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Abstract
Background and Objective: Diabetes plays a vital role in the pathological process of muscular atrophy.  Apocynin  (APO)  was  proved
to  possess  multiple  biological  effects  in  diabetes. However, its improvement in diabetic muscular atrophy has not been reported.
Hence, the current article investigates the improvement of  APO  on  diabetic  muscular  atrophy  and  its  underlying  mechanism.
Materials and Methods: Haematoxylin and Eosin (HE) staining was utilized to observe gastrocnemius histopathology. Muscle force was
tested according to the grip strength meter. The levels of ALT, AST, CK, LDH, T-AOC and MDA were  measured  by  spectrophotometer.
TNF-" and IL-6 levels were analyzed by ELISA kits. The expressions of Atrogin-1, MuRF-1, CHOP, GRP-78, BAX and BCL-2 were detected
by Western blot. Results: Data demonstrated that APO markedly improved diabetic muscular atrophy, as represented by enhancing
myofiber size and weight of gastrocnemius and promoting grip strength. In serum, APO markedly promoted T-AOC levels, while restrained
ALT, AST, CK, LDH, MDA, TNF-" and IL-6 levels. In gastrocnemius, diabetes markedly increased the expressions of Atrogin-1, MuRF-1, CHOP,
GRP-78 and BAX and reduced BCL-2 expression. However, treatment with APO reversed these changes. Conclusion: Results revealed that
APO could attenuate Endoplasmic Reticulum (ER) and apoptosis in the gastrocnemius of diabetic mice and could be used as a novel
therapeutic in the prevention and treatment of muscular atrophy.
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INTRODUCTION

Hyperglycemia has become a serious public health
problem that is closely connected with the increased
incidence of diabetes. Chronic hyperglycemia brings many
complications, which are harmful to tissues and organs in
patients. In skeletal muscle, poorly controlled hyperglycemia
can predispose to diabetic myopathy. It contributes to a
reduction of muscle mass, myofiber area and strength1,2. These
features are independent indexes for muscle atrophy during
diabetes. Although, many therapeutic agents are effective
against hyperglycemia, muscle atrophy is still a pathogenic
factor for dyskinesia and quality of life in diabetic patients.
Skeletal muscle is a locomotive organ that plays a

significant role in bodily movement3. Any interruption to
skeletal muscle influences physical capacity and athletic
ability. In diabetes, skeletal muscle was also proved to regulate
glucose homeostasis4. Recent results showed that diabetes
was a pathogenic factor for muscle   atrophy5,6.  Up  to now,
the molecular mechanisms that link diabetes to muscle
atrophy remain elusive. Hyperglycemia can disturb muscle
homeostasis  by  activation  of  the  ubiquitin-proteasome
system (UPS)7.  ER  stress  and  apoptosis  play  a  crucial  role
in aggravating  muscle  injury8.  The   indicators  of  ER  stress
were increased during the process of diabetes9. Furthermore,
these  adverse  stresses  can  trigger  myocyte  apoptosis
which contributes to skeletal muscle disorder10,11. Therefore,
modulation of ER stress and suppression of apoptosis is
considered potential prevention and treatment of muscle
atrophy in diabetes.
Apocynin  is   an  acetophenone  compound  isolated

from the root of Picrorhiza kurroa. APO is used as an NADPH
oxidase inhibitor  which   can  prevent  superoxide  production
in many disease models12. With the deepening of research,
various  biological  and  pharmacological activities of APO
were exhibited in diabetes13. It was demonstrated that APO
alleviated inflammation via suppressing TLR4/NF-κB pathway
in gestational diabetes  mellitus14.  APO  was  also  described
to inhibit ER  stress  by  disruption of Rac1 signalling in
diabetic hearts15. In diabetes-induced testes injury, APO
ameliorated apoptosis-related  genes  and  attenuated 
apoptosis by TUNEL assay16. What is more, APO was shown to
improve ANG II-induced skeletal muscle injury, cigarette
smoking-induced loss of tibialis anterior muscle weight and
Duchenne muscular dystrophy17-19. However, there was no
report on the protective effects and mechanism of APO on
skeletal muscles atrophy in diabetes. Taking these functions
into account, APO was hypothesized to possess improvement
effects on diabetic atrophy.

MATERIALS AND METHODS

Study  area:  The  study  was  carried  out  at  the  Human
Movement Science Laboratory, Hunan University of Arts and
Science (January to October, 2021).

Animals: Eight week-old C57BL/6 male mice with an average
body weight of 20 g were purchased from Hunan SJA
Laboratory Animal Co., Ltd (Changsha, China). Mice were kept
under SPF conditions. The temperature is 23±2 and the
humidity is 50±10%. The number of experimental animals is
60. All mice lived in cages with the freedom to eat diet and
drink water. All animal experiments were inspected according
to the Ethics Committee of Hunan University of Arts and
Science (No. HUAS-2021-TY-133).

