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Astragaloside IV protects against autoimmune myasthenia
gravis in rats via regulation of mitophagy and apoptosis
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Abstract. Astragaloside IV (AS-IV) has various pharmaco-
logical effects, including antioxidant and immunoregulatory
properties, which can improve myasthenia gravis (MG) symp-
toms. However, the potential mechanism underlying the effects
of AS-IV on MG remains to be elucidated. The present study
aimed to investigate whether AS-IV has a therapeutic effect
on MG and its potential mechanism of action. By subcutane-
ously immunizing rats with R97-116 peptide, an experimental
autoimmune (EA) MG rat model was established. AS-IV
(40 or 80 mg/kg/day) treatment was then applied for 28 days
after modeling. The results demonstrated that AS-IV
significantly ameliorated the weight loss, Lennon score and
pathological changes in the gastrocnemius muscle of EAMG
rats compared with the model group. Additionally, the levels
of acetylcholine receptor antibody (AChR-Ab) were signifi-
cantly decreased, whereas mitochondrial function [ATPase
and cytochrome ¢ (Cyt-C) oxidase activities] and ultrastruc-
ture were improved in the AS-IV treated rats. Moreover, the
mRNA and protein expression levels of phosphatase and
tensin homolog-induced putative kinase 1, Parkin, LC3II and
Bcl-2, key signaling molecules for mitophagy and apoptosis,

Correspondence to:  Professor  Tongkai Chen  or
Professor Yafang Song, Science and Technology Innovation Center,
Guangzhou University of Chinese Medicine, 12 Airport Road,
Baiyun, Guangzhou, Guangdong 510405, P.R. China

E-mail: chentongkai@gzucm.edu.cn

E-mail: stephanie237@163.com

Abbreviations: AS-1V, astragaloside 1V; L-ASIV, low-dose
AS-1V; H-ASIV, high-dose AS-IV; MG, myasthenia gravis; EAMG,
experimental autoimmune MG; AChR, acetylcholine receptor;
Cyt-C, cytochrome c; COX, Cyt-C oxidase; PINK1, phosphatase and
tensin homolog-induced putative kinase 1; CFA, complete Freund's
adjuvant; IFA, incomplete Freund's adjuvant

Key words: AS-IV, MG, mitochondria, mitophagy, apoptosis,
skeletal muscle

were upregulated, whereas the mRNA and protein expres-
sion levels of p62, Cyt-C, Bax, caspase 3 and caspase 9 were
downregulated following AS-IV intervention. In conclusion,
AS-IV may protect against EAMG in a rat model by modu-
lating mitophagy and apoptosis. These findings indicated the
potential mechanism underlying the effects of AS-IV on MG
and provided novel insights into treatment strategies for MG.

Introduction

Myasthenia gravis (MG) is a rare chronic autoimmune disease
induced by the postsynaptic membrane receptors and autoan-
tibody attack at the neuromuscular junction (NMJ) (1,2). MG
manifests as fatigue and muscle weakness, and is associated
with diplopia, ptosis and systemic symptoms (3). Previous
studies have reported that there are several types of subgroups
of MG and that the majority of patients with MG are positive
for acetylcholine receptor (AChR) autoantibodies (4-6). At
present, there are multiple treatment options available for MG,
such as cholinesterase inhibitors, glucocorticoids, immuno-
suppressants, intravenous immunoglobulins, plasmapheresis
and thymectomy, which primarily focus on immunoregulatory
mechanisms (7); however, the efficacy of these treatments is
limited. Additionally, the numerous side effects of treatments,
and the economic burden of therapeutics and surgery further
reduce the quality of life of patients. A real-world study showed
that after long-term treatment, two-thirds of patients still
had moderate to severe symptoms (8). Furthermore, a study
performed in Sweden on 1,077 patients showed that ~50%
of the patients were ‘dissatisfied” with the control of their
symptoms (9). MG is a heavy burden on patients worldwide.
Although research has previously been performed on MG (10);
its pathogenesis has not been fully elucidated and there is an
urgent need for novel treatment options.

Mitochondria are the primary organelles that provide
energy for cell metabolism. Notably, mitochondrial dysfunc-
tion affects human health (11), and an increasing number of
studies have revealed that mitochondria are regarded as a
therapeutic target for numerous diseases (12,13). Furthermore,
it has been identified that mitochondria serve key roles in
skeletal muscle function and mitochondrial dysfunction is
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related to skeletal muscle damage (14). Previous studies have
highlighted the crucial role of normal mitochondrial function
in preserving NMJ structure and neurotransmission (15-18);
therefore, restoring mitochondrial function holds promise for
ameliorating NMJ damage and treating MG (19,20). Previous
studies have successfully established an animal model of MG
and have performed a series of experimental studies on mito-
chondria, suggesting that improving mitochondrial function
can reduce the symptoms of experimental autoimmune (EA)
MG in a rat model (19,21,22).

Mitophagy and apoptosis are the primary means of main-
taining mitochondrial homeostasis. Mitophagy is a protective
phenomenon that requires the participation of lysosomes,
whereas apoptosis is a type of programmed cell death (23).
Mitophagy can eliminate the impact of mitochondrial
dysfunction, including the excess reactive oxygen species
produced, inflammation and oxidative stress (24). Notably,
in neurodegenerative diseases typically characterized by the
loss of neurons, in which mitophagy and apoptosis are widely
involved, abnormalities in synaptic function and instability
of the nervous system have been observed (25). Multiple
studies have reported that mitophagy and apoptosis serve an
important role in diseases, such as spinal muscular atrophy
and Duchenne muscular dystrophy (26-29) and regulating
mitophagy and apoptosis may exert protective effects on skel-
etal muscles (30,31). Nevertheless, to the best of our knowledge,
no previous studies have elucidated the mechanism underlying
aberrant mitophagy and apoptosis in MG. Our unpublished
study examined isolated peripheral blood mononuclear cells
(PBMC) from patients with MG and observed a decrease
in the expression of key signaling molecules involved in
promoting mitophagy, along with an increase in the expression
of key signaling molecules involved in promoting apoptosis,
compared to healthy subjects. Thus, exploring the underlying
mechanisms of dysregulated mitophagy and apoptosis in MG
is important.

