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Abstract: Introduction: Doxorubicin-induced skeletal muscle wasting is common clinically, and its side effect seems
to be associated with patient prognosis. Approaches to preventing skeletal muscle wasting are currently limited.
Niclosamide ethanolamine (NEN) can restore body weight and can counteract the side effects of doxorubicin on
the kidneys. However, the protective effects of NEN on skeletal muscle have not been investigated. The purpose
of the present study was to investigate the protective effects of NEN on the muscles of mice exposed to doxorubi-
cin and their underlying mechanisms. Materials and methods: Male BALB/c mice were used to induce an animal
model through a single intravenous injection of doxorubicin and then the mice were randomly assigned to a control
(CTRL) group, a doxorubicin group, and a doxorubicin+NEN group. Mice from the doxorubicin+NEN group were fed
regular chow supplemented with 2 g/kg NEN in their diet. After two weeks of treatment, muscle strength, running
ability, muscle weight, fiber cross-sectional area, fiber type distribution, and the ultrastructure of the muscles were
evaluated to verify the protective effects of NEN. Results: With two weeks of treatment, our experiment found that
NEN strengthened the muscle force and improved the mice’s running endurance. It increased the mass of TA, EDL,
and GAs muscle significantly. NEN also alleviated the muscle morphological alterations. It restored the fiber cross-
sectional area and thickened the Z-lines of sarcomere. NEN might shift the fibers from type Il to type | which might
increase mitochondria biogenesis. Moreover, NEN inhibited the p38 mitogen-activated protein kinases (p38 MAPK)
and forkhead class O 3a (FoxO3a) activation in the muscles of mice exposed to doxorubicin. Conclusion: This study
provides initial evidence that NEN protects the muscles of mice exposed to doxorubicin. The mechanisms might be
associated with its inhibition of p38 MAPK-Fox0O3a activation.
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Introduction

Doxorubicin, an anthracycline chemotherapeu-
tic drug, has been used to treat a variety of can-
cers. The side effects of its administration are
also common and thus have limited its applica-
tions. Skeletal muscle wasting is one of its
prominent side effects, which is a devastating
condition resulting in a reduction of the quality
of life and in high mortality [1]. The prevention
of skeletal muscle wasting might have the
benefit of promoting patients’ prognosis [2].
However, drugs that arrest muscle wasting are
few.

Niclosamide is a classic anthelmintic drug
widely used to treat parasitic infection. NEN is a
salt form of niclosamide, applied to treat many
types of diseases including type 1 [3] and type
2 diabetes [4], cancers [5], and renal diseases
[6] etc. Importantly, our previous study demon-
strated that NEN had the renal protective effect
in doxorubicin-induced kidney disease mice [7],
an indication that NEN might counteract the
side effects of doxorubicin. However, the eff-
ects of NEN on muscle wasting have not been
elucidated. Interestingly, our recent study found
that NEN can restore the body weight of strep-
tozocin (STZ)-induced diabetic mice [3] and the
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weight of the skeletal muscles [Unpublished
data]. Muscle mass and fatty tissue are the
most important factors contributing to total
body weight [8]. Accordingly, we proposed that
NEN might prevent muscle wasting induced by
doxorubicin.

Mechanisms of muscle wasting induced by
doxorubicin are greatly complex. A growing
body of evidence has demonstrated that the
activation of MAPKs is detected in the wasted
muscle tissue or cells induced by doxorubicin in
vivo and in vitro [9, 10]. FoxO3a, as a transcrip-
tional factor, is a downstream of p38 MAPK,
and has been proven to be an important mole-
cule relating to muscle atrophy [11, 12]. More-
over, the inhibition of MAPKs and its down-
stream cascade might prevent muscle wasting
induced by chemotherapy [13].

Taking this into account, we aimed to deter-
mine the effect of NEN on muscle exposed to
doxorubicin and to explore the potential mech-
anisms.

