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ABSTRACT

Riluzole, an FDA-approved neuroprotective agent, was investigated for its therapeutic
potential in ischemic stroke. Transcriptomic profiling of human brain microvascular endothelial
cells (h(BMECs) subjected to oxygen-glucose deprivation/reperfusion (OGD/R) identified a pivotal
role for the cystine/glutamate antiporter SLC7A11. We found that riluzole activates SLC7A1L,
thereby triggering a dual protective mechanism: it strengthens cellular antioxidant capacity by
upregulating GPX4 while simultaneously enhancing proangiogenic signaling through the HIF-
1o/VEGFA pathway. Consequently, riluzole attenuated OGD/R-induced endothelial injury and, in a
mouse stroke model, reduced blood—brain barrier disruption and improved neurological outcomes.
Our study reveals a previously unrecognized cerebrovascular protective mechanism of riluzole,

establishing SLC7A11 as its key mediator. This SLC7All-dependent dual-pathway action
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represents a substantive advance in understanding riluzole’s therapeutic biology beyond its
established roles in the central nervous system.
KEYWORDS

Riluzole, SLC7A11, GPX4, HIF-1a, VEGFA, MCAO/R
1. Introduction

Ischemic stroke (IS) is a leading cause of mortality and long-term disability worldwide, with
an especially high incidence in China, where it accounts for over 80% of all stroke cases [1-5]. The
pathophysiology of IS involves the abrupt interruption of cerebral blood flow, leading to neuronal
necrosis, glial activation, and blood-brain barrier (BBB) disruption. Among these, the structural and
functional integrity of the BBB plays a central role in determining the extent of post-stroke injury
and the success of tissue recovery [6].

Brain microvascular endothelial cells (BMECs), which constitute the core component of the
BBB, are critical for maintaining neurovascular homeostasis [7,8]. Unlike peripheral endothelial
cells, BMEC:s are uniquely specialized to support selective permeability, immune surveillance, and
neurovascular signaling within the central nervous system [9]. However, they are highly vulnerable
to ischemia-reperfusion (I/R)-induced oxidative stress, calcium overload, and inflammation,
representing one of the earliest cellular targets in stroke [10-12]. Dysfunctional BMECs not only
compromise BBB integrity but also exacerbate cerebral edema, neuroinflammation, and secondary
neuronal injury [13].

Protecting BMECs from I/R-induced injury and promoting their functional recovery have thus
emerged as important therapeutic goals in IS research. Various pharmacological agents, including
antioxidants and anti-inflammatory compounds derived from both synthetic drugs and traditional
Chinese medicine, have shown promise in ameliorating BMEC injury [6,14-18].

Recent evidence suggests that ferroptosis—a form of regulated cell death characterized by
iron-dependent lipid peroxidation—plays a pivotal role in endothelial cell injury during I/R [19]. A
key regulator of ferroptosis is SLC7A11, a cystine/glutamate antiporter that maintains intracellular
redox balance by promoting glutathione synthesis. However, the role of SLC7A11 in BMECs under
ischemic conditions and its therapeutic modulation remains poorly understood.

Riluzole, a glutamate release inhibitor approved by the U.S. Food and Drug Administration for

the treatment of amyotrophic lateral sclerosis (ALS), has been reported to exhibit neuroprotective
2
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effects in multiple CNS disorders, including stroke. Intriguingly, riluzole has also been implicated
in the upregulation of SLC7A11 expression, although its mechanisms of action in cerebrovascular
endothelial cells have not been fully elucidated.

In this study, using a human brain microvascular endothelial cell (hBMEC) model of
oxygen-glucose deprivation/reperfusion (OGD/R), we investigated the transcriptomic and
functional changes induced by ischemic injury. We identified SLC7A11 as a key downregulated
gene following OGD/R and demonstrated that its overexpression protected hBMECs against
oxidative stress, preserved angiogenic capacity, and enhanced antioxidant signaling. Moreover, we
assessed the therapeutic potential of riluzole in both h BMECs and mouse BEND3 endothelial cells.
The results revealed that riluzole dually activates the SLC7A11/GPX4 antioxidant axis and the
SLC7A11/HIF-10/VEGFA pro-angiogenic pathway, which was further corroborated by its
neuroprotective effect in MCAO/R mice. Collectively, our findings uncover a novel
endothelial-protective mechanism of riluzole and offer new insights into pharmacologically
targeting the BBB in ischemic stroke.

2. Materials and methods
2.1. Cell culture

HBMECs were purchased from ScienCell (Carlsbad, CA, USA) and have been verified by
CD31 immunofluorescence assay (Fig. S1). BEND?3 cells were procured from Procell Life Science
& Technology Co., Ltd. HBMECs were cultured in RPMI-1640 complete medium (86% RPMI-
1640 (Servicebio, Wuhan, Hubei, China) + 10% FBS (Fetal Bovine Serum, VivaCell, Shanghai,
China) + 1% P/S (Penicillin-Streptomycin Solution, Biosharp, Hefei, Anhui, China) + 1% NEAA
(Non-essential amino acid, Gibco, Paisley, Scotland, UK) + 1% AA (Amino acid, Sigma-Aldrich,
St Louis, MO, USA) + 1% Vitamin (Procell, Wuhan, Hubei, China)), BEND3 cells were cultured
in DMEM complete medium (89% DMEM (Procell) + 10% FBS (VivaCell) + 1% P/S (Biosharp)),
and 293T cells were cultured in DMEM complete medium (same as BEND3 cells). The above cells
were cultured in 5% CO; at 37°C in the dark.

2.2. OGD/R model preparation

Spread BMEC:s into cell culture dishes or plates in advance, and OGD/R experiments can be

done when the cells are adherent to the wall and the degree of fusion is 70%-80%. The exploration

of OGD/R conditions for hBMEC and BEND3 is detailed in Fig. S2 and S3, where the hBMEC
3
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OGD (0% O2, 5% CO2, 95% N>) treatment time is 4 h and the reoxygenation time is 24 h. The OGD
treatment time for BEND3 (1% O3, 5% CO2, 94% N>) is 2 h, and the reoxygenation time is 24 h.
The medium used during OGD treatment was DMEM sugar-free medium (Procell).
2.3. Cell viability assay

BMECs were inoculated into 96-well plates (5x10° cells per well) for OGD/R or riluzole
treatment. Riluzole and Ferrostatin-1 (Fer-1) was prepared as a 100 mM stock solution in DMSO
and subsequently diluted in culture medium for all experiments. The final concentration of DMSO
was maintained at or below 0.1% throughout the study. Add 1/10 volume of CCK-8 reagent (Cell
Counting Kit-8; GLPBIO, Montclair, CA, USA) to each well and place in the incubator (5% CO>
and 37°C) for 2 h. Finally, BMECs' viability was measured at 450 nm by a microplate reader
(Cytation5; Biotek, Winooski, VT, USA).
2.4. Malondialdehyde (MDA) and ROS Measurements

BMECs were inoculated into 6-well (3x10° cells per well) or 12-well plates (Cell slide; 1x103
cells per well), and MDA content and ROS levels in BMECs were detected using the MDA assay
kit (Solarbio, Beijing, China) and DCFH-DA (Dichlorofluorescin diacetate) probe (Solarbio) after
OGDJ/R or riluzole treatment following the manufacturer's instruction.
2.5. Transcriptome sequencing

HBMECs were seeded into culture dishes, and OGD/R treatment was initiated when cell
confluence reached 70%-80%. The cells were subjected to 2 h of OGD followed by 24 h of
reoxygenation. Total RNA was then extracted from both treated and control cells for RNA
sequencing analysis, with three biological replicates included per group. Briefly, TriQuick Reagent
(Solarbio) was added for cell lysis. The lysates were then submitted to Novogene (Beijing, China)
for transcriptome sequencing analysis. The transcriptome sequencing libraries were constructed
using the Fast RNA-seq Lib Prep Kit V2 (ABclonal, Wuhan, Hubei, China) according to the
manufacturer's instructions. The final qualified libraries were sequenced on an Illumina Novaseq
platform, yielding approximately 6 GB of raw data per sample. Genes significantly differentially
expressed between Control and OGD/R groups were screened using edgeR software according to
the criteria of | logz (Fold Change) | > 1 & FDR < 0.05, with P < 0.05 being considered as a
significant difference. Cluster Profiler software was used to analyze the GO function enrichment

and KEGG pathway enrichment of the differential genes, and P < 0.05 was considered significant
4
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to analyze the functions of the differential genes and the signaling pathways involved between the
Control group and the OGD/R group.
2.6. Immunofluorescence

1x10° hBMECs were seeded on the cell slide in each well of the 12-well plate in advance. After
the cells adhered to the wall, they were washed with PBS (Biosharp) and then fixed with 4%
paraformaldehyde (Biosharp). The cells were permeabilized using 0.5% Triton solution (BioFroxx,
Einhausen, Germany) for 10 min, blocked with 2% BSA (Sangon Biotech, Shanghai, China) for 2
h, and then primary antibodies (CD31/PECAMI1 Rabbit mAb (1:200); ABclonal) diluted with 2%
BSA were added and incubated overnight at 4°C. At the end of primary antibody incubation,
secondary antibody (ABflo™ 488-conjugated Goat Anti-Rabbit IgG (H+L) (1:500); ABclonal)
diluted with 2% BSA was added and incubated at room temperature for 2 h. Subsequently, the nuclei
were stained with DAPI (1:2000; Solarbio) for 10 min, and then the slices were photographed using
a confocal microscope (Revolution WD, Andor, South Windsor, CT, USA).
2.7. Construction of stable cell lines

The pLVX-Puro-SLC7A11 overexpression plasmid and the pGreen-Puro-SLC7A11
knockdown plasmid were constructed using homologous recombination and T4 ligation,
respectively. The specific PCR primers used for plasmid construction are listed in Table S1.
Constructing hBMEC SLC7AT11 overexpressing and knocking down stable transgenic cell lines
using lentiviral infection. Briefly, use Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA) to
transfect the plasmid (Gag-Pol: Vsvg: pLVX-Puro-SLC7A11 = 3:1:1) into 293T cells for lentivirus
amplification. Viruses were collected at 72 h post-transfection. After passing through 0.45-um filters,
and then using the filtered virus solution to infect hBMEC. Cells were transduced with lentivirus at
a multiplicity of infection (MOI) of 10, using viral particles with a titer of 1x108 TU/mL. After 72
h of virus infection, 2 pg/mL puro was used for screening, followed by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) and Western Blot (WB) verification.
2.8. Cell migration analysis

For cell migration analysis, scratch tests and transwell assays were performed. For the scratch
test, a scratch was made after OGD/R, and the extent of cell migration was measured after 0 and
24 h. The transwell assay was also conducted after OGD/R. A total of 2x10* BMECs (serum-free

culture medium) were cultured in the upper chamber, and the complete medium was added to the
5
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lower chamber. After 24 h, cells in the lower chamber were fixed with 4% paraformaldehyde and
stained with crystal violet. The extent of cell migration was determined by observing the cells in the
lower chamber under a microscope.

2.9. Tube formation

BMECs were inoculated into 6-well plates (3x103 cells per well) for OGD/R or riluzole
treatment. Subsequently, each group of cells was digested using trypsin and resuspended in serum-
free culture medium. The digested cells were seeded into a 96-well plate (2x10* cells per well)
covered with Matrigel (50 pL/well) and placed in a 37°C, 5% CO; incubator for 6 h. Subsequently,
the degree of cell tube formation was observed under a microscope.

2.10. Permeability test

Transwell cell culture plates (24-well, 0.4 um pore size, 6.5 mm diameter; LABSELECT, Hefei,
Anhui, China) were used for the permeability test. BMECs were inoculated in transwell chambers
(2x10* cells per well) and incubated at 37°C in a 5% CO incubator. The cells were cultured until
they were fully integrated and then treated with OGD/R and riluzole. To assess paracellular
permeability, 20 pg/mL FITC-dextran (70 kDa; Sigma-Aldrich) was added to the upper chamber for
1 h after treatment. After incubation for 1 h, 100 pL of medium was collected from the abluminal
chamber and added to a black 96-well plate. Fluorescence intensity was measured using a microplate
reader (492/518 nm; Biotek).

2.11. Middle cerebral artery occlusion/reperfusion (MCAO/R)

Male C57BL/6 mouse (7-8 weeks old, 23-24 g) underwent MCAO/R modeling. Mouse was
anesthetized with 2% isoflurane for induction and maintained under 1.5% isoflurane. Positioned
supine with neck hair removed, a left-of-midline incision exposed the common carotid artery (CCA),
which was clamped, and the vagus nerve dissected. The external carotid artery (ECA) and internal
carotid artery (ICA) were isolated; the ECA was ligated. A monofilament was inserted via an
incision below the ECA ligation to the clamp, then directed into the ICA and advanced ~8-9 mm
into the middle cerebral artery (MCA) until resistance was met. The incision was sutured, and mouse
were kept at 28°C. After 1 h ischemia, the filament was withdrawn for reperfusion. The entry site
was ligated, the wound closed, and the mouse returned to housing upon recovery. For treatment,

therapeutic agents were intraperitoneally administered at reperfusion onset.
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2.12. TTC staining

Mouse was anesthetized using 1% sodium pentobarbital administered intraperitoneally at a
dosage of 50 mg/kg body weight. Following complete anesthesia, the mouse was decapitated, and
their brains were rapidly removed and placed on ice. The isolated brains were then positioned in a
brain matrix and serially sectioned coronally into five 2-mm-thick slices. The brain sections were
immersed in 1% 2,3,5-triphenyltetrazolium chloride (TTC) solution and incubated at 37°C in the
dark for 20 minutes; during incubation, the sections were covered with coverslips to prevent floating
and ensure even staining. After complete staining, the TTC solution was replaced with 4%
paraformaldehyde for post-fixation, and the sections were stored at 4°C overnight. Finally, images
of the stained brain sections were captured the following day.

In this study, animals were randomized into four groups: sham-operated group, model group,
and riluzole treatment groups (2, 4, 8, and 12 mg/kg), with 3 mice per group. The randomization
procedure was as follows: all eligible mice was assigned unique identification numbers, and a
computer-generated random number sequence was used to allocate them to the different groups.
Throughout the drug administration and behavioral assessments, the experimenters were blinded to
the group assignments. No animal mortality occurred during the entire experimental period.
Predefined exclusion criteria included: 1) surgical error, 2) presence of predefined severe
neurological deficits or compromised health status within 24 h after surgery, and 3) death before
tissue collection due to non-model-related causes.

2.13. Evans blue staining

Blood-brain barrier integrity was assessed by Evans Blue (EB) extravasation. Mouse received
a 2% EB solution in PBS (4 mL/kg) via tail vein injection, allowing circulation for 2 h. Following
transcardial perfusion with PBS, brains were removed for photographic documentation. The
lesioned hemisphere was weighed, homogenized in PBS, and centrifuged (13,000 rpm, 30 min, 4°C).
The supernatant was mixed with an equal volume of trichloroacetic acid and reacted overnight at
4°C. After further centrifugation (13,000 rpm, 30 min, 4°C), the final supernatant's absorbance at
620 nm was measured using a microplate reader. In this study, animals were randomized into three
groups: sham-operated group, model group, and riluzole-treated group, with 3 mice in each group.
The randomization procedure and exclusion criteria were identical to those described above. All

animals survived the entire experimental period, with no mortality observed.
7
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2.14. Neurological impairment score

Neurological deficits were assessed 24 h post-reperfusion in MCAO-modeled mice using a
composite scoring system (0-14 points). After 2 h of dark adaptation, blinded evaluators tested the
mouse in four domains: 1) Tail suspension: scoring forelimb flexion, hindlimb flexion, and head
deviation (max 3 points); 2) Open field walking: scoring gait abnormalities and circling (0-3 points);
3) Beam balance test (1.5 cm width): scoring balance ability and falls (0-6 points); and 4) Reflex
absence: scoring pinna and corneal reflexes (0-2 points). Scores reflected motor coordination,
balance, and reflex function. In this study, animals were completely randomized into three groups:
sham-operated group, model group, and riluzole-treated group, with 5 mice in each group. The
randomization procedure and exclusion criteria were identical to those described above. All animals
survived the entire experimental period, with no mortality observed.
2.15. RNA extraction and RT-gPCR

Total RNA was extracted from BMECs using TriQuick Reagent (Solarbio) and subjected to
reverse transcription (Vazyme, Nanjing, Jiangsu, China). cDNA amplification was carried out using
M35 Hiper SYBR Premix EsTaq (Mei5Sbio, Beijing, China) on a CFX96 Touch (Bio-Rad, Hercules,
CA, USA). The cDNA was denatured by 40 PCR cycles (95°C, 30 s; 95°C, 5 s; 60°C, 30 s). The
RT-gPCR primers were designed and synthesized by Tsingke Biotech (Beijing, China), and the
sequences are listed in Table S1. S-actin was the invariant control, and the relative level of mRNA
was calculated using the 274" method.
2.16. Western blot

BMEC:s protein was collected rapidly by scraping with ice-cold RIPA lysis buffer containing
the Phenylmethylsulfonyl fluoride (PMSF; Biosharp). The protein concentration was determined
using the BCA Protein Concentration Assay Kit (Biosharp). An equal amount of cell lysates was
separated with 10% SDS-PAGE gel and then subsequently transferred to a Polyvinylidene difluoride
(PVDF) membrane (Sigma-Aldrich). These membranes were blocked with 5% nonfat dried milk
for 2 h and incubated with the following primary antibodies: Beta Actin Monoclonal antibody
(1:5000; Proteintech, Wuhan, Hubei, China), ZO-1 (D6L1E) Rabbit mAb (1:1000; Cell Signaling
Technology, Boston, MA, USA), Claudin 5 Polyclonal Antibody (1:2500; Thermo Fisher, Waltham,
MA, USA), Occludin Polyclonal antibody (1:5000; Proteintech), SLC7A11/xCT Rabbit mAb

(1:2500; ABclonal), GPX4 Rabbit mAb (1:1000; ABclonal), Anti-HIF-1 alpha antibody (1:1000,
8
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Abcam, Cambridge, MA, USA), VEGFA Polyclonal antibody (1:1000; Proteintech) and
PHD2/EGLNI1 Polyclonal antibody (1:5000; Proteintech) at 4°C overnight. f-actin was used as a
loading control. Next day, the PVDFs were washed and incubated with secondary antibodies (HRP
Goat Anti-Rabbit IgG (H+L) (1:5000; ABclonal) and HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H+L) (1:5000; Proteintech)) for 1.5 h at room temperature. The ECL chemiluminescence
substrate kit (Biosharp) is used to visualize protein bands on the chemiluminescence gel imaging
system (ChemiDoc XRS+; Bio-Rad).

2.17. Statistical analysis

All data were analyzed by SPSS 26.0 and presented as mean = SEM of three independent
experiments. GraphPad Prism 9.0 was used to plot gene expression profiles. Statistical significance
was determined by one-way ANOVA, followed by Tukey's post-hoc test for multiple comparisons.
One asterisk and two asterisks indicated P < 0.05 and P < 0.01 between groups, respectively.

3. Results
3.1. Transcriptomic profiling of hBMEC following OGD/R treatment

Transcriptomic analysis revealed a total of 151 significantly different genes (DEGs) in the
OGD/R group compared to the control, with 60 genes significantly upregulated and 91
downregulated (Fig. 1A-C). To validate the RNA-seq results representative DEGs were randomly
selected for RT-qPCR. The expression trends of upregulated genes (GPM6A4, ESRRB, SLC2A4,
FGFBPI) and downregulated genes (SLC7A411, SPOCDI1, TLN2, NLRPI, ISLR, AQP1, BCATI)
were consistent with the sequencing data, confirming the reliability of the transcriptomic analysis.
(Fig. 1D).

Gene Ontology (GO) functional enrichment analysis identified the top 10 most significantly
enriched terms across Biological Process (BP), Cell Component (CC), and Molecular Function (MF)
categories, visualized via bubble charts (Fig. 1E). Enriched BP terms were predominantly
associated with cellular and aerobic respiration, oxidative phosphorylation, the respiratory electron
transport chain, and ATP synthesis coupled to electron transport. CC terms mainly involved the
mitochondrial inner membrane, ribosomes and their subunits, and mitochondrial protein complexes.
MF enrichment included molecular transducer and signaling receptor activity, the structural
constituent of ribosomes, and oxidoreduction-driven active transmembrane transporter activity.

These findings indicate significant changes in transmembrane transport and aerobic metabolism in
9
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hBMEC:s following OGD/R.

KEGG pathway enrichment analysis further revealed significant involvement of neurological
diseases, including Parkinson's disease, Huntington's disease, prion disease, amyotrophic lateral
sclerosis, and ribosome-associated pathways, aligning with previous findings that implicate vascular
endothelial involvement in neurological dysfunction under ischemic stress (Fig. 1F).

Focusing on membrane-associated targets, we prioritized membrane-localized DEGs using
literature and LocTree3 predictions. From this refined pool, SLC7A11 was selected based on:
significant differential expression, confirmed plasma membrane localization as the
cystine/glutamate antiporter (system Xc-), and its critical, established role in regulating redox
homeostasis (via glutathione synthesis) and inhibiting ferroptosis. Crucially, ferroptosis and
oxidative stress are key drivers of endothelial dysfunction in ischemic-reperfusion injury (IRI).
Among these, SLC7A11, a membrane-localized protein, was selected for further mechanistic

investigation due to its potential relevance in the endothelial response to ischemic-reperfusion injury.
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Fig. 1 Transcriptomic analysis of hBMECs after OGD/R. (A) Principal component analysis
(PCA) of transcriptome data from control and OGD/R-treated hBMECs, n = 3 biological replicates.
(B) Volcano plot of differentially expressed genes (DEGs) (threshold: [logoFC| > 1, FDR-adjusted p
< 0.05), highlighting 60 upregulated (red) and 91 downregulated (blue) transcripts. SLC7A11 is
annotated. (C) Hierarchical clustering heatmap of DEGs across biological replicates. (D) RT-qPCR
validation of 11 representative DEGs. n = 3 biological replicates. Statistical significance was
determined by one way ANOVA followed by Tukey's post-hoc test: ¥*P < 0.05, **P < 0.01, ¥**P <

0.001, ****P<0.0001. (E) GO enrichment analysis of DEGs. (F) KEGG pathway analysis of DEGs.
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3.2. SLC7All overexpression attenuates OGD/R-induced oxidative stress in hBMECs

To directly confirm ferroptosis in our OGD/R model, we applied Ferrostatin-1 (Fer-1), a
specific ferroptosis inhibitor. Treating cells with increasing concentrations of Fer-1 (0—10 pM)
during OGD/R resulted in a marked, dose-dependent improvement in cell viability (Fig. S4A).
Furthermore, at the molecular level, Fer-1 (10 uM) significantly suppressed the OGD/R-induced
upregulation of ACSL4 mRNA (Fig. S4B), a pivotal positive regulator of ferroptosis. These results
demonstrate that ferroptosis significantly contributes to OGD/R-induced cell injury.

To further corroborate this finding through a genetic approach, we successfully constructed the
pLVX-Puro-SLC7A11 overexpression plasmid through homologous recombination (Fig. S5), and
established stable overexpression cell lines using lentiviral transduction. As shown in Fig. 2A and
B, both mRNA and protein levels of SLC7A11 were notably upregulated in the OE-SLC7A11 group
compared to the OE-NC group, confirming the successful generation of hBMECs with stable
SLC7A11 overexpression.

Following OGD/R treatment, overexpression of SLC7A11 significantly increased cell viability
and mitigated OGD/R-induced cytotoxicity (Fig. 2C). Biochemical assays further revealed that
SLC7A11 overexpression markedly reduced intracellular MDA and ROS levels, indicating a

substantial alleviation of oxidative stress (Fig. 2D-F).
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Fig. 2 SLC7A11 overexpression attenuate oxidative damage produced by OGD/R in hBMECs.
(A) RT-gqPCR analysis of SCL741] mRNA expression in OE-NC and OE-SLC7A11 groups. (B)
Western blot quantification of SCL7A11 protein levels in OE-NC and OE-SLC7A11 groups. (C)
Cell activity assessed by CCK-8 assay under OGD/R conditions. (D) MDA content measurement
reflecting lipid peroxidation levels. (E) Representative images of intracellular ROS detection using
DCFH-DA fluorescent probe. (F) Quantification and statistical analysis on DCFH-DA fluorescence
intensity in different groups. Data are presented as mean £ SEM (n = 3 biological replicates).
Statistical significance was determined by one way ANOVA followed by Tukey's post-hoc test: **P
<0.01, ***P<0.001. Scale bar = 100 um.
3.3. SLC7A11 overexpression rescues hBMEC migration, barrier integrity, and angiogenic

capacity post-OGD/R

We next assessed the impact of SLC7A11 overexpression on cellular functions post-OGD/R.
Migration assays, permeability tests, and tube formation assays demonstrated that OGD/R
significantly impaired hBMEC motility (Fig. 3A-D), barrier integrity (Fig. 3E), and angiogenic
potential (Fig. 3J-K). Notably, these impairments were substantially reversed in the OE-SLC7A11
group. Furthermore, tight junction proteins at both the mRNA and protein levels, which were
significantly reduced following OGD/R, were restored upon SLC7A11 overexpression (Fig. 3F-1),

corroborating the permeability assay results.
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Fig. 3 SLC7A11 overexpression mitigates OGD/R-induced impairments in hBMEC migration,
integrity, and tube formation capacity. (A) Representative image of scratch wound healing assay.
(B) Quantification of cell migration recovery area at 24 h post-scratch. (C) Representative images
of transwell migration assay. (D) Quantitative analysis of migrated cells per field. (E) Endothelial
barrier permeability assessed by FITC-dextran flux. (F-H) mRNA expression levels of tight junction
markers: (F) ZO-1, (G) Occludin, (H) Claudin-5 via RT-qPCR. (I) Western blot analysis of tight
junction proteins expression. (J) Representative images of tube formation assay on Matrigel. (K)
Quantification of vascular network junctions. Data expressed as mean = SEM (n = 3 biological
replicates). Statistical significance determined by one way ANOVA followed by Tukey's post-hoc
test: *P < 0.05, **P <0.01, ***P < 0.001. Scale bar (A, C, J) = 100 pm.
3.4. SLC7A1I overexpression regulates GPX-4 and HIF-10/VEGFA to alleviates hBMEC injury
Previous studies have demonstrated that the SLC7A11/GPX-4 pathway plays a crucial role in

the process of ferroptosis. Therefore, we investigated whether SLC7A11 overexpression mitigated
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the damage caused by OGD/R to hBMECs by enhancing the expression of GPX-4. Our findings
revealed that the overexpression of SLC7A11 robustly upregulated GPX-4 expression, both under
basal conditions and following OGD/R, thereby suggesting a protective effect through ferroptosis
suppression (Fig. 4A-C). Additionally, because the HIF-10/VEGFA pathway is well known to
regulate angiogenesis, we investigated whether it also contributes to the effects of SLC7A11
overexpression. The results revealed that SLC7A11 overexpression promoted HIF-1a and VEGFA
expression (Fig. 4D), and this upregulation persisted after OGD/R treatment, suggesting a role in

promoting angiogenic and reparative processes via the HIF-10/VEGFA pathway.
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Fig. 4 SLC7A11 overexpression upregulates GPX-4 and HIF-10/VEGFA expression, thereby
alleviating hBMEC injury. (A) SLC7411 and (B) GPX-4 mRNA expression analysis by RT-qPCR.
(C) Western blot analysis of SLC7A11 and GPX4 protein expression, and (D) HIF-1a and VEGFA
protein expression Data presented as mean = SEM (n = 3 biological replicates). Statistical
significance was determined by one way ANOVA followed by Tukey's post-hoc test: *P <0.05, **P
<0.01, ***P <0.001, ****P < 0.0001.
3.5. Riluzole promotes SLC7A11 expression and attenuates OGD/R-induced oxidative stress in
BMECs
Through analysis on the cMAP online website (https://clue.io/) and a comprehensive literature
review, it was discovered that riluzole serves as an activator of SLC7411 gene expression [19].
Experimental results obtained by introducing riluzole to hBMEC culture demonstrated an up-

regulation of SLC7A11 expression at both mRNA and protein levels, thereby providing further
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evidence supporting the claim that riluzole acts as an activator of SLC7A11 expression (Fig. 5A
and B).

The riluzole powder was dissolved in DMSO to a concentration of 10 mM and then
sequentially diluted to concentrations of 2.5 uM, 5 uM, 10 uM, 20 uM, 40 pM, 80 uM, and 160 uM.
During reoxygenation of OGD/R for treatment, the corresponding concentration of riluzole was
added. The results indicated that as the concentration increased, the cellular activities of hBMEC
and BEND3 initially increased and then decreased. This suggests that riluzole could alleviate the
decrease in cellular activity caused by OGD/R on BMECs. To further determine whether the
protective effect of riluzole depends on SLC7A11, we generated an SLC7A11-knockdown hBMEC
cell line. Under OGD/R conditions, SLC7A11 knockdown markedly decreased cell viability, and
this reduction was not rescued by riluzole treatment (Fig. S6). These results indicate that the
protective effect of riluzole against OGD/R-induced injury in hBMEC:s is dependent on SLC7A11.
Inflection points were observed at concentrations of 5 uM and 2.5 uM for hBMEC (Fig. 5C) and
BEND3 (Fig. S7TA), respectively. In further experiments, we treated hBMEC and BEND3 cells with
riluzole at concentrations of 5 uM and 2.5 uM, respectively. Our findings indicate that riluzole
effectively mitigated the oxidative damage induced by OGD/R in hBMEC (Fig. SD-F) and BEND3

(Fig. STB-D).
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Fig. 5 Riluzole promotes SLC7A11 expression and attenuates OGD/R-induced oxidative
damage in hBMECs. (A) Riluzole treatment upregulates SLC7A11 mRNA expression. (B)
Riluzole treatment upregulates SLC7A11 protein level. (C) Dose-dependent effects of riluzole on
hBMEC viability assessed by CCK-8 assay. (D) Effect of riluzole treatment on MDA content of
hBMEC:s after OGD/R. (E) Representative images of intracellular ROS detection using DCFH-DA
fluorescent probe. (F) Quantification and statistical analysis on DCFH-DA fluorescence intensity in
different groups. Data expressed as mean = SEM (n = 3 biological replicates). Statistical significance
determined by one way ANOVA followed by Tukey's post-hoc test: *P < 0.05, **P < 0.01. Scale
bar =100 pm.
3.6. Riluzole mitigates the effects of OGD/R on BMECs migration, integrity, and tube formation

capacity

The effects of OGD/R on the migration, permeability, and tube formation ability of BMECs
were investigated in Fig. 6. The results demonstrated that OGD/R significantly inhibited multiple
functions of brain microvascular endothelial cells (BMECs). Specifically, in hBMEC cells, we
observed a significant inhibition of migration (Fig. 6A-C), a reduction in permeability (Fig. 6D),
and impaired tube formation ability (Fig. 61, J). Similarly, parallel experiments in BEND3 cells
confirmed the significant inhibition of migration (Fig. S8A-C), permeability (Fig. S8D), and tube
formation (Fig. S8I, J). However, these effects were significantly relieved after riluzole treatment.
Additionally, the mRNA and protein levels of tight junction proteins in BMECs were found to be
significantly downregulated after OGD/R, but were relieved after riluzole treatment. These findings
aligned with the outcomes of the in vitro permeability assay, which demonstrated a consistent

phenotype in both hBMEC (Fig. 6E-H) and the corresponding BEND3 cell models (Fig. SSE-H).
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Fig.6 Riluzole attenuates OGD/R-induced impairments in hBMEC migration, integrity, and
tube formation capacity. (A) Representative image of the scratch assay. (B) Quantification of cell
migration recovery area. (C) Representative images of transwell migration assay detection of cell
migration ability. (D) Quantitative analysis of migrated cells per field. (E) Endothelial barrier
permeability assessed by FITC-dextran flux. (F-H) Effects of riluzole treatment on mRNA
expression levels of tight junction markers: (F) ZO-1, (G) Occludin, (H) Claudin-5 via RT-qPCR.
(I) Effect of riluzole treatment on hBMEC tight junction protein level after OGD/R. (J)
Representative images of tube formation assay on Matrigel. (K) Quantification of vascular network
junctions. Data expressed as mean £ SEM (n = 3 biological replicates). Statistical significance
determined by one way ANOVA followed by Tukey's post-hoc test: *P < 0.05, **P < 0.01. Scale
bar (A, C, J) =100 pm.
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3.7. Riluzole mitigates OGD/R-induced damage to BMECs by modulating the SLC7A411/GPX-4

and SLC7A11/HIF-10/VEGFA pathways

Riluzole will activate the expression of SLC7A11, and the elevated expression of SLC7A11
will alleviate the damage of OGD/R to hBMEC by regulating GPX-4 and HIF-10/VEGFA pathways.
Therefore, we hypothesize that riluzole may also alleviate the damage caused by OGD/R to BMECs
by regulating SLC7A11/GPX-4 and SLC7A11/HIF-10/VEGFA pathways. Our results showed that
in hBMEC cells, the mRNA and protein levels of SLC7A11 and GPX-4 were downregulated after
OGD/R, which was restored by riluzole treatment (Fig. 7A-C). A similar pattern was observed in
BEND3 cells, where riluzole reversed the OGD/R-induced decreases in SLC7A11 and GPX-4
expression (Fig. S9A-C). We further investigated the effect of riluzole on the SLC7A11/HIF-
1a/VEGFA pathway and found that the expression levels of HIF-10 and VEGFA were upregulated
after OGD/R in both hBMEC and BEND3 cells, which is consistent with previous studies [20,21].
Notably, riluzole did not reverse this effect, with both factors remaining elevated in hBMEC (Fig.
7D) and BEND3 cells (Fig. S9D). These results suggest that riluzole may regulate the
SLC7A11/GPX-4 and SLC7A11/HIF-1a/VEGFA pathways, thereby alleviating the damage caused

by OGD/R to BMEC:s.
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Fig. 7 Riluzole mitigates OGD/R-induced damage in hBMEC by dually modulating the
SLC7A11/GPX-4 and SLC7A11/HIF-10/VEGFA pathways. (A) Effect of riluzole treatment on

SLC7A411 mRNA expression in hBMEC after OGD/R. (B) Effect of riluzole treatment on GPX-4
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mRNA expression in hBMEC after OGD/R. (C) Effect of riluzole treatment on SLC7A11 and GPX-
4 protein expression in hBMEC after OGD/R. (D) Effect of riluzole treatment onHIF-la and
VEGFA protein expression in hBMEC after OGD/R. Data expressed as mean £+ SEM (n = 3
biological replicates). Statistical significance determined by one way ANOVA followed by Tukey's
post-hoc test: **P < 0.01.

3.8. Riluzole alleviates neurological injury by reducing blood-brain barrier permeability in

MCAO/R mouse

To evaluate the neurovascular protective effects of riluzole following cerebral ischemia-
reperfusion, we employed the MCAO/R model in mice. Riluzole was administered intraperitoneally
at doses of 2, 4, 8, or 12 mg/kg immediately upon reperfusion. TTC staining performed 24 h after
reperfusion demonstrated a dose-dependent response: infarct area was reduced at 2 and 4 mg/kg but
increased at higher doses (8 and 12 mg/kg), suggesting a narrow therapeutic window. The most
significant neuroprotection was observed at 4 mg/kg, which was subsequently selected for
downstream experiments (Fig. S10).

At 24 h post-reperfusion, 4 mg/kg riluzole treatment significantly reduced Evans blue
extravasation compared to the MCAO/R group, indicating improved BBB integrity (Fig. 8A).
Western blot analysis further revealed that riluzole restored the expression of tight junction proteins
(ZO-1, Occludin, and Claudin-5), which were markedly decreased in the ischemic hemisphere
following MCAO/R (Fig. 8B), supporting its protective role on BBB structure.

gPCR analysis showed that ischemia-reperfusion injury induced a strong pro-inflammatory
response, as evidenced by elevated mRNA levels of IL-18, IL-6, TNF-a, COX-2, and MCP-1,
alongside an increase in anti-inflammatory /L-70. Treatment with riluzole significantly suppressed
the expression of these pro-inflammatory cytokines while further enhancing IL-10 levels, indicating
its anti-inflammatory effect and modulation of the post-ischemic immune response (Fig. 8C).

Behavioral assessments-including tail suspension test, spontaneous locomotion, beam walking,
and neurological reflex scoring-revealed severe functional impairments in MCAO/R mouse, which
were significantly ameliorated by riluzole administration (Fig. 8D). These findings collectively
demonstrate that riluzole confers neuroprotection by preserving BBB integrity, mitigating

neuroinflammation, and improving functional recovery following ischemia-reperfusion injury.
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Fig. 8 Riluzole preserves blood-brain barrier integrity and improves neurological outcomes in
MCAO/R mouse. (A) Quantification of Evans blue dye extravasation 24 h after MCAO/R. (B)
Western blot analysis of tight junction proteins (ZO-1, Occludin, Claudin