Astragaloside IV (AS-1V) is the primary bioactive compo-
nent derived from Astragalus membranaceus and serves a
protective role in various diseases (32). In our previous study,
Qiangji Jianli decoction (QJJLD), which is a clinically effec-
tive traditional Chinese medicine used for the treatment of
MG, was explored and shown to significantly improve gastroc-
nemius muscle injury in EAMG rats (19). In addition, AS-IV
has been identified as the primary component in QJJLD
using high-performance liquid chromatography analysis (33);
thus, whether AS-IV exerts a similar therapeutic role in MG
was assessed in the present study. AS-IV has been reported
to exert a potential neuroprotective effect, particularly in
neurodegenerative disorders, such as Parkinson's disease (PD)
and autoimmune encephalomyelitis (AE) (34). Additionally,
traditional Chinese medicines with several multiple active
ingredients, such as ginsenoside Rgl (Rgl), tanshinone I1A
(TSA) and AS-IV, which have been shown to exert notable
advantages including anti-inflammatory, antioxidant, and
anti-apoptotic properties, contributing to neuroprotective
effects (35). AS-IV has also been reported to regulate the
immune response by regulating the T helper 17/regulatory
T cell ratio in vivo (36). Furthermore, AS-IV exerts a neuro-
protective role by maintaining mitochondrial homeostasis
via the regulation of apoptosis and autophagy (37). Notably,

AS-IV has been shown to not only regulate mitochondrial
dysfunction and inhibit apoptosis of skeletal muscle cells,
but also to improve the motor ability of muscles and reverse
skeletal muscle injury (38). However, a comprehensive account
of the effects of AS-IV on the treatment of MG is, to the best
of our knowledge, lacking.

Therefore, in the present study, the protective mechanism
of AS-IV in ameliorating EAMG was assessed, with a focus
on the regulation of mitophagy and apoptosis, in order to
determine the potential mechanism of action and highlight a
novel potential therapeutic option for the treatment of MG.

Materials and methods

Animals. A total of 36 female specific pathogen-free (SPF)
Lewis rats (weight, 120-140 g; age, 5-6 weeks) were purchased
from Charles River Laboratories, Inc. Rats were maintained
in SPF conditions at 23+2°C, 55+5% relative humidity, and
under a 12-h light/dark cycle with ad libitum access to food
and drinking water. Pentobarbital sodium (50 mg/kg) was
injected intraperitoneally for anesthesia prior to modeling
and repetitive nerve stimulation (RNS) detection to minimize
animal pain. All experimental procedures were approved by
the Experimental Animal Ethics Committee of Guangzhou
University of Chinese Medicine (approval no. 20200509001;
Guangzhou, China) and adhered to the National Institutes of
Health Guide for the Care and Use of Animals guidelines (39).

Chemicals and reagents. Rat 97-116 peptide of the AChR-a
subunit (R97-116, DGDFAIVKFTKVLLDYTGHI) was
synthesized by GL Biochem (Shanghai) Ltd. Complete Freund's
adjuvant (CFA), incomplete Freund's adjuvant (IFA) and
sodium pentobarbital were purchased from MilliporeSigma
(cat. nos. F5881, F5506 and P3761, respectively). PBS
(cat. no. 10010-023) was purchased from Gibco (Thermo
Fisher Scientific, Inc.). An AChR-antibody (AChR-Ab)
assay kit (cat. no. ml003131) was obtained from Shanghai
Enzyme-linked Biotechnology Co., Ltd. AS-IV (CAS no.
84687-43-4) was purchased from Chengdu Herbpurify
Co., Ltd. A Hematoxylin and Eosin (H&E) Staining Kit
(cat. no. C0105S) was purchased from Beyotime Institute of
Biotechnology. ATPase and cytochrome ¢ (Cyt-C) oxidase
(COX) assay kits were obtained from Leagene; Beijing Regan
Biotechnology Co., Ltd. (cat. nos. DE0045 and DE0031,
respectively). Forward and reverse primers were purchased
from Generay Biotech Co., Ltd. Phosphatase and tensin
homolog-induced putative kinase 1 (PINK1), LC3I/II, Bcl-2,
caspase 9 and GAPDH primary antibodies were purchased
from Abcam (cat. nos. ab23707, ab128025, ab59348, ab52298
and ab8245, respectively). Parkin, p62, Bax, Cyt-C and caspase
3 primary antibodies were obtained from Cell Signaling
Technology, Inc. (cat. nos. 4211, 39749, 2772, 11940 and 9662,
respectively).

Establishment of the EAMG animal model. A total of 36
female Lewis rats were acclimated for 1 week in an SPF-level
animal room, of which eight were randomly selected as the
control group and the remaining 28 rats as the model group.
The day of the first immunization was considered day 0. The
modeling agent was prepared by mixing 100 g R97-116
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peptide, 0.1 ml CFA and 0.1 ml PBS evenly to form an emul-
sion. After the preparation of the emulsion mixture, four
sites were selected for immunogen injection, including the
back, abdomen, and left and right hind foot pads. Each site
was injected with 50 ¢l immune emulsion and the injection
site was washed with 75% ethanol. Each rat received a total
of 200 ul modeling agent during the first immunization. The
second and third immunization boosts were performed on
days 30 and 45, respectively, after the first immunization. For
these subsequent immunizations, the reagent was prepared
by mixing 50 ug R97-116 peptide, 0.1 ml IFA and 0.1 ml
PBS, which was injected subcutaneously at the same sites.
During the second and third immunization periods, each rat
received a total of 200 uI modeling agent each time. During
each immunization period, for rats in the control group, the
rats were injected subcutaneously with a mixed emulsion of
0.1 ml PBS and 0.1 ml CFA or IFA without R97-116 peptide,
and the injection sites and doses were the same as those of
the model group rats (40). During the modeling period, the
mental state, activity, appetite, stool characteristics and hair
luster of each group were recorded daily. The body weight
of the rats was measured twice a week, and the Lennon
score was recorded. The Lennon score was evaluated using
the criteria described previously (41,42), and the assigned
Lennon scores were as follows: Grade 0, no weakness; grade
1, fatigability or weakness only observed after exercise;
grade 2, clinical signs of weakness present before exercise,
including hunched posture or head down; grade 3, severe
muscle weakness with dyspnea/apnea or moribund state;
grade 4, death. Intermediate signs in rats were categorized
into grades 0.5, 1.5, 2.5 or 3.5, accordingly. The model was
evaluated 1 week after the third immunization. Rats in both
groups undergoing experimental treatment were eutha-
nized at day 80 or when they reached a humane endpoint,
such as self-harming behavior, severe weight loss of 20%,
compromised breathing or lack of response to external
stimuli. Sodium pentobarbital (150 mg/kg) was injected
intraperitoneally to euthanize the rats. Death was confirmed
by monitoring the cessation of breathing and heartbeat, and
pupil dilation. Throughout the course of the experiment,
only one rat in the model group reached the predefined
humane endpoints at the day 49.

