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Astragaloside IV improves the survival rates of retinal ganglion
cells in traumatic optic neuropathy by regulating autophagy
mediated by the AMPK-MTOR-ULK signaling pathway
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Purpose: Autophagy is involved in the pathological changes of traumatic optic neuropathy (TON), and the regulation of
autophagy mediated by the AMPK-mTOR-ULK pathway is a potential therapeutic approach. Astragaloside IV (AS-IV)
can regulate autophagy and play a therapeutic role in various diseases. This study aimed to observe the therapeutic effect
of astragaloside on TON and the role of AMPK-MTOR-ULK pathway-mediated autophagy in this process.

Methods: After the TON model was established, varying doses of AS-IV were administered as an intervention. Ad-
ditionally, compound C (an AMPK inhibitor) or 3-methyladenine (an autophagy inhibitor) was administered intraperi-
toneally in conjunction with AS-IV. Samples were collected following a 7-day intervention period. Western blot analysis
was conducted to measure the protein and phosphorylation levels of AMPK, mTOR, and ULK proteins. Moreover,
western blot and quantitative reverse transcription PCR assays were used to quantify LC3 levels in retinal tissue. LC3
immunofluorescence was performed to examine autophagy levels in the ganglion cell layer (GCL), while transmission
electron microscopy was employed to observe autophagosomes. Additionally, BRN3A immunofluorescence was used
to label retinal ganglion cells (RGCs) in the GCL, and terminal deoxynucleotidyl transferase dUTP nick-end labeling
staining was used to assess apoptosis within the GCL. Finally, optic nerve conduction function was evaluated using
flash visual evoked potentials.

Results: After 7 days, the phosphorylation levels of AMPK, mTOR, and ULK proteins in retinal tissue exhibited sig-
nificant changes following TON. AS-IV treatment enhanced LC3 messenger RNA and protein levels in TON model rats,
and the autophagy-promoting effect of AS-IV was reversed by 3-methyladenine. Moreover, AS-IV elevated P~ AMPK
and P-ULK levels while decreasing P-mTOR levels. AS-IV also improved the survival rate of RGCs and reduced the
P2 peak latency of flash visual evoked potentials. These effects were attenuated by the AMPK inhibitor compound C.
Additionally, AS-1V increased the levels of AKT1 and P-AKT1 while decreasing P-S6RP levels in the retinal tissue of
TON model rats.

Conclusions: AS-IV can increase the survival rate of RGCs and improve visual function after TON, which may be

related to the improvement of autophagy by regulating the AMPK-MTORCI-ULK pathway.

Traumatic optic neuropathy (TON) is a category of acute
optic nerve injury usually caused by orbital, ocular, or cepha-
lofacial trauma that can lead to severe irreversible vision loss
[1]. Primary injuries caused by direct external forces can
result in the destruction of the optic nerve capsule, partial
or complete transection of the optic nerve, and impaired
blood supply to the central region of the optic nerve. Subse-
quent secondary injury can initiate a series of biochemical
cascades, leading to optic nerve ischemia and hypoxia,
which lead to inflammation, immune responses, excitatory
toxicity, oxidative damage, and ultimately oligodendrocyte
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apoptosis caused by axon demyelination and retinal ganglion
cell (RGC) apoptosis [2]. Existing evidence shows that neither
hormone therapy nor optic canal decompression provides
additional benefit to patients compared to observation alone
[3,4]. Exploring the mechanisms of RGC survival after optic
nerve injury and improving RGC survival are important
research strategies for the treatment of TON [5].

Numerous reports have outlined the role of autophagy
in RGC death following TON [5-8]. After intravitreal injec-
tion of the autophagy inhibitor 3-methyladenine (3-MA), the
number of microtubule-associated protein 1 light chain 3-II
(LC3-II)—positive autophagosomes in the rat retina decreased,
resulting in a significant delay in the acute phase of axonal
degeneration following optic nerve crush [9]. Similarly,
AtgdB~ mice, which lack autophagy genes, show no signifi-
cant differences in retinal function compared to wild-type
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mice under normal physiologic conditions but display more
severe retinal function impairment after injury [10,11]. These
findings indicate that autophagy deficiency or inhibition can
exacerbate damage to RGCs in TON. Conversely, the use of
autophagy activators improved the survival rate of RGCs
in TON models [10]. Therefore, these studies confirm that
autophagy is involved in the process of RGC death and TON
repair, suggesting that modulating the autophagic response
might be a potential therapeutic approach for enhancing RGC
survival following TON [12-14].

