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Abstract

Duchenne muscular dystrophy (DMD) is a lethal X-linked recessive neuro-
muscular disorder caused by mutations in the dystrophin encoding gene, with
the characteristics of a severe and progressive destruction of muscle structure
and function. Skeletal muscle fibrosis is one of the pathological features of
DMD. Tetramethylpyrazine (2,3,5,6-tetramethylpyrazine, TMP) has been
demonstrated to reduce heart and liver fibrosis. Meanwhile, previous studies
showed that Tetramethylpyrazine nitrone (TBN), a nitrone derivative of
TMP, has promising therapeutic effects in several neurodegenerative models
and is more potent than TMP. In this study, we investigated the potential ef-
fect of TBN on the mdx mouse model of DMD. Eight-week-old mdx mice
were administered with TBN (30 mg/kg) intragastrically twice daily, with
deflazacort (1 mg/kg) once a day as a positive control, for a total of 24 weeks.
Behavioral tests including pole-climbing open-field test were monitored every
4 weeks. Histopathological assessment was conducted in the gastrocnemius
and diaphragm muscles. The effects of TBN on protein levels of dysferlin
were measured by immunohistochemistry. TBN significantly reduced the
climbing time in pole test and increased the total distance moved in an
open-field test of mdx mice. TBN attenuated fibrosis in the gastrocnemius and
diaphragmatic muscles. In addition, TBN protected gastrocnemius muscle fi-
bers via increasing expression of the dysferlin in mdx mice. In conclusion,
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this study demonstrated that TBN could improve the motor deficits and
muscle pathology of mdx mouse, and it is worth further exploring the me-
chanism of action of TBN for DMD treatment.
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1. Introduction

Duchenne muscular dystrophy (DMD) is a lethal and incurable disease, which is
the most common and severe form of muscular dystrophy in newborn. It results
from X-linked defects in dystrophin gene, leading to life-threatening complica-
tions as respiratory and heart muscles are affected [1]. The latest data compiled
from a global newborn screening study indicate that the prevalence rate is ap-
proximately 1:5000 for male newborns [2]. DMD patients usually present with
muscle weakness at between 2 and 3 years of age, lose their ability to walk during
childhood, and eventually succumb to respiratory and cardiac failure in their
teens or early twenties [3]. Clinically studied treatment methods include gluco-
corticoid therapy, gene therapy, and stem-cell therapy. The only drug that can
effectively slow down the progression of the disease is deflazacort, a corticoste-
roid, which was approved by the US FDA in 2016. However, long-term usage of
deflazacort would cause a series of adverse reactions such as weight gain, im-
munosuppression, behavioral disorders, and cataracts [4]. New drugs or thera-
pies with fewer adverse effects for DMD treatment are still urgently needed.

The mdx mouse bearing a closer resemblance to human DMD pathology was
recommended as the model for preclinical tests and proof-of-concept studies
[5]. In the mdx mouse model, muscle degeneration, necrosis and fibrosis are
caused by dysfunction of the sarcolemma [6]. Fibrosis contributes directly to
muscular dysfunction and inhibits muscle regeneration in mdx mouse. And,
skeletal muscle fibrosis is a characteristic of muscle dystrophies [7]. Disrupting
calcium homeostasis, primarily calcium overload, and increased oxidative stress
are hallmarks of dystrophic muscle [8].

TMP, the major active ingredient of Ligusticum wallichii Franchat (Chuan-
xiong), demonstrated activity to reduce liver fibrosis in a previous study [9].
TMP attenuated gastrocnemius (GAS) muscle atrophy by increasing the sup-
pression of Ca’'/reactive oxygen species [10]. TBN (2-[[(1,1-dimethyle-
thyl)oxidoimino]-methyl]-3,5,6-trimethylpyrazine) is a novel nitrone derivative
of TMP with remarkable effects on calcium overload blockade, free radi-
cal-scavenging and mitochondrial oxidative stress reduction [11] [12]. Addi-
tionally, TBN could maintain mitochondrial function, improve motor system
function and skeletal muscle coordination in vivo [13]. Taking advantage of the
beneficial effects of TBN, therefore, we investigated the potential effects of TBN
on the mdx mouse model of Duchenne muscular dystrophy.
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2. Materials and Methods
2.1. Reagents and Antibodies

Deflazacort was purchased from Beijing Puyihua Technology Co., Ltd. (Beijing,
China). 0.01 M PBS (pH 7.2) was purchased from Wuhan Servicebio Technology
Co., Ltd. (Wuhan, China). The hematoxylin-eosin (H & E) staining kit was pur-
chased from Nanjing Institute of Biological Engineering (Nanjing, China). Mas-
son tricolor dyeing kit was purchased from Solarbio (Beijing, China). An-
ti-dysferlin antibody (ab124684) was purchased from Abcam (Cambridge, MA,
USA).