RNS. After anesthesia, the rats in the model group were immo-
bilized. Stimulating electrodes of the electrophysiological
recorder (cat. no. PL3516; PowerLab; ADInstruments, Ltd.)
were placed near the sciatic nerve in the gastrocnemius muscle,
recording electrodes were subcutaneously implanted in the
medial head of the gastrocnemius muscle and Achilles tendon
on the same side, and reference electrodes were subcutane-
ously implanted in the abdomen (43). All electrodes received
10 pulses of 5 Hz electrical stimulation, and the percentage
change of the first and fifth action potentials was measured.
A positive result was defined as an attenuation rate of >10%.

Detection of AChR-Ab. On day 7 after modeling completion,
rats were anesthetized with an intraperitoneal injection of
30 mg/kg pentobarbital sodium. Subsequently, a single blood
sample of 0.2-0.4 ml was collected from the orbital venous
plexus of each rat. Additionally, upon completion of the entire
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experiment and euthanasia of the rats, a blood sample of
0.8-1 ml was collected once from the abdominal aorta. The
collected blood samples were placed in centrifuge tubes for
30 min and left to stand. The tubes were then centrifuged
at 1,500 x g for 10 min at 4°C, and the supernatant was
collected and stored at -80°C. The AChR-Ab levels in the rats
were measured in the serum using the aforementioned specific
ELISA kit.

Drug intervention. Following three separate immuniza-
tions, 24 of the 28 rats in the model group were successfully
modeled, and the rate at which the EAMG rat model was
successfully established was 85.71%. The model group
was randomly divided into three subgroups: Model group,
low-dose AS-IV (L-ASIV) group and high-dose AS-IV
(H-ASIV) group (n=8 rats/group). The rats in the L-ASIV
and H-ASIV groups were treated with 40 and 80 mg/kg/day
AS-IV by gavage, respectively (44-46). The control and
model groups were administered equal volumes of saline by
gavage, and the gavage volume was calculated according to
the principle of 1 ml/kg body weight. During the four-week
Drug intervention, rats in each group were administered
via gavage once a day, following the respective treatment
method. The rats were fasted for 24 h after the last admin-
istration. Sodium pentobarbital (150 mg/kg) was injected
intraperitoneally for euthanasia, and death was confirmed
by monitoring the cessation of breathing and heartbeat, and
pupil dilation (47).

H&E staining. After the rats were sacrificed, the gastroc-
nemius muscle tissue was immediately removed and fixed
overnight at room temperature in 4% paraformaldehyde and
was then embedded in conventional paraffin. The tissues
were cut into 4-ym sections, which were stained with 100%
hematoxylin solution at room temperature for 2 min and
were then differentiated in 1% hydrochloric acid ethanol for
several seconds. After rinsing with water and dehydrating in
a series of increasing concentrations of ethanol, the sections
were stained with 100% eosin solution at room temperature
for 1 min. The sections were then placed in xylene until they
became transparent and were mounted with neutral gum.
Images of the sections from each group were captured under
an optical microscope at a magnification of x400 (Olympus
BX53; Olympus Corporation).

Transmission electron microscopy (TEM). After 4 weeks of
treatment, gastrocnemius muscle samples were cut to a volume
of 1 mm? and fixed with 2.5% glutaraldehyde at 4°C for 2-6 h.
The sections were then rinsed in phosphoric acid buffer solu-
tion for 30 min (repeated six times), fixed with 1% osmic acid
at 4°C for 1.5-2 h, and rinsed again in phosphoric acid buffer
solution for 10 min (repeated three times). After dehydration
in a series of increasing concentrations of ethanol, the tissue
samples were embedded in epoxy resin monomer overnight
at 37°C. An ultramicrotome (RM2016; Leica Microsystems
GmbH) was used for sectioning (60 nm), and the samples were
then stained with uranium dioxide acetate at room tempera-
ture for 12 min and with lead citrate at room temperature for
8 min. Finally, the ultrastructure was observed using TEM
(Jem-1400; JEOL, Ltd.).
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Table I. Primers used for reverse transcription-quantitative PCR.

Gene Forward primer, 5'-3' Reverse primer, 3'-5'

PINK1 CATGGCTTTGGATGGAGAGT TGGGAGTTTGCTCTTCAAGG
Parkin CTGGCAGTCATTCTGGACAC CTCTCCACTCATCCGGTTTG

p62 CCAGCACAGGCACAGAAGATAAGAG TCCCACCGACTCCAAGGCTATC
LC3II TCGCCGACCGCTGTAAGGAG CGCCGGATGATCTTGACCAACTC
Caspase 3 TCTACCGCACCCGGTTACTA CGTACAGTTTCAGCATGGCG
Caspase 9 CTGAGCCAGATGCTGTCCCATA GACACCATCCAAGGTCTCGATGTA
Bcl-2 TCCTTCCAGCCTGAGAGCAACC CGACGGTAGCGACGAGAGAAGT
Bax CCCCCGAGAGGTCTTTTTCCG GGGCCTTGAGCACCAGTTTGC
Cyt-C GCTAAACACCAGGACGGAACT CCACTCCCAATCAGGCATGAAC
GAPDH TGATTCTACCCACGGCAAGTT TGATGGGTTTCCCATTGATGA

PINK1, phosphatase and tensin homolog-induced putative kinase 1; Cyt-C, cytochrome c.