Materials and methods
Animal model

All the procedures of our animal study were
approved by the Guangzhou University of
Chinese Medicine Institutional Animal Care and
Use Committee and in accordance with the rel-
evant guidelines and regulations. Male BALB/c
mice were purchased from the Laboratory
Animal Center of Southern Medical University
(Guangzhou, China) and were housed in the
Central Animal Facility of Shenzhen Graduate
School of Peking University at a constant room
temperature (20 + 1°C) under a controlled 12 h
light to 12 h dark cycle. Water and food were
freely accessible. The experimental mice
(weighing 20-25 g) were randomly assigned to
three groups: the doxorubicin group (DOX
group, n = ©); the doxorubicin+NEN group
(DOX+NEN group, n = 6); and the control group
(CTRL group, n = 6). Mice from the DOX and the
DOX+NEN groups were injected with doxorubi-
cin (10.4 mg/kg, Sigma Aldrich, St. Louis, MO,
USA) dissolved in normal saline via the tail vein.
The CTRL group mice were injected with an
equivalent volume of normal saline. Two weeks
after the doxorubicin exposure, chow supple-
mented with 2 g/kg NEN (2A PharmaChem,
Lisle, IL, USA) was used to feed the DOX+NEN
group mice. According to our previous study,
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the suitable dose of NEN supplemented in the
diet was determined to be 2 g/kg in this experi-
ment [7]. The CTRL and DOX group mice were
fed a regular diet as before. The treatment last-
ed for two weeks. The mice’s body weight was
measured every 7 days. The food intake per
mouse was measured by determining the home
cage food consumption weight every 1-2 weeks.

Grip strength and running test

Grip strength was measured using a dynamom-
eter for mice (ZH-YLS-13A, Anhui Zhenghua Bio-
logical Instrument Equipment Co. Ltd., Huaibei,
China). Limb grip strength was performed fol-
lowing the previous procedure with a modifica-
tion [14]. The PC interface software automati-
cally sensed compression or tension and re-
corded the peak value (in mV). The calibrate
factor was measured by using a standard
weight (1.98 Newtons). Limb strength (in
Newtons) was calculated by peak value (in mV)
x calibrate factor. For this assay, three mea-
surements were performed for each mouse
and the average of the measurements was
used for the analysis.

The running test was done using a treadmill for
mice (ZH-PT, Anhui Zhenghua Biological Instr-
ument Equipment Co. Ltd., Huaibei, China).
After being acclimated to treadmill running on
the day before the experiment, the mice were
run on the treadmill for 4-6 min, with the run-
ning distance and the times of the electric
shocks recorded automatically. The running
ability was expressed using electric shocks
per mile every second (Shocks/mile/s).

Tissue preparation

The mice were sacrificed two weeks after the
NEN treatment (four weeks after doxorubicin
injection). The tibialis anterior (TA), the soleus
(SOL), the extensor digitorum longus (EDL), and
the gastrocnemius (GAs) were dissected and
weighed. The TA muscle tissues were fixed in
10% formalin and then stained with PAS for
the histopathological examination. The EDL
muscle tissue (1 mm?3) was fixed in 2.5% glutar-
aldehyde and then post-fixed in 1% osmic acid
for examination using a transmission elec-
tron microscope (TEM, JEM-1400, JEOL, Tokyo,
Japan). The GAs muscle tissues were immedi-
ately snap-frozen in liquid nitrogen and stored
at -80°C for later analysis. The soleus muscles
were embedded in 0.C.T. compound (Tissue-
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Tek, Sakura Finetek, USA), frozen in liquid nitro-
gen-cooled isopentane, stored at -80°C, and
cut into 10 mm thick cryosections with a cryo-
stat (CM1950, Leica, Germany), and then main-
tained at -20°C for fiber type determination.

Morphological studies

The muscles were photographed using a digital
camera. Paraffin sections of the TA muscles
were stained with periodic acid-Schiff (PAS)
according to the standard protocols. The cross-
sectional area was analyzed using Imagel
Software (National Institutes of Health, Beth-
esda, MD, USA). Longitude section fields were
selected for EM analysis.

Fiber type determination

Primary antibodies against MHC-I (BA-F8),
MHC-lla (§C-71) and MHC-IIb (BF-F3) purchased
from the Developmental Studies Hybridoma
Bank (University of lowa, National Institutes of
Health, USA) and secondary antibodies pur-
chased from Invitrogen (USA) were used to
determine the muscle fiber type. Procedures
described previously were performed [15].
Individual images were taken across the entire
cross-section using a confocal microscope
(LSM710, Carl Zeiss, Oberkochen, Germany)
and assembled into a composite panoramic
image with Photoshop 7.0 (Adobe, USA). All
fibers within the entire muscle were character-
ized, and the fiber counts and fiber type per-
centages were analyzed.