Among the various signaling pathways involved in
autophagy, the AMPK-mTOR-ULK pathway has garnered
significant attention [15]. Adenosine monophosphate-acti-
vated kinase (AMPK) is a critical enzyme highly conserved
through evolution. Acting as a “cell energy sensor,” its
activity is influenced by adenosine monophosphate (AMP)
levels [16]. Under normal conditions, the AMP level in
cells is low, resulting in AMPK remaining in an inactive,
dephosphorylated state. However, when RGCs experi-
ence energy deficiency due to axoplasmic flow block, the
adenosine triphosphate content decreases, and the AMP
level increases. The rise in the AMP/adenosine triphosphate
ratio activates AMPK, which in turn triggers downstream
signaling pathways to induce autophagy [16,17]. Previous
studies have identified phosphorylated AMPK in optic nerve
axons [18,19], and the AMPK activator A769662 has been
shown to provide axonal protection by enhancing autophagy
in tumor necrosis factor—induced optic nerve degeneration
[19]. The mammalian target of rapamycin (mTOR), a member
of the phosphatidylinositol kinase-related kinase family, is a
crucial regulator of autophagy. mTOR exists in two distinct
complexes: mTOR complex 1 (mTORCT1), which is rapamycin
sensitive, and mTOR complex 2 (mTORC?2), which is rela-
tively rapamycin insensitive [15]. In TON models, numerous
studies have demonstrated that mTOR inhibitors improve
the survival of RGCs [8-10]. Unc-51-like kinase (ULK) is
a homolog of Atgl, an essential autophagy-related gene in
mammals. ULK is the only core autophagy protein with
serine/threonine kinase activity. Both mTOR and AMPK
catalyze or inhibit the phosphorylation of ULK, thereby
promoting or inhibiting autophagy, respectively [15-18].
Given that severe axonal injury leads to disrupted axoplasmic
flow in RGCs and subsequent energy supply impairments,
AMPK-mTOR-ULK-mediated autophagy might be a key
pathophysiological mechanism affecting RGC survival.

Astragaloside IV (AS-1V) is the main active ingredient
of the traditional Chinese medicine Astragalus membrana-
ceus, known for its diverse functions, including oxygen free
radical scavenging, anti-inflammatory effects, immunity
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enhancement, and cardiovascular improvement [20]. The
regulatory effect of AS-IV on autophagy has been increas-
ingly reported, but the results are inconsistent. Some studies
have found that AS-IV can inhibit autophagy [21,22],
while in other studies, AS-IV exerts its therapeutic effect
by promoting autophagy [23-25]. To date, no research has
examined the effects of AS-IV on traumatic optic nerve
injury. Besides, AS-IV has been shown to regulate AMPK
and mTOR proteins [26-29]. This study aims to explore the
effect of AS-IV on the RGC survival rate in a TON animal
model, as well as the potential role of the AMPK-mTOR-ULK
autophagy pathway in this process.

METHODS

Ethics statement: Animal care and experiments were
approved by the Bioethics Committee of Dongfang Hospital,
Beijing University of Chinese Medicine (No. 202007). This
experiment was performed in strict accordance with the
regulations in the National Institutes of Health guidelines
for animal care and use and the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research.

Materials: The following materials were purchased for this
study: AS-IV (B20564; Shanghai Yuanye Biotechnology
Co., Ltd., Shanghai, China), rapamycin (abl46591; Abcam,
Cambridge, UK), compound C (dorsomorphin, ab120843;
Abcam), LC3B (E5Q2K) mouse mAb (83506S; CST, Boston,
MA), AMPKa (D63G4) rabbit mAb (40308ES20; CST),
mTOR (7C10) rabbit mAb (2983S; CST), ULK1 (D8HS5)
rabbit mAb (8054S; CST), anti-phospho-AMPKa (Thrl72)
rabbit mAb (50081S; CST), phospho-mTOR (Ser2448; DIC2)
XP rabbit mAb (5536S; CST), phospho-ULK1 (Ser555;
D706U) rabbit mAb (14202S; CST), anti-Brn3A antibody
(ab245230; Abcam), rabbit anti-phospho-RPS6 (Ser240
+ Ser244) polyclonal antibody (bs-3389R; Bioss, Beijing,
China), rabbit anti-phospho-AKT]1 (Ser473) polyclonal anti-
body (bs-12456R; Bioss), AKT monoclonal antibody (bsm-
52010R; Bioss), 3-MA (HY-19312; Monmouth Junction, NJ),
TUNEL Apoptosis Detection Kit (40308ES20; YEASEN,
Shanghai, China), goat anti-mouse IgG-HRP (ab6789;
Abcam), and goat anti-rabbit [gG-HRP (ab205718; Abcam).