ATPase staining. An ATPase staining kit was used for ATPase
staining. Fresh gastrocnemius muscle tissues were embedded
in a frozen section embedding agent and frozen at -20°C for
further processing. The embedded tissues were then cut into
6 ym frozen sections and placed in distilled water. The sections
were incubated in calcium salt solution at 37°C for 5 min, then
incubated with ATPase incubation solution at 37°C for 40 min,
followed by washing with distilled water. Subsequently, the
sections were immersed in cobalt nitrate solution at 37°C for
5 min and then in distilled water. They were then fixed with
4% neutral formalin at room temperature for 2 min and rinsed
with running water for 2 min. The sections were placed in a
prepared sulfide working solution and incubated for 2 min.
After washing with water, the sections were mounted with
glycerol gelatin onto slides. Images were captured under
a fluorescence microscope (Olympus Corporation) at x50
magnification and the average optical density values of the
images were calculated using ImagePro Plus (version 6.0;
Media Cybernetics, Inc.).

Assay of COX activity. The frozen sections of gastrocnemius
muscle of rats were dehydrated in an increasing concentra-
tion gradient of ethanol (5 min at each concentration). The
frozen sections were then soaked in xylene solution twice
(10 min each), the excess liquid on the slide was removed with
absorbent paper and the slides were sealed with neutral gum.
Subsequently, DAB solution was added to the frozen sections
and incubated at 37°C in the dark for 90 min, before the
sections were washed with distilled water three times (3 sec
each). The staining of frozen sections was observed under an
optical microscope (EcliPse E100; Nikon Corporation).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was obtained from the gastrocnemius muscle tissue samples
of rats using TRNzol-A* (Tiangen Biotech Co., Ltd.). cDNA
was synthesized by RT using a PrimeScript™ RT MasterMix
Kit (Takara Bio, Inc.). The expression of target genes was
quantified by qPCR with TB Green™ Premix Ex Taq™ II
(Takara Bio, Inc.) using a CFX96 Real-Time PCR System
(Bio-Rad Laboratories, Inc.). The RT temperature protocol

was 37°C for 15 min and 85°C for 5 sec. The thermocycling
conditions for gPCR amplification were 95°C for 30 sec for
initial denaturation; followed by 40 cycles of 95°C for 5 sec
and 60°C for 30 sec and extension at 72°C for 20 sec, followed
by a final extension at 72°C for 5 min. The primer sequences
of all target genes are shown in Table I. Relative quantification
was performed using the 222 method (48), with GAPDH as
the reference gene.

Western blot analysis. Total protein was extracted from
the gastrocnemius muscle tissues with RIPA lysis buffer
(cat. no. KGP2100; Nanjing KeyGen Biotech Co., Ltd.) on ice,
then centrifuged at 10,000 x g for 15 min at 4°C to collect the
supernatants. A bicinchoninic acid assay (cat. no. KGP902;
Nanjing KeyGen Biotech Co., Ltd.) was used to measure the
protein concentration. Equal amounts of protein (30 ug) were
loaded on 10 and 12% SDS-gels, resolved using SDS-PAGE and
subsequently transferred to a PVDF membrane. Membranes
were blocked using 5% skimmed milk (cat. no. 232100; Difco;
BD Biosciences) at room temperature for 1 h and were then
incubated overnight with primary antibodies at 4°C with agita-
tion. The following primary antibodies were used: Anti-PINK1
(1:1,000), anti-LC3A/B (1:1,000), anti-Bcl-2 (1:1,000),
anti-caspase 9 (1:1,000), anti-GAPDH (1:5,000), anti-Parkin
(1:1,000), anti-SQSTM1/p62 (1:1,000), anti-caspase 3 (1:1,000),
anti-Bax (1:1,000) and anti-Cyt-C (1:1,000). Subsequently, the
membranes were washed and incubated with the secondary
HRP-conjugated Goat Anti-Rabbit IgG antibody (1:3,000;
cat. no. CW0103S; CW Biosciences) or Goat Anti-Mouse IgG
antibody (1:3,000; cat. no. CW0102S; CW Biosciences) at
room temperature for 1 h, and the protein bands were observed
using a Western ECL Substrate kit (cat. no. 170-5061; Bio-Rad
Laboratories, Inc.). Signals were visualized using a gel imaging
system (Chemi Doc XRS+; Bio-Rad Laboratories, Inc.), and
Image Lab software (version 6.0; Bio-Rad Laboratories, Inc.)
was used for densitometric analysis. All experiments were
repeated independently at least three times.

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation or as median and IQR. Graphs were
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generated using GraphPad Prism version 9 (Dotmatics).
SPSS version 22.0 (IBM Corp.) was used for data processing.
Statistical differences between two groups were determined
using unpaired Student's t-test. Comparisons among more
than two groups were carried out using one-way analysis of
variance, followed by the Tukey's post hoc test. The nonpara-
metric Mann-Whitney U test or Kruskal-Wallis test followed
by Dunn's multiple comparisons test were used to analyze
the Lennon score data. P<0.05 was considered to indicate a
statistically significant difference.

