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Background: Ischemic stroke (IS) is a major cause of death and long-term disability worldwide. Multiple complex biological
processes contribute to IS-related neuronal death, among which oxidative stress plays a central role in disease progression.
Increasing evidence suggests that oxidative stress—induced neuronal injury is closely associated with ferroptosis and mitochon-
drial dysfunction, both of which contribute to excessive reactive oxygen species accumulation, lipid peroxidation, and impaired
cellular energy metabolism during cerebral ischemia. However, their relative contributions and associated molecular signatures in
IS have not been systematically compared. Therefore, this study aimed to identify ferroptosis- and mitochondria-associated genes
involved in oxidative stress and neuronal injury in IS and to explore their potential as therapeutic targets for ischemic brain
injury.

Methods: Two public microarray datasets (GSE22255 and GSE58294) were integrated and analyzed using weighted gene co-
expression network analysis (WGCNA) to identify IS-associated gene modules. Ferroptosis-related genes from FerrDb and mitochon-
dria-associated genes from MitoCarta3.0 were intersected with key modules to screen candidate genes. Protein—protein interaction
analysis and CytoHubba were applied to identify hub genes. Logistic regression models were constructed to compare the diagnostic
performance of ferroptosis- and mitochondria-related gene signatures. Functional enrichment analyses were conducted using Gene
Ontology and KEGG. Key genes were further validated in a rat middle cerebral artery occlusion/reperfusion (MCAO/R) model treated
with the ferroptosis inhibitor Ferrostatin-1 (Fer-1).

Results: Nine ferroptosis-related hub genes and nine mitochondria-related hub genes were identified. The ferroptosis-based diagnostic
model showed significantly higher discriminatory power than the mitochondrial model (AUC = 0.949 vs. 0.829). Among these genes,
GSK3B, IDH1, and PRDX1 exhibited the most prominent differential expression and were selected as core genes. In vivo experiments
demonstrated that Fer-1 markedly reduced infarct volume, improved neurological function, attenuated oxidative stress, and restored
the ACSL4/GPX4/TFR1 signaling axis. Fer-1 also reversed MCAO-induced dysregulation of GSK3B phosphorylation, IDHI, and
PRDX1 expression, indicating effective suppression of ferroptosis.

Conclusion: Ferroptosis-related gene signatures outperform mitochondria-associated genes in the diagnosis of ischemic stroke.
GSK3B, IDH1, and PRDX1 represent key molecular regulators linking oxidative stress to ferroptotic neuronal injury and may
serve as promising biomarkers and therapeutic targets for ischemic stroke.

Keywords: ischemic stroke, ferroptosis, oxidative stress, GSK3B, IDH1, PRDX1, bioinformatics analysis

Introduction
Stroke is one of the leading causes of long-term disability and mortality worldwide, among which ischemic stroke (IS)
accounts for more than 71% of all stroke cases.' IS is primarily caused by a sudden interruption of cerebral blood flow,
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resulting in severe ischemic injury and subsequent permanent neurological dysfunction, which markedly reduces patients
quality of life. Increasing evidence has demonstrated that multiple complex biological processes are involved in IS-
related neuronal death, including oxidative stress, neuroinflammation, excitotoxicity, and various forms of regulated cell
death.” Among these pathological mechanisms, oxidative stress has been recognized as a central contributor to IS
progression. In particular, ferroptosis and mitochondrial dysfunction have emerged as two critical and closely inter-
connected factors contributing to neuronal injury during IS.

Ferroptosis is a regulated form of cell death driven by iron-dependent lipid peroxidation and excessive reactive
oxygen species (ROS) accumulation. Increasing evidence indicates that ferroptosis plays an essential role in the
pathological progression of IS and significantly influences neurological outcomes.* During cerebral ischemia/reperfusion
(CIR), excessive ROS are rapidly generated, which not only cause secondary injury to the cerebral vasculature but also
disrupt neuronal networks, thereby aggravating ischemic damage.>® Iron overload further amplifies ROS production
through Fenton reactions, promotes lipid peroxidation, and ultimately drives ferroptotic neuronal death, forming a vicious
cycle of iron accumulation, oxidative stress, and membrane damage.”* Experimental evidence from middle cerebral
artery occlusion (MCAO) models has shown that pharmacological inhibition of ferroptosis significantly attenuates
neuronal injury and oxidative stress, partly through modulation of the xCT/GPX4 signaling axis.” Notably, neurons
are particularly vulnerable to ferroptosis because of their high content of polyunsaturated fatty acids and limited
antioxidant capacity. Collectively, these findings suggest that ferroptosis-related genes may play important regulatory
roles in IS progression and could serve as potential diagnostic biomarkers and therapeutic targets.

Mitochondrial dysfunction is another crucial pathological event involved in IS. Following cerebral ischemia, inter-
ruption of blood supply results in oxygen and glucose deprivation, which severely impairs mitochondrial respiratory
function and ATP production.'® As the primary intracellular source of reactive oxygen species (ROS), dysfunctional
mitochondria further exacerbate oxidative stress, while excessive oxidative stress in turn damages mitochondrial
structure and regulatory mechanisms, ultimately forming a self-amplifying cycle of mitochondrial injury and ROS
accumulation."' Acute cerebral ischemia has been reported to induce mitochondrial membrane damage, neuronal
membrane rupture, blood-brain barrier disruption, and eventual neuronal death.''"'? Increasing evidence suggests that
maintaining mitochondrial structural integrity and functional homeostasis is essential for neuronal survival and neuro-
logical recovery after IS."* Recent studies have demonstrated that compounds such as Salidroside and Hesperidin can
alleviate ischemic neuronal injury by attenuating mitochondrial calcium overload and suppressing oxidative stress.'' In
addition, astrocytic low-density lipoprotein receptor-related protein 1 (LRP1) has been shown to promote mitochondrial
transfer to injured neurons through inhibition of the CD44/RhoA signaling pathway, thereby mitigating ischemic brain
injury. Collectively, these findings indicate that mitochondria-related genes are closely associated with energy metabo-
lism, oxidative homeostasis, and neuronal survival during IS progression.

Importantly, accumulating evidence indicates that ferroptosis and mitochondrial dysfunction are not independent
pathological events but are tightly interconnected during IS.'* Mitochondria are major intracellular sources of ROS and
key regulators of iron metabolism, thereby directly participating in the initiation and execution of ferroptosis.'
Conversely, ferroptosis lipid peroxidation can severely impair mitochondrial membrane integrity and bioenergetic
function, further amplifying oxidative damage and neuronal injury.'® Given that ferroptosis-related signatures mainly
reflect iron-dependent lipid peroxidation, whereas mitochondria-related signatures are more closely associated with
cellular energy metabolism and oxidative homeostasis, these two molecular patterns may exhibit distinct diagnostic
characteristics in IS. However, despite growing recognition of their critical roles, most previous studies have focused on
ferroptosis or mitochondrial dysfunction individually, while systematic comparisons between ferroptosis-related genes
and mitochondria-associated genes in IS remain limited. In particular, the relative diagnostic value and predictive
performance of these two molecular signatures have not yet been fully elucidated.

Given the complex and multifactorial nature of IS, single biomarkers are often insufficient to achieve accurate and
stable diagnosis, highlighting the necessity of constructing multi-gene diagnostic models. Therefore, the present study
aimed to: (1) identify key ferroptosis- and mitochondria-related differentially expressed genes in IS; (2) construct and
validate a multi-gene diagnostic model using logistic regression analysis; and (3) explore the associated signaling
pathways and verify the expression of core diagnostic genes in animal models. Collectively, these findings are expected
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to provide new insights into the molecular mechanisms underlying IS and facilitate the identification of potential
diagnostic biomarkers and therapeutic targets.

Methods

Data Preparation and Processing

Two microarray datasets related to ischemic stroke (IS), GSE22255 and GSES58294, were obtained from the Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). Both datasets were generated using the
GPLS570 platform. GSE22255 contains peripheral blood samples from 20 IS patients and 20 healthy controls, collected
between 2010 and 2019. GSE58294 includes peripheral blood samples from 69 IS patients and 23 healthy controls,
collected between 2014 and 2019. In the present study, we analyzed the expression data from these datasets. Batch effects

between GSE22255 and GSE58294 were corrected using R version 4.4.1 to enable integrated downstream analyses.

Weighted Gene Co-Expression Network Analysis (WGCNA)

WGCNA was conducted to identify key co-expression modules associated with IS. First, sample clustering was
performed to remove potential outlier samples and ensure analytical reliability. An appropriate soft-thresholding power
(B) was then chosen to approximate a scale-free topology. A weighted adjacency matrix was constructed based on
pairwise correlation coefficients, and subsequently transformed into a topological overlap matrix (TOM). Gene modules
were identified using the hybrid dynamic tree-cutting algorithm, with the minimum module size set to 150 genes and the
MEDissThres parameter set to 0.2 to merge similar modules. Module—trait correlations were then assessed to determine
the association between each gene module and clinical traits (IS and control). Genes within the module showing the
strongest association with IS were defined as key module genes for further analysis.

Identification of Hub Genes
FerrDb is the first dedicated database for ferroptosis regulators and ferroptosis—disease associations; therefore, ferrop-
tosis-related human genes were downloaded from FerrDb V2 for subsequent analyses. MitoCarta3.0, a curated inventory
of human and mouse genes with strong experimental evidence for mitochondrial localization, was used to extract
mitochondria-associated human genes. Overlap analyses were then performed between IS-related module genes and
ferroptosis-related genes, as well as between IS-related module genes and mitochondria-related genes. The intersecting
genes were visualized using Venn diagrams.

To further explore the interactions among the overlapping genes, the STRING database (https://string-db.org/) was

used to construct a protein—protein interaction (PPI) network, which was subsequently visualized in Cytoscape v3.10.3.
The CytoHubba plugin was applied to calculate node degree and assess the topological importance of each gene. The top
10 genes ranked by degree were identified as hub genes.

Construction and Validation of the Logistic Regression Model
The expression levels of the 10 hub genes were visualized using violin plots, and genes with statistically significant
differences between IS patients and controls (P < 0.05) were selected for constructing the logistic regression model.
A logistic regression classifier was then established to distinguish IS patients from healthy controls. The predictive
performance of the model was assessed using receiver operating characteristic (ROC) curve analysis in R version 4.4.1.
Among the hub genes, those with significant associations (P < 0.05) were incorporated into a nomogram to further
estimate the probability of IS occurrence. The expression patterns of the selected hub genes were presented using violin
plots to illustrate their differential expression between groups.

Functional Enrichment Analysis

Functional enrichment analyses were conducted based on the three Gene Ontology (GO) categories: biological process
(BP), cellular component (CC), and molecular function (MF). In addition, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was performed to explore the involvement of the selected genes in biological pathways,
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diseases, and chemical-drug interactions. All enrichment analyses were carried out using the clusterProfiler package in
R, enabling the systematic identification of biological functions and pathways associated with the gene set.

Animals and Ethics

Specific pathogen-free (SPF) grade male Sprague—Dawley (SD) rats (Slaughter, Shanghai; Production License No.
SCXK [Shanghai] 2023-0004), 2 months of age and weighing 280+30 g, were used in this study. All procedures were
approved by the Experimental Animal Centre of Fujian University of Traditional Chinese Medicine (License No. SYXK
[Min] 2023-0004). Rats were housed five per cage under controlled environmental conditions (temperature 21-25°C,
relative humidity 40-60%, noise <60 dB) with free access to food and water and maintained on a 12h light/dark cycle.
Animals were acclimated for one week prior to experimentation.

All animal experiments were approved by the Experimental Animal Management Committee of Fujian University of
Traditional Chinese Medicine and conducted in strict accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. For all surgical procedures, anesthesia was induced and maintained with inhaled
isoflurane. Adequate anesthesia was confirmed by the absence of a pedal withdrawal reflex. Post-operative care included
maintaining body temperature until full recovery from anesthesia. Humane endpoints were established to minimize
animal distress. Animals were monitored daily for signs of severe weight loss (>20% body weight), dehydration, labored
breathing, or markedly abnormal behavior (eg, unresponsiveness or immobility). At the end of the experiments, or
immediately upon meeting any of these pre-defined humane endpoints, animals were humanely euthanized. Euthanasia
was performed by an overdose of inhaled isoflurane followed by cervical dislocation as a secondary physical method, in
accordance with the AVMA Guidelines for the Euthanasia of Animals (2020 edition).

A total of 36 rats were randomly assigned to three groups (n = 12 per group): a sham-operated group, an MCAO
group, and a Ferrostatin-1 (Fer-1) treatment group. Ferrostatin-1 (Cat No. CM00719, Proteintech), a potent ferroptosis
inhibitor that prevents lipid peroxidation,* was dissolved in 10% NaCl and administered via intraperitoneal injection at
a dose of 5 mg/kg/day.'” Fer-1 treatment was initiated 24 h before MCAO/R surgery and continued once daily for seven
consecutive days. During the experimental period, all rats had free access to food and water.

Group Allocation and Blinding

Animals were randomly assigned to experimental groups using a random number table. Group allocation was performed
by a technician who was not involved in any subsequent parts of the study. During the experiment, the surgeons
performing the procedures were aware of the group assignments due to the nature of the surgical model. However, the
outcome assessors and the statistician responsible for data analysis were kept blinded to group allocation until the final
analysis was completed.

MCAO/R Model

MCAOJ/R surgery was performed in both the model and Fer-1 treatment groups, following a 12-hour fasting period. Rats
were placed in the supine position and anesthetized with 3% isoflurane in a gas mixture containing 30% O, and 67% N,.
A midline cervical incision was made, and blunt dissection was carefully performed to expose the common carotid artery
(CCA). The internal carotid artery (ICA), external carotid artery (ECA), and CCA were then isolated. The ECA was
ligated to interrupt its blood supply. Subsequently, the CCA was temporarily ligated with a slipknot, and an arterial clip
was placed on the ICA. A small incision was made in the CCA using ophthalmic scissors, and a monofilament (spigot)
was gently advanced 1820 mm from the insertion point to occlude the middle cerebral artery. After confirming correct
placement, the ligature was tightened, the filament was secured and disinfected, and the skin incision was sutured. After
1.5 hours of occlusion, the filament was withdrawn to allow reperfusion, which continued for 24 hours. In the sham-
operated group, only anesthesia and vascular isolation were performed without filament insertion or ischemia induction.

Neurological Deficit Score
After 24 hours of reperfusion, the extent of the neurological deficit was scored using the Zea Longa method. The
following points were assigned: no symptoms of neurological deficit = 0 points; inability to fully extend the contralateral
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forelimb = 1 point; turning to the hemiplegic side when walking = 2 points; tilting to the hemiplegic side when walking =
3 points; inability to walk spontaneously and impaired consciousness = 4 points; death = 5 points. Inclusion criteria: 1)
a score of 1 to 3, and 2) no subarachnoid hemorrhage. Rats that did not meet the inclusion criteria were excluded from the
experiment.

MRI

At 24 h and 7 days after MCAO/R, localization images and T2-weighted imaging (T2WI) were acquired using a 7.0
T small-animal MRI scanner. T2WI parameters were as follows: TR = 4200 ms, TE = 35 ms, flip angle = 90°, and
slice thickness = 1.6 mm. After image acquisition, the raw MRI data were processed for subsequent analysis. The
infarct regions and the whole brain were manually delineated using ITK-SNAP software. Infarct volume was
calculated using the following formula: infarct volume (%) = (number of infarct voxels / total brain voxel count)
x 100%.

Oxidative Stress Level

The oxidative stress biomarkers malondialdehyde (MDA; Nanjing Jiancheng), superoxide dismutase (SOD;
Beyotime Biotechnology), and glutathione (GSH; Nanjing Jiancheng) were measured using commercially available
assay kits. On ice, ipsilateral ischemic cortical tissues were carefully isolated 7 days after Fer-1 administration and
used to prepare a 10% ischemic brain tissue homogenate. The homogenates were then centrifuged, and the super-
natants were collected for subsequent analysis. Protein concentration in each sample was determined using a BCA
assay kit and recorded accordingly. The same supernatant samples were subsequently used to prepare control and
experimental wells according to the manufacturers’ protocols for each assay. All procedures were performed strictly
in accordance with the kit instructions. Finally, absorbance was measured using a microplate reader, and the
concentrations of MDA, SOD, and GSH were calculated based on the corresponding formulas provided with the
kits.

Western Blot

Ipsilateral ischemic cortical tissues were rapidly lysed on ice using RIPA buffer (Boster, Wuhan, China) to extract total
proteins. Protein concentrations were determined using a BCA assay kit (Boster, Wuhan, China). Equal amounts of
protein were separated by SDS-PAGE (Boster, Wuhan, China), transferred onto PVDF membranes, and subsequently
blocked. The membranes were washed with TBST (Boster, Wuhan, China) and incubated with the following primary
antibodies at 4 °C overnight: ACSL4/FACL4 Polyclonal antibody (Proteintech, Cat No. 22401-1-AP, 1:10,000), GPX4
Monoclonal antibody (Proteintech, Cat No. 67763-1-Ig, 1:2000), Anti-CD71/TFRC Antibody (Boster, Cat No PB9233,
1:1000), GSK3B Recombinant antibody (Proteintech, Cat No. 82061-1-RR, 1:10,000), IDH1 Polyclonal antibody
(Proteintech, Cat No. 12332-1-AP, 1:6000), PRDX1 Polyclonal antibody (Proteintech, Cat No. 15816-1-AP, 1:10,000),
Phospho-GSK3B (Ser9) Polyclonal antibody (Proteintech, Cat No. 67558-1-Ig, 1:6000), and GAPDH Monoclonal
antibody (Proteintech, Cat No. 60004-1-Ig, 1:20,000) After washing with TBST, membranes were incubated with the
corresponding HRP-conjugated secondary antibodies: Goat Anti-Mouse IgG (H+L) (Proteintech, Cat No. SA00001-1,
1:5000) or Goat Anti-Rabbit IgG (H+L) (Proteintech, Cat No. SA00001-2, 1:5000) for 1 h at room temperature. Protein
bands were visualized using a chemiluminescent developer solution (Proteintech, Wuhan, China), and band intensities
were quantified using ImageJ software.

Rotarod Test

The rotarod test was performed on days 1 and 7 after MCAO/R to evaluate motor endurance and resistance to fatigue.
Each rat was initially placed on a stationary rod, and the test commenced once the rod began rotating. Rats that remained
on the rod for 1 min at a constant speed proceeded to the accelerating phase, during which the rotation speed increased
from 4 m/min to 40 m/min over a 5-min period. The latency to fall was recorded for each trial. Each rat underwent three
trials with a 20-min rest interval between trials.
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Statistical Analysis

To reduce methodological bias, group allocation was independently randomized by three investigators, and all outcome
assessments were performed by a single investigator to ensure consistency in measurement. Statistical analyses for wet
lab experiments were carried out using IBM SPSS version 27.0 (SPSS Inc., Chicago, USA). Data are reported as mean +
standard deviation (SD). The normality of each dataset was evaluated using the Shapiro—Wilk test. When data conformed
to a normal distribution, comparisons among three groups were conducted using one-way ANOVA, followed by LSD
post hoc testing for pairwise contrasts. For datasets that did not meet normal distribution criteria, comparisons between
two groups were performed using the Mann—Whitney U-test. Statistical significance was set at P < 0.05. Statistical
analyses for bioinformatic data were performed using R version 4.4.1, as detailed in the corresponding Methods sections
for each analysis.

ARRIVE Statement

This study was designed, conducted, and reported in accordance with the ARRIVE 2.0 guidelines, including adherence to
the Essential 10.

Result
WGCNA and ldentification of Core Modules

Weighted gene co-expression network analysis (WGCNA) was performed, and a scale-free network was constructed
using a soft-thresholding power of 17 (R? = 0.9) (Figure 1A). Module eigengenes, representing the principal component
of each modules gene expression profile, were subsequently calculated and clustered based on their correlations. A total
of seven distinct modules were identified, each assigned a unique color. The correlations between module eigengenes and
the clinical phenotype were then evaluated. Among these, the yellow module showed the strongest association with IS.
Therefore, the 1252 genes contained in the yellow module were selected for further analysis (Figure 1B).
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A Venn Diagram B Venn Diagram
24

gmic stroke

C PPI Network of the Top 10 Hub Genes

SLC7A11

Figure 2 (A) Venn diagram showing the overlap between IS-related module genes and ferroptosis-related genes. (B) Venn diagram showing the overlap between IS-related
module genes and mitochondria-related genes. (C) PPl network of the top 10 hub genes identified among the ferroptosis-related overlapping genes.

Identification of Hub Genes

A total of 409 human ferroptosis-related genes were retrieved from the FerrDb V2 database, including 190 drivers, 216
suppressors, and 3 markers. In addition, MitoCarta3.0 listed 19,274 mitochondria-associated genes. To determine the
overlap between IS-related module genes identified by WGCNA and ferroptosis-related genes from FerrDb, a Venn
diagram analysis was performed, revealing 24 overlapping genes (13 drivers and 11 suppressors) (Figure 2A). Similarly,
overlapping WGCNA-derived IS-related genes with mitochondria-associated genes yielded 1034 shared genes, as shown
by the Venn diagram (Figure 2B).

Protein—protein interaction (PPI) networks of the 24 ferroptosis-related overlapping genes were constructed using the
STRING database and visualized in Cytoscape v3.10.3. Based on node degree calculated using the CytoHubba plugin,
PTEN, BECN1, GSK3B, MDM2, CYBB, PRDX1, IDHI1, SLC7A11, PEBP1, and NCOA3 were identified as the top
10 hub genes (Figure 2C). Using the same analytical procedure for the set of 1034 mitochondria-associated overlapping
genes, RPS3, RPS6, RPS28, RPS19, RPS20, RPS2, RPSS, RPL3, RPLPO, and RPL13A were identified as hub genes.

Construction and Validation of the Logistic Regression Models

Among the ferroptosis-related hub genes, PTEN, BECN1, GSK3B, MDM2, CYBB, PRDXI1, IDH1, SLC7A11, and
PEBP1 were screened and identified as significant predictors for distinguishing IS patients from controls (P < 0.05).
A logistic regression model constructed using these genes demonstrated strong discriminatory ability, with an area under
the ROC curve (AUC) of 0.949 (Figure 3A). A corresponding nomogram was established to further estimate the
probability of IS occurrence (Figure 3C). Violin plots depicting gene expression levels revealed that GSK3B, IDHI,
and PRDX1 showed particularly notable differences between the two groups (Figure 3D).
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Figure 3 (A) ROC curve evaluating the performance of the ferroptosis-related logistic regression model, with an AUC of 0.949. (B) ROC curve evaluating the performance
of the mitochondria-related logistic regression model, with an AUC of 0.829. (C) Nomogram for predicting the occurrence of IS. Ferroptosis-related hub genes—including
PTEN, BECNI, GSK3B, MDM2, CYBB, PRDXI, IDHI, SLC7ALI I, and PEBPI (P < 0.05)—were incorporated into the model. (D) Violin plots showing the expression levels
of the hub genes.

Using a similar approach, a logistic regression model was built based on the mitochondrial hub genes RPS3, RPS6,
RPS28, RPS19, RPS20, RPS2, RPSS, RPL3, and RPL13A. These genes also significantly differentiated IS patients from
controls (P < 0.05). The model yielded an AUC of 0.829 (Figure 3B), suggesting that ferroptosis-related gene signatures
exhibited higher predictive specificity for IS than mitochondrial dysfunction. The ROC curves and corresponding
nomograms for both models are presented in the figure.

Functional Enrichment Analysis

GO enrichment analysis was conducted on the 24 ferroptosis-related module genes across the biological process (BP),
cellular component (CC), and molecular function (MF) categories (Figure 4A). The significantly enriched GO-BP terms
were primarily associated with stress responses, including response to oxidative stress and chemical stress. GO-CC
analysis indicated that the overlapping genes were significantly enriched in the tertiary granule. The GO-MF terms were
mainly related to ubiquitin-like protein ligase binding, ubiquitin protein ligase binding, and rRNA binding.

KEGG pathway analysis revealed that the overlapping genes were predominantly enriched in pathways related to
prostate cancer and ferroptosis, with the ferroptosis pathway being particularly prominent (Figure 4B). These results
suggest that the overlapping genes may play critical roles in the pathophysiological mechanisms investigated in this study
and warrant further in-depth exploration.

Neuroprotective Effects of Fer-1 in a Rat Model of Ischemic Stroke

To verify the successful establishment of the ischemic stroke model, all rats underwent T2WI and neurological
assessments on postoperative day 1. The results confirmed pronounced cerebral ischemic lesions accompanied by
clear neurological deficits (Figure 5SA and C). After 7 days of treatment, Fer-1 significantly improved neurological
function, as reflected by reduced Zea—Longa neurological deficit scores compared with the MCAO group (Figure 5C).
After 7 days, Fer-1 treatment markedly reduced infarct volume and showed a trend toward improved rotarod performance
(Figure 5B and D).
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Figure 4 (A) Gene Ontology (GO) functional enrichment analysis of ferroptosis-related module genes. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of ferroptosis-related module genes.
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Figure 5 (A) Representative T2-weighted MRI images from the Sham, MCAO, and Fer-1 groups on postoperative days | and 7. (B) Quantification of infarct volume changes
(difference between Day | and Day 7), showing that Fer-1 treatment significantly attenuated infarct progression compared with the MCAO group (n=8). **** p < 0.0001; ns,
not significant. (C) Neurological deficits assessed by the Zea—Longa score on Days | and 7 across different groups. **** p < 0.0001; ns, not significant. (D) Motor
performance in the rotarod test measured at | day (Id) and 7 days (7d) after surgery (n=8). MCAO group compared to Fer-| group: ** p < 0.01.
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Fer-1 Mitigates Oxidative Stress Following MCAO Rats

To evaluate the antioxidant effects of Fer-1, we assessed three oxidative stress biomarkers (MDA, GSH, and SOD) as
well as overall antioxidant capacity. Following MCAO, antioxidant capacity markedly decreased; however, treatment
with Fer-1 effectively reversed this decline. Compared with the model group, Fer-1—treated rats exhibited significantly
lower MDA levels and significantly higher GSH and SOD levels (Figure 6A—C). These results indicate that Fer-1
strongly mitigates MCAO-induced oxidative stress.

Fer-1 Reduces Ferritin Deposition and MCAOJ/R Injury via the ACSL4/GPX4/TfR1
Axis

To confirm the occurrence of ferroptosis following cerebral I/R injury, we measured cortical iron content and the
expression of ferroptosis-related markers (TfR1, ACSL4, and GPX4) after MCAO/R in rats. MCAO/R resulted in
increased cortical iron accumulation, up-regulation of TfR1 and ACSL4, and down-regulation of GPX4, collectively
indicating the presence of ferroptosis. Pharmacological inhibition with Fer-1 reversed these alterations: TfR1 and ACSL4
levels were markedly reduced, whereas GPX4 expression was restored (Figure 7A-D). These findings suggest that Fer-1
suppresses neuronal ferroptosis by modulating TfR1, ACSL4, and GPX4 expression, thereby alleviating cerebral I/R

injury.

PRDXI, IDHI, and GSK3p Confer Neuroprotection Against MCAO/R Injury Through
Ferroptosis Inhibition

To further verify whether the identified key proteins were associated with the ferroptosis pathway, we examined the
expression of PRDX1, IDH1, GSK3B, and its phosphorylated form p-GSK3B (Ser9). MCAO markedly decreased
PRDXI1 levels while significantly increasing IDH1 expression. Although total GSK3B levels remained unchanged, the
inhibitory phosphorylation site p-GSK3B (Ser9) was substantially reduced following MCAO. These molecular changes
are consistent with characteristic ferroptosis-related alterations, including depletion of the antioxidant protein PRDX1,
stress-induced upregulation of IDH1, and enhanced GSK3B activity (reflected by reduced p-GSK3B). In contrast, Fer-1
treatment significantly reversed these abnormalities, increasing PRDX1 levels, decreasing IDH1 expression, and restor-
ing p-GSK3B (Ser9) (Figure 8A-D). Collectively, these findings suggest that Fer-1 mitigates MCAO-induced ferroptosis
by enhancing antioxidant defenses, modulating metabolic stress responses, and suppressing aberrant GSK3B activation.

A B C
MDA GSH SOD
6- k% k% 50— **x % 50— k% %
—ir—i i1 i
;g § 404 T § 40
S A o o
54 D 30- - D 30-
: g g
5 3 20 3 20-
3 : :
s |‘| |'_‘| O 104 » 10
0 T T 0 T T 0 T i
& O N & O N & O N
P \‘\c? & & \‘\c? & & éo‘? <

Figure 6 (A) Levels of MDA in the brains of MCAO rats (n = 3). (B) Levels of GSH in the brains of MCAO rats (n = 3). (C) Levels of SOD in the brains of MCAQO rats (n
=3).% p < 0.05; * p < 0.01.
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Figure 7 (A-D) Representative Western blot bands and quantitative analysis of ACSL4, GPX4, and TfR| protein levels in MCAO rats following Fer-1 treatment (n = 3). **
p < 0.01; ¥ p < 0.0001.
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Figure 8 (A-D) Representative Western blot bands and quantitative analysis of IDHI, PRDXI, and p-GSK3B/GSK3p protein levels in MCAO rats following Fer-| treatment
(n =3). ¥ p < 0.0l; ¥ p <0.0001.

Discussion
In this study, we integrated bioinformatics analysis with in vivo experimental validation to identify ferroptosis- and

mitochondria-associated genes involved in ischemic stroke (IS) and to clarify their biological relevance. Through
WGCNA and PPI network analyses, we screened hub genes associated with IS. Logistic regression further demonstrated
that the ferroptosis-related gene signature exhibited higher predictive specificity for IS than the mitochondrial dysfunc-
tion—related gene set. Based on these analyses, GSK3B, IDH1, and PRDX1 emerged as the most significant IS-associated
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genes. Subsequent animal experiments confirmed their functional involvement in oxidative stress and ferroptosis during
ischemia—reperfusion injury. Collectively, our findings highlight the central role of ferroptosis in IS pathophysiology and
indicate that GSK3B, IDH1, and PRDX1 may serve as promising biomarkers and potential therapeutic targets.

Although both ferroptosis and mitochondrial dysfunction contribute to neuronal injury, our comparative modeling
revealed that ferroptosis-related genes exhibited substantially stronger discriminatory power than mitochondrial genes
(AUC: 0.949 vs. 0.829). This observation aligns with accumulating evidence suggesting that lipid peroxidation and iron-
dependent oxidative stress occur rapidly and extensively in IS, preceding overt mitochondrial structural collapse.'* Given
the tight interplay between ferroptosis, lipid peroxidation, and ROS accumulation, increased mitochondrial iron content
may serve as an important upstream trigger that drives ferroptotic cell death. Previous studies indicate that mitochondrial
ROS accumulation acts as a key late-stage amplifier of ferroptosis, further supporting the involvement of mitochondrial
dysfunction in its execution.'® In our study, the significant enrichment of module genes in oxidative stress-related
pathways provides additional mechanistic support for this interpretation. Interestingly, KEGG analysis also identified
enrichment in prostate cancer-related pathways. This finding does not indicate a direct association between prostate
cancer and IS, but rather reflects shared molecular mechanisms, as many cancer-related pathways are closely involved in
oxidative stress, apoptosis and inflammation, which are also critical processes in ischemic brain injury.'®*° In contrast,
the ferroptosis pathway showed a more direct biological relevance to IS pathology and was therefore a major focus of
this study. Collectively, these findings suggest that ferroptosis is not merely a downstream consequence of ischemic
injury but functions as a primary driver of neuronal death during the progression of IS. By highlighting the predominance
of ferroptosis signaling over mitochondrial impairment in predictive modeling and pathway enrichment, our results
emphasize the pivotal role of ferroptosis in the pathophysiology of ischemic stroke.

In vivo experiments demonstrated that Fer-1 effectively reduced infarct volume and improved neurological deficit
scores, indicating partial preservation of neurological function. Although Fer-1 also showed a trend toward attenuating
motor impairment in the rotarod test, the improvement did not reach statistical significance. This may reflect the
multifactorial nature of ischemic stroke pathology. While ferroptosis contributes importantly to neuronal injury, addi-
tional mechanisms including excitotoxicity, inflammation, apoptosis, and mitochondrial dysfunction also participate in
post-ischemic neurological impairment. Therefore, inhibition of ferroptosis alone may be insufficient to fully restore
complex motor coordination within the relatively short observation period. In addition, functional recovery after stroke
often requires longer-term neuroplasticity and neural circuit remodeling, which may not be fully achieved within 7 days.
Biochemically, Fer-1 restored antioxidant capacity by increasing SOD and GSH levels while reducing MDA accumula-
tion, findings consistent with its established ability to inhibit lipid peroxidation and stabilize membrane integrity.?'
Unlike conventional antioxidants, Fer-1 specifically blocks iron-dependent peroxidation of polyunsaturated phospholi-
pids, thereby disrupting a key amplification loop of ferroptosis.

Mechanistic evidence further supports the critical involvement of ferroptosis in neuronal injury following ischemic
stroke. Transferrin receptor 1 (TFR1) mediates cellular uptake of transferrin-bound Fe®", which is subsequently reduced
to Fe*" and transported into the cytosol by divalent metal transporter 1 (DMT1). Upregulation of TFR1 and DMT1
promotes intracellular iron accumulation—a hallmark of ferroptosis—and inhibition of TFR1 has been shown to
markedly reduce iron uptake.”* Excess Fe*"accelerates Fenton chemistry, generating large amounts of reactive oxygen
species (ROS) and driving lipid peroxidation. Ischemia—reperfusion further exacerbates ROS production, disrupting
redox homeostasis and amplifying oxidative damage. GPX4, a central suppressor of ferroptosis, detoxifies lipid hydro-
peroxides using GSH as a cofactor; thus, either GSH depletion or GPX4 loss greatly enhances sensitivity to ferroptosis
cell death.”*** GPX4 downregulation has been consistently observed in acute ischemic stroke and is associated with
increased neuronal vulnerability.”> SOD contributes additional antioxidant protection by removing superoxide radicals,
whereas elevated levels of malondialdehyde (MDA)—a terminal product of lipid peroxidation—reflect the extent of
oxidative injury during ischemia. ACSL4 is another essential determinant of ferroptosis, catalyzing the esterification of
long-chain polyunsaturated fatty acids (PUFAs), particularly arachidonic acid (AA) and adrenic acid (AdA), thereby
increasing membrane susceptibility to lipid peroxidation.”® Notably, both ACSL4 and TFR1 expression, as well as iron
accumulation, remain elevated during the post-stroke recovery period. Guo et al reported that TFR1 levels and iron
content continue to exceed baseline even 28 days after stroke, suggesting prolonged ferroptotic pressure within ischemic
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lesions.?” Within this mechanistic framework, our results demonstrate that Fer-1 effectively reverses MCAO-induced
upregulation of TFR1 and ACSL4 while restoring GPX4 expression.

Our findings suggest that GSK3B, IDH1, and PRDX1 participate in complementary but interconnected pathways
regulating oxidative stress and ferroptosis after ischemic stroke. Specifically, enhanced GSK3B activity may amplify
oxidative and inflammatory signaling, PRDX1 depletion weakens endogenous ROS-scavenging capacity, whereas
dysregulated IDH]1 reflects impaired NADPH-dependent redox homeostasis. Together, these alterations promote exces-
sive lipid peroxidation and ferroptotic neuronal injury during cerebral ischemia/reperfusion. This is consistent with
growing evidence identifying ferroptosis as a critical driver of ischemic brain injury.”® PRDXI, a cytosolic antioxidant
enzyme, detoxifies peroxide species and maintains redox homeostasis in the post-ischemic brain. Reduced PRDX1
expression compromises endogenous peroxide-scavenging capacity, promotes ROS accumulation, disrupts microglial
function, and enlarges infarct size in MCAO/R models.?’ Conversely, PRDX1 preservation mitigates oxidative injury and
inflammation, supporting tissue salvage and functional recovery. The pronounced reduction of PRDX1 observed in our
study suggests increased neuronal susceptibility to lipid peroxidation—the biochemical hallmark of ferroptosis. This
aligns with previous work demonstrating that PRDX1 protects neural tissue against ischemia-induced oxidative injury,
whereas its loss exacerbates infarct expansion and neuronal death (1). IDHI is a metabolic enzyme that contributes
reducing equivalents to the cytosolic NADPH pool, linking central carbon metabolism to lipid synthesis and antioxidant
defenses. Acute ischemic stress often induces compensatory increases in IDHI as cells attempt to enhance NADPH-
dependent redox buffering.** However, persistent or maladaptive IDHI upregulation may indicate metabolic stress and
heightened susceptibility to ROS-driven lipid peroxidation. The elevated IDH1 levels observed after MCAO likely reflect
this compensatory response; yet excessive or prolonged activation has been associated with increased vulnerability to
ferroptosis, consistent with previous reports that disrupted redox metabolism facilitates ferroptotic cell death in stroke.”’
Reduced phosphorylation of GSK3B at Ser9 indicates enhanced kinase activity, a pathological state known to amplify
oxidative and inflammatory signaling, impair mitochondrial function, and worsen ischemic outcomes.** Restoration of
Ser9 phosphorylation is widely recognized as neuroprotective, supporting mitochondrial integrity and reducing cell
death, consistent with earlier studies implicating aberrant GSK3B activation in ischemic neuronal injury.>® Although
some studies were not conducted in ischemic stroke models, they indicate that p-GSK3B (Ser9) acts as a core activator in
the GSK3B/Nrf2/GPX4 anti-ferroptosis pathway, further supporting the potential mechanistic role of GSK3B in regulat-
ing ferroptotic neuronal injury.** Importantly, Ferrostatin-1 treatment reversed these pathological changes—restoring
PRDXI1 expression, normalizing IDH1 levels, and increasing p-GSK3B (Ser9). This coordinated correction strongly
suggests that these three proteins function not merely as downstream indicators but as active mediators of ferroptosis
injury.

Notably, the expression patterns of GSK3B, IDH1, and PRDX1 observed in our rat MCAO model closely mirrored
the expression trends identified in the clinical GEO datasets. This consistency between in vivo validation and bioinfor-
matic prediction strengthens the robustness of our findings and further confirms that these three genes represent
conserved, clinically relevant regulators of ferroptosis in ischemic stroke. Their concordant alterations across experi-
mental and clinical contexts underscore their mechanistic significance and reinforce their potential as prognostic
biomarkers and therapeutic targets.

Collectively, the coordinated dysregulation of GSK3B, IDH1, and PRDX1 highlights their central roles in ferroptosis-
mediated neuronal injury after stroke, consistent with previous studies emphasizing ferroptosis-related pathways as key

determinants of stroke severity and functional recovery.?*=>

Clinical Implications

These findings underscore the therapeutic potential of targeting oxidative stress and ferroptosis in ischemic stroke. The
coordinated dysregulation of GSK3B, IDH1, and PRDXI1 suggests that ferroptosis plays an active role in driving
neuronal loss and functional impairment. Pharmacological inhibition with Fer-1 effectively reverses these molecular
alterations, reinforcing ferroptosis as a promising target for neuroprotection. Moreover, these proteins may serve as
biomarkers reflecting oxidative stress status or therapeutic responsiveness, providing opportunities for early intervention
and personalized treatment strategies.
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Limitations

Despite the novel insights provided by this study, several limitations should be acknowledged. First, the in vivo experiments were
conducted using a rat MCAO model, which may not fully recapitulate the complexity and heterogeneity of human ischemic
stroke, and external clinical validation was not performed. Second, differences in gene set size between ferroptosis- and
mitochondria-associated genes, as well as the lack of adjustment for potential clinical confounding variables in the GEO datasets,
may have influenced the comparative bioinformatics results. Third, although GSK3B, IDH1, and PRDX1 were identified as
ferroptosis-associated genes closely related to oxidative stress and neuronal injury in stroke, the molecular analyses were primarily
based on expression changes, and direct functional validation, such as gene knockdown or overexpression experiments, was not
performed. In addition, the upstream regulatory mechanisms of these genes and their potential interactions with other programmed
cell death pathways were not investigated. Fourth, the GEO datasets used for bioinformatics analysis had relatively small sample
sizes, which may limit the robustness and generalizability of the logistic regression models. Finally, long-term neurological
outcomes and potential adverse effects associated with ferroptosis inhibition were not evaluated. Therefore, future studies
involving larger clinical cohorts, external validation, and more comprehensive mechanistic investigations are needed to further
clarify the specific roles of these genes in ferroptosis-related ischemic injury and to support their translational potential.

Conclusion

This study identified GSK3B, IDH1, and PRDX1 as ferroptosis-associated genes closely related to oxidative stress and
neuronal injury during ischemic stroke progression. Pharmacological inhibition of ferroptosis with Fer-1 attenuated
ischemia/reperfusion-induced brain injury, alleviated oxidative stress, and modulated the expression of ACSL4, GPX4,
and TFR1. Collectively, these findings further support the involvement of GSK3B, IDH1, and PRDX1 in ferroptosis-
related pathological processes during ischemic stroke and suggest that these ferroptosis-associated pathways may
represent potential targets for neuroprotective intervention.
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