Experimental animals: SPF male Wistar rats (Beijing Vital
River Laboratory Animal Technology Co., Ltd., Beijing,
China) weighing 180 + 20 g were reared in an environment
with controlled humidity and temperature, access to free
eating and drinking, and a 12-h light/dark cycle. Modeling
experiments were performed after a 1-week adaptation period.
A total of 175 rats were randomly divided into 7 groups (n
= 25): the low-dose AS-IV group (ASIV-L), middle-dose
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AS-IV group (ASIV-M), high-dose AS-IV group (ASIV-H),
sham operation group (SH), model group (MO), rapamycin
(mTORCI1 complex inhibitor) group (RA), and compound C
(AMPK inhibitor) group (CC). The low-, middle-, and high-
dose AS-IV groups were intraperitoneally injected with
AS-1V immediately after modeling at a dose of 10/20/40 mg/
kg/d (vehicle composition: 10% dimethyl sulfoxide [DMSO],
40% PEG300, 5% Tween-80, and 45% saline) [30,31]. The RA
group was intraperitoneally injected with the autophagy acti-
vator rapamycin at a dose of 2 mg/kg/d (vehicle composition:
10% DMSO, 40% PEG300, 5% Tween-80, and 45% saline)
[32,33], and the CC group was intraperitoneally injected
with AS-1V (20 mg/kg/d) + compound C (1 mg/kg/d; vehicle
composition: 10% DMSO, 40% PEG300, 5% Tween-80, and
45% saline) [34,35]. The SH and MO groups were intraperito-
neally injected with a vehicle at 1 m1/100 g/d. All groups were
treated once daily for 1 week and then euthanized for further
analysis. In addition, 20 Wistar rats were divided into four
groups: SH, MO, ASIV-M, and 3-MA (ASIV-M + 3-MA).
The 3-MA group was administered with 3-MA (15 mg/kg,
twice a week; DMSO as vehicle composition) via intraperi-
toneal injection half an hour after the ASIV-M intervention.

Establishment of the TON model: TON animal modeling was
performed as in a previous study [36]. Specifically, the retina
and blood vessels of the rat’s fundus were examined directly
with an ophthalmoscope (Olympus Co., Ltd., Tokyo, Japan)
before surgery. Rats were anesthetized by intraperitoneal
injection of 1% pentobarbital (60 mg/kg), and the operated
eyes were coated with carbomer gel. After iodine disinfec-
tion, the skin was incised along the temporal orbital rim of
the right eye under a stereomicroscope, and the orbital fascia
was incised to expose the orbital bone edge. The supraor-
bital connective tissue was cleansed, and the obliquus rectus
muscle was separated and directed toward the orbital apex
until the optic nerve sheath was exposed. The optic nerve
sheath was carefully separated to expose the optic nerve,
which was then wrapped and knotted with a 6-0 polyester
suture 2 mm behind the eyeball. One end of the suture was
fixed, and the other end was connected with a transverse
tensiometer. Then, the suture was then pulled perpendicular
to the optic nerve with a tension of 0.3 N for 20 s. After
surgery, the skin was sutured, erythromycin eye ointment
was applied to the operated eye, and the rats were placed on
an electric heating pad at 37 °C for recovery.

In the SH group, the nerve sheath was cut to expose the
optic nerve without retraction. All experimental rats were
operated with the right eye as the surgical eye and the left
eye as the control eye.
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Animal euthanasia and eye tissue sampling: After 7 days
of intervention, the rats were killed by an overdose of anes-
thesia (1% pentobarbital, 120 mg/kg). The eye tissue was then
extracted as follows: surgical curved forceps were used to
gently pull the mouse bulbar conjunctiva in the 9-o0’clock
direction, and ophthalmic curved scissors were used to cut
along the fornix of the mouse bulbar conjunctiva. The eyelid,
periocular, and intraorbital tissues were separated. The
eyeball was gently lifted outward and upward to expose
the retrobulbar tissue carefully. The eyeball was removed
by cutting the retrobulbar tissue along the curvature of the
posterior surface of the eyeball with curved ophthalmic
scissors. Excess muscle and fascial tissue outside the eye
were removed. The eyes were then fixed in a centrifuge
tube prefilled with approximately 10 times the volume of the
eyeball with Davidson’s fixative.

The steps of retinal tissue extraction are as follows: the
freshly harvested eyeball tissue was transferred to ice for
retinal tissue extraction. After performing anterior chamber
puncture along the corneal limbus, ophthalmic surgical
scissors were used to cut around the corneal limbus 0.5 mm
behind the limbus. The corneal tissue was then removed. The
lens and vitreous tissue were carefully removed, and then
the neuroepithelial retinal tissue (appearing as a light-yellow
villous structure) was gently peeled off with microforceps and
transferred to cryovials. The tissue was placed into a liquid
nitrogen tank and then moved to a =80 °C freezer for storage.