Results

Construction of the EAMG rat model. Lewis rats were
immunized by subcutaneously injecting peptide R97-116
as an antigen to induce EAMG (Fig. 1A); ~20 days after
the first immunization, the majority of the rats in the model
group exhibited a decrease in water and food consumption,
weight loss and muscle weakness (increased Lennon score),
compared with the rats in the control group (Fig. 1B and C).
After the third booster immunization, one rat was sacrificed
due to reaching humane endpoints, and the rest of the model
group rats exhibited decreased activity, low and weak cries,
dull and yellow fur, marked weight loss and muscle weakness
(increased Lennon score); the differences between the model
group and the control group were statistically significant (both
P<0.01; Fig. 1B and C). After modeling, the rats were anesthe-
tized and the changes in the response to RNS in each group
were measured using electromyography. The attenuation of
the first action potential amplitude and the fifth action poten-
tial amplitude of model rats was >10%, and the differences
between the model group and the control group was statisti-
cally significant (P<0.01; Fig. 1D and E). ELISA was used to
detect the levels of AChR-Ab in the rats. Compared with in
the control group, the AChR-Ab content in the serum of rats in
the model group was significantly increased (P<0.01; Fig. 1F).

Effects of AS-1V on EAMG rats. After modeling, the different
groups were treated with normal saline or AS-IV (Fig. 2A) for
4 weeks. In the model group, the weight and muscle strength
of rats continued to decline after treatment with normal saline.
After 4 weeks of treatment, compared with in the model
group, the average weight of EAMG rats in the H-ASIV and
L-ASIV groups significantly increased (P<0.01; Fig. 2B).
The Lennon score also significantly decreased, indicating
improved MG symptoms (P<0.01; Fig. 2C). Electromyography
(EMG) was then used to observe the changes in the response
to RNS in each group, and the levels of AChR-Ab in the
blood samples from each group were measured. There was no
significant change in the EMG amplitude in the control group,
but the EMG amplitude attenuation rate in the model group
was >10% compared with that in the control group (P<0.01;
Fig. 2D and E). By contrast, the RNS amplitude attenuation
of rats in the H-ASIV and L-ASIV groups recovered and was
significantly reduced compared with that in the model group
(P<0.01 and P<0.05, respectively; Fig. 2D and E). Compared
with in the control group, the AChR-Ab levels of rats in the
model group were significantly increased (P<0.01; Fig. 2F).
By contrast, the AChR-AD levels in the blood samples from
the H-ASIV and L-ASIV groups were significantly reduced
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compared with those in the model group (P<0.01 and P<0.05,
respectively; Fig. 2F). Taken together, these results suggested
that AS-IV can improve the symptoms of EAMG in a rat
model.

Effects of AS-1V on the morphology and ultrastructure of
gastrocnemius muscle. The muscle fibers of rats in the control
group were tight, normal and orderly, with nuclei evenly
distributed at the edge of the fibers (Fig. 3A). In the model
group, muscle fiber atrophy, widening of the spaces between
fibers, edema and degeneration, connective tissue forma-
tion and mass inflammatory cell infiltration were observed.
Following treatment with AS-IV, both the low and high dose
groups showed varying degrees of improvement, especially at
the higher dose, and the muscle fiber morphology was similar
to that observed in the control group (Fig. 3A).

TEM was used to observe changes in the muscle fiber
arrangement and mitochondrial ultrastructure in the gastroc-
nemius muscle tissue of rats (Fig. 3B). In the control group, the
gastrocnemius muscle tissue was tight, the muscle fibers were
arranged in an orderly manner, the mitochondrial structure
was complete and clear, and the cristae were visible. In the
model group, most muscle fibers appeared broken, the number
of mitochondria was notably reduced, and the mitochondrial
structure was incomplete. In the L-ASIV group, the muscle
fibers of rats appeared severely broken, some mitochondria
were swollen, vacuolated and showed aggregation, but the
number of mitochondria was higher than that in the model
group. In the H-ASIV group, fewer broken muscle fibers were
observed compared with in the model group, with visible cristae
and complete mitochondrial structure. In addition, autophago-
somes in the gastrocnemius muscle tissue were observed using
TEM. In the model group, no autophagosomes were observed
under TEM, whereas AS-IV treatment markedly increased
the number of autophagosomes (Fig. 3B). Briefly, these results
indicated that AS-IV notably improved the morphology of the
gastrocnemius muscle, the ultrastructure of mitochondria and
the dysregulated mitophagy in rats.

Effects of AS-1V on ATPase activity in gastrocnemius muscle.
ATPase hydrolyzes ATP into ADP and phosphate, and releases
energy for almost all essential cellular processes (49). In the
gastrocnemius muscle of control rats, active site of ATPase
staining is brown and black, and positive expression of ATPase
was detected (Fig. 4A and B). In the model group, the intensity
of staining was low and ATPase expression was significantly
reduced compared with that in the control group, suggesting
that ATPase activity was decreased (P<0.01). After treatment
with AS-IV, the intensity of staining was higher, expression
increased and ATPase activity was significantly increased in
H-ASIV and L-ASIV groups compared with that in the model
group (P<0.01 and P<0.05, respectively; Fig. 4A and B). In
summary, these results suggested that AS-IV can improve
ATPase activity and restore mitochondrial function.

Effect of AS-1V on COX activity in the skeletal muscle of
EAMG rats. COX is an enzyme present in mitochondria,
which serves a crucial role in maintaining the normal structure
and function of mitochondria (50). To evaluate COX activity,
an optical microscope was used to observe the differences in
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Figure 1. Construction and evaluation of the EAMG rat model. (A) Experimental protocol for treatment of EAMG rats with AS-IV. (B) Weight change rate
after modeling. (C) Changes in Lennon score in different groups. (D) Degree of electrical attenuation was detected by RNS in both the control and model
groups at 1 week after the last immunization. (E) Quantitative diagram of the RNS analysis. The amplitude attenuation of the first and fifth action potentials in
the model group decreased by >10%, which was considered positive. (F) Rat serum samples were collected at the indicated time points after disease induction
and were analyzed by ELISA for rat AChR-Ab. “P<0.01 vs. control. AChR-ADb, acetylcholine receptor antibody; AS-1V, astragaloside IV; COX, cytochrome
¢ oxidase; EAMG, experimental autoimmune myasthenia gravis; H-ASIV, high-dose AS-IV; H&E, hematoxylin and eosin; L-ASIV, low-dose AS-IV; RNS,
repetitive nerve stimulation; RT-qPCR, reverse transcription-quantitative PCR; TEM, transmission electron microscopy; WB, western blotting.