Immunoblotting analysis

Snap-frozen GAs muscle tissues were homoge-
nized in a lysis buffer and prepared in a sample
loading buffer (Bio-Rad, Hercules, CA, USA).
Next, the SDS-PAGE protein separation proce-
dures were performed, and the separated pro-
teins were transferred to polyvinylidene difluo-
ride (PVDF) membranes (Merck Millipore, Dan-
vers, MA, USA). The membranes were blocked
in TBS containing 5% nonfat dry milk for 1 h at
room temperature, then incubated and gently
shaken overnight at 4°C with primary antibod-
ies. After washing with TBS, the membranes
were incubated with secondary antibodies for 1
h at room temperature with shaking. The pro-
tein bands were measured and analyzed using
the ChemiDoc™ MP Imaging System (Bio-Rad,
Hercules, CA, USA). The results were expressed
as the integrated optical density relative to
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Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH), which was used as the loading con-
trol. The primary antibodies against p-p38
MAPK, p38 MAPK, p-Erk1/2, Erk1l/2, and
FoxO3a were purchased from Cell Signaling
Technology (Danvers, MA, USA). The primary
antibody against GAPDH was obtained from
Proteintech Group, Inc. (Chicago, IL, USA).

Statistical analysis

The data were expressed as the means + SD.
Statistical differences between two groups
were analyzed using unpaired Student’s t tests.
Differences among multiple groups were ana-
lyzed using one-way ANOVA. The statistical
analyses were performed using SPSS 16.0 sta-
tistical software, and P < 0.05 was considered
statistically significant.

Results

NEN prevented muscle weakness in mice
exposed to doxorubicin

Following the doxorubicin administration, the
mice exhibited a decline in limb muscle stren-
gth and a rapid increase in fatigue. As shown
in Figure 1, NEN prevented the doxorubicin
induced muscle weakness. The limb grip str-
engths of the mice in the DOX+NEN treated
group were much stronger than those in the
DOX group (DOX: 1.57 + 0.22 N v.s. DOX+NEN:
1.86 + 0.05 N; P < 0.05) (Figure 1A). The run-
ning test showed that NEN reduced fatigue in
mice exposed to doxorubicin as well (DOX: 1.19
+ 0.64 Shocks/m/s v.s. DOX+NEN: 0.37 + 0.32
Shocks/m/s; P < 0.05) (Figure 1B).

NEN restored body weight without improving
food intake in mice exposed to doxorubicin

The body weight and food intake of the tran-
sient mice decreased at day 7 after the doxoru-
bicin exposure. Compared with the DOX group,
the body weight of the mice in the DOX+NEN
group was much heavier (DOX: 0.939 + 0.024
fold v.s. DOX+NEN: 1.036 *+ 0.054 fold; P <
0.001) (Figure 2A). The overall food intake
started increasing at day 14, and 2 weeks of
NEN treatment did not improve it further (Figure
2B). Interestingly, the biochemistry parameters
of the nutrient state had changed slightly with-
out being statistically significant at the end of
the experiment (Figure 2C-F).
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Figure 1. NEN enhanced the muscle force and exercise endurance. A. Limb grip strength. B. Running test. It was
expressed by using an electric shock several times every mile per second. n = 6 per group. "P < 0.05 and ""P <
0.001 vs. the CTRL group. #*P < 0.05 vs. the DOX group.
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Figure 2. NEN restored the body weight without improving the food intake of mice exposed to doxorubicin (A). Body
weight variations vs. day O (n = 6 each group) (B). Food intake had no increase after NEN administration (n = 1-3
mice per cage, N = 3-4 cages each group). Biochemistry parameters associated with nutrition, including serum albu-
min (C), serum total cholesterol (D), serum triglyceride (E) and serum urea nitrogen (F). P < 0.05 and "P < 0.001
vs. the CTRL group. #P < 0.01 and *##P < 0.001 vs. the DOX group.