Chemicals  and  reagents:   Apocynin  (purity: >98%) and
streptozotocin were obtained from Sangon Biotech (Shanghai,
China). The assay  kits  of  ALT,  AST,  CK,  LDH,  T-AOC  and
MDA were obtained from Nanjing Jiancheng Biotechnology
Institute (Nanjing, China). The ELISA kits of TNF-" and IL-1$
were obtained from MultiSciences (Hangzhou, China). The
antibodies of CHOP, BAX and BCL-2 were obtained from
Proteintech (Wuhan, China). The antibodies of Atrogin-1,
MuRF-1 and GRP-78 were obtained from Sangon Biotech
(Shanghai, China).

Experimental design: To study the improvement of APO on
diabetic muscular  atrophy,  mice  were  intervened  by  STZ
(ip, 200 mg kgG1) to establish a diabetic model. Then, blood
samples were acquired through the tail to test glucose levels.
Mice with blood glucose concentrations were >16.7 mmol LG1,
which was retained in the diabetes mellitus group (DM).
Diabetic  mice  were  administered  APO  (16  mg/kg/day) for
8 weeks to serve as APO+DM group. Mice in the control group
(CON) were intraperitoneally administrated with citrate buffer
(pH 4.5).

Grip strength: Muscle force was tested according to the grip
strength meter, which was acquired through Anhui Zhenghua
Bioinstrumentation (Huaibei, China). During the muscle force
test, mice were allowed to grasp by pulling a backward plate.
Muscle force was immediately recorded when the mouse
spontaneously released as previously reported20. After three
repeated tests, the average value was defined as grip strength.

Skeletal muscle tissue harvest: At the end of the
experimental  period,  mice were intraperitoneally injected
with pentobarbital sodium (50 mg  kgG1).  Then,  mice were
decapitated.     Gastrocnemius     was    quickly     isolated    and
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weighed. A part of gastrocnemius was stored in 4%
paraformaldehyde to observe its histopathology. Another
gastrocnemius was placed at -80 to detect gene expressions.

Biochemical assay: The blood samples were centrifuged and
utilized for various  biochemical  determinations.  The  levels
of ALT, AST, CK, LDH, T-AOC and MDA were measured with
commercial kits, while TNF-α and IL-6 levels were analyzed by
ELISA kits.

Histological analysis: Haematoxylin and Eosin (HE) staining
were utilized to observe gastrocnemius histopathology. After
being fixed in paraformaldehyde, the gastrocnemius was
dehydrated by alcohol. And more, xylems served as a
transparent reagent. Then, the gastrocnemius was embedded
in paraffin. Gastrocnemius was cut into 5 um by a rotary
microtome. The section was stained with haematoxylin and
eosin to distinguish the nucleus and cytoplasm. The image
was captured under the light microscope (200X) for
histological analysis.

Western blotting: Gastrocnemius samples were washed with
pre-cooled PBS and ground with RIPA. The homogenate was
vibrated at 4 every 5 min. The supernatant was collected by
centrifuge method and its concentration was measured
according to the  BCA  method.  SDS-PAGE  was  performed  to

separate proteins, which were transferred to the PVDF
membrane by electroblotting. Then, the membranes were
incubated with 5% milk (25, 1 hr), primary antibodies (4EC,
overnight) and corresponding HRP-coupled secondary
antibodies (25, 2 hrs), respectively. The visualisation was done
with the ECL system. The β-actin was an internal control that
was used to standardize band intensity quantification. The
protein expression was analyzed and quantified by Image J.

Statistical analysis: All data were shown as Mean±SD. The
results were analyzed with SPSS 16.0 software. Statistical
difference was demonstrated by the ANOVA test with Tukey's
post hoc test. The p<0.05 was deemed statistically significant.

RESULTS

Properties of APO on diabetic muscular atrophy: To evaluate
whether APO ameliorated diabetic myopathy, the myocyte
cross-sectional area was assayed according to HE staining. In
Fig. 1a-b, APO markedly (p<0.01) enhanced the representative
myocyte cross-sections of gastrocnemius in diabetic mice. To
corroborate the results of HE staining, the weight and grip
strength of  skeletal  muscle  was  detected. In Fig. 1c-d, APO
markedly (p<0.01) prevented diabetes-induced decreases of
gastrocnemius mass and grip strength.