COX staining in the gastrocnemius muscle tissues after intra-
gastric treatment for 4 weeks. COX staining of frozen sections
of gastrocnemius tissue in the control group showed that the
myofibrils were polygonal and of equal size; the color at active

part of COX staining was indicated by brown grain precipita-
tion. Compared with in the control group, COX activity in the
model group was lower with lighter brown grain precipitation
in most positively stained areas, and irregularities in the size
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Figure 2. Therapeutic effect of AS-IV on experimental autoimmune myasthenia gravis rats. After modeling, the different groups were treated with normal
saline and AS-IV for 4 weeks. (A) Chemical structure of AS-IV. (B) Change of average body weight ratio before and after treatment. (C) Changes in Lennon
scores in different groups; n=8. (D). Changes of RNS in each group after treatment with saline or AS-IV. (E) Quantitative diagram of the repetitive nerve
stimulation analysis; n=8. (F) Concentration of AChR-ADb in rat serum was measured by ELISA; n=8. “P<0.01 vs. control group; “P<0.05, #P<0.01 vs. model
group. AChR-AD, acetylcholine receptor antibody; AS-1V, astragaloside IV; H-ASIV, high-dose AS-IV; L-ASIV, low-dose AS-IV.

and shape of myofibrils was observed (Fig. 4C). In the L-ASIV  with the myofibrils exhibited irregular shapes. There was a
group, COX activity was low and the positively stained area  notable difference in the H-ASIV group when compared with
showed a lighter brown grain precipitation, accompanied the model group, which presented regularly shaped myofibrils
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Control

Control

Figure 3. Effects of AS-IV on histological morphology and mitochondrial ultrastructure of the rat gastrocnemius muscle in each group. (A) Hematoxylin and
eosin staining to characterize the internal structure of the gastrocnemius muscle fiber of rats in each group. Representative images of gastrocnemius muscle
cross-sections (upper images) and longitudinal sections (lower images) were captured by microscopy (scale bar, 50 ym). The lesion area is indicated by black
arrows. (B) Transmission electron microscopy observations of the arrangement of muscle fibers and the ultrastructure of mitochondria in the gastrocnemius
muscle of rats in each group. Mitochondria with a relatively complete structure are labeled with black arrows, while the blue arrows indicate autophagosomes
(scale bar, 500 nm). AS-IV, astragaloside I'V; H-ASIV, high-dose AS-1V; L-ASIV, low-dose AS-IV.

and more intense staining (Fig. 4C). Compared with in the
control group, the intensity of distribution (IOD)/area of COX
activity in the model group was significantly reduced (P<0.05;
Fig. 4D). By contrast, compared with in the model group, in the
H-ASIV group, the IOD/area of COX activity was significantly
increased (P<0.05; Fig. 4D). Therefore, these results suggested
that AS-IV improved COX activity to preserve mitochondrial
structure and function.

AS-1V promotes PINKI/Parkin-mediated mitophagy in the
skeletal muscle of EAMG rats. To further understand the
mechanism of action of AS-IV, its effects on the mRNA and
protein expression levels of members of the mitophagy-related
signaling pathway were determined. As shown in Fig. SA-D,
compared with those in the control group, the mRNA expres-
sion levels of PINK1, Parkin and LC3II in the model group
were decreased, whereas the mRNA expression levels of p62

were increased (all P<0.01). Compared with in the model
group, the difference in the mRNA expression levels of
PINK1, Parkin, p62 and LC3II in the L-ASIV group was not
significant, whereas the mRNA expression levels of PINK1,
Parkin and LC3II were significantly increased in the H-ASIV
group (P<0.05 or P<0.01). Additionally, the mRNA expres-
sion levels of p62 were significantly decreased in the H-ASIV
group (P<0.01).

The protein expression levels of the aforementioned
molecules were further assessed using western blotting
following AS-IV treatment. As shown in Fig. 6A-E, the protein
expression levels of PINK1, Parkin, and LC3II/I in the model
group were significantly lower than those in the control group,
whereas the protein expression levels of p62 were significantly
increased (all P<0.01). After treatment with AS-IV, compared
with those in the model group, the protein expression levels
of PINKI1, Parkin, and LC3II/I in the H-ASIV group were
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Figure 4. Protective effect of AS-IV on structure and function of mitochondria in the gastrocnemius muscle of experimental autoimmune myasthenia gravis
rats. ATPase and COX activities in the gastrocnemius muscle of rats from each group. (A) Effect of AS-IV on ATPase staining. (B) Quantification of the IOD
of ATPase in rats from each group; n=8. (C) Effect of AS-IV on COX staining. (D) Quantification of the IOD of COX in rats from each group; n=8. "P<0.05,
"P<0.01 vs. control group; *P<0.05, #P<0.01 vs. model group. AS-IV, astragaloside IV; COX, cytochrome c oxidase; H-ASIV, high-dose AS-IV; IOD, intensity

of distribution; L-ASIV, low-dose AS-IV.

significantly higher, and the expression levels of p62 were
significantly decreased (P<0.05 or P<0.01). By contrast, there
was no significant difference in the protein expression levels in
the L-ASIV group. Taken together, these results suggested that
AS-IV can promote PINK1/Parkin-mediated mitophagy in the
skeletal muscle of EAMG rats.

AS-1V ameliorate expression of mitochondrial apoptosis-
associated proteins/genes in the skeletal muscle of EAMG
rats. Subsequently, we conducted further investigations
to observe the impact of AS-IV on the mRNA and protein
expression levels of mitochondrial apoptosis-related signaling
pathway components. As shown in Fig. 7A-E, the mRNA
expression levels of Bax, Cyt-C, caspase 3 and caspase 9
were significantly higher (P<0.01), and the mRNA expres-
sion levels of Bcl-2 were significantly lower (P<0.01), in the

skeletal muscle tissues of the model group compared with
in the control group. After 4 weeks of AS-IV treatment, the
expression levels of Cyt-C, Bax, caspase 3 and caspase 9 were
significantly lower in the L-ASIV and H-ASIV groups than
those in the model group (all P<0.01; except for Cyt-C in the
L-ASIV group, P<0.05). By contrast, Bcl-2 expression in the
H-ASIV and L-ASIV groups was significantly higher than that
in the model group (P<0.01).