Western blot: Retinal tissues were removed from the ultralow
temperature freezer (—82 °C), and each sample was lysed by
adding 150 pl RIPA lysis buffer for 30 min on ice. The lysate
was centrifuged at 16,000 xg for 15 min at 4 °C, and the
protein concentration was determined using a BCA protein
assay kit. Equal amounts of proteins were loaded on a 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gel and separated. The proteins were then transferred to a
polyvinylidene fluoride membrane, blocked at room tempera-
ture for 2 h, and incubated with the corresponding primary
antibodies (mouse anti-LC3B, rabbit anti-AMPK, rabbit
anti-mTOR, rabbit anti-ULK, rabbit anti-P-AMPK, rabbit
anti—-p-mTOR, rabbit anti—p-ULKI1, rabbit anti-phospho-
AKT]1, rabbit anti-phospho-RPS6, mouse anti-AKT1) over-
night at 4 °C. Then, the membrane was incubated with the
corresponding horseradish peroxidase—conjugated secondary
antibodies (anti-mouse IgG [1:1,000] and anti-rabbit IgG
[1:1,000]) in a shaker at 37 °C for 2 h. Enhanced chemilu-
minescence was used to detect the immunoreactive proteins,
and an automatic chemiluminescence analyzer (YPH Bio Co.
Ltd., Beijing, China) was used for exposure, photos, and data
analysis.
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Quantitative real-time PCR: Retinal tissue was removed from
the —82 °C ultralow temperature freezer, RNA was extracted
with TRIzol reagent (TransGen Biotech Co. Ltd., Beijing,
China), and complementary DNA first-strand synthesis was
performed using the FastKing complementary DNA first-
strand synthesis kit. Amplification was performed using a
two-step method according to the instructions for the real-
time PCR kit (TransGen Biotech Co. Ltd.). The forward/
backward primers for LC3B and GAPDH were designed by
Shanghai Jierui Bioengineering Co., Ltd. (Shanghai, China):
LC3B, AAG ACC TTC AAA CAG CGC C/GCA GGC GCC
TTC TAA TTA TC, and GAPDH, GAT GAC ATC AAG
AAG GTG GTG/ACC CTG TTG CTG TAG CCA TAT TC.
The amplified products were subjected to agarose gel electro-
phoresis, and the messenger RNA (mRNA) expression level
was analyzed by a real-time fluorescent quantitative PCR
instrument (Applied Biosystems, Waltham, MA). Primer
specificity was evaluated by melting curve analysis, and
the 2-44¢ method was employed to measure relative mRNA
expression levels.

Hematoxylin and eosin staining: Fresh retinal tissue was
fixed in 4% paraformaldehyde for 48 h and then dehydrated
in a dehydrator with gradient alcohol. After paraffin embed-
ding, the sections were sliced at a thickness of 4 um. The
pathological sections were baked in an oven at 65 °C for 2 h.
The paraffin sections were deparaffinized and rehydrated,
stained with hematoxylin and eosin, and sealed with neutral
resin. The pathological changes of the retina were observed
using an upright optical microscope (Nikon, Tokyo, Japan).

Immunofluorescence staining and imaging: Paraffin sections
were deparaffinized and placed in a repair box containing
citric acid antigenic repair buffer (pH 6.0) for antigen retrieval
in a microwave oven. After rinsing the sections with PBS and
adding the corresponding primary antibodies (mouse anti-
LC3B and rabbit anti-Brn3a), the sections were flatly placed
in a wet box and incubated overnight at 4 °C. The tissues
were covered with the corresponding secondary antibodies
and incubated for 50 min at room temperature in the dark.
After rinsing the sections with PBS, the nuclei were coun-
terstained with 4',6-diamidino-2-phenylindole dye solution
and incubated in the dark for 10 min at 25 °C. The sections
were sealed with an antifluorescence quenching sealant and
then visualized under an inverted fluorescence microscope
(Nikon).

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling: Terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) staining of fragmented DNA was
performed on retina tissue using the One Step TUNEL Apop-
tosis Assay Kit (Yeasen, Shanghai, China). Fixative-soaked

© 2025 Molecular Vision

eyes were dehydrated with 30% sucrose and then frozen
and sectioned at a thickness of 12 um. Sections were rinsed
three times with PBS and then incubated for 5 min at room
temperature in PBS containing 0.5% Triton X-100. After
rinsing three times with PBS, the TUNEL assay solution
(500 pl assay solution consisting of 50 pl terminal deoxynu-
cleotidyl transferase enzyme and 450 pl fluorescent labeling
solution) was added to the tissue and incubated for 60 min at
room temperature. The sections were rinsed with PBS and
incubated with 4',6-diamidino-2-phenylindole at 25 °C for 10
min and finally observed under a fluorescence microscope.

Preparation of samples for transmission electron microscope
analysis: Fresh retinal tissue was trimmed to approximately
1 mm?® and fixed with 2.5% glutaraldehyde at 4 °C. After
immersion in 0.1 M phosphate buffer, the tissue was fixed
with 1% osmium tetroxide fixative and washed again with
0.1 M phosphate buffer. Tissues were dehydrated by ethanol
gradient in a refrigerator at 4 °C, embedded in the epoxy resin
Epon812, and finally cured in an oven (overnight at 37 °C, 12
h at 45 °C, 48 h at 60 °C). Afterward, the tissue was sliced
with ultramicrotome Lycra EMUCT7 at a thickness of 70 nm
and double stained with 2% uranyl acetate-lead citrate. A
transmission electron microscope (TEM), HT7800 (80 kV),
was used for observation and filming.

