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Abstract

Background: Ferroptosis has been recognized as an important pathological mechanism underlying ischemic stroke (IS). However, the
precise mechanisms underlying the neuroprotective effects of Hydroxysafflor yellow A (HSYA) in IS remain unclear. Objective: There-
fore, this study aimed to investigate the protective effects of HSYA against IS and explore the underlying ferroptosis-related mechanisms.
Methods: An integrated strategy combining network pharmacology, molecular docking, molecular dynamics simulations, and a middle
cerebral artery occlusion (MCAO) mouse model was employed to elucidate the neuroprotective mechanisms of HSYA. Neurological
deficit scores, infarct volume, histopathology, oxidative stress, and ferroptosis-related molecules were evaluated. For in vivo validation,
mice were randomly assigned to the sham, MCAO, Ras-selective lethal (RSL), HSYA, and RSL + HSYA groups (n = 12 per group).
Ras-selective lethal 3 (RSL3) was used as a glutathione peroxidase 4 (GPX4) inhibitor in the RSL and RSL + HSYA groups. Results:
Network pharmacology identified GPX4 and Ferritin Heavy Chain 1 (FTH1) as potential ferroptosis-related targets of HSYA in IS.
Docking analysis showed favorable binding affinities of HSYA toward GPX4 (−9.3 kcal/mol) and FTH1 (−9.1 kcal/mol), and molecular
dynamics simulations further supported the stability of the HSYA–GPX4 and HSYA–FTH1 complexes. In vivo experiments showed
that HSYA significantly improved neurological deficit score, reduced infarct volume, and alleviated histopathological damage in MCAO
mice (p < 0.01 or p < 0.05). Moreover, HSYA significantly decreased malondialdehyde (MDA) and reactive oxygen species (ROS) levels
while increasing superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activities (p < 0.01 or p < 0.05). HSYA significantly
upregulated the mRNA and protein levels of GPX4, FTH1, and mitochondrial ferritin (FTMT) (p < 0.01 or p < 0.05). Notably, HSYA
significantly increased the relative protein expression of GPX4 compared with the MCAO group (p < 0.01). Furthermore, RSL3 partially
attenuated the protective effects of HSYA on cerebral injury, oxidative stress, and the expression of GPX4, FTH1, and FTMT (p < 0.01 or
p < 0.05). Collectively, the present study demonstrates that HSYA confers neuroprotection against IS, at least in part, through regulation
of GPX4-associated ferroptosis pathways. Conclusions: HSYA provides significant neuroprotection against IS. These effects may be
mediated, at least in part, through GPX4-associated ferroptosis pathways and the maintenance of iron homeostasis, thereby advancing
understanding of its antioxidant mechanisms and supporting its therapeutic potential for IS.

Keywords: ischemic stroke; ferroptosis; network pharmacology; molecular dynamics simulation; hydroxysafflor yellow A; neuropro-
tective agents; phospholipid hydroperoxide glutathione peroxidase

1. Introduction
Stroke contributes markedly to worldwide disability

and mortality, with its incidence rising particularly in low-
and middle-income nations [1]. Although a great deal of
time has been spent on researching neuroprotective drugs,
only a few of them have proven to be truly effective. This
indicates that it is necessary to further study the pathological
mechanism of stroke and search for new therapeutic targets.

Iron-dependent ferroptosis is a relatively new type of
controlled cellular death that is increasingly recognized as
a key process in acute brain injury, including ischemic
and hemorrhagic strokes [2,3]. It is distinguished by lipid
peroxidation within cell membranes and is closely linked

to the depletion of glutathione peroxidase 4 (GPX4), a
selenocysteine-containing enzyme essential for neutraliz-
ing phospholipid hydroperoxides [4]. Reduced GPX4 ex-
pression has been observed in acute ischemic stroke (IS)
[5], indicating that dysfunction of the GPX4 antioxidant de-
fense system may contribute to ischemic brain injury. Re-
cent studies have identified GPX4, PRDX1, and PRDX6 as
potential ferroptosis-related biomarkers for IS [6]. In ad-
dition, clinical studies have shown that ACSL4 and ferritin
are associated with stroke severity and functional outcomes
[7]. These findings further support the clinical relevance of
ferroptosis and highlight ferroptosis-targeted intervention
as a promising therapeutic strategy.
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Besides, iron overload is also recognized as a
major factor promoting ferroptosis. Previous studies
have shown that iron overload exacerbates cerebral is-
chemia/reperfusion injury following transient middle cere-
bral artery occlusion (tMCAO) [8]. In contrast, iron chela-
tion or depletion provides neuroprotection, reducing related
brain damage [9]. It has been suggested that mitigating iron
accumulation and strengthening the ferroptosis defense sys-
tem may be promising approaches for stroke therapy [10].
For instance, in stroke patients, iron chelators such defer-
oxamine mesylate (DFO) lower serum peroxide levels and
inhibit the production of free radicals [11]. Likewise, se-
lenium supplementation can upregulate GPX4 expression
and alleviate post-stroke ferroptosis [12]. All in all, these
findings point to ferroptosis inhibition as a key treatment
option for IS.

Carthamus tinctorius L. has long been used in tradi-
tional Chinese medicine for the treatment. Classical medi-
cal texts, including the Compendium ofMateriaMedica and
the Essential Prescriptions from the Golden Cabinet, doc-
ument its clinical application in disorders associated with
cardiovascular and cerebrovascular disorders [13]. Be-
yond its medicinal applications, safflower also possesses
nutritional and industrial value. The corolla of safflower
can be used to extract natural pigments for food color-
ing, and its seed oil, rich in linoleic acid, is widely ap-
plied in the field of health food. Modern nutritional re-
search shows that safflower extract, as a functional food
ingredient, can protect the heart by controlling inflamma-
tory reactions and oxidative stress [14]. Hydroxysafflor
yellow A (HSYA), the major bioactive compound isolated
from safflower (chemical structure shown in Fig. 1), has
been shown to suppress the generation of reactive oxygen
species (ROS), a key driver of ferroptosis, and exhibits po-
tent antioxidant activity. Furthermore, HSYA may influ-
ence ferroptosis by regulating ferritin and iron transporter
proteins [13,15]. Although HSYA is a hydrophilic com-
pound with limited permeability across the intact blood–
brain barrier (BBB), pharmacokinetic studies have demon-
strated that, under conditions of BBB disruption, HSYA can
penetrate the BBB and accumulate in ischemic brain tis-
sue, supporting its therapeutic potential in IS [16,17]. It
remains unclear whether HSYA regulates GPX4-related an-
tioxidant defense and thereby attenuates lipid peroxidation
during cerebral ischemia–reperfusion injury. Addressing
this question may elucidate how HSYA mitigates cerebral
ischemia/reperfusion injury (CI/RI).

