
NAC plus DFX in dystrophic DIA muscle is 
unclear, but it could be related to insulin like 
growth factor-1 (IGF-1). Several studies 
showed that the high IGF-1 levels cause 
significant muscle hypertrophy28-30. 
Considering that the oxidative stress inhibits 
IGF-1 induction31, it seems reasonable to 
assume that NAC plus DFX may indirectly 
stimulates the expression of this factor by to 
reduce oxidative damage in mdx mice. 
Several studies have indicated that the use of 
an antioxidant in combination to an iron 
chelator is superior to its isolate use in 
several  different animal models of 
inf lammatory and oxidat ive  s t ress 
diseases13-15. 

We here demonstrated that NAC and 
DFX administered alone or together showed 
similar results. The reasons for this could be 
related to differences in the parameters 
analyzed and the pharmacologic dose 
utilized. In conclusion, the present study 
demonstrated that NAC, DFX or NAC plus 
DFX significantly attenuated myonecrosis 
in muscles of mdx mice. Although NAC and 
DFX are drugs approved for use in humans 
diseases32,33, care must be taken when 
extrapolating data from mice to humans due 
to differences in the metabolic rate, duration 
of treatment and in the progression of 
disease. Nonetheless, these results support 
further investigations of antioxidant 
supplementation as a complementary 
therapy for dystrophinopathies. 
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