Flash visual evoked potentials: The rats were tested with
flash visual evoked potentials (F-VEPs) after 7 days of
intervention. After 12 h of dark adaptation, rats were fully
anesthetized with 1% pentobarbital (50 mg/kg) by intra-
peritoneal injection. The pupils were dilated with compound
tropicamide (Santen Pharmaceutical Co., Ltd., Tokyo, Japan),
and then F-VEP was recorded with an electrophysiological
tester (Roland Electronics Co., Ltd., Keltern, Germany).
A filamentous silver-silver chloride electrode was used as
the VEP acting electrode and placed subcutaneously at the
midpoint of the connection between the roots of the ears.
The reference electrode was placed in the mouth, and the
grounding electrode was placed subcutaneously at the tail.
While one eye was recorded, the other eye was covered by
an opaque eyecup. The parameters of the electrophysiological
tester were set as follows: light intensity, 3.0 CD+s'm?; stimu-
lation frequency, 1.0 Hz; waveform analysis time, 250 ms;
and recording frequency band of bandpass amplifiers, 1-100
Hz. The number of waveform superimpositions was 100. The
first negative peak of the waveform was defined as the N1
wave, the positive peak following the N1 wave was defined
as the P1 wave, and the negative and positive peaks following
the P1 wave were defined as the N2 wave and the P2 wave,
respectively. Visual function was assessed by comparing
the latency time (ms) and amplitude (uv) of the P2 wave in
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each group of rats according to the International Society for
Clinical Electrophysiology of Vision criteria [37-39].

Statistical analysis: All data were analyzed with Prism 8.0
(GraphPad Software, La Jolla, CA, USA), and measure-
ment data were expressed as the mean + standard deviation.
Pairwise comparisons were performed by the Student ¢ test.
Analysis of variance and the Dunnett method were used to
compare the model group with all other groups (excluding
the CC group). Analysis of variance, along with the Tukey
method, was used to compare between drug groups (ASIV-L,
ASIV-M, ASIV-H, and RA group). The difference was
considered statistically significant when p < 0.05.

RESULTS

Autophagy occurs in the optic nerve lateral retraction model:
Hematoxylin and eosin staining was performed to observe
the retinal structure. We observed that the retinal tissue of
rats in the SH group had a clear hierarchy and dense struc-
ture, whereas the retinal nerve fiber layer of model rats was
thinned and the number of RGCs was relatively reduced
(Figure 1A). F-VEP was used to evaluate the visual function
of rats. Compared with the SH group, rats in the MO group
showed a decrease in N2P2 amplitude and prolongation of P2
latency as detected by F-VEP, indicating successful modeling
(Figure 1B).
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To verify that autophagy was activated in model rats,
LC3 protein levels in the ganglion cell layer (GCL) were
detected by immunofluorescence staining. The results
showed that the LC3 protein level in the GCL of the MO
group was significantly higher than that in the SH group on
day 7 after modeling (Figure 1C). In addition, observing the
retinal tissues with TEM, we found that there were almost
no double-layered autophagosomes in the SH group rats,
whereas the number of autophagosomes was increased in the
retinal tissues of the model rats (Figure 1D). The above results
suggested that autophagy was activated in the retina tissue
of model rats.

AS-1V can improve the number of RGCs in model rats by
promoting autophagy: Immunofluorescence staining was
used to assess the number of Brn3a-labeled RGCs in the rat
retina 7 days after modeling [40]. As shown in Figure 2A, the
number of Brn3a-positive cells in the MO group was signifi-
cantly reduced compared to the SH group. In addition, the
number of Brn3a-positive cells was significantly increased
in the ASIV-M, ASIV-H, and RA groups compared to the
MO group but not in ASIV-L group. The differences in the
number of RGCs among various doses of AS-IV were not
statistically significant. Similarly, no statistically signifi-
cant difference was observed between RA and any of the
AS-IV groups. In addition, after intraperitoneal injection of

Amplitude(pv)
IS

Figure 1. Autophagy occurs in the optic nerve lateral retraction model. A: Hematoxylin and eosin staining was used to observe the retinal
tissue in the SH (sham operation) group and the MO (model) group. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer. B: The changes in F-VEP in the SH and MO groups (n = 9). Mean + standard deviation; **p < 0.01. C: Immunofluorescence staining
was used to assess LC3 protein in the retinal tissues of the SH and MO groups. D: The retinal tissue of rats was observed under a transmis-
sion electron microscope. a, Normal retinal ultrastructure; b, retinal ultrastructure after 7 days in the model group, bar = 5 um; bl, partially

enlarged image b, bar =2 pm. The arrow refers to the autophagosome.
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compound C in conjunction with astragaloside IV, the number To study the regulation of autophagy by AS-IV, the
effect of AS-IV on the expression of LC3B was observed
of RGCs was significantly reduced compared to the ASIV-M in the retinal tissue of model rats. The western blot results
showed that AS-IV increased the level of LC3-II/LC3-I in
group (p < 0.05). the retina compared with the MO group (all p < 0.05). In

Brn3a
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Figure 2. AS-1V can improve the number of RGCs in model rats by promoting autophagy. A. Brn3a immunofluorescence staining was used
to label RGCs in the retinal tissues of rats in all groups (n > 3). B. Western blotting was used to assess LC3 protein levels in the retinal tissue
of rats in all groups (n = 3). C. Real-time-PCR was used to assess the expression level of LC3 mRNA in the retina of rats in each group (n =
9). D. An immunofluorescence staining method was used to assess LC3 level in the retinal tissues of each group. E. TUNEL staining was
used to label apoptotic cells (green) in the GCL (r > 3); arrows point to apoptotic cells. Mean + standard deviation; *p < 0.05 or **p < 0.01,
compared with the MO group (excluding the CC group); #p < 0.05, comparison between the drug groups.