2.2. Animals

Seven-week-old male mice, including both wild-type controls (C57BL/10ScSn)
and the mdx mice on a C57BL/10ScSn background, were purchased from Nanj-
ing Biomedical Research Institute (NBRI) of Nanjing University, China. All mice
were housed 4 - 6 per cage at room temperature with a 12-hour night-day cycle
and were fed with pellets and water ad libitum. Mice were allowed to adapt to
the environment for 1 week before beginning experimentation. All animal pro-
cedures were performed in accordance with the US NIH’s “Guide for the Care
and Use of Laboratory Animals” and approved by the Animal Ethics Committee
of the Guangzhou University of Chinese Medicine, China (approved number #
20181104002).

2.3. Experimental Design

For a 24-week course of therapy, male mice (n = 43; 8 weeks of age) were ran-
domly divided into 4 groups: the wild type group (n = 11, saline, twice a day,
gavage), the model group (n = 12, saline, twice a day, gavage), the TBN treat-
ment group (n = 10, 30 mg/kg, twice a day, gavage as previously reported [11])
and the deflazacort treatment group (DFZ, n = 10, 1 mg/kg, once a day, ip given
as previously reported [14]). The reason we chose TBN (30 mg/kg) was that in
the previously study for the therapeutic effects of TBN (10 mg/kg, 30 mg/kg, 60
mg/kg) on SOD1%*# mouse model of amyotrophic lateral sclerosis, TBN (30
mg/kg) had the most obvious improvement in the behavior and fibrosis of
SOD1%%** mice (Not yet published). At the end of study, diaphragm (DIA) and
gastrocnemius (GAS) muscles were collected for pathological evaluation because
DMD present with progressive muscle degeneration of respiratory (DIA) and
appendicular (GAS) muscles [15].

2.4. Behavioral Tests

To evaluate the effects of TBN on motor coordination and spontaneous loco-
motor activity, the pole-climbing and open-field tests were performed. Beha-
vioral tests were performed every 4 weeks after 8 weeks of drug administration.
Open-field test was used to assess the locomotor and exploratory activity of animals

in a new environment. Motor function was also evaluated with a pole-climbing test.
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Open-field test and pole-climbing test were conducted according to our previous

publication [16].

2.5. Isolation and Preparation of Gastrocnemius and Diaphragm

Thirty-two-week-old mdx mice and WT mice were euthanized with 0.1% pen-
tobarbital sodium (0.15 mL/10 g). After perfusion with ice cold 0.01 M PBS (pH
7.2), the muscles were isolated. The left part of each muscle specimen was re-
moved and stored at —80°C while the right part was fixed with paraformalde-
hyde for 24 hours and embedded in paraffin.

2.6. Immunohistochemistry Analysis for Dysferlin

To reveal sarcolemmal dysferlin expression, the transverse section of the ga-
strocnemius was treated with 3 % H,O, for 10 min. to quench endogenous pe-
roxidase activity. It was then blocked for 1.5 h in 1% Triton, 10% normal bovine
serum (FBS) in PBS at room temperature. The slides were then incubated with
rabbit-anti-dysferlin (1:200 dilution) at 4°C overnight, followed by incubation
with the appropriate conjugated secondary antibodies for 1 h. Tissue coloration
with 3,3-diaminobenzidine was observed under an inverted microscope (Zeiss,
Germany), then finally blocked with a neutral resin. Quantitative analyses of the
images in gray scale were performed using Image-Pro Plus 6.0. Mean integrated
optical density was plotted on the abscissa, and groups were plotted on the ordi-

nate for statistics.