Western blotting was used to detect the protein expression
levels of the aforementioned genes. As shown in Fig. 8A-F, the
protein expression levels of Cyt-C, Bax, caspase 3 and caspase
9 were significantly higher (all P<0.01), and the expression
levels of Bcl-2 were significantly lower (P<0.01) in the skeletal
muscle of the model group compared with those in the control
group. After 4 weeks of AS-IV treatment, the expression levels
of Cyt-C, Bax, caspase 3 and caspase 9 in the H-ASIV and
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Figure 8. Effects of AS-IV on the expression of proteins related to mitochondrial apoptosis. (A) Western blotting was used to analyze protein expression. Effect
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L-ASIV groups were significantly lower than those inthe model ~ higher than those in the model group (P<0.01). In summary,
group (all P<0.01; except for caspase 3 and 9 in the L-ASIV  these results indicated that AS-IV can ameliorate the expres-
group, P<0.05). In addition, the protein expression levels of  sion of mitochondrial apoptosis-associated proteins/genes in
Bcl-2 in the H-ASIV and L-ASIV groups were significantly  the skeletal muscle of EAMG rats.
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Discussion

AS-IV has been shown to exert pharmacological effects,
such as antioxidant, anti-inflammatory, anti-apoptotic and
immune-enhancing activities. Previous studies have also
confirmed that AS-IV alleviates neuron and Schwann cell
damage and improves neural functional deficits (51-53), which
significantly improves neurodegenerative diseases, such as
Alzheimer's disease (AD) and PD (54). Moreover, AS-IV has
demonstrated favorable therapeutic effects on neuromuscular
disorders, such as amyotrophic lateral sclerosis (ALS), which
has been attributed to its ability to ameliorate inflammatory
responses and neurotransmission (29,34,55,56). Since MG
is a representative neuromuscular disease (57), it is reason-
able to speculate that AS-IV may offer therapeutic effects in
its management. In the present study, an EAMG rat model
was established, and a reduction in body weight and muscle
strength was observed, as well as impaired neurotransmission
and a significant decrease in the action potential. Furthermore,
the structure of the gastrocnemius muscle was disturbed, and
muscle fibers appeared broken based on microscopic observa-
tion with H&E staining. In the rats treated with AS-IV, the
aforementioned observations were reversed. AS-IV could
improve symptoms of muscle weakness and pathological
changes in the gastrocnemius muscle and could improve the
attenuation of the action potential of the gastrocnemius muscle
and restore neurotransmission, thus indicating that AS-IV may
exert a protective effect on EAMG rats.

The primary autoimmune antibody associated with MG
onset is AChR-Ab, which targets the postsynaptic membrane
of AChR, leading to disrupted ACh transmission and impaired
NMI function, resulting in symptoms of muscle weakness (58).
The current treatment approach for MG primarily involves
the use of acetylcholinesterase inhibitors, corticosteroids and
immunosuppressants, which can alleviate symptoms in the
majority of patients with MG (59). However, ~15% of patients
with MG have been reported to show limited or no response
to these therapies (60), while simultaneously enduring the
burden of numerous adverse reactions (61,62). AS-IV, a natural
medicinal compound derived from A. membranaceus, is a
traditional Chinese medicine that presents advantages, such
as cost-effectiveness and low toxicity (63,64). In the present
study, the levels of AChR-Ab were increased in EAMG rats
in response to modeling, but were reversed after AS-IV treat-
ment, suggesting the potential for AS-IV to regulate AChR-Ab
levels in EAMG rats. Nevertheless, ~20% of patients with MG
do not exhibit AChR-AD in their serum (65), and the severity
of symptoms is not correlated with antibody levels (66-68),
which presents challenges in diagnosis, treatment selection
and evaluation of prognosis. The present findings indicated
that AS-IV not only reduced serum AChR-Ab levels in EAMG
rats, but also significantly improved the morphology and func-
tion of skeletal muscle mitochondria. It may be hypothesized
that mitochondrial damage serves a role in MG, and AS-IV
could exert its therapeutic effects by improving mitochondrial
function.

The NMJ is a highly active site that requires a significant
amount of energy to sustain the transmission of nerve impulses
and muscle contraction (17). Mitochondria have a vital role in
providing energy for these processes through the production

of ATP (69). Furthermore, mitochondria serve a role in anti-
oxidant defense and in the regulation of calcium ions (18).
Certain proteins within mitochondria can also promote the
aggregation of AChRs at the postsynaptic membrane (70). In
summary, the proper functioning of mitochondria ensures the
coordinated progression of NMJ activity and skeletal muscle
physiology.

The pathological process of MG may be significantly influ-
enced by mitochondrial dysfunction. Previous studies have
shown mitochondrial accumulation and atypical abnormal
ultrastructure in muscle biopsies obtained from patients with
MG (15). Additionally, there is a deficiency of mitochon-
drial respiratory chain complexes in patients with MG (71).
Mitochondrial dysfunction and depleted energy levels have also
been observed in the muscle tissue of patients with MG (16).
The impairment of mitochondria can diminish muscle energy
production and trigger oxidative stress, further exacerbating
symptoms of muscle weakness (72). Consequently, reversing
mitochondrial damage, and restoring the normal structure
and function of mitochondria, are crucial for effective MG
treatment. In the present study, after modeling, compared
with in the control group, the model group rats demonstrated
a marked decrease in the number of mitochondria in the
gastrocnemius muscle, along with incomplete mitochondrial
structure, swelling and vacuolization, and there was a lack of
cristae based on TEM. Subsequent administration of AS-IV at
low or high doses led to an increase in mitochondrial quantity
and pronounced improvement in mitochondrial structure,
particularly in the high-dose group, where well-defined cristae
and relatively intact mitochondrial structure were evident.
These findings suggested that AS-IV may exert a protective
effect against mitochondrial damage in EAMG.