In recent years, advances in network pharmacology,
molecular docking, and molecular dynamics (MD) simula-
tions have provided powerful tools for identifying poten-
tial therapeutic targets, predicting compound–target inter-
actions, and elucidating the molecular mechanisms of can-
didate drugs [18,19,20,21]. In this study, network pharma-
cology was used to identify the potential therapeutic tar-
gets and signaling pathways of HSYA in cerebral ischemia–

Fig. 1. The chemical structure of HSYA, with the molecu-
lar formula C27H32O16 and a molecular weight of 612.5 g/mol.
HSYA, hydroxysafflor yellow A.

reperfusion injury. Molecular docking and MD simulations
were subsequently performed to evaluate the interactions
between HSYA and key target proteins. Finally, these com-
putational predictions were evaluated in an MCAO mouse
model to investigate whether GPX4-associated ferroptosis-
related mechanisms may be involved in the protective ef-
fects of HSYA against cerebral ischemia–reperfusion in-
jury.

2. Materials and Methods
2.1 Materials

HSYA (purity ≥98%, CAS No. 78281-02-4,
lot Nos.DST220921-017) was purchased from Chengdu
LemetianMedical Technology Co., Ltd. (Chengdu, China).
Hematoxylin and eosin (H&E) staining solutions (H3136
and E4009; lot Nos. 20231125 and 20231117, respectively)
and 2,3,5-triphenyltetrazolium chloride solution (TTC so-
lution, 2%; G3005, lot No. 240004004) were from So-
larbio (Beijing, China). A bicinchoninic acid (BCA) kit
(P0012; lot No. 062122220811) was from Shanghai Biyun-
tian Biotechnology Co., Ltd. (Shanghai, China). Primary
antibodies against GPX4 (DF6701; lot No. 78p5366) and
FTH1 (DF6278; lot No. 35y4418) were sourced from
Affinity Biosciences Pty Ltd. (OH, USA), and anti-FTMT
antibody (bs-20086R; lot No. BJ12283518) from Bioss
Inc. (Beijing, China). HRP-linked anti-rabbit IgG (7074;
lot No. 30) was obtained from Cell Signaling Technol-
ogy, Inc. (Danvers, MA, USA). Malondialdehyde (MDA,
MB-5892A, lot No. 202503), reduced glutathione (GSH-
PX, MB-5870A, lot No. 202503), ROS (MB-6180A, lot
No. 202503), and superoxide dismutase (SOD,MB-6199A,
lot No. 202503) assay kits were purchased from Jiangsu
Enzyme Label Biotechnology Co., Ltd. (Jiangsu, China).
Primers for mitochondrial ferritin (FTMT), GPX4, and
ferritin heavy chain 1 (FTH1) were synthesized by San-
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gon Biotech Biological Engineering Co., Ltd. (Shanghai,
China).

2.2 Network Pharmacology
PharmMapper, SwissTargetPrediction, and SEA were

used to estimate potential HSYA targets. Genes associ-
ated with ferroptosis and IS were gathered from the Fer-
rDb and DisGeNET databases, respectively. These three
gene sets were intersected using Venny 2.1 (https://bioinfog
p.cnb.csic.es/tools/venny/index.html) to identify candidate
targets. protein–protein interaction (PPI) networks were
constructed with STRING (organism: Homo sapiens; con-
fidence score ≥0.400) and visualized in Cytoscape 3.9.0
(https://cytoscape.org/) to screen core targets. The Cyto-
Hubba plugin in Cytoscape was used to identify and rank
hub genes based on the maximal clique centrality (MCC)
algorithm, and the topological parameters of the hub genes
were further analyzed. DAVID was employed to conduct
Kyoto Encyclopedia of Genes and Genomes (KEGG) en-
richment and Gene Ontology (GO) enrichment analysis
(species: Homo sapiens) and visualized with R ggplot2.

2.3 Molecular Docking
HSYA structure in Structure Data File (SDF) for-

mat was optimized with Chem3D and subsequently trans-
lated to Protein Data Bank (PDB) format using OpenBa-
bel (https://openbabel.org/). PyMol was applied for remov-
ing ligands, metal ions, and molecules of water from the
protein structure before preparing it for docking. Molec-
ular docking was performed using AutoDock Vina 1.2.7
(https://vina.scripps.edu/) with an exhaustiveness value of
16. Each docking calculation was independently repeated
three times to ensure reproducibility, and the number of
generated binding modes (num_modes) was set to the de-
fault value of 9. Incorporating hydrogen atoms, charge dis-
tribution, atomic type specification, and pdbqt file produc-
tion are all part of this preparatory procedure. HSYA was
used as the ligand and protein as the receptor in the docking
process, and the best binding shape was predicted using a
genetic algorithm. The final results were visualized using
PyMol. The grid center coordinates were set as (25.706,
−16.508, −17.168) with a grid box size of 21 × 21 × 21 Å
for GPX4, and (40.23, −4.969, 16.409) with a grid box size
of 26.76 × 26.76 × 26.76 Å for FTH1.

2.4 Molecular Dynamics Simulation
We evaluated the stability of the HSYA-protein com-

plex using a multifaceted methodology. POCASA 1.1 was
first used to forecast potential binding locations. To inves-
tigate different binding conformations, docking was done
using DOCK 6.12 (https://dock.compbio.ucsf.edu/), Swiss-
Dock (https://www.swissdock.ch/), and AutoDock Vina.
The resultant poses were optimized and prioritized based
on binding free energy utilizing RosettaVS. A multidimen-
sional scoring function, incorporating van derWaals forces,

electrostatics, and solvation effects, was used to select the
thermodynamically most favorable complexes. To further
assess the stability of these ideal conformations, full-atom
MD simulations were performed. Protein topology files
were generated with the CHARMM36 force field, and lig-
and parameters were derived using the CGenFF 2.0.0 (https:
//cgenff.com/) server. In GROMACS 2022.4, the leading
conformations were subjected to 100-nanosecond MD sim-
ulations. Root mean square deviation (RMSD), root mean
square fluctuation (RMSF), and hydrogen bond interactions
were analyzed to assess the complex’s stability. Hydrogen
bond occupancy and interaction duration between HSYA
and target residues were also quantified. RMSD of Cα
atoms was tracked during the simulation for trajectory anal-
ysis in order to guarantee system equilibration.