NEN counteracted with muscle atrophy of mice 3A). NEN increased the muscle mass of TA
exposed to doxorubicin (DOX: 0.035 + 0.003 g v.s. DOX+NEN: 0.041 +

0.004 g; P < 0.05) (Figure 3B), EDL (DOX: 0.008
Doxorubicin resulted in dramatic limb muscle + 0.001 g v.s. DOX+NEN: 0.010 + 0.001 g; P <
atrophy, but the NEN counteracted it (Figure 0.05) (Figure 3C) and GAs (DOX: 0.105 + 0.007
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Figure 3. NEN counteracted with muscle atrophy. (A) Representative gross muscle images of each group. Muscle
weight of tibialis anterior (B), extensor digitorum longus (C), gastrocnemius (D), soleus (E). n = 6 per group. “P <
0.05, P < 0.01 and "*P < 0.001 vs. the CTRL group. *P < 0.05 vs. the DOX group.

g v.s. DOX+NEN: 0.119 + 0.013 g; P < 0.05)
(Figure 3D) significantly but not SOL (DOX:
0.015 £ 0.004 g v.s. DOX+NEN: 0.019 + 0.003
g; P =0.078) (Figure 3E).

NEN restored the muscle fiber size and muscle
ultra-structure of the mice exposed to doxoru-
bicin

To determine the impacts of NEN on the muscle
fiber of doxorubicin treated mice, a cross-sec-
tional area of the fibers was measured. Re-
markably, the mean cross-sectional area of
muscle fiber increased two weeks after
the NEN administration (CTRL: 1415.370 +
179.993 um?, DOX: 888.660 + 109.322 um?
and DOX+NEN: 1191.515 + 179.338 um? n =
5-6) (Figure 4A, 4C). Doxorubicin caused a shift
towards more small fibers, and NEN also nor-
malized this change (Figure 4B). Likewise, the
TEM morphologic assessment of the EDL mus-
cles revealed alternations at the sarcomeric
level. The Z-lines in the mice treated with doxo-
rubicin were thinner than the ones in the CTRL
group. However, the Z-lines in the NEN group
were thicker compared with the DOX group
(Figure 4D).

NEN changed the distribution of the muscle
fiber type

The soleus muscle was used for the fiber type
determination. As the figures show, the distri-
bution of muscle fiber type in the CTRL and DOX
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treated groups were similar (Figure 5A-C). But
compared with the DOX treated group, a signifi-
cant change of fiber composition was seen in
the DOX+NEN group. After two weeks’ of NEN
treatment, the type | fiber compositions were
37.222 +5.32%, 36.172 + 3.75% and 41.799 +
3.52% in the CTRL, DOX and DOX+NEN groups
respectively. These showed that the distribu-
tion of muscle fiber type of doxorubicin-indu-
ced mice shifts from type Il to type | were
significant.

NEN inhibited the activation of the p38 MAPK/
FoxO3a signaling pathway

Western blotting showed that the p38 MAPK
and FoxO3a protein levels increased signifi-
cantly in the DOX treated group, by 1.39-fold
and 2.11-fold respectively compared with the
CTRL group. Treated with NEN for two weeks,
the activation of p38MAPK and FoxO3a were
downregulated (Figure 6A, 6B, 6D). Erk1/2 was
also a pro-atrophic marker. In the present
study, no substantial change of Erk1/2 was
seen in mice treated with DOX group compared
with the mice in the other two groups (Figure
6A, 6C).

Discussion

Although intensive efforts have been made to
prevent doxorubicin-induced cardiac myocyte
injuries [16], approaches that counteract skel-
etal muscle wasting induced by doxorubicin are
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Figure 4. NEN alleviated muscle morphological alterations induced by doxorubicin. Tibialis anterior muscle fiber
cross-sectional area (A) and the fiber size distribution (B). (C) Representative images of fiber size alteration (PAS
stained. scale bar, 30 um). (D) Representative TEM images of Z-lines (braced with a yellow arrow) of each group
(scale bar, 1 um). n = 5-6 per group. “*P < 0.001 vs. the CTRL group. *P < 0.01 vs. the DOX group.

limited. In the present study, our results indi-
cate, for the first time, that NEN prevented the
muscle wasting in mice exposed to doxorubicin.
Additionally, the underlying mechanisms might
be associated with the inhibition of the p38
MAPK/FoxO3a signaling pathway.