104



Molecular Vision 2025; 31:99-112 <http:/www.molvis.org/molvis/v31/99>

addition, LC3-II/LC3-I levels in retinal tissue were increased
in the ASIV-H group compared with the ASIV-L group (p <
0.05), while the difference between the ASIV-H and ASIV-M
groups, as well as between the ASIV-M and ASIV-L groups,
was not statistically significant (Figure 2B). Real-time PCR
showed that AS-IV could promote the expression of LC3
mRNA compared with the MO group (all p < 0.05), and
the level of LC3 mRNA was significantly increased in the
ASIV-H group compared with the ASIV-M and ASIV-L
groups (all p < 0.05). In addition, the difference between the
ASIV-M and ASIV-L groups was also statistically signifi-
cant (Figure 2C). LC3 immunofluorescence staining further
showed that the LC3 expression levels in the GCL of the
AS-IV group were significantly higher than that of the MO
group (Figure 2D). In addition, the protein and mRNA levels
of LC3 in the retinal tissues of rats in the RA group were
higher than those in the MO group (p < 0.05).

To further confirm whether AMPK plays a role
in autophagy regulation in AS-IV, an AMPK inhibitor
(compound C) was used in the ASIV-M group. The results
showed that after compound C intervention, LC3 protein
and mRNA levels were significantly lower than those in the
ASIV-M group (Figure 2B,C), and LC3 expression levels
were also reduced in immunofluorescence staining (Figure
2D). The above results indicated that AS-IV could increase
the autophagy level in the retinal tissues of model rats, and
inhibition of AMPK could reduce this effect.

To further validate our findings, TUNEL staining was
used to detect cell apoptosis in the GCL. As shown in Figure
2E, the number of apoptotic cells in the GCL was signifi-
cantly higher in the model group than in all other groups
except the CC group. In addition, the number of apoptotic
cells in the GCL in the CC group was significantly higher
than that in the ASIV-M group.

AS-1V enhances autophagy by regulating the phosphorylation
of AMPK, mTOR, and ULK proteins: Western blot analysis
was employed to evaluate the protein expression and phos-
phorylation levels of AMPK, mTOR, and ULK in the retinas
of model rats (Figure 3A). The results indicated no signifi-
cant differences in the protein expression levels of AMPK,
mTOR, and ULK in the retinal tissues of the various groups,
whereas there were significant differences in the phosphory-
lation levels of AMPK, mTOR, and ULK. Compared to
the SH group, the MO group exhibited increased levels of
P-AMPK and P-ULK and reduced levels of P-mTOR (all p
< 0.05). Additionally, all the AS-IV groups, when compared
to the MO group, exhibited higher levels of P~-AMPK and
P-ULK and lower levels of P-mTOR in retinal tissues (all p <
0.05). Furthermore, high-dose AS-IV significantly elevated
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P-AMPK and P-ULK levels while reducing P-mTOR levels
compared to low-dose AS-IV. However, the differences
among the ASIV-H, ASIV-M, and ASIV-L groups were not
statistically significant.

After a week of intraperitoneal injection of compound C
in the ASIV-M group, the levels of P-AMPK and P-ULK were
observed to decrease in the retinal tissue (p < 0.05), whereas
the levels of P-mTOR were significantly higher than those
in the ASIV-M group (p < 0.05). Elevated phosphorylation
of AMPK and ULK or decreased phosphorylation of mTOR
can induce autophagy [15], and AS-IV increased the levels
of P~ AMPK and P-ULK and reduced P-mTOR levels in the
retina of model rats. In summary, AS-IV can increase the
autophagy level in the retina of model rats by regulating the
phosphorylation of AMPK, mTOR, and ULK and may have
a dose effect on the regulation of P-AMPK, P-mTOR, and
P-ULK.

To further observe the regulatory effect of AS-IV on
autophagy, we combined the use of the autophagy inhibitor
3-MA with ASIV intervention. The results showed that the
LC3-11/LC3-I ratio in the 3-MA group significantly decreased
compared to the ASIV-M group (p < 0.05), indicating that the
use of 3-MA reversed the autophagy enhancement effect of
ASIV (Figure 3B).

We further investigated the effects of AS-IV on mTOCR1
and mTORC?2. The activity of mTORC1 was assessed by
detecting p-RPS6 protein levels in retinal tissues [41,42],
which was lower in the AS-IV group than in the MO group
(p < 0.05; Figure 3C). In addition, mTORC2 activity was
assayed by the p-AKT/AKT ratio [43] and was higher in the
AS-IV group than in the MO group (p < 0.05).