The activity of ATPase can reflect the function of mitochon-
dria. ATPase hydrolyzes ATP into ADP and phosphate, and
releases energy for almost all essential cellular processes (73).
In our previous study, myocyte damage alongside decreased
Ca**/Mg**-ATP and Na'/K*-ATP enzyme activity were
observed in the skeletal muscle of EAMG rats, indicative of
abnormal energy metabolism in the skeletal muscle of EAMG
rats, resulting in impaired muscle diastolic movement (19).
COX, also known as mitochondrial respiratory chain complex
IV, is one of the oxidases essential for mitochondrial respira-
tory function (74). Previous studies have shown that defects in
the mitochondrial respiratory chain are important factors that
interfere with cellular energy metabolism and are an important
cause of skeletal muscle injury (75-77). In the present study, by
staining frozen sections of the rat gastrocnemius muscle, the
results showed that the model group had a reduced staining
and markedly lower activity in the positively stained ATPase
area, low COX activity, and a lower number of cells positive
for both ATPase and COX activity, all of which were restored
after treatment with AS-IV. These results further confirmed
that AS-IV could reduce skeletal muscle injury in EAMG rats
by improving mitochondrial energy metabolism.

Mitophagy is a process that selectively removes damaged
or abnormal mitochondria and serves a crucial role in main-
taining intracellular homeostasis (78). PINK1/Parkin is the
classical pathway mediating mitophagy. PINK1 acts as a
mitochondrial Ser/Thr kinase that recruits Parkin to depolar-
ized mitochondria and interacts with the outer mitochondrial
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membrane complex to regulate Parkin translocation and acti-
vation. Parkin acts as an E3 ubiquitin ligase and is typically
located in the cytoplasm. In response to mitochondrial stress,
it is rapidly recruited to damaged mitochondria, thereby phos-
phorylating the ubiquitin ligase p62 and promoting its binding
to LC3 in the mitochondria to initiate mitophagy (79).

Apoptosis serves an important role in the regulation of
homeostasis in the human body, and mitochondrial apoptosis
is one of the major routes of apoptosis, involving a variety
of key signaling molecules (80). Apoptosis-promoting Bax
protein and apoptosis-inhibiting Bcl-2 protein, primarily
localized on the mitochondria and endoplasmic reticulum,
jointly regulate mitochondrial membrane permeability and
apoptosis signal transmission. When cells are stimulated by
apoptotic signals, Bax proteins excessively accumulate in the
outer mitochondrial membrane, enhancing mitochondrial
membrane permeability. This leads to the release of soluble
proteins such as Cyt-C from the intermembrane space to
the cytoplasm. Subsequently, Cyt-C can recruit and activate
proenzymes of caspase 9, initiating the amplification of the
caspase cascade effect, and further activating the cleavage of
caspase 3 precursors, ultimately leading to the initiation of
apoptosis (81,82).

A growing number of studies have confirmed the close asso-
ciation between mitophagy and the development of progressive
myasthenic diseases, such as neurogenic distal myopathy and
ALS (83,84). Similarly, mitochondrial apoptosis has a key role
in several neurodegenerative and autoimmune diseases, such
as AD, PD and rheumatoid arthritis (RA) (83-86). AS-IV has
been reported to prevent dopaminergic neurodegeneration
in PD by promoting mitophagy to inhibit astrocyte senes-
cence (87). AS-IV also attenuates Schwann cell injury in
diabetic peripheral neuropathy by promoting autophagy (88).
In addition, AS-IV attenuates neuroinflammation and delays
smooth muscle cell senescence in spinal cord injury by
promoting autophagy (89,90). AS-IV has also been shown
to exert its anti-apoptotic effects in several diseases via the
regulation of key mitochondrial apoptotic signaling molecules,
such as Bax/Bcl-2 and the caspase family of proteins (91-94).
However, the involvement of mitophagy and apoptosis in the
development of MG and the potential of AS-IV to mitigate
skeletal muscle injury in MG through the regulation of
mitophagy and apoptosis remains unclear.

In the present study, the results showed there was a
decrease in the mRNA and protein expression levels of PINK1
and Parkin, as well as an increase in the expression of p62
in the skeletal muscle tissues of the EAMG rat model. The
expression of LC3, as a marker of autophagy, holds significant
importance. Additionally, the ratio of LC3II/LC3I is often
used to measure the degree of autophagy (95). A significant
reduction in LC3II/I was observed in the skeletal muscle of
EAMG rats, along with a decrease in the number of autopha-
gosomes observed by TEM in the model group, indicating a
marked attenuation of mitophagy in the skeletal muscle of
EAMG rats. Furthermore, the mRNA and protein expression
levels of pro-apoptosis-related signaling molecules, such
as Cyt-C, Bax, caspase 3 and caspase 9, were increased,
whereas the expression levels of the apoptosis-suppressing
protein Bcl-2 were decreased, leading to an elevated level of
mitochondrial apoptosis. All of the aforementioned changes
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were reversed by AS-IV treatment. Therefore, these findings
indicated that mitophagy was reduced and mitochondrial
apoptosis was elevated in the skeletal muscle of EAMG
rats, resulting in skeletal muscle cell damage. Conversely,
AS-IV improved the morphology, structure and function of
mitochondria by promoting mitophagy and inhibiting mito-
chondrial apoptosis. This effectively reduced the pathological
damage to skeletal muscle and improved the symptoms in
EAMG rats.

However, the present study has some limitations. In the
present study, AS-IV could decrease the levels of AChR-Ab
and alleviate aberrant mitophagy and apoptosis. However, the
potential link between mitophagy, apoptosis and AChR-Ab
remains unclear; investigating this association presents an
intriguing question, and further exploration of this topic will
be pursued in future research.

In conclusion, to the best of our knowledge, the present
study was the first to demonstrate that AS-IV protected
against EAMG in a rat model by modulating mitophagy and
apoptosis. This resulted in an improvement in mitochondrial
structure and function, as well as a reduction in gastrocnemius
muscle damage. These findings provide novel insights into
the potential mechanism of MG and highlight potential novel
treatment strategies.
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