Doxorubicin administration commonly causes
muscle wasting [17, 18]. Muscle atrophy with
reduced muscle masses and TA fiber size were
observed, which were consistent with previous-
ly reported works [19]. Along with the muscle
atrophy, both limb grip strength and running
endurance were reduced. Furthermore, for the
two-week treatment period, our study demon-
strated that NEN restored the muscle masses
and morphologic changes as well as shifted the
fiber size distribution rightward. Our study also
found that NEN enhanced muscle function.

The mechanisms of muscle wasting induced
by doxorubicin had not been elucidated clearly.
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A recent study revealed that it was associa-
ted with malnutrition [20]. Consistent with our
observations, food intake and body weight
were reduced transiently after doxorubicin
administration. However, the biochemistry par-
ameters reflecting nutrition, such as serum
albumin, serum urea nitrogen, serum total
cholesterol, and serum triglyceride, had no sig-
nificant changes in the present experiment.
These findings suggest that doxorubicin
induced muscle wasting might be explained by
malnutrition partially, and the direct injury
effect of certain agents might exist [21].
Interestingly, NEN restored the body weight of
mice exposed to doxorubicin without improving
their food intake. Thus, we proposed that the
underlying mechanism of NEN counteracting
the muscle wasting should be explained beyond
nutrition improvement.

It was widely reported that doxorubicin-induced
muscle wasting is caused by inflammation,
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Figure 5. NEN changed the distribution of the muscle fiber type. A. Representative images of the fiber type distribu-
tion (Immunofluorescence stained. scale bar, 100 um). Shown are type | (green), type lla (magenta), type llb (red),
type lIx (unstained) fibers. B, C. Type | and Type Il (Ila+lIx+lIb) population. n = 5, for each group. P < 0.05 vs. the

DOX group.

apoptosis, proteolysis, or oxidative stress [22,
23] directly. P38 MAPK and extracellular regu-
lated protein kinases 1/2 (Erk1/2) are the key
regulators of the activities of many transcrip-
tion factors and enzymes [24], and they have a
wide spectrum of biological effects, including
pro-inflammation, pro-apoptosis, and inducing
oxidative stress. Previous studies [20, 25, 26]
demonstrated that both p38 MAPK and Erk1/2
are elevated in atrophic muscle and were prov-
en to be associated with muscle wasting
by controlling myocyte survival and prolifera-
tion. Interestingly, in our experiment, the p38
MAPK levels were higher in doxorubicin treated
mice, but Erk1/2 had no remarkable change.
The conflicting results might be due to diversity
in species, different chemotherapeutic agents,
or the dosage of doxorubicin. FoxO3a, a tran-
scription factor regulating muscle masses, was
reported to be over expressed in atrophic skel-
etal muscle of doxorubicin treated mice, a find-
ing which is consistent with the present study
[27]. Furthermore, muscle specific FoxO3a ex-
pression and transcriptional activity could be
regulated by p38 MAPK [26]. More importantly,
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for the two-weeks long treatment, our findings
showed that NEN inhibited the expression of
p38 MAPK and downregulated FoxO3a analo-
gously. Altogether, we postulate that the ob-
served attenuation of doxorubicin-induced
skeletal muscle wasting by NEN was associat-
ed with the p38 MAPK/FoxO3a signaling
pathway.

Additionally, in this study, we observed that
NEN promoted the percentage of type | fibers
in soleus muscle, which are rich in mitochon-
dria and use predominantly oxidative phos-
phorylation for energy production. Mitochondria
depletion seems to be associated with chemo-
therapeutic-induced muscle wasting [25], and
NEN has proven to be a safe mitochondria
uncoupler [28]. Therefore, we think that the
effects of NEN on muscle wasting might be
associated with the increasing mitochondria
biogenesis.

In summary, the evidence presented here
shows that NEN can prevent muscle wasting
and alleviate the morphologic and functional
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Figure 6. NEN inhibited p38 MAPK and FoxO3a activation in the doxorubicin induced wasting muscle. A. Western
blot images of p38 MAPK, FoxO3a, and Erk1/2 in the GAs muscle tissue of various groups. B, C. Bar graphs showing
the fold change of p-p38, p-Erk1/2 expression after the normalization to the total p38 and total Erk1/2 expression
respectively. D. Bar graphs showing the fold change of FoxO3a expression after normalization to the GAPDH. n =6
for each group. P < 0.05 and ""P < 0.01 vs. the CTRL group. *P < 0.05 vs. the DOX group.
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