AS-1V can improve the visual function of TON model rats:
F-VEP was used to detect the ocular electrophysiological
changes of the rats in each group after 7 days of intervention,
and the latency time and amplitude of the P2 peak were used
to evaluate the visual function of rats [38,39]. As shown in
Figure 4, the P2 peak latency in the MO group was signifi-
cantly longer than in the SH group (p < 0.05). Additionally,
the AS-IV and RA groups exhibited shorter P2 peak latencies
than the MO group (all p <0.05). Furthermore, the P2 latency
in the CC group was significantly longer than in the ASIV-M
group (p < 0.05). However, no statistically significant differ-
ence in P2 latency was observed between the drug groups.

Regarding the amplitude of the N2P2 wave, a significant
decrease was noted in the MO group compared to the SH
group (p < 0.05), with no significant differences observed
between the drug and MO groups. Moreover, there was
no significant difference in N2P2 amplitude between the
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Figure 3. AS-IV enhances autophagy by regulating the phosphorylation of AMPK, mTOR, and ULK. A. Western blot was used to assess
the AMPK, mTOR, and ULK phosphorylation levels in retinal tissue of rats in all groups (n = 3). *p < 0.05 or **p < 0.01, compared with the
MO group (excluding the CC group). #p < 0.05 or ##p < 0.01, comparison between all drug groups. B. LC3 protein levels in retinal tissue (n
=3). *p <0.05, comparison between AS-I1V and 3-MA group. C. The AKT1 and S6RP phosphorylation levels in retinal tissue (n = 3); *p <

0.05, comparison between AS-IV and MO group.

ASIV-M and CC groups. Collectively, these findings indicate
that AS-IV can improve the latency time of the P2 peak of
F-EVP in TON model rats and that AMPK may play a key
role in this process.

DISCUSSION

Our study found that the AMPK-mTOR-ULK signaling
pathway is involved in the injury repair process of TON, and
AS-IV could improve RGC survival by regulating autophagy
increased by the AMPK-mTORCI1-ULK pathway. In addition,
AS-1V could improve the visual function of TON model rats
through AMPK protein.

Astragalus is commonly used in China for the treat-
ment of optic nerve disorders [44], and its main component,
AS-1V, may play a major role in this process [45]. Several

studies have reported that AS-IV plays a role in a variety
of neurodegenerative diseases, including diabetic optic
neuropathy and glaucoma [20,46-48]. However, no study has
reported its effect on traumatic optic nerve injury. In this
study, we found that AS-IV enhanced RGC survival in the
TON model, which was reflected in the Brn3a immunofluo-
rescence staining method and TUNEL staining (Figure 2).
AS-IV has been reported to be involved in autophagy regula-
tion in various diseases [20], but few studies have explored
its role in regulating autophagy in the TON model. In this in
vivo study, we found that AS-IV elevated the autophagy level
in the retinal tissues of TON model rats (Figure 2 and Figure
3). Several studies have confirmed that autophagy improves
RGC survival after TON [6,8,10], which is consistent with our
results: the survival number of RGCs in the RA group was
higher than that in the MO group. Thus, we hypothesized that
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AS-IV may exert a pharmacological effect to protect RGCs
by enhancing autophagy.

The AMPK-mTOR-ULK pathway is one of the key path-
ways mediating autophagy, and its role in optic nerve injury
remains unclear. The RGC energy supply is restricted after
optic nerve injury, and AMPK is activated as an energy
receptor, as well as mTOR as a nutrient receptor. Therefore,
we hypothesized that the AMPK-mTOR-ULK pathway may
play a role in TON. In our study, we found no changes in
the levels of AMPK, mTOR, and ULK proteins in the retinal
tissues of the TON model, whereas their phosphoryla-
tion levels were altered after optic nerve clamping injury.
AMPK can inhibit mTORC]1 activity by phosphorylating the
raptor protein of mMTORCI, which in turn induces autophagy
[15,17,49]. When cells are stimulated by starvation, acti-
vated AMPK phosphorylates the Ser555 site in ULK1/2, or
ULK1/2 autophosphorylates and phosphorylates Atgl3 and
FIP200 to activate autophagy [15,50]. Considering that
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AMPK phosphorylation mediates autophagy and some
studies have reported that autophagy protects the RGCs
[9-11], we hypothesized that AS-IV may regulate autophagy
through AMPK-mTOR-ULK and thus exerts a protective
effect. We noted that the levels of AMPK, mTOR, and ULK
proteins in the retinal tissues of TON model rats did not
change significantly after AS-IV intervention, whereas their
phosphorylation levels changed significantly. AS-IV was
found to increase P-AMPK and P-ULK, as well as reduce
P-mTOR levels (Figure 3). Previous studies have found
that AS-IV regulates the AMPK protein. AS-IV has been
found to induce the activation of AMPK in microglia in an
ischemic stroke rat model [51] and to alleviate atorvastatin-
induced hepatotoxicity by increasing AMPK phosphorylation
levels in an atorvastatin-induced hepatotoxicity rat model
[52]. In this study, AS-IV increased AMPK phosphorylation
levels. Besides, the addition of an AMPK inhibitor resulted
in decreased autophagy levels and a concomitant reduction
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Figure 4. AS-1V improves visual function in TON model rats. Typical graphs of F-VEP of rats in all groups; mean + standard deviation (n = 9);
*p <0.05 or **p < 0.01, compared with the MO group (excluding the CC group); #p < 0.05 or ##p < 0.01, comparison between all drug groups.
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in the survival rate of RGCs (Figure 2 and Figure 3). We
further used the autophagy inhibitor 3-MA to confirm that
AS-IV regulates autophagy through AMPK phosphorylation.
These results indicate that AS-IV exerts protective effects
through AMPK-mediated autophagy. Increased AMPK
phosphorylation can inhibit mTOR phosphorylation, increase
ULK phosphorylation, and thereby activate autophagy [15].
Similar changes were observed in our results (Figure 3),
suggesting that AS-IV could potentially regulate mTOR
and ULK indirectly through AMPK. Additionally, AS-IV
can directly inhibit mTOR phosphorylation levels [53] or
indirectly inhibit mTOR phosphorylation levels through the
PI3K and V-akt murine thymoma viral oncogene homolog
(Akt) proteins [54,55], thereby promoting autophagy. These
results suggest that AS-IV could play a role in the intricate
regulatory network involving AMPK, mTOR, and ULK in
the TON model.

As a complex of mTOR, both mTORCI and mTORC2
are involved in the regulation of autophagy [15]. We further
studied the effect of AS-IV on mTORCI and mTORC2.
Assessing the activity of mTORCI by detecting p-RPS6
protein levels [41,42], we found that AS-IV inhibited the
activity of mTORCI. In addition, the activity of mTORC2
was detected by the ratio of p-AKT/AKT [43], which was
elevated in retinal tissues after AS-IV treatment. Decreased
mTORCI activity promotes autophagy, whereas an elevated
p-AKT/AKT ratio inhibits autophagy [56,57]. The above
results indicate that the autophagy-enhancing effect of AS-1V
by inhibiting mTORCI activity significantly exceeds the
autophagy-inhibiting effect caused by the increasing activity
of mTORC?2, suggesting that AS-IV enhances autophagy
by inhibiting the mTORCI1 pathway. The elevated ratio of
p-AKT/AKT is more likely to mediate the inhibition of apop-
tosis [58,59] and is reflected in our TUNEL results (Figure 2).

F-VEP was used to assess visual conduction function,
which reflects the functional state activity from the retina
to the visual cortex. F-VEP amplitude has been reported to
reflect the number of functional optic nerve fibers [60,61].
However, we did not observe the improvement effect of
AS-IV on the N2P2 amplitude. Variability in the amplitude of
F-VEP detection may obscure the effect [62,63], although we
controlled for this variability in several ways, controlling for
dark adaptation, depth of anesthesia, implantation location,
and depth of test electrodes; repeated external stimulation
100 times to minimize electroencephalogram noise [64]; and
only included graphs with an error waveform less than 10
times. Interestingly, we found that AS-IV had the effect of
improving P2 latency in F-VEP detection. The assessment
of visual signal conductivity by VEP recording is a reliable
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tool for assessing the degree of demyelination of the visual
pathway [50]. Previous studies have shown that the extended
latency of VEP corresponds to the amount of demyelination
in the visual pathway [61,65] and that autophagy can improve
myelin regeneration and reduce neuronal degeneration
[66,67]. Therefore, we speculated that AS-IV may promote
the regeneration of the optic nerve myelin sheath by medi-
ating autophagy, thereby improving the conduction function
of the optic nerve. The P2 latency time was significantly
shortened after rapamycin intervention in model rats, further
verifying that autophagy was involved in the process of visual
function repair after TON (Figure 4). Regrettably, we did not
observe specific changes in the myelin sheath of the optic
nerve, and the role of AS-IV on myelin sheath is still unclear.
The pathological changes in the optic nerve myelin sheath
after TON and the influence of autophagy on optic nerve
myelin are worthy of further study.

Although our study has found the protective effect of
AS-IV on RGCs in TON rats, some issues and limitations
still need to be addressed and resolved in future research.
This study determined that AS-IV exerts a protective effect
on TON rats through autophagy, but the specific mechanism
of how autophagy works remains unclear and needs further
exploration. Second, this study was conducted only at the in
vivo level; however, there are various types of cells present
in retinal tissue. Although BRN3a is specifically expressed
in RGCs in retinal tissue, the proteins and genes detected
by western blot and quantitative real-time PCR (RT-qPCR)
in this study represent the overall level of retinal tissue.
Future work focusing on the intervention effects of AS-1V
on primary cultured RGCs may help further confirm the
mechanisms of action of AS-IV.

Overall, our study demonstrated for the first time, to
our knowledge, the protective effect of AS-IV on RGCs after
TON. In addition, we found the activation of the AMPK-
mTOR-ULK pathway after TON and the modulation of this
pathway by AS-IV. These findings provide some rationale
for the possibility of 4Astragalus, an herbal medicine, in the
treatment of optic nerve injury.

Conclusion: In conclusion, our study found that AS-IV can
increase the survival rate of RGCs and restore the visual
function of TON model rats, which may be related to the
increase in autophagy by regulating the AMPK-mTORCI-
ULK signaling pathway.
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