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Abstract

Background: Amblyopia is a neurodevelopmental disorder with limited treatment efficacy after the developmental critical period. Repet-
itive transcranial magnetic stimulation (rTMS) improves visual perception in patients with amblyopia, although its specific mechanism
remains unclear. In this study, we investigated whether rTMS improves abnormal ocular dominance (OD) distribution in monocular
deprivation (MD) amblyopic rats by modulating oxidative stress, iron metabolism, and synaptic plasticity through the nuclear factor ery-
throid 2-related factor 2/glutathione peroxidase-4 (NRF2/GPX4) pathway. Methods: Sprague-Dawley (SD) rats were randomly assigned
to four groups (n = 20 each): normal control+rTMS (NC+rTMS), NC+sham stimulation (NC+sham), MD+sham, and MD+rTMS. The
rTMS groups received 20-Hz rTMS treatment for 28 consecutive days. Visual function was assessed using flash visual evoked potentials
(F-VEP). The morphological structure of the visual cortex, synaptic function, oxidative stress levels, iron metabolism, and expression of
NRF2/GPX4 were analyzed using histopathological staining, transmission electron microscopy (TEM), biochemical assay, and molec-
ular biology experiments. Statistical analyses were performed using repeated-measures analysis of variance (ANOVA) and two-way
ANOVA. Bonferroni post-hoc tests were used afterward. Results: Following rTMS treatment, the contralateral vs. ipsilateral value (C/I
values) in the MD+rTMS group were higher than baseline (p < 0.0001). Compared with the MD+sham group, rTMS alleviated visual
cortex synaptic ultrastructural damage and upregulated postsynaptic density protein 95 (PSD-95) and brain-derived neurotrophic factor
(BDNF) levels in MD rats (p = 0.016, p = 0.041). The MD+rTMS group showed significantly decreased reactive oxygen species (ROS)
and malondialdehyde (MDA) levels (p < 0.05, p < 0.0001) and increased glutathione (GSH) content (p < 0.0001) in comparison with
the MD+sham group. Additionally, rTMS elevated NRF2, GPX4, and ferroportin-1 (FPN1) expression in the MD group (all p < 0.01)
and reduced ferrous iron (Fe2+) accumulation (p < 0.01) relative to the MD+sham group. Conclusions: High-frequency rTMS improves
abnormal OD distribution in amblyopic rats, an effect associated with the upregulation of NRF2/GPX4 pathway protein expression, re-
duced oxidative stress, restored iron metabolism, and enhanced synaptic plasticity in the visual cortex. This finding offers novel insights
into the mechanisms of rTMS and the pathology of amblyopia.

Keywords: amblyopia; repetitive transcranial magnetic stimulation; nuclear factor erythroid 2-related factor 2/glutathione peroxidase-4;
synaptic plasticity; iron metabolism

1. Introduction

Amblyopia is a frequent visual disorder during the
critical developmental period in children. It is closely as-
sociated with impaired structural and functional plasticity
in the visual cortex [1]. Epidemiological data indicate a
global prevalence of 1.36% for amblyopia, with 1.09% in
Asia [2]. Amblyopic patients often exhibit not only reduced
visual acuity but also deficits in stereopsis, spatial orienta-
tion, and contrast sensitivity [3]. Despite common inter-
ventions such as occlusion therapy and refractive correc-

tion, outcomes remain suboptimal for some patients, par-
ticularly after the critical period when therapeutic efficacy
significantly declines [4]. Thus, exploring new approaches
that reactivate cortical plasticity and improve visual func-
tion remains a priority.

Repetitive transcranial magnetic stimulation (rTMS)
is a non-invasive neuromodulation technique capable of
modulating cortical excitability and inducing neural plastic-
ity [5]. Previous studies have demonstrated that either high
(10 Hz) or low (1 Hz) frequency rTMS enhances synaptic
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plasticity in the visual cortex. They also promote neural
network remodeling and ameliorate impairments in visual
acuity, contrast sensitivity, and stereopsis in amblyopic pa-
tients [6,7]. However, the specific mechanisms remain to
be fully elucidated.

Nuclear factor erythroid 2-related factor 2 (NRF2)
is a crucial transcription factor that activates antioxidant
and cytoprotective responses [8]. Previous studies have
demonstrated that NRF2 participates in regulating mito-
chondrial energymetabolism in visual cortex neurons, play-
ing a key role in plasticity in the visual cortex [9,10].
However, NRF2 deficiency leads to iron overload and
lipid peroxidation accumulation, subsequently impairing
synaptic plasticity and functional connectivity in the brain
[11]. Glutathione peroxidase-4 (GPX4), an antioxidant en-
zyme that effectively suppresses lipid peroxidation and pre-
vents ferroptosis, has its activity regulated by NRF2 [12].
The NRF2/GPX4 pathway has been demonstrated to play
a crucial role in various neurological disorders [13,14].
However, its role in amblyopia remains less understood.
As the most plentiful trace element in the human body,
iron participates in multiple physiological processes, and
its metabolic balance is crucial for neural development
and functional maintenance [15]. Further, disordered iron
metabolism may induce ferroptosis—a distinct type of cell
death marked with iron overload and lipid oxidative dam-
age [16]. Recent studies indicate that high-frequency rTMS
activates the NRF2/GPX4 pathway in the hippocampus,
thereby reducing oxidative stress, counteracting ferropto-
sis, and improving cognitive dysfunction [17,18]. How-
ever, it remains unclear whether the therapeutic effect of
high-frequency rTMS on amblyopia is exerted by the regu-
lation of the NRF2/GPX4 pathway in the visual cortex.

Therefore, this study aims to establish amonocular de-
privation (MD) amblyopic rat model to analyze proteins as-
sociated with the NRF2/GPX4 pathway, thus investigating
the effects of rTMS intervention on neural plasticity, ox-
idative stress, and iron metabolism in the visual cortex of
amblyopic rats. A further aim is to contribute fresh theoret-
ical foundations to guide the clinical application of rTMS,
and through this, open new ways to understand the patho-
genesis of amblyopia.

2. Materials and Methods
2.1 Materials
Experimental Animals and Grouping

This study utilized 80 three-week-old male SD rats
as experimental subjects with an initial body weight of
45 ± 5 g. All rats underwent routine ocular examina-
tions to exclude organic ocular lesions. Using a ran-
dom number table, rats were divided into four groups:
normal control+rTMS (NC+rTMS), NC+sham stimulation
(NC+sham), monocular deprivation + sham stimulation
(MD+sham), and MD+rTMS. Each group contained 20
rats. Animals were provided by the Animal Experiment

Center of North Sichuan Medical College. Rats were
housed in a facility under a 12-hour light-dark cycle, with a
temperature maintained at 24 ± 1 °C and a relative humid-
ity of 50%. Food and water were available ad libitum. The
experimental arrangement of this study is given in Fig. 1.

2.2 Methods
2.2.1 Establishment of Animal Amblyopia Model

A classic amblyopia model was established by using
MD. First, rats were anesthetized and immobilized with
1.25% Avertin (10 mL/kg, DW3120, Dowobio Biotechnol-
ogy, Shanghai, China), the hair surrounding the right eye-
lid was shaved, and the adjacent skin was disinfected with
povidone-iodine (HY-B2234, MedChemExpress, Shang-
hai, China). Subsequently, approximately 0.5–1.5 mm of
tissue from the upper and lower eyelid margins was ex-
cised and intermittently sutured using 6-0 absorbable su-
tures. After suturing, ofloxacin eye ointment (H10940177,
Xingqi Pharmaceutical, Shenyang, Liaoning, China) was
applied to the wound site to prevent infection, and heal-
ing was monitored regularly. Throughout the MD model-
ing period, animals exhibiting suture dislodgement, or in-
traocular infection were excluded. As controls, rats in the
NC+sham/rTMS group underwent identical anesthesia and
margin trimming procedures without suturing.

2.2.2 rTMS Protocol
The rTMS stimulation was performed with a magnetic

stimulator equipped with a butterfly coil (MCF-B65, outer
diameter 80 mm, K071821, Medtronic, Copenhagen, Den-
mark) [19]. At the onset of rTMS intervention, following
previous methods [6,20], a soft towel was used to gently
wrap the rat’s body, while its head was stabilized by sup-
porting the cheek. The center of the coil was positioned
over the scalp region, approximating the primary visual cor-
tex (bregma coordinates approximately –6.0 to –8.0 mm
posterior, midline) [21], with the coil plane held tangen-
tial to the head surface. Stimulation parameters were set as
follows: frequency 20 Hz, stimulation 10 s, inter-stimulus
interval 60 s, 30% maximum output intensity. Each daily
session consisted of five stimulation trains, delivering a to-
tal of 1000 pulses per session. Stimulation was adminis-
tered in weekly cycles of five consecutive days followed
by two days of rest, repeated for a total of 28 consecutive
calendar days. For the sham-stimulated rats, the coil was
positioned 15 cm away from the head.

2.2.3 F-VEP Assessment
F-VEP was recorded in all groups before and af-

ter rTMS intervention by a visual electrophysiology sys-
tem (RetiMINER IV, IRCMedical Equipment, Chongqing,
China). The experimental setup and parameters were based
on the principles of the International Society for Clini-
cal Electrophysiology of Vision and optimized for use in
rodents. The specific procedure was as follows: Rats
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Fig. 1. Experimental grouping and procedure flow diagram of this study. (A) Experimental animal groups. (B) Timeline of related
experiments for each group. MD, monocular deprivation; NC, normal control; rTMS, repetitive transcranial magnetic stimulation; F-
VEP, flash visual evoked potentials.

were first dark-adapted for 12 hours, then anesthetized
via intraperitoneal injection of 1.25% Avertin (10 mL/kg,
DW3120, Dowobio Biotechnology). Compound tropi-
camide eye drops (H20055546, Xingqi Pharmaceutical,
shenyang, liaoning, China) were then administered for
complete mydriasis. Anesthetized rats were secured to the
electrophysiology testing platform (RetiMINER IV, IRC
Medical Equipment, Chongqing, China) and electrodes
placed according to a previous study [6], with the recording
electrode placed beneath the occipital scalp, the reference
electrode positioned in the oral cavity, and the ground elec-
trode implanted subcutaneously in the tail. F-VEP testing
parameters were set as follows: Flicker light stimulation at

1 Hz frequency, 3.0 cd/m2 intensity, 1–100 Hz bandpass fil-
tering, and 100 signal superimpositions. During testing, the
non-tested eye was covered with an opaque cloth. The am-
plitude of the P1 wave in the F-VEP waveform of each rat
was recorded and the OD index (C/I) was calculated based
on the formula [22]: C/I = amplitude of the contralateral
eye/amplitude of the ipsilateral eye (contralateral eye: De-
prived eye in the MD group or right eye in the NC group;
ipsilateral eye: Non-deprived eye in the MD group or left
eye in the NC group).
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2.2.4 Nissl Staining
After completion of F-VEP testing, four rats were

arbitrarily chosen from each group for the preparation of
paraffin sections of the left visual cortex (the contralateral
cortex to the deprived eye in MD rats or the contralateral
cortex to the right eye in control rats) for Nissl and enhanced
Prussian blue iron staining. Sections underwent routine xy-
lene (25168-04-1, Denuo Chemical, Shanghai, China) de-
waxing and graded ethanol rehydration, followed by rins-
ing with distilled water. They were then immersed in 0.1%
Nissl (G1432, Solarbio, Beijing, China) solution for 10–
15 min according to kit instructions. After staining, sec-
tions were washed with distilled water, dehydrated using
graded ethanol and clarified using xylene. They were then
coverslipped with neutral resin (G8590, Solarbio, Beijing,
China) and allowed to dry for subsequent use. Neuronal
morphology in the left primary visual cortex (V1) was ob-
served under an optical microscope (OlympusDP74, Olym-
pus Corporation, Tokyo, Japan). Four random fields of
view (×400) were captured per section, and Nissl-positive
cells in each field were counted using ImageJ software (Im-
ageJ 1.54, National Institutes of Health, Bethesda, MD,
USA). Statistical analysis was performed using the average
value per animal.

2.2.5 Enhanced Prussian Blue Iron Staining
After dewaxing and rehydration, sections were dark

incubated in Prussian blue (G1428, Solarbio, Beijing,
China) solution for 30 minutes. Following staining, sec-
tions were rinsed with distilled water and stained with
3,3′-Diaminobenzidine (DAB) (DA1010, Solarbio, Bei-
jing, China) solution for 10 minutes, with color develop-
ment controlled under microscope observation. Sections
were then rinsed again with distilled water, counterstained
with hematoxylin (G1080, Solarbio, Beijing, China) for
two minutes, dehydrated, cleared, and mounted following
standard procedures. Iron distribution in the left V1 was
observed under a light microscope, where iron-containing
tissue areas appeared brownish.

2.2.6 Transmission Electron Microscopy (TEM)
A further four rats were randomly selected from each

group. After deep anesthesia with Avertin (1.25%, 10
mL/kg), the rats were rapidly decapitated for euthanasia.
The left visual cortex tissue was immediately excised and
sectioned into approximately 1 mm3 pieces. These were
immediately fixed with 2.5% glutaraldehyde (111-30-8,
Macklin Biochemical, Shanghai, China) and kept at 4 °C
for 24 hours. Following osmium tetroxide (208868, Sigma-
Aldrich Corporation, St. Louis, MO, USA) fixation, ace-
tone (AX0120T, Sigma-Aldrich Corporation) dehydration,
and epoxy resin (CY-10123, Delf Biotechnology, Hefei,
Anhui, China) embedding, sections 70–90 nm thick were
prepared. These were mounted on copper grids (930261,
Sigma-Aldrich Corporation), then stained with uranyl ac-

etate (541-09-3, Dideu New Materials Corporation, Yulin,
Shaanxi, China) and lead citrate (HD17800, Hede biotech-
nology, Beijing, China). The synaptic ultrastructure of the
left V1was observed under a TEM (JEM-1400Flash, JEOL,
Tokyo, Japan). Four randomly selected fields (×10,000)
were photographed to analyze the parameters of synaptic
structure using ImageJ, with statistical analysis performed
based on the mean values per animal.

2.2.7 Dihydroethidium (DHE) Staining
Four rats per group were randomly euthanized.

Freshly left visual cortex tissue was obtained with an op-
timal cutting temperature compound, embedded, and sec-
tioned into frozen slices. These slices were then dark
incubated at room temperature with the DHE fluores-
cent (GC30025, GlpbioTechnology LLC, Montclair, CA,
USA) probe for 30 min. Cell nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI) (G1012, Ser-
vicebio, Wuhan, Hubei, China), washed with phosphate-
buffered saline (PBS), and mounted. reactive oxygen
species (ROS) staining in the left V1 was visualized with an
upright fluorescence microscope (Olympus BX63, Olym-
pus Corporation, Tokyo, Japan), with four non-overlapping
fields (×400) randomly selected. Fluorescence intensity
was subsequently measured using ImageJ software. DAPI-
stained nuclei appeared blue, while fluorescently labeled
positive cells appeared red.

2.2.8 Determination of MDA, GSH, and Fe2+ Content
Four rats in each group were sacrificed. The left vi-

sual cortex tissues were harvested and saved at –80 °C
for biochemical assays. Portions of frozen tissue were
washed in pre-chilled PBS, homogenized with extraction
buffer, and centrifuged to collect supernatant. Total protein
concentration was determined with the BCA Kit (ZJ101,
Epizyme, Shanghai, China). Subsequently, MDA, GSH,
and Fe2+ detection systems were added according to the kit
instructions (E-BC-K025-M, E-BC-K030-M, E-BC-K773-
M, Elabscience, Wuhan, Hubei, China). Absorbance was
read at specific wavelengthswith amicroplate reader (Spec-
tra Max Paradigm TUNE, Molecular Devices, Shanghai,
China): MDA at 532 nm, GSH at 405 nm, and Fe2+ at 593
nm. The measured data were then substituted into their re-
spective standard curve equations to calculate the content
of each indicator and analyze its changes. The equations
were: MDA: Y = 0.0044X + 0.0093; GSH: Y = 0.0067X +
0.0142; Fe2+: Y = 0.016X + 0.0062.

2.2.9 Western Blotting
The remaining four rats in each group were sacri-

ficed. The left visual cortex tissues were harvested and
stored at –80 °C for molecular biological assays. Sub-
sequently, portions of the tissue samples were taken for
protein extraction. Total protein concentration was deter-
mined using the BCA method. Based on the results, the
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required volume for achieving a 40 µg loading amount in
each group was calculated, and equivalent protein sam-
ples were added to the loading buffer for denaturation.
10% and 12.5%SDS-PAGEgels (PG112, PG113, Epizyme,
Shanghai, China) were prepared based on the target protein
molecular weights. Marker and protein samples were added
for electrophoresis separation. Following electrophoresis,
proteins were electrotransferred to polyvinylidene difluo-
ride membranes (IPVH00010, Millipore, Burlington, MA,
USA) and soaked in 5% skimmed milk at ambient temper-
ature for two hours. Membranes were then washed in PBS
with Tween-20 (PBST).

The following primary antibodies were subsequently
added: PSD-95 (1:10,000, ET1602-20, HuaBio, Hangzhou,
Zhejiang, China), BDNF (1:2000, HA722912, HuaBio),
NRF2 (1:1000, YP-mAb-01916, UpingBio, Hangzhou,
Zhejiang, China), GPX4 (1:1000, ET1706-45), FPN1
(1:1000, YP-mAb-17948, UpingBio), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:5000, R380626,
Zenbio, Chengdu, Sichuan, China), and β-actin (1:5000,
AB-2839420, Affinity, Changzhou, Jiangsu, China), and
incubated at 4 °C for the night. The membranes were
washed with PBST the next day. Species-specific sec-
ondary antibodies (goat anti-rabbit/anti-mouse, SA00001-
2, SA00001-1, 1:5000, Proteintech, Wuhan, Hubei, China)
were added and incubated at room temperature for one hour.
After washing, the membranes were developed using an
ECL chemiluminescent kit (BL520A, Biosharp, Beijing,
China). Band intensity values were determined using Im-
ageJ, with either GAPDH or β-actin as internal controls to
calculate the relative expression levels of target proteins.

2.2.10 Quantitative RT-PCR (qRT-PCR)
Frozen brain tissues were extracted and placed in

RNase EP-free tubes. Total RNA was extracted following
the RNA extraction kit (5100050, Simgen, Hangzhou, Zhe-
jiang, China) protocol and reversed transcribed into cDNA.
mRNA levels of PSD-95, BDNF, NRF2, GPX4, FPN1,
GAPDH, and β-actin genes in the visual cortex of rats were
then detected across all groups using a RT-qPCR kit (Q711-
02, Vazyme, Nanjing, Jiangsu, China). The reaction pro-
gram was set as follows: 95 °C pre-denaturation for 30 s,
followed by 40 cycles of denaturation at 95 °C for 5 s, an-
nealing at 55 °C for 30 s, and extension at 72 °C for 30
s. After the reaction, the Ct values for each target gene
and the internal control gene were collected. The relative
mRNA content of the target genes was calculated using
the 2−∆∆CT method. The gene primers were designed and
obtained from Sangon Biotech (Shanghai, China), and de-
tailed sequences are given in Table 1.

2.3 Statistical Analysis

Data processing and statistical analyses were em-
ployed using IBM SPSS Statistics software (version 22.0,
IBM Corporation, Armonk, NY, USA). A p value < 0.05

was considered statistically significant. GraphPad Prism
10.6.0 software (GraphPad Software, SanDiego, CA,USA)
was used for data visualization. Before formal analy-
sis, the Shapiro-Wilk test was used to assess data normal-
ity. Quantitative results were expressed as the mean ±
standard deviation (mean ± SD). ANOVA was applied to
compare F-VEP outcomes obtained before and after rTMS
intervention. Two-way ANOVA was used to compare
the quantitative histological data (Nissl-positive cell count,
synaptic-related structure indices, ROS fluorescence inten-
sity) and molecular biological indicators (biochemical anal-
ysis, Western blotting, qRT-PCR). Post-hoc pairwise com-
parisons were conducted using Bonferroni tests.

3. Results
3.1 High-Frequency rTMS Affects Abnormal Ocular
Dominance Distribution and Neuronal Function in MD
Rats

To determine whether rTMS can ameliorate the ab-
normal ocular dominance (OD) in MD rats, F-VEPs were
recorded pre- and post-intervention (Fig. 2A). Repeated-
measures ANOVA of C/I values showed significant main
effects of time [F(1,76) = 49.833, p< 0.0001] and treatment
[F(3,76) = 38.315, p < 0.0001], and a significant interac-
tion [F(3,76) = 167.603, p < 0.0001] (Fig. 2C). At base-
line, the C/I ratios were reduced in MD groups versus the
NC+Sham group (all p < 0.0001. Fig. 2A,C), indicating
that the MD model induced visual impairment. This im-
pairment was reversed by rTMS: the MD group C/I values
increased after rTMS (0.600± 0.142 to 1.254± 0.152, p<
0.001), but were not significantly different after sham stim-
ulation (0.575± 0.167 to 0.645± 0.075, p = 0.064). How-
ever, in the normal groups (NC+sham and NC+rTMS), the
C/I ratios were not significantly changed (Fig. 2C). Addi-
tionally, after intervention, the C/I values in the MD+rTMS
group were markedly higher than in theMD+sham group (p
< 0.001), but not significantly different from the NC+sham
group (p = 0.400). These results suggest that 20 Hz rTMS
promotes the recovery of an abnormal OD distribution in
MD rats.

The detection of functional status of neurons in the
left V1 region of rats using Nissl staining (Fig. 2B). In
the NC+sham group, cortical neurons exhibited regular,
dense arrangements with intact cellular structures and dis-
tinct boundaries. In contrast, the MD+sham group exhib-
ited scattered cortical neuron arrangements, with cell body
atrophy and indistinct nucleoli. Following rTMS stimu-
lation, neuronal morphology improved in the MD group,
while no obvious alterations were found for the NC group.
Quantification of Nissl-positive cells showed a significant
decrease in the MD+sham group when compared to the
NC+sham group (110.625 ± 5.647 vs. 135.687 ± 3.009,
p < 0.001). However, cell counts in the MD+rTMS group
(127.687 ± 7.162) recovered to become not significantly
different from the NC+sham group (p > 0.05, Fig. 2D).
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Table 1. Primer sequences for the target genes in this study.
Gene Forward (5′-3′) Reverse (5′-3′)

PSD-95 GGTGAATGGAACAGAGGGGG GATGGATCACGATCCGCCTT
BDNF CTTGGAGAAGGAAACCGCCT GTCCACACAAAGCTCTCGGA
NRF2 GCACATCCAGACAGACACCA CTCTCAACGTGGCTGGGAAT
GPX4 ACGCCAAAGTCCTAGGAAGC CTGCGAATTCGTGCATGGAG
FPN1 GGCACTTTGCAGTGTCTGTG GTCACCAATGATGGCTCCCA
GAPDH GAAGGTCGGTGTGAACGGAT CCCATTTGATGTTAGCGGGAT
β-actin AGATCAAGATCATTGCTCCTCCT ACGCAGCTCAGTAACAGTCC
PSD-95, postsynaptic density protein 95; BDNF, brain-derived neurotrophic factor;NRF2,
NF-E2-related factor 2; GPX4, glutathione peroxidase-4; FPN1, ferroportin-1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

No significant change was induced by rTMS in NC rats
in the NC+rTMS group (136.937 ± 7.600). Such observa-
tions suggest that 20 Hz rTMSmay ameliorateMD-induced
functional impairment in visual cortex neurons.

3.2 High-Frequency rTMS Improves Synaptic Structure
and Functional Plasticity in the Visual Cortex of MD Rats

TEM was employed to assess alterations in synaptic
ultrastructure within the left V1 induced by rTMS in MD
rats (Fig. 3A). Two-way ANOVA revealed that MD sig-
nificantly reduced synaptic density (F(1,12) = 31.044, p <

0.001), widened synaptic cleft width (F(1,12) = 60.832, p
< 0.001), and shortened PSD length (F(1,12) = 19.090, p =
0.001). Meanwhile, the rTMS treatment also demonstrated
significant main effects on the aforementioned indicators,
including synaptic density (F(1,12) = 7.143, p = 0.020),
PSD length (F(1,12) = 15.381, p = 0.002), and synaptic
cleft width (F(1,12) = 20.389, p = 0.001). Bonferroni post-
hoc analysis revealed that rTMS specifically ameliorated
synaptic structural damage induced by MD: It significantly
reduced synaptic cleft width (p = 0.001) and increased PSD
length (p = 0.013) in the amblyopic model. Regarding
synaptic density, the difference between the two groups was
not statistically significant (p = 0.180, Fig. 3B–D), but the
MD+rTMS group showed an upward trend.

PSD-95 and BDNF are two crucial synaptic function
proteins in the brain. Therefore, this study further employed
Western blotting to detect the abundance of these two pro-
teins in rat visual cortex (Fig. 3E,F). For all originalWestern
blotting figures of Fig. 3E,F, see SupplementaryMaterial.
Results revealed significant main effects of MD on both
PSD-95 and BDNF expression (PSD-95: F(1,12) = 23.033,
p < 0.001; BDNF: F(1,12) = 12.253, p = 0.004). Post hoc
comparisons revealed that the effects of rTMS treatment
were state-dependent. In the NC group, rTMS treatment
did not significantly alter PSD-95 or BDNF expression lev-
els. However, in the MD group, rTMS treatment signifi-
cantly increased PSD-95 and BDNF expression (p = 0.016,
p = 0.041, respectively), restoring both to near-normal lev-
els (Fig. 3G,H). RT-qPCR analysis results were consistent
with the trends observed above (Fig. 3I,J). This indicates

that high-frequency rTMS may promote synaptic stability
and plasticity by specifically modulating the expression of
PSD-95 and BDNF.

3.3 High-Frequency rTMS Attenuates Oxidative Stress in
the Visual Cortex of MD Rats

Given previous evidence that rTMS has antioxidant
properties in addition to synaptic modulation, oxidative
stress levels were assessed in the left V1. DHE staining
showed ROS fluorescence intensity was significantly el-
evated in the MD+sham group relative to the NC+sham
group (127.487 ± 6.886 vs. 98.792 ± 7.865, p < 0.001).
Following rTMS intervention, ROS fluorescence intensity
in the MD group markedly decreased (MD+rTMS: 112.453
± 4.150, p < 0.05), to become not significantly differ-
ent from NC+sham levels (p > 0.05) (Fig. 4A,B). Consis-
tent with this, biochemical assay results demonstrated that
MDA levels were significantly elevated in the MD+sham
group relative to the NC+sham group (2.287 ± 0.210
µmol/gprot vs. 1.011 ± 0.129 µmol/gprot, p < 0.0001),
while GSH content significantly decreased (2.214 ± 0.246
µmol/gprot vs. 4.676 ± 0.317 µmol/gprot, p < 0.0001).
Following rTMS intervention, the MDA levels in the MD
group were significantly reduced (MD+rTMS: 1.249 ±
0.118 µmol/gprot, p < 0.0001) and increased GSH con-
tent (MD+rTMS: 4.027 ± 0.116 µmol/gprot, p < 0.0001)
(Fig. 4C,D). Furthermore, no significant differences were
observed between the NC+rTMS and NC+sham groups
for any parameters (NC+rTMS: ROS: 101.663 ± 7.137;
MDA: 0.934 ± 0.052 µmol/gprot, GSH: 4.691 ± 0.270
µmol/gprot, all p > 0.05) (Fig. 4B–D). These results in-
dicate that 20 Hz rTMS intervention is associated with the
improvement of oxidative stress status in the visual cortex
of MD rats.

3.4 High-Frequency rTMS Upregulates the Expression of
NRF2/GPX4 in the Visual Cortex of MD Rats

Accumulating evidence has shown that rTMS mod-
ulates the NRF2/GPX4 pathway, which underlies its an-
tioxidant and neuroprotective properties. Therefore, this
research further examined the levels of NRF2/GPX4 path-
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Fig. 2. High-frequency rTMS affects OD distribution and neuronal function in MD rats. (A) F-VEP waveforms before and after
rTMS intervention in each group (n = 20); green: right eye; purple: left eye. (B) Histopathological changes in the left V1 observed via
Nissl staining (n = 4); normal neurons (black arrows), Nissl-positive cells (red arrows); Scale bars: 200 µm and 50 µm. (C) Analysis of
P1 wave amplitude in F-VEP across groups before and after rTMS intervention, expressed as C/I values (n = 20). Data were expressed as
mean± SD. #### indicates statistically significant difference between MD and NC+Sham groups, p< 0.0001; ∗∗∗∗ indicates statistically
significant difference in MD+rTMS group before and after rTMS intervention, p < 0.0001. (D) Analysis of Nissl-positive cell counts
across groups (n = 4). ns p > 0.05, ∗∗∗ p < 0.001 vs. NC+sham group; ## p < 0.01 vs. MD+sham group. rTMS, Repetitive transcranial
magnetic stimulation; OD, ocular dominance; F-VEP, flash visual evoked potentials; SD, standard deviation; NC+sham, NC+sham
stimulation.
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Fig. 3. High-frequency rTMS improves synaptic structure and plasticity in the visual cortex of MD rats. (A) TEM observation
of synaptic ultrastructure in left V1 across groups (n = 4) (red arrows indicate synapses); Scale bars: 1 µm and 200 nm. (B) Synaptic
number analysis (n = 4). (C) Synaptic cleft width analysis (n = 4). (D) Synaptic PSD length analysis (n = 4). (E,F) Western blotting
detection of PSD-95 and BDNF protein expression across groups. (G–J) Differences in PSD-95 and BDNF protein levels and mRNA
content among groups (n = 4), with GAPDH as the internal control protein. Data were expressed as mean± SD. ns p> 0.05, ∗ p< 0.05,
∗∗ p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001 vs. NC+sham group; # p < 0.05, ## p < 0.01, #### p < 0.0001 vs. MD+sham group. TEM,
transmission electron microscopy; PSD-95, postsynaptic density protein 95; BDNF, brain-derived neurotrophic factor.
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Fig. 4. High-frequency rTMS attenuates oxidative stress in the visual cortex of MD rats. (A) DHE staining detected ROS levels in
the left V1 of each group (n = 4) (ROS marked with red fluorescence, nuclei labeled by DAPI, merged image indicated by green arrows).
Scale bar: 50 µm. (B) ROS fluorescence intensity analysis (n = 4). (C) MDA content analysis (n = 4). (D) GSH content analysis (n =
4). Data were expressed as mean ± SD. ns p > 0.05, ∗ p < 0.05, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001 vs. NC+sham group; # p < 0.05, ####

p< 0.0001 vs. MD+sham group. ROS, reactive oxygen species; DAPI, 4′,6-diamidino-2-phenylindole; MDA, malondialdehyde; GSH,
glutathione.

way proteins and mRNA in the left visual cortex of rats
across all groups (Fig. 5A,B). For all original Western blot-
ting figures of Fig. 5A,B, see Supplementary Material.
Results revealed a significant main effect of MD on NRF2
and GPX4 expression (NRF2: F(1,12) = 26.166, p< 0.001;

GPX4: F(1,12) = 54.334, p < 0.001). Further comparisons
revealed that protein expression levels of NRF2 and GPX4
were markedly reduced in the MD+sham group relative to
the NC+sham group (p < 0.001). Conversely, following
rTMS treatment, NRF2 and GPX4 protein levels were sig-
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nificantly elevated in theMD+rTMS group compared to the
MD+sham group (p < 0.01). No significant differences in
protein expression were observed between the NC+rTMS
and NC+sham groups (Fig. 5C,D). Similarly, qRT-PCR re-
sults revealed a significant downregulation of NRF2 and
GPX4 mRNA expression in the MD+sham group relative
to the NC+sham group (p < 0.0001). rTMS intervention
significantly upregulated mRNA levels of these genes (p<
0.001), though they remained below NC+sham group lev-
els (Fig. 5E,F). These results suggest that 20 Hz rTMS in-
tervention is associated with upregulation of NRF2/GPX4
expression in the visual cortex of MD rats.

3.5 High-Frequency rTMS Reduces Iron Accumulation in
the Visual Cortex of MD Rats and Improves Iron
Metabolism

Research indicates that the NRF2/GPX4 pathway
plays an important role in regulating iron homeostasis. To
investigate whether iron metabolism imbalance is related to
amblyopia formation andwhether high-frequency rTMS in-
tervention involves iron metabolism regulation, Enhanced
Prussian blue iron staining was used to assess iron deposi-
tion in the left V1 of rats (Fig. 6A). Results showed that both
the NC+rTMS and NC+sham groups exhibited lighter iron
staining, while the MD+sham group demonstrated signif-
icantly increased iron deposition. rTMS intervention visi-
bly reduced this pathological iron accumulation in MD rats,
although some deposition remained. Consistent with the
staining results, biochemical quantification of Fe2+ con-
tent confirmed a significant increase in theMD+shamgroup
compared to the NC+sham group (203.273 ± 25.604 vs.
105.008 ± 8.402 µmol/kg wet weight, p < 0.0001). How-
ever, rTMS effectively reduced Fe2+ levels (MD+rTMS:
140.389 ± 11.899 µmol/kg wet weight, p = 0.001), bring-
ing them close to the NC+sham group (p = 0.041) (Fig. 6B).
Furthermore, rTMS did not significantly alter Fe2+ levels in
NC rats (NC+rTMS: 102.693± 8.451 µmol/kg wet weight,
p > 0.05).

Western blotting and qRT-PCR were employed to fur-
ther assess FPN1 expression levels (Fig. 6C). For all origi-
nalWestern blotting figures of Fig. 6C, see Supplementary
Material. Results revealed significantly reduced FPN1 ex-
pression in the MD+sham group in comparison with the
NC+sham group (p < 0.0001), whereas rTMS interven-
tion significantly upregulated its expression (MD+rTMS
vs. MD+sham, p < 0.001; vs. NC+sham, p = 0.073).
Furthermore, there was no notable difference in FPN1
expression between the NC+rTMS and NC+sham groups
(Fig. 6D,E). These findings indicate that 20 Hz rTMS in-
tervention was associated with reduced MD-induced iron
accumulation, modulated FPN1 expression, and improved
iron metabolism.

4. Discussion
This study demonstrates that high-frequency rTMS ef-

fectively ameliorates abnormal OD and promotes the recov-
ery of synaptic structure and functional plasticity in the vi-
sual cortex of MD amblyopic rats. Specifically, rTMS in-
tervention significantly increased the C/I values inMD rats,
upregulated the expression of PSD-95 and BDNF, facili-
tated synapse remodeling, and enhanced synapse density.
Further investigations revealed that high-frequency rTMS
upregulates the expression of NRF2/GPX4 pathway-related
proteins in the visual cortex of MD rats, which is associated
with the alleviation of oxidative stress and the improvement
of iron metabolism. This reveals a previously unreported
association, which deepens the understanding of rTMS by
providing new insights and theoretical support for the treat-
ment and pathogenesis of amblyopia.

Recently, rTMS has emerged as a novel therapeutic
strategy for adult amblyopia, with its efficacy closely cor-
related to stimulation parameters, among which stimula-
tion intensity and frequency are critical factors [23,24]. For
example, in an in vitro hippocampal neuron model, mag-
netic stimulation at 40%–60% of maximum output inten-
sity enhanced neuronal survival rates and ferrous enzyme
expression, whereas 100% intensity resulted in decreased
survival rates and suppressed enzyme expression [19]. Sim-
ilar studies indicate that high-frequency rTMS at 33% of
maximum output intensity significantly improves neuro-
logical and cortical damage in rats with artery occlusion
by inhibiting ferroptosis and inflammatory responses [25].
Furthermore, varying stimulation frequencies and treatment
durations yield distinct outcomes. High-frequency rTMS
(20 Hz) exerts long-term effects on neuroplasticity mark-
ers (such as BDNF and glutamate receptor 1), while low-
frequency stimulation (1 Hz) has no significant long-term
effect [26]. A single 20-minute rTMS treatment does not
alter gamma-aminobutyric acid (GABA) or glutamate con-
centrations in the visual cortex. By contrast, five daily
rTMS treatments significantly reduce GABA levels in the
visual cortex, and this effect persists for at least 24 hours
[27]. Similarly, a study in SAMP8 mice demonstrated
that 25 Hz high-frequency rTMS improved spatial learning
and memory abilities, with 28 consecutive days of stimu-
lation showing superior effects when compared to 14 days
[18]. However, current rTMS studies in amblyopia remain
largely confined to short-term efficacy observations, and
optimal stimulation parameters remain undefined. There-
fore, building upon prior work, this study employed 20
Hz rTMS at 30% of the maximum output intensity for 28
days in MD rats to evaluate its long-term therapeutic po-
tential. Additionally, a sham-stimulation control group was
established in the experiment by increasing the distance be-
tween the coil and the rat’s head to exclude the influence of
nonspecific effects such as sound and thermal stimulation.
However, it is still difficult to fully simulate the somatosen-
sory and vibration cues during real stimulation.
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Fig. 5. High-frequency rTMS upregulates the expression of NRF2/GPX4 in the visual cortex of MD rats. (A,B) Western blotting
detected protein expression of NRF2 and GPX4 in the left visual cortex across groups (n = 4). (C,D) Comparisons of NRF2 and GPX4
protein expression across groups. (E,F) Differences in NRF2 and GPX4 mRNA contents among groups (n = 4). GAPDH was used as
the internal control protein. Data were expressed as mean ± SD. ns p > 0.05, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001 vs. NC+sham group; ## p
< 0.01, ### p < 0.001, #### p < 0.0001 vs. MD+sham group. NRF2/GPX4, NF-E2-related factor 2/glutathione peroxidase-4.

The visual cortex, as the higher-level center for visual
information processing, exhibits structural and functional
alterations closely associated with the occurrence and de-
velopment of amblyopia [28]. During the critical period
of visual development, suturing one eye shut in animals
induces changes in OD within cortical neurons—a phe-
nomenon termed ocular dominance plasticity (ODP) [22].
F-VEP serves as an objective method for evaluating visual
function, reflecting the signal conduction status from retina
to visual cortex and changes in ODP [29]. The variation in

its C/I ratio is widely recognized as a reliable electrophysi-
ological indicator of cortical OD column shift or rebalanc-
ing. This study demonstrated that the C/I values in MD rats
were significantly lower than the NC group. This indicates
that either diminished information was sent from the de-
prived eye to the visual cortex, or that increased information
was sent from the non-deprived eye. Following rTMS, the
C/I values inMD rats approached normal levels, suggesting
restoration of ODP in the visual cortex, consistent with pre-
vious findings [30,31]. Synapses serve as the fundamental
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Fig. 6. High-frequency rTMS reduces iron accumulation in the visual cortex of MD rats and improves iron metabolism. (A)
Enhanced Prussian blue iron staining to detect iron deposition in the left V1 of each group (n = 4) (iron staining particles are indicated by
red arrows); scale: 200 µm and 50 µm. (B) Fe2+ content variation (n = 4). (C) Western blotting detection of FPN1 protein expression
(n = 4). (D) Differences in FPN1 protein levels among groups. (E) Differences in FPN1 mRNA content among groups (n = 4). β-actin
served as the endogenous reference protein. Data were presented as mean± SD. ns p> 0.05, ∗ p< 0.05, ∗∗∗∗ p< 0.0001 vs. NC+sham
group; ## p < 0.01, ### p < 0.001 vs. MD+sham group. FPN1, ferroportin-1.

units for inter-neuronal communication and form the criti-
cal foundation for the structural and functional development
of visual cortex neurons [32]. Extensive prior research has
demonstrated that MD disrupts synaptic structures in visual

cortex neurons and reduces PSD-95 and BDNF expression
levels [1]. These latter two proteins are critical for intracel-
lular signal transmission, ion channel modulation, synaptic
transmission, and neuronal excitability [33]. Similarly, this
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study found that rats in the MD group exhibited reduced
synaptic numbers and increased synaptic cleft widths in the
visual cortex. Following rTMS intervention, these struc-
tural parameters showed marked improvement, accompa-
nied by significant upregulation of PSD-95 and BDNF ex-
pression levels. This indicates that high-frequency rTMS
effectively improves the ODP in MD-induced amblyopic
rats by promoting the recovery of synaptic structural and
functional plasticity in the visual cortex.

In addition to the regulation of synaptic plasticity,
rTMS has also been reported to mitigate oxidative damage
[34]. Oxidative stress refers to a state in which the accumu-
lation of ROS and reactive nitrogen species exceeds the an-
tioxidant defense capacity of the body, resulting in cellular
damage [35]. Studies indicate that rTMSmitigates neuronal
oxidative damage by scavenging ROS or activating endoge-
nous antioxidant systems [36]. Recent studies indicate that
damage and loss of visual cortex neurons constitute com-
mon pathological alterations in amblyopia [37], though few
investigations have explored whether this correlates with
oxidative stress responses. This study detected significantly
elevated ROS andMDA levels alongside markedly reduced
GSH content in the visual cortex of MD rats, suggesting
pronounced oxidative stress damage in their visual cortex.
Following high-frequency rTMS treatment, ROS andMDA
levels decreased while GSH content increased, suggesting
high-frequency rTMS effectively attenuates cortical oxida-
tive stress. A previous study reported that while antioxidant
supplementation (vitamins E and C) counteracts oxidative
stress, it also interferes with the promotion of visual cortex
plasticity by exercise in amblyopic rats [38]. This contrasts
with findings of the present study, where high-frequency
rTMS was associated with improved synaptic plasticity
functions despite concurrent modulation of oxidative stress,
suggesting a complex relationship between oxidative stress
and neural plasticity. rTMS may enhance neural plasticity
while providing antioxidant effects through more precise
regulatory mechanisms. Nevertheless, the specific molec-
ular mechanisms underlying MD-induced oxidative stress
and its regulation by high-frequency rTMS warrant further
investigation.

Studies have shown that the NRF2/GPX4 pathway is
a critical endogenous antioxidant pathway associated with
various neurological disorders [39]. NRF2 activity is in-
fluenced by neuronal metabolic status [40]. Its downreg-
ulation leads to mitochondrial dysfunction, compromises
neuronal energy supply, and impairs visual cortex plastic-
ity [10,41], and closely correlates with the pathogenesis of
amblyopia [42]. Furthermore, its downstream factor GPX4
utilizes GSH to reduce peroxides, thereby protecting cells
from oxidative damage [43]. In this study, both NRF2
and GPX4 expression were significantly reduced in the vi-
sual cortex of MD rats, suggesting that the NRF2/GPX4
pathway may participate in oxidative stress-induced dam-
age during amblyopia. The restoration of their expres-

sion following high-frequency rTMS intervention suggests
that rTMS may enhance antioxidant activity in associa-
tion with modulation of the NRF2/GPX4 pathway. This
result is consistent with previous studies: TMS promotes
nuclear translocation of NRF2 in a Huntington’s disease-
like rat and elevates the levels of GPx, catalase, and GSH
[44]. High-frequency rTMS alleviates neuroinflammation
and oxidative stress in vascular dementia rats by regulat-
ing the NRF2/GPX4 pathway, thereby enhancing cognitive
function [17]. Collectively, these results suggest an associ-
ation between high-frequency rTMS and antioxidant effects
alongside improvement of visual cortex neuronal function.

Furthermore, multiple studies indicate that the
NRF2/GPX4 pathway extends beyond antioxidant defense
to include participation in maintaining iron homeostasis
[45,46]. Iron participates in numerous biochemical reac-
tions through its unique Fe2+/Fe3+ redox properties, and
its metabolic disorder can lead to serious consequences
[47]. Iron deficiency affects neuronal maturation and
myelination, whereas iron overload can induce lipid
peroxidation and ferroptosis, leading to synaptic dys-
function and neuronal damage [48]. GPX4 has been
identified as a core inhibitor of ferroptosis [49]. NRF2
suppresses ferroptosis by regulating the expression of iron
metabolism-related genes [50]. Thus, an imbalance in the
NRF2/GPX4 pathway may disrupt iron metabolism in the
visual cortex of amblyopic rats. FPN1, the sole iron export
protein in the body, plays a crucial role in iron homeostasis
regulation, with its expression directly controlled by NRF2
[51]. Studies indicate that FPN1 expression is reduced in
multiple organs of NRF2 knockout mice, accompanied
by abnormal iron accumulation and elevated ROS levels
[52]. Conversely, activating NRF2 upregulates FPN1,
enhancing iron efflux capacity and effectively mitigating
neurotoxic effects induced by iron overload [53]. This
study found significantly reduced FPN1 expression and
elevated Fe2+ levels in the MD rat visual cortex, suggest-
ing that iron metabolism disorders may be involved in
the pathological process of amblyopia. High-frequency
rTMS intervention markedly upregulated FPN1 expression
and reduced Fe2+ levels, suggesting that rTMS reduces
abnormal iron accumulation in the visual cortex of MD
rats and improves iron metabolism. This ameliorative
effect may be closely associated with its regulation of
the NRF2 signalling pathway. These findings provide
novel correlational experimental evidence for the neural
mechanisms underlying high-frequency rTMS treatment of
amblyopia.

5. Limitation
However, this study has certain limitations. Firstly,

the 80 mm diameter coil employed in this research is rel-
atively large in relation to the size of a rat’s head, poten-
tially leading to magnetic field diffusion into neighbour-
ing brain regions. Consequently, the observed effects may
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not be strictly confined to the visual cortex; future studies
require the use of smaller, more focused coils to validate
their brain region specificity. Secondly, the study exclu-
sively utilized the MD amblyopia model without explor-
ing other amblyopia subtypes, leaving the generalizability
of high-frequency rTMS mechanisms to be validated. Fi-
nally, this study only preliminarily explored the potential
link between amblyopia development and the downregula-
tion of the NRF2/GPX4 pathway alongside high-frequency
rTMS intervention. However, the critical role of this path-
way requires further clarification through experimental ap-
proaches such as gene knockout or specific pharmacologi-
cal interventions in subsequent research.

6. Conclusions
This study demonstrates that high-frequency rTMS

effectively promotes the restoration of abnormal OD in
amblyopic rats. The therapeutic effects involve a multi-
level synergistic process, whereby rTMS directly enhances
synaptic plasticity in the visual cortex. Additionally, this
study reveals that the neuroprotective effects of rTMS are
closely associated with the upregulation of NRF2/GPX4
pathway protein expression, attenuated oxidative stress,
and restored iron metabolism within the visual cortex of
amblyopic rats.
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