Fig. 1a-d: Properties of APO on diabetic muscular  atrophy,  (a)  HE  staining  (200X),  (b)  Relative  myocyte  cross-sectional area,
(c) Gastrocnemius weight and (d) Grip strength
**p<0.01 compared with CON group and  ##p<0.01 compared with DM group
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Fig. 2(a-d): Properties of APO on different levels, (a) ALT, (b) AST, (c) CK and (d) LDH in serum of diabetic mice
**p<0.01 compared with CON group, #p<0.05 and ##p<0.01 compared with DM group

Fig. 3(a-b): Properties of APO on oxidative stress, (a) T-AOC and (b) MDA levels were examined by spectrophotometer in serum
of diabetic mice
**p<0.01 compared with CON group, #p<0.05 and ##p<0.01 compared with DM group

Properties of APO on ALT, AST, LDH and CK: To investigate
the regulation of APO in diabetes, the levels of ALT, AST, CK
and LDH were examined in serum. In Fig. 2a-d, ALT, AST, LDH
and CK levels were markedly (p<0.01) increased in the DM
group. In contrast, treatment with APO obviously (p<0.01)
restrained these parameters to improve general features in
STZ-induced diabetes.

Properties  of  AA  on  oxidative stress: To investigate the
anti-oxidation effect of APO, T-AOC and MDA levels were
examined in serum. In Fig. 3a-b, the T-AOC level was markedly

(p<0.01) decreased, while the MDA level was markedly
(p<0.01) increased in the DM group. However, treatment with
APO obviously (p<0.01) improved the above indicators to
reduce oxidative stress.

Properties of APO on inflammatory response: To investigate
the anti-inflammatory effect of APO, TNF-α and IL-6  levels
were tested in serum. In Fig. 4a-b, TNF-α and IL-6 levels were
markedly (p<0.01) increased in the DM group, while treatment
with APO obviously (p<0.01) reduced these inflammatory
factors levels.
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Fig. 4(a-b): Properties of APO on the inflammatory response, (a) TNF-α and (b) IL-6 levels were tested by ELISA in the serum of
diabetic mice
**p<0.01 compared with CON group, #p<0.05 and ## p<0.01 compared with DM group

Fig. 5(a-d): Properties of APO on proteostasis, (a and c) Western blot was utilized to detect Atrogin-1 and MuRF-1 expressions in
gastrocnemius of diabetic mice, (b and d) Quantifications of Atrogin-1 and MuRF-1 levels
**p<0.01 compared with CON group and ##p<0.01 compared with DM group

Properties of  APO  on  proteostasis:  To   analyze  the
findings  diabetic-evoked skeletal muscle atrophy, the UPS
system    was    examined   in  gastrocnemius.  As  shown  in 
Fig. 5a-d, APO markedly  (p<0.01)  abrogated  diabetic-
induced Atrogin-1 and MuRF expressions  in  gastrocnemius. 
In addition, these results were consistent with changes of
myocyte cross-sectional area, gastrocnemius mass and grip
strength, suggesting that APO prevented proteostasis induced
by diabetes in skeletal muscle to improve muscle atrophy.

Properties of APO on ER stress: To analyze modulation of 
diabetic-evoked  ER stress, CHOP and GRP-78 levels were
tested in gastrocnemius. In Fig. 6a-d, diabetes-induced muscle
atrophy involved ER stress, as represented by markedly
(p<0.01) increasing CHOP and  GRP-78  levels.  In  contrast,
APO obviously (p<0.01) reduced weakened diabetic-evoked
activation of CHOP and GRP-78 in gastrocnemius, suggesting
that APO protected gastrocnemius against muscle atrophy by
inhibition of ER stress.
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Fig. 6(a-d): Properties of APO on ER stress, (a and c) Western blot was utilized to detect CHOP and GRP-78 expressions in
gastrocnemius of diabetic mice, (b and d) Quantifications of CHOP and GRP-78 levels
**p<0.01 compared with CON group and ##p<0.01 compared with DM group

Fig. 7(a-d): Properties of APO on the apoptotic pathway (a and c) Western blot was utilized to detect Bax and BCL-2 expressions
in gastrocnemius of diabetic mice, (b and d) Quantifications of Bax and BCL-2 levels
**p<0.01 compared with CON group and ## p<0.01 compared with DM group

Properties of  APO on apoptotic pathway: To analyze the
anti-apoptosis effect of APO in gastrocnemius, Bax and BCL-2
expressions  were  examined. In Fig. 7a-d, Bax expression was

markedly (p<0.01) increased, while expression was markedly
(p<0.01) decreased in the DM group. However,  treatment
with APO obviously (p<0.01) reduced reversed the changes of
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these apoptosis-related gen in gastrocnemius,  suggesting
that APO alleviated diabetes-associated muscle atrophy via
suppression of the apoptotic pathway.