2.7. Histological Staining and Analysis

Paraffin-embedded gastrocnemius and diaphragm tissues were cut into 4-um
sections and dried at 37°C overnight. H & E and Masson staining were con-
ducted according to our previous report [17]. Histological images were acquired
on a digital scanning microscopy imaging system (M8, Precipoint, Germany) un-
der 20x and 40x objectives. The percentage of the blue area to entire tissue area,
which reflects the level of fibrosis, was calculated by Materials Image Processing
and Automated Reconstruction (MIPAR™) software [18].

2.8. Statistics

Data were presented as mean + SEM. One-way analysis of variance (ANOVA) or
two-way ANOVA followed by Tukey’s multiple comparison test was performed
to compare all treatment groups using Prism (GraphPad6.0) software. Differ-

ences with p < 0.05 were considered significant.

3. Results
3.1. TBN Improves Behavioral Deficits in mdx Mice

The mdx mice exhibited remarkably prolonged climbing times starting from
eight weeks of administration, which indicated that the mdx mice had decreased

motor coordination ability compared with that of age-matched WT mice
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(Figure 1(A)). Deflazacort improved mdx mice’s uncoordinated movement
during the 24 weeks of treatment. Administration of TBN from the eighth week
until the 24" also significantly (p < 0.05) alleviated the mice’s deteriorating
coordination. In the open-field test, mdx mice displayed a significant reduction
in total distance moved when compare to the WT mice group after 12 weeks of
experimentation; the distance moved continued to decrease with time (Figure
1(B)). Treatment with TBN significantly (p < 0.05) improved the total distance

moved by the mdx mice and increased their spontaneous movement.

3.2. Effect of TBN on Muscle Fiber Size in mdx Mice

After H&E staining (Figure 2(A)), the fiber cross-sectional area of the gastroc-
nemius muscle was measured. The percentage of muscle fibers with cross-sectional
areas of <200 um? was higher in mdx mice than in WT mice (Figure 2(B)). After
TBN’s administration, the percentage of muscle fibers less than 200 um?* decreased
and the proportion of muscle fibers greater than 200 um? in cross-sectional area

increased, similar to the DFZ group.

3.3. Effect of TBN on Dystrophic Skeletal Muscles of mdx Mice

The amount of fibrosis in the gastrocnemius and diaphragmatic muscles in mdx

mice was greater compared to that of the WT mice group (Figure 3(A) and
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Figure 1. TBN improves behavioral deficits in mdx mice. (A) Climbing time on pole test;
(B) total distance traveled in open-field test. Data are expressed as mean + SEM, *P < 0.05,
#P < 0.01 and **P < 0.001 relative to wild type mice; *P < 0.05, ** P < 0.01 and ***P < 0.001
relative to mdx mice, analyzed by two-way ANOVA with Tukey’s multiple comparisons test.
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Figure 2. TBN attenuates the decrease in muscle fiber size of mdx mice. (A) Representative figures of
cross-sectional muscle fibers by H&E staining. (B, C) Distribution of cross-sectional areas of gastrocne-
mius muscle fibers in wild-type, model, TBN-treated and DFZ-treated mice. Each group is comprised of
six mice.
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Figure 3. TBN reduces fibrosis in dystrophic skeletal muscle of mdx mice. (A, B) The Masson staining
images of gastrocnemius (GAS) and diaphragm (DIA) muscles in different mice groups. The extent of to-
tal collagen staining (blue) in GAS and DIA were used as a marker of fibrosis. Scale bar = 200 um. (C, D)
Quantitative analysis of the total collagen staining of the gastrocnemius (C) and diaphragm (D). Data are
expressed as mean + SEM, #P < 0.01 and **P < 0.001 relative to wild type mice; *P < 0.05 relative to mdx
mice, analyzed by one-way ANOVA with Tukey’s multiple comparisons test. Each group is comprised of
six mice.
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Figure 3(B)). Treatment with TBN significantly (p < 0.05) attenuated fibrosis in
the GAS (Figure 3(C)). However, the effect of TBN on fibrosis in the DIA was
no statistically (p > 0.05) difference (Figure 3(D)).

3.4. Effect of TBN on Dysferlin Expression on the Surface of the
Gastrocnemius Muscle Cell Membrane

Immunohistochemical staining was performed to assess dysferlin abundance in
the gastrocnemius (Figure 4(A)). Histological comparison of the mdx mice and
WT mice, indicated that the amount of dysferlin on the surface of the gastroc-
nemius muscle cell membrane was reduced in the mdx group. The expression of

dysferlin in TBN-treated mice was higher than that in saline-treated mdx mice.

4. Discussion

The open-field test and pole test are experimental test used to evaluate general
locomotor activity levels [19]. Muscle atrophy and necrosis were evaluated by
analyzing the cross-sectional area of the gastrocnemius muscle in mice [20]. Si-
multaneously, ameliorating muscle fibrosis has been considered a viable ap-
proach for DMD treatment [21]. Thus, Masson staining was used to assess the
fibrosis status of gastrocnemius and diaphragm [22]. In addition, dysferlin plays
an important role in membrane fusion and muscle membrane repair in skeletal
muscle fibers [23].

TBN treatment improved motor function in mdx mice and enhanced both
spontaneous motion and motor coordination in mdx mice. Then, TBN improved
muscle morphological change in mdx mice and reduced the proportion of mus-

cle fibers with a cross-sectional area less than 200 um?, suggesting that TBN can
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Figure 4. TBN increases dysferlin expression in gastrocnemius of mdx mice. (A) Repre-
sentative images of dysferlin staining in gastrocnemius by immunohistochemistry. (B)
Quantitative analysis of dysferlin expression on sarcolemmal surface. Data are expressed
as mean * SEM, *P < 0.05 relative to mdx mice, analyzed by one-way ANOVA with Tu-
key’s multiple comparisons test. Each group is comprised of six mice.
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reduce the atrophy of gastrocnemius muscle fibers. In addition, TBN signifi-
cantly attenuated fibrosis in the gastrocnemius and increased dysferlin expres-
sion on the surface of the gastrocnemius muscle cell membrane.

The mdx mouse model is widely used for DMD research as it presents similar
skeletal muscle pathology to DMD patients at 3 to 8 weeks of age [24]. In addi-
tion to being valuable for screening anti-nutritional drugs, mdx mice lack func-
tional dystrophin, much like human DMD. The experiment was designed to se-
lect eight-week-old mice for treatment for 24 weeks to better evaluate the effica-
cy. Due to the complexity of the molecular pathways involved in the pathophy-
siology of disease progression, it is difficult to identify all molecular participants
involved in DMD pathology. Alter et al [25] have shown that morpholino
phosphorodiamidate AONs induce expression of functional dystrophin in
body-wide skeletal muscles of the dystrophic mdx mouse, resulting in improved
muscle function. Nelson et a/ [26] have shown that delivering the CRISPR-Cas9
system to the mdx mouse model of DMD with adeno-associated virus can re-
move the mutated exon 23 from the dystrophin gene and increase dystrophin
expression, thus also improving muscle function. Improving muscular fibrosis
may also be a viable treatment to improve overall muscle condition [21].

TBN, a derivative of TMP, has a powerful free radical scavenging nitrone
moiety that can not only improve skeletal muscle fibrosis, regulate inflamma-
tion, protect nerves, and improve animal behavioral disorders, but also reverse
the expression of apoptosis-related proteins [11] [12] [13]. In this study, our da-
ta indicates that TBN treatment provides significant behavioral improvements in
mdx mouse over the existing DMD treatment. We speculate that TBN may pro-
tect muscle functions by ameliorating muscle fibrosis and facilitating muscle
membrane repair through dysferlin improvement. Previous studies identified
that TBN is a powerful free radical scavenger against oxidative stress [12] [13]
Moreover, TBN could maintain calcium homeostasis and mitochondrial func-
tion, improve motor system function and skeletal muscle coordination in vivo
[12] [27] [28] The improvement in muscular function in the mdx mouse model
of DMD exhibited by TBN could be attributed, at least partly, to the calcium
overload blockage and mitochondrial function improvement. However, more

mechanistic studies of TBN need to be conducted.

5. Conclusion

In conclusion, TBN improved motor function, reduced muscle fibrosis, and im-
proved the atrophy of the gastrocnemius muscle in the mdx mouse. These findings

suggest that TBN may be effective in the treatment of muscular dystrophy.
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