2.5 Animal Experiment
2.5.1 Animals

Specific pathogen-free male C57BL/6 mice (6–8
weeks old, 21–23 g) were obtained from the Animal Ex-
periment Center of Zhejiang Chinese Medical University
(Production License No. SCXK [Shanghai] 2022-0004).
The Animal Ethical and Welfare Committee of Zhejiang
Chinese Medical University gave its approval to the proce-
dure (Approval No. IACUC-20220516-15) and supervised
throughout by the same committee. All animal experiments
were performed in accordance with the National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory
Animals and are reported in compliance with the ARRIVE
guidelines. Before experimentation, mice were acclima-
tized for seven days at a temperature of 20–25 °C, with a
12-hour light/dark cycle, 40–45% humidity, and unlimited
access to food and drink.

2.5.2 MCAO Modeling and Drug Treatment
Mice were allocated to five groups using a random-

number table (n = 12): Sham, MCAO, HSYA, RSL, and
RSL+HSYA. tMCAO was induced to produce focal cere-
bral ischemia. Experimental evaluations were performed
after 1 h of occlusion and 24 h of reperfusion. Mice were
pretreated with atropine (0.04 mg/kg, subcutaneously) and
subsequently anesthetized with Zoletil 50 (40 mg/kg, in-
traperitoneally). The MCAO model was established ac-
cording to previously published protocols [22]. During
MCAO surgery, body temperature was maintained at 37
± 0.5 °C using a thermostatically controlled heating pad.
Anesthetic depth was assessed by monitoring the respira-
tory rate and the absence of the pedal withdrawal reflex.
Mice were continuously observed throughout the procedure
to ensure stable respiration and physiological condition.

The experimental design is detailed in Fig. 2. Based
on prior studies and preliminary experiments [23], the
HSYA group received tail vein injections of HSYA (20
mg/kg) once daily for three consecutive days after surgery.
Mice in the RSL group received intraperitoneal injections
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Fig. 2. Flowchart of the experimental procedure. HSYA, Hydroxysafflor yellow A; RSL3, RAS-selective lethal 3.

of Ras-selective lethal 3 (RSL3) (5 mg/kg) once daily for
two consecutive days before surgery [24]. The RSL +
HSYA group received both treatments in the same regimen.
RSL3 was administered before MCAO surgery to ensure
sufficient inhibition of GPX4 activity prior to ischemic in-
jury, thereby facilitating evaluation of the contribution of
GPX4-associated ferroptosis to the neuroprotective effects
of HSYA. Sham and MCAO groups were given equal vol-
umes of sterile saline. Mice were housed under controlled
conditions with ad libitum access to chow and water. Blood
collection was performed under anesthesia. Following deep
anesthesia, mice were euthanized by exsanguination. Death
was confirmed by the absence of spontaneous respiration
and heartbeat. Animals that died during surgery or failed
MCAOmodeling were excluded from subsequent analyses.
The n = 12 per group refers to the final number of animals
included after exclusions. Initially, 12, 18, 17, 17, and 18
mice were assigned to the Sham, MCAO, HSYA, RSL, and
RSL + HSYA groups, respectively. No animals were ex-
cluded from the Sham group, whereas 6 mice in the MCAO
group, 5 in the HSYA group, 5 in the RSL group, and 6
in the RSL + HSYA group were excluded because of pe-
rioperative death or unsuccessful MCAO modeling. Thus,
12 mice per group were included in the final analyses. Of
these 12 mice, 6 were used for neurological deficit scoring;
among them, 3 were subsequently used for TTC staining
and the other 3 for H&E staining. The remaining 6 mice
were used for ELISA and RT-qPCR analyses, and 3 of these
6 mice were also used for Western blotting.

2.5.3 Neurological Deficit Score
Neurological deficits were evaluated three days after

ischemia using the Longa scoring scale: 0, no neurological
deficit; 1, lack of full extension of the left forepaw; 2, con-
sistent left-turning behavior; 3, severe circling to the left;
4, inability to walk or loss of consciousness [25]. Higher
scores indicate more severe behavioral impairments. Neu-
rological deficit scoring was performed under blinded con-
ditions.

2.5.4 TTC Staining and Infarct Volume Analysis
Brains were sectioned into six 2-mm-thick coronal

slices and immersed in 2% TTC solution (37 °C, 30
min). Infarct areas were quantified using ImageJ soft-
ware v1.8.0.112 (https://imagej.net/). Infarct volume (%) =
[(volume of the contralateral hemisphere − volume of the
non-infarcted ipsilateral hemisphere) / volume of the con-
tralateral hemisphere] × 100%. TTC image analysis and in-
farct volume quantification were performed under blinded
conditions.

2.5.5 Histological Staining
Paraffin-embedded sections (4 μm) underwent de-

waxing, rehydration, and staining using hematoxylin and
eosin (H&E), followed by mounting and evaluation un-
der light-based microscopy. Histopathological damage
was evaluated using a semiquantitative scoring system
(Supplementary Table 1). Histopathological evaluation
and scoring were performed under blinded conditions.

2.5.6 Enzyme-Linked Immunosorbent Assays (ELISAs)
Serum concentrations of SOD, MDA, GSH-Px, and

ROS were quantified using commercial ELISA kits. Blood
samples from the animals were allowed to stand for 1 h be-
fore centrifugation for 15 minutes at room temperature at
4500 rpm. The resulting supernatant was used for biochem-
ical analysis.

2.5.7 WB (Western Blotting)
GPX4, FTH1, and FTMT were detected by WB. A

BCA test was used to measure the total protein concentra-
tion, followed by SDS-PAGE and transfer to PVDF mem-
branes. Primary antibodies against GPX4, FTH1, FTMT,
and β-actin (diluted 1:1000) were used to probe the blots
overnight at 4 °C. HRP-conjugated secondary antibodies
(1:5000) were then used for two hours at 25 °C. Blots
were blocked (5% non-fat milk in Tris-buffered saline with
Tween 20 (TBST), 1 hour, room temperature). After mea-
suring band intensities, the ratio of the target band’s gray
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Table 1. Primer sequence.
Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

GPX4 AAGTCCTAGGAAACGCCCG CATCGCGGGATGCACACAAG
FTMT GCCAGATCAACCTGGAGTTGT CAGTCATCACGGTCTGGTTTCTTTA
FTH1 CAAGCACATCAGCTCTGCAC TCCAGGTTGATTTGGCGGTT
GAPDH ACCCTTAAGAGGGATGCTGC CCAATACGGCCAAATCCGTT

value to that of β-actin was used to determine the relative
amounts of protein expression.

2.5.8 Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

RNA concentrations were measured using spec-
trophotometry after total RNA was extracted using TRIzol
as instructed. After reverse transcription (15 min, 42 °C),
enzymes were inactivated (5 min, 85 °C). PCR amplifica-
tion was carried out in 96-well plates in the following man-
ner: 40 cycles of 95 °C for 15 s and 60 °C for 60 s, fol-
lowed by initial denaturation at 95 °C for 10 min. Primer
sequences are listed in Table 1.

2.6 Statistical Analysis
Statistical analyses were performed using SPSS 24.0

(https://www.ibm.com/spss). Data are presented as mean ±
standard deviation (SD). Normality was assessed using the
Shapiro–Wilk test. Homogeneity of variance was evaluated
using Levene’s test. For normally distributed data with ho-
mogeneous variances, differences among groups were ana-
lyzed using one-way analysis of variance followed by the
Student-Newman-Keuls q test for multiple comparisons.
For data that did not satisfy the assumptions of normality
or homogeneity of variance, the Kruskal–Wallis test was
used. p < 0.05 was considered statistically significant.

3. Results
3.1 Network Pharmacology
3.1.1 Candidate HSYA Targets for Treating IS

A total of 314 HSYA-related gene targets, 62
ferroptosis-associated genes, and 1159 IS-related genes
were collected from the corresponding databases. Venn
analysis was performed using Venny 2.1, which identified
10 overlapping targets among HSYA, ferroptosis, and IS
(Fig. 3).

3.1.2 PPI Network
With a minimal interaction score of 0.4, the ten over-

lapping targets were utilized in STRING to build the PPI
network, which was then visualized using Cytoscape (Fig.
4). Hub genes were ranked using the MCC algorithm
in the CytoHubba plugin, with GPX4 and FTH1 ranking
first and second, respectively (Supplementary Table 2).
These findings identified GPX4 and FTH1 as potential hub
proteins mediating the neuroprotective effects of HSYA
through ferroptosis-related signaling pathways in IS.

Fig. 3. Venn diagram showing the overlapping targets among
HSYA, ferroptosis, and ischemic stroke. HSYA, hydroxysafflor
yellow A; IS, ischemic stroke.

3.1.3 GO Enrichment Analysis
GO analysis of 10 main HSYA targets produced en-

richment in 29 terms, including 5 cellular components
(CCs), 5 molecular functions (MFs), and 19 biological pro-
cesses (BPs). These results suggest that the potential ef-
fects of HSYA may be associated with biological processes
relevant to ferroptosis, oxidative stress responses, and iron
handling. Visualization with the ggplot2 package showed
that the 10 shared targets were particularly enriched in BP
terms (negative regulation of ferroptosis, oxidative stress
response), CC terms (cytoplasm, intracellular lumen), and
MF terms (iron ion binding, protein binding) (Fig. 5).

3.1.4 KEGG Enrichment Analysis
Using DAVID, the KEGG pathway enrichment of the

10 key targets mentioned above was examined. Seven path-
ways were significantly enriched (p < 0.05) (Fig. 6), further
suggesting the potential involvement of ferroptosis-related
signaling in the neuroprotective effects of HSYA.
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Fig. 4. Integrated network of HSYA and the protein–protein interactions among the overlapping targets associated with ferrop-
tosis and ischemic stroke. HSYA, hydroxysafflor yellow A.

Fig. 5. GO enrichment analysis results of core targets. (A) Bubble plot of enriched GO terms. (B) Bar plot showing the gene number
for each enriched GO term. BP, biological process; CC, cellular component; GO, Gene Ontology; MF, molecular function.

3.2 Molecular Docking
3.2.1 Docking of Key Protein Targets in the PPI Network

Potential binding between HSYA and the top-ranked
proteins from the PPI network was assessed using molec-
ular docking simulations. Binding energies for all ligand–
target complexes were below −5.0 kcalꞏmol–1 (Fig. 7, Ta-
ble 2).

3.2.2 Molecular Docking Analysis of Ferroptosis-Related
Proteins

Building on the network pharmacology findings and
prior literature, GPX4 and FTH1 were hypothesized to be
potential ferroptosis-related targets associated with the pro-
tective effects of HSYA in IS. Docking simulations were
therefore performed with these proteins to evaluate the po-
tential interactions of HSYA with ferroptosis-related tar-
gets. For GPX4 (PDB ID: 2OBI), the docking grid was

6
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Fig. 6. The top 7 most enriched KEGG pathways. (A) Bubble plot of enriched KEGG pathways. (B) Bar plot showing the gene
number for each enriched KEGG pathway. KEGG, Kyoto Encyclopedia of Genes and Genomes.

Fig. 7. Molecular docking conformations of HSYA with the top-ranked target proteins. (A) PTGS2 (PDB ID: 5F19). (B) NQO1
(PDB ID: 8RFN). (C) ALOX15 (PDB ID: 5ME0). (D) AKR1C1 (PDB ID: 3C3V). (E) SLC1A5 (PDB ID: 5LM4). (F) FDFT1 (PDB
ID: 3V66).

centered on the Cys46 active-site residue. HSYA exhib-
ited favorable binding affinities with both GPX4 and FTH1,
with binding energies of −9.3 kcal/mol and −9.1 kcal/mol,
respectively (Fig. 8, Table 2).

3.3 Molecular Dynamics

GROMACS was then used to perform 100 ns MD
simulations for the HSYA–FTH1 and HSYA–GPX4 com-
plexes to characterize their dynamic behavior and struc-
tural stability (Fig. 9). For the FTH1-ligand complex, the
RMSD profile demonstrated only minor conformational re-

arrangements during the first 0–25 ns, after which the sys-
tem reached a dynamic equilibrium. The mean RMSD sta-
bilized at approximately 0.15 nm. The radius of gyration
(Rg) values remained within 1.82–1.87 nm, with occasional
fluctuations between 35 and 55 ns. Residue-level RMSF
analysis revealed heterogeneous flexibility across the FTH1
sequence. The functional loop region’s residues 100–150
showed the largest mobility (peaking at ~0.35 nm). Hydro-
gen bond analysis further showed that the number of hydro-
gen bonds remained stable, averaging three to six through-
out the simulation.
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Table 2. Molecular docking of HSYA and ischemic stroke-related targets.
Targets PDB ID Molecular binding energy (kcalꞏmol–1)

PTGS2 5F19 –12.8
NQO1 8RFN –11.8
ALOX15 5ME0 –11.6
AKR1C1 3C3V –11.2
SLC1A5 5LM4 –11.2
FDFT1 3V66 –10.8
GPX4 2OBI –9.3
FTH1 2CIH –9.1
TP53 2B1P –8.6
MT1G 1JJD –7.8

Fig. 8. Molecular docking results of HSYA with GPX4 and FTH1. (A) GPX4 (PDB ID: 2OBI). (B) FTH1 (PDB ID: 2CIH). FTH1,
ferritin heavy chain 1; GPX4, glutathione peroxidase 4; HSYA, Hydroxysafflor yellow A.

Fig. 9. Molecular dynamics simulations of the HSYA–FTH1 and HSYA–GPX4 complexes over 100 ns. From left to right: RMSD,
radius of gyration, RMS fluctuation, and hydrogen bonds. (A) HSYA–FTH1 complex. (B) HSYA–GPX4 complex. RMSD, root mean
square deviation; Rg, radius of gyration; RMSF, root mean square fluctuation; HSYA, hydroxysafflor yellow A; GPX4, glutathione
peroxidase 4; FTH1, ferritin heavy chain 1.

The HSYA–GPX4 complex showed a relatively sta-
ble dynamic profile with an average RMSD of about 0.1
nm over the simulation. The Rg remained between 1.48

and 1.51 nm. RMSF analysis showed region-specific dif-
ferences, especially inside the functional loops containing
residues 35–55 and 75–100, which showed the maximum
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Fig. 10. Neurological deficit scores of mice (Longa scoring system) (n = 6). Note: Data are presented as mean ± SD. Group differences
were analyzed using one-way ANOVA followed by the Student–Newman–Keuls test, or the Kruskal–Wallis test when appropriate.
Adjacent letters indicate p < 0.05, non-adjacent letters indicate p < 0.01, and identical letters indicate no significant difference (p > 0.05).
Higher scores indicate more severe neurological impairment. HSYA, hydroxysafflor yellow A;MCAO, middle cerebral artery occlusion;
RSL, RSL3-treated group.

flexibility (up to ~0.2 nm). Hydrogen bond analysis showed
that an average of two to three hydrogen bonds was main-
tained throughout the simulation.

3.4 Animal Model Verification
3.4.1 HSYA Improves Neurological Function

Compared with sham-operated mice, MCAOmice ex-
hibited significantly higher neurological deficit scores (p <
0.01; Fig. 10). While there was no significant difference
between the MCAO and RSL groups (p > 0.05), the ad-
ministration of HSYA considerably decreased these scores
as compared to the MCAO group (p < 0.05). No signifi-
cant difference in neurological deficit scores was observed
between the RSL group and the HSYA + RSL group (p >
0.05).

3.4.2 HSYA Reduces the Infarcted Cerebral Area

TheMCAO group showed a significant increase in in-
farct volume compared to the sham group, as shown by TTC
staining (p < 0.01; Fig. 11). While HSYA significantly re-
duced the infarct area in comparison to the MCAO group
(p < 0.01). Combined administration of HSYA and RSL3
resulted in a further decrease in infarct size compared with
RSL group (p < 0.01).

3.4.3 HSYA Improves Serum Biochemical Parameters in
MCAO Mice

Serum ROS and MDA concentrations were signifi-
cantly higher in the MCAO group, whereas SOD and GSH-
Px levels were significantly lower than those in the sham
group (p < 0.01), as determined by ELISA (Fig. 12). com-
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Fig. 11. TTC staining results (n = 3). (A) representative TTC staining images. (B) Quantification of cerebral infarct volume. Note:
Data are presented as mean ± SD. Group differences were analyzed using one-way ANOVA followed by the Student–Newman–Keuls
test, or the Kruskal–Wallis test when appropriate. Adjacent letters indicate p < 0.05, non-adjacent letters indicate p < 0.01, and identical
letters indicate no significant difference (p > 0.05). HSYA, hydroxysafflor yellow A; MCAO, middle cerebral artery occlusion; RSL,
RSL3-treated group; TTC, 2,3,5-triphenyltetrazolium chloride.

pared with the MCAO group, the RSL group exhibited sig-
nificantly lower MDA levels and significantly higher GSH-
Px levels (p < 0.01 or p < 0.05). HSYA treatment signifi-
cantly reducedMDA and ROS levels while increasing SOD
and GSH-Px levels in MCAO mice (p < 0.01 or p < 0.05).
Notably, compared with the RSL group, the RSL+HSYA
group showed a further reduction in MDA levels to values
comparable to those of the sham group, accompanied by a
significant increase in SOD levels (p < 0.01 or p < 0.05),
whereas no further significant changes were observed in
ROS or GSH-Px levels.

3.4.4 HSYA Improves Pathological Brain Damage in
MCAO Mice

When comparing the cerebral parenchyma of MCAO
and RSL mice to that of sham animals, histological in-
vestigation using H&E staining (Fig. 13) showed sig-
nificant vascular congestion, bleeding, and perivascular
edema (p < 0.01). HSYA therapy significantly decreased
the histopathological scores of the cerebral cortex and hip-
pocampus (p < 0.01), improved tissue morphology and al-
leviated neuronal structural damage. Marked differences
in histopathological scores were seen between the HSYA
andMCAO groups, as well as between the HSYA+RSL and
RSL groups (p < 0.01).

3.4.5 HSYA Modulates GPX4-Related Gene and Protein
Expression

WB andRT-qPCR analyses (Figs. 14,15, Supplemen-
tary Figs. 1–4) demonstrated marked reductions in GPX4,
FTH1, and FTMT expression at both the mRNA and pro-
tein levels in the MCAO group relative to the sham group
(p < 0.01 or p < 0.05). HSYA administration markedly re-
stored the expression of these molecules (p < 0.01 or p <
0.05), whereas RSL group produced no detectable changes
compared with the MCAO group (p > 0.05). In mice re-
ceiving combined HSYA and RSL3 treatment, protein lev-
els of GPX4, FTH1, and FTMT were significantly lower
than those in the HSYA group (p < 0.01 or p < 0.05), while
the corresponding mRNA levels remained unchanged, sug-
gesting that RSL3 partially attenuated the regulatory effects
of HSYA on ferroptosis-related proteins.

4. Discussion
IS remains a major global health challenge because

of its high mortality and long-term disability despite ad-
vances in current therapeutic strategies. The progression of
ischemic brain injury is orchestrated by multiple intercon-
nected pathological processes, including oxidative stress,
inflammation, apoptosis, and ferroptosis [26]. Ferroptosis
is characterized by iron-dependent lipid peroxidation and
has emerged as an important pathological mechanism un-
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Fig. 12. Serum levels of oxidative stress-related indicators in mice from different groups (n = 6). (A) MDA. (B) SOD. (C) ROS. (D)
GSH-Px. Note: Data are presented as mean ± SD. Group differences were analyzed using one-way ANOVA followed by the Student–
Newman–Keuls test, or the Kruskal–Wallis test when appropriate. Adjacent letters indicate p < 0.05, non-adjacent letters indicate p <
0.01, and identical letters indicate no significant difference (p > 0.05). HSYA, hydroxysafflor yellow A; MCAO, middle cerebral artery
occlusion; RSL, RSL3-treated group; ROS, reactive oxygen species; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; SOD,
superoxide dismutase.

derlying cerebral ischemia–reperfusion injury [27,28,29].
Therefore, identifying novel neuroprotective agents capa-
ble of modulating ferroptosis-related pathways may pro-
vide promising therapeutic strategies for IS. To explore
the mechanisms underlying the neuroprotective effects of
HSYA against IS, network pharmacology, molecular dock-
ing, MD simulations, and an MCAOmouse model were in-
tegrated in the present study (Fig. 16).

In the present study, network pharmacology was first
employed to investigate the potential mechanisms under-
lying the therapeutic effects of HSYA against IS. By in-
tegrating HSYA-, ferroptosis-, and IS-related targets, ten
common targets were identified. Subsequent PPI net-
work analysis revealed that GPX4 and FTH1 occupied
central positions within the network, suggesting that they
may serve as key targets through which HSYA regulates
ferroptosis-related processes. Molecular docking analysis
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Fig. 13. Histopathological changes and injury scores in brain tissues ofmice from different groups. (A) Representative H&E images
of the cerebral cortex (10×, 2000 μm; 200×: 100 μm). (B) Representative H&E images of the hippocampus (10×, 2000 μm; 200×: 100
μm). (C) Semi-quantitative H&E cortical staining score (n = 3). (D) Semi-quantitative H&E hippocampus staining score (n = 3). Note:
Data are presented as mean ± SD. Group differences were analyzed using one-way ANOVA followed by the Student–Newman–Keuls
test, or the Kruskal–Wallis test when appropriate. Adjacent letters indicate p < 0.05, non-adjacent letters indicate p < 0.01, and identical
letters indicate no significant difference (p > 0.05). CA1, cornu ammonis 1; HE, hematoxylin and eosin; HSYA, hydroxysafflor yellow
A; MCAO, middle cerebral artery occlusion; RSL, RSL3-treated group.

further demonstrated favorable binding affinities of HSYA
toward both GPX4 and FTH1. Both values were lower than
−5.0 kcalꞏmol–1, indicating that HSYA may form stable in-
teractions with these proteins and providing a structural ba-
sis for its potential biological activities.

MD simulations were performed for the HSYA–GPX4
and HSYA–FTH1 complexes to assess the stability and
dynamic behavior of the predicted protein–ligand interac-
tions. The simulations showed durable hydrogen-bond in-
teractions under equilibrium conditions and globally stable
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Fig. 14. Protein expression levels of GPX4, FTH1, and FTMT in brain tissues of mice determined byWestern blotting (n = 3). (A)
Representative images of GPX4, FTH1 and FTMT. (B–D) Quantitative analysis of relative GPX4, FTH1, and FTMT protein expression
normalized to β-actin. Note: Data are presented as mean ± SD. Group differences were analyzed using one-way ANOVA followed by
the Student–Newman–Keuls test, or the Kruskal–Wallis test when appropriate. Adjacent letters indicate p < 0.05, non-adjacent letters
indicate p < 0.01, and identical letters indicate no significant difference (p > 0.05). FTH1, ferritin heavy chain 1; FTMT, mitochondrial
ferritin; GPX4, glutathione peroxidase 4; HSYA, hydroxysafflor yellow A; MCAO, middle cerebral artery occlusion; RSL, RSL3-treated
group.

protein-ligand complexes with limited flexibility in specific
functional areas. Together with the molecular docking re-
sults, these findings support the reliability of the predicted
interactions between HSYA and its ferroptosis-related pro-
tein targets.

More precisely, both complexes attained stable con-
formations over time, according to a 100-ns MD simula-
tion of the HSYA-FTH1 and HSYA-GPX4 systems. RMSD
analysis showed that FTH1 underwent modest conforma-
tional adjustments during the early phase (0–25 ns) be-
fore stabilizing, whereas GPX4 maintained consistently
low fluctuations, indicating a relatively rigid structure. Rg
analysis showed that GPX4 exhibited a slight, continu-
ous expansion, suggesting subtle ligand-induced conforma-
tional changes, whereas FTH1 showed briefmid-simulation
fluctuations, possibly reflecting local conformational rear-

rangements. RMSF analysis identified pronounced flexibil-
ity within functionally important loop regions of both pro-
teins. Specifically, residues 100–150 of FTH1 and residues
35–55 and 75–100 of GPX4 exhibited marked fluctuations,
consistent with conformational adaptability during ligand
interaction. Hydrogen-bond analysis corroborated these
findings: theHSYA–FTH1 complexmaintained a relatively
large number of hydrogen bonds, which may contribute to
the stability of the complex, while GPX4 relied on fewer but
strategically positioned hydrogen bonds to sustain its active
conformation. Collectively, the molecular docking andMD
simulation results provide computational support for GPX4
and FTH1 as plausible ferroptosis-related targets of HSYA.
However, these computational findings do not establish di-
rect physical binding between HSYA and GPX4.
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Fig. 15. Relative mRNA expression levels of GPX4, FTMT, and FTH1 in the brain tissues of mice from different groups de-
termined by RT-qPCR (n = 6). (A) GPX4. (B) FTMT. (C) FTH1. Note: Data are presented as mean ± SD. Group differences were
analyzed using one-way ANOVA followed by the Student–Newman–Keuls test, or the Kruskal–Wallis test when appropriate. Adjacent
letters indicate p < 0.05, non-adjacent letters indicate p < 0.01, and identical letters indicate no significant difference (p > 0.05). FTH1,
ferritin heavy chain 1; FTMT, mitochondrial ferritin; GPX4, glutathione peroxidase 4; HSYA, hydroxysafflor yellow A; MCAO, middle
cerebral artery occlusion; RSL, RSL3-treated group; RT-qPCR, reverse transcription quantitative polymerase chain reaction.

To further validate the computational findings, in vivo
experiments were conducted to evaluate the neuroprotec-
tive effects of HSYA. The results demonstrated that HSYA
significantly improved neurological deficits, reduced cere-
bral infarct volume, and attenuated histopathological dam-
age, indicating a significant neuroprotective effect against
IS, which is consistent with previous studies [30,31]. Given
that oxidative stress is a fundamental pathological process
underlying both cerebral ischemia-reperfusion injury and
ferroptosis, we further investigated the effects of HSYA on
oxidative stress-related parameters.

Oxidative stress is recognized as a major driving
force of ferroptosis. During cerebral ischemia-reperfusion,
excessive generation of ROS triggers lipid peroxidation,
thereby exacerbating neuronal injury [30,32]. MDA is
a major product of lipid peroxidation, whereas SOD and
GSH-Px are key endogenous antioxidant enzymes that
maintain cellular redox homeostasis [33,34,35]. In the
present study, MCAO mice exhibited significantly in-
creased serum levels of MDA and ROS, accompanied by
markedly decreased SOD and GSH-Px levels, indicating
that cerebral ischemia-reperfusion induced oxidative stress.
HSYA treatment significantly reduced MDA and ROS lev-
els while restoring SOD and GSH-Px activities, suggesting
that HSYA alleviates lipid peroxidation and enhances en-
dogenous antioxidant defenses. These findings are consis-
tent with previous studies and further support the antioxi-
dant and neuroprotective properties of HSYA [30].

GPX4 is an important GSH-dependent antioxidant en-
zyme and a member of the 170 amino acid GPX enzyme
family that includes selenium. GPX4 has a remarkable abil-
ity to neutralize lipid peroxides and preserve cellular re-
dox equilibrium because of its unique amino acid composi-
tion and spatial structure. GPX4 lowers membrane damage
by reducing the accumulation of lipid peroxidation prod-

ucts, inhibiting ferroptosis, and preventing cell death by
catalyzing the reduction of phospholipid hydroperoxides to
their corresponding hydroxylated derivatives. This reduc-
tion process is entirely dependent on an adequate supply of
GSH, which in turn requires continuous replenishment of
intracellular cysteine. When GSH synthesis or recycling
is impaired, GPX4 activity is diminished, lipid peroxides
accumulate unchecked, and cells undergo ferroptotic death
[36]. In the present study, MCAOmarkedly reduced GPX4
expression at both the mRNA and protein levels, whereas
HSYA treatment significantly restored GPX4 expression,
suggesting that HSYA may enhance the resistance of brain
tissue to oxidative stress and lipid peroxidation by restor-
ing GPX4 expression. Furthermore, under RSL3 treatment,
HSYA still increased GPX4 protein expression, although
no significant change was observed in the corresponding
mRNA level. This observation suggests that the regulation
of GPX4 by HSYA may not rely solely on transcriptional
regulation but may also involve post-transcriptional mech-
anisms. However, the precise molecular mechanisms un-
derlying these effects remain to be elucidated.

Taken together with the findings from network phar-
macology, molecular docking, and MD simulations, our re-
sults further suggest that GPX4 may represent a potential
molecular target underlying the neuroprotective effects of
HSYA. GPX4 is a key regulator of ferroptosis that prevents
lipid peroxidation and maintains cellular redox homeosta-
sis [36,37,38]. Decreased GPX4 expression or activity pro-
motes the accumulation of lipid peroxides and consequently
triggers ferroptosis, whereas restoration of GPX4 function
enhances cellular antioxidant capacity and alleviates neu-
ronal injury [39,40]. Previous studies have shown that
kaempferol attenuates OGD/R-induced neuronal injury by
activating GPX4-related signaling pathways [40], whereas
selenium suppresses ferroptosis by promoting GPX4 ex-
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Fig. 16. Proposed mechanism underlying the neuroprotective effects of HSYA against ischemic stroke. HSYA may attenuate
ferroptosis-related changes and oxidative stress following cerebral ischemia/reperfusion injury. Under ischemic conditions, impaired
iron homeostasis increases the LIP, promotes ROS generation through the Fenton reaction, and triggers lipid peroxidation. HSYA upreg-
ulates GPX4, FTH1, and FTMT, thereby enhancing antioxidant defense, maintaining iron homeostasis, reducing lipid peroxidation, and
ultimately suppressing ferroptosis. Red arrows indicate changes after MCAO, whereas green arrows indicate changes after HSYA treat-
ment. RSL3 inhibits GPX4 activity. FTH1, ferritin heavy chain 1; FTMT, mitochondrial ferritin; GPX4, glutathione peroxidase 4; GSH,
glutathione; GSH-Px, glutathione peroxidase; GSSG, oxidized glutathione; LIP, labile iron pool; MCAO, middle cerebral artery oc-
clusion; MDA, malondialdehyde; PL-OH, phospholipid alcohol; PL-OOH, phospholipid hydroperoxide; ROS, reactive oxygen species;
RSL3, Ras-selective lethal small molecule 3; SOD, superoxide dismutase; System Xc-, cystine/glutamate antiporter; TFR1, transferrin
receptor 1. Figure created with Figdraw (www.figdraw.com; ID: OWIYRd46f2).

pression [12]. These findings further support the criti-
cal role of GPX4 in ferroptosis regulation. In the present
study, HSYA restored GPX4 expression, attenuated oxida-

tive stress, and alleviated ischemic brain injury, whereas
co-treatment with the GPX4 inhibitor RSL3 partially re-
versed these protective effects. Therefore, our findings sug-
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gest that GPX4-associated ferroptosis is at least partially in-
volved in the neuroprotective effects of HSYA.

Previous studies have demonstrated that HSYA exerts
neuroprotective effects through multiple signaling path-
ways, including Nrf2, sirtuin 1 (SIRT1), nuclear factor
kappa B (NF-κB), which are critically involved in the reg-
ulation of oxidative stress, inflammation, and ferroptosis
[16,30]. In particular, activation of the Nrf2 signaling path-
way not only contributes to the maintenance of intracellu-
lar GSH homeostasis but also regulates GPX4 expression,
thereby inhibiting lipid peroxidation and attenuating ferrop-
tosis [41,42,43,44]. In addition, the SIRT1 and PI3K signal-
ing pathways can improve mitochondrial function, enhance
cellular antioxidant capacity, and may promote GPX4 ex-
pression by regulating Nrf2 or other downstreammolecules
[45,46,47]; In contrast, excessive activation of the NF-κB
signaling pathways exacerbates neuroinflammation and ox-
idative stress [48], thereby promoting lipid peroxidation
and ferroptosis, which may be associated with impaired
GPX4-mediated antioxidant defense [49,50,51]. Therefore,
the restoration of GPX4 expression observed in this study
may not represent an isolated event, but rather a down-
stream consequence of the coordinated regulation of mul-
tiple upstream signaling pathways by HSYA. Although our
findings suggest that the regulation of ferroptosis pathway
through GPX4 is an important mechanism underlying the
neuroprotective effects of HSYA, whether HSYA indirectly
regulates GPX4 expression and activity through classical
signaling pathways such as Nrf2, SIRT1, and NF-κB re-
mains to be further investigated.

In addition to lipid peroxidation, disruption of iron
homeostasis is another critical mechanism driving ferrop-
tosis. FTH1 and FTMT, two important members of the
ferritin family, are responsible for iron storage in the cy-
toplasm and mitochondria, respectively [52]. By limiting
the accumulation of free Fe2+ and suppressing the Fen-
ton reaction, they restrict lipid peroxidation and contribute
to the regulation of ferroptosis [52,53]. It has been re-
ported that reduced expression of FTH1 and FTMT im-
pairs cellular iron-buffering capacity, resulting in iron over-
load, enhanced lipid peroxidation, and increased ferropto-
sis, whereas their upregulation helps maintain iron home-
ostasis and alleviates ferroptosis-related injury [54]. There-
fore, we further evaluated the effects of HSYA on the ex-
pression of FTH1 and FTMT to investigate its potential role
in regulating iron homeostasis-related molecules. In the
present study, MCAO markedly reduced both the mRNA
and protein expression levels of FTH1 and FTMT, suggest-
ing that cerebral ischemia-reperfusion injury may be ac-
companied by impaired iron-storage capacity and disrup-
tion of iron homeostasis. HSYA treatment significantly
restored the expression of FTH1 and FTMT at both the
mRNA and protein levels, indicating that HSYA may con-
tribute to the maintenance of cellular iron homeostasis,
which is consistent with its protective effects against ox-

idative stress and cerebral injury. Unlike the classical iron
chelator deferoxamine [15], which inhibits ferroptosis pri-
marily by chelating intracellular labile iron and reducing
cellular iron burden [55,56], HSYA may limit free iron ac-
cumulation by restoring FTH1 and FTMT expression and
enhancing iron-storage capacity in the cytoplasm and mito-
chondria. Notably, RSL3 alone had no significant change
on FTH1 or FTMT expression, whereas co-treatment with
RSL3 significantly reduced their protein expression levels
compared with the HSYA group, without affecting the cor-
responding mRNA levels. These findings suggest that the
regulatory effects of HSYA on FTH1 and FTMT may not
rely solely on transcriptional regulation but may also in-
volve post-transcriptional regulatory mechanisms. How-
ever, the precise molecular mechanisms underlying these
effects remain to be elucidated.

In summary, by integrating network pharmacology,
molecular docking, MD simulations, and in vivo experi-
ments, the present study elucidated the neuroprotective ef-
fects of HSYA against IS and explored its underlying mech-
anisms. HSYA improved neurological function, alleviated
cerebral injury and oxidative stress, and regulated the ex-
pression of ferroptosis-related molecules, including GPX4,
FTH1, and FTMT. Combined with the computational anal-
yses and experimental validation, our findings suggest that
the neuroprotective effects of HSYA may be partially at-
tributed to the modulation of GPX4-associated ferroptosis-
related pathways and the maintenance of iron homeosta-
sis. These findings deepen our understanding of the mecha-
nisms underlying the neuroprotective effects of HSYA and
support ferroptosis as a promising therapeutic target for IS.

Despite these encouraging findings, several limita-
tions of the present study should be acknowledged. First,
additional ferroptosis-specific markers, such as lipid ROS,
ACSL4, SLC7A11, 4-HNE, and iron accumulation, were
not evaluated. Second, although molecular docking and
MD simulations suggested potential interactions between
HSYA and the predicted target proteins, direct binding val-
idations (e.g., surface plasmon resonance, Microscale ther-
mophoresis and Isothermal titration calorimetry) were not
performed. In addition, the molecular docking analysis
lacked RMSD calculation and validation using known lig-
ands, while the MD simulations did not include MM/PBSA
or MM/GBSA binding free-energy calculations, solvent-
accessible surface area, or principal component analysis.
Therefore, the thermodynamic properties and detailed in-
teraction mechanisms of the predicted protein–ligand com-
plexes require further investigation. Third, neurological
outcomes were evaluated primarily using the Longa neuro-
logical deficit score, whereas additional behavioral assess-
ments and long-term functional recovery were not investi-
gated. Fourth, pharmacokinetic evaluation, dose–response
analysis, and assessment of the blood–brain barrier pen-
etration of HSYA were not performed, limiting the com-
prehensive characterization of its pharmacological proper-
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ties. Finally, the spatial localization of GPX4 and FTH1
in ischemic brain tissue was not evaluated by immunohis-
tochemistry, and their region- and cell-specific expression
patterns require further investigation.

5. Conclusions
Taken together, our findings suggest that HSYA ef-

fectively attenuates cerebral ischemia-reperfusion injury,
as reflected by improved neurological function, reduced
cerebral infarct volume, alleviated oxidative stress, and
mitigated histopathological damage. By integrating net-
work pharmacology, molecular docking, MD simulations,
and in vivo experimental validation, our findings suggest
that GPX4 and FTH1 may represent potential ferroptosis-
related targets of HSYA. Furthermore, HSYA regulated the
expression of GPX4, FTH1, and FTMT, suggesting that its
neuroprotective effects may be partially associated with the
modulation of GPX4-associated ferroptosis-related path-
ways and the maintenance of iron homeostasis. These find-
ings provide new experimental evidence for elucidating the
therapeutic mechanisms of HSYA in IS and support its fur-
ther investigation as a potential therapeutic candidate for
IS. However, the precise molecular mechanisms by which
HSYA regulates GPX4-associated signaling pathways and
iron homeostasis remain to be further elucidated.
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