DISCUSSION

This  study  revealed  that  APO  preserved  proteostasis, 
represented by inhibition of Atrogin-1 and MuRF-1
expressions,   expressions,   to   attenuate    muscle   loss   and
dysfunction. Further studies suggested that APO inhibit CHOP
and GRP-78 expressions  to  prevent  ER  stress.  Moreover,  the
resistance to muscular dystrophy of APO might  be  concerned
to its anti-apoptosis effects by regulating Bax and BCL-2 levels.
In   turn,   the  induction  of  ER  stress  and  apoptotic  pathway
perturbs proteostasis via strengthening UPS activation to
cause muscle loss and dysfunction. Current results
demonstrated that APO ameliorated hyperglycemia-
associated muscle atrophy which was linked with its
modulation of ER stress and apoptosis.
Muscle atrophy is one of the common manifestations of

myopathy. Diabetes was proved as a risk factor to induce
muscles atrophy, which leads to morphological lesions and
dysfunction of skeletal muscles. The main feature of muscle
atrophy is muscle mass loss, which causes muscle weakness 21.
In diabetes, the weight of skeletal muscles was decreased20.
Furthermore, hyperglycemia causes deterioration of muscle
function, which was characterized by myocyte cross-sections
change and grip strength attenuation22. Previous studies
showed that APO prevented loss of tibialis anterior muscle
mass and attenuated muscle weakness by increasing
contractile force in cigarette smoking exposure18.  However, its
regulating effect on diabetes-induced muscles atrophy was
unclear. In this study, APO was shown to improve diabetic
muscle atrophy by reducing loss of gastrocnemius mass,
increasing myocyte cross-sections and reinforcing grip
strength.
The mechanism of muscle atrophy in diabetes is

complicated and many precipitating factors intensify its
pathogenesis. UPS is known as an important proteolytic
system, which is a negative regulator of muscle mass23. An
increase in UPS production caused by hyperglycemia-induced
diabetes is deemed an important factor in triggering skeletal
muscle dysfunction. Atrogin-1 and MuRF-1, as markers of
muscle-specific E3 ubiquitin ligases, are involved in several cell
signalling pathways to regulate the synthesis and degradation
of protein in tissue and organ24.  Several  experimental  types
of  research  showed  that  the  expressions  of  Atrogin-1  and

MuRF- were increased in skeletal muscle of diabetes model25.
In this study, APO relieved Atrogin-1 and MuRF-1 expressions
in gastrocnemius, indicating APO could suppress UPS against
diabetes-induced muscle dysfunction.
ER stress, which is a risk factor for muscle atrophy, is

known to rise in correlation with declining skeletal muscle
function26. CHOP and GRP-78 are the markers of ER stress27.
Therefore, suppression of CHOP and GRP-78 expressions
which have been implicated in diabetic myopathy could be
applied as an available treatment method in muscular
atrophy8. In type 1 diabetes, APO could inhibit ER stress to
reduce fibrosis and hypertrophy in hearts15. In this study,
hyperglycemia produced excessive ER stress in gastrocnemius.
Treatment with APO alleviated CHOP and GRP-78 expressions,
indicating that APO could prevent ER stress against diabetic
muscular dystrophy. Hence, targeted suppression of ER stress
may be used to prevent muscle atrophy associated with
diabetes.
The apoptotic pathway is involved in the regulation of

muscle health as  a  programmed  cell  death  system28. Bax
and  BCL-2  are  widely  used  to denote cellular senescence
and death in biology. In addition, many factors such as
inflammatory response and ER  stress  are  closely  related to
the progress of apoptosis25,29. Therefore, targeting these
factors contributes to the  pathophysiological  mechanisms  of
diabetic  myopathy.  Previous  studies indicated that APO
could modulate IRE1α engagement to prevent endoplasmic
reticulum stress-induced apoptosis in endothelial cells30. In
diabetes, APO could also regulate apoptosis-related genes,
such as Bax and BCL-2, to ameliorate diabetes-induced testis
injury16. In this study, APO was proved to mediate apoptotic
pathways against diabetic atrophy by  alleviating  Bax  and
BCL-2 expressions in gastrocnemius.

CONCLUSION

Research demonstrated that APO improved proteostasis
caused by hyperglycemia exposure in skeletal muscle. The
underlying mechanism for muscle protection was related to its
suppression of ER stress and inhibition of apoptosis. These
results showed APO may be utilized and developed to
attenuate muscular dystrophy associated with diabetes.

SIGNIFICANCE STATEMENT

This study revealed the improvement of APO against
muscle atrophy in STZ-induced diabetic mice. The APO
enhanced fibre size and weight of gastrocnemius and
promoted grip strength to alleviate muscle atrophy. In serum,
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APO restrained ALT, AST, CK, LDH, MDA, TNF-α and IL-6 levels
and promoted T-AOC levels. In skeletal muscle, APO inhibited
protein degradation by mitigating the UPS system. Moreover,
APO increased the expressions of Atrogin-1, MuRF-1, CHOP,
GRP-78 and BAX and reduced BCL-2 expression to attenuate
ER stress and apoptosis. These results suggested APO could be
used in the prevention and treatment of muscular atrophy in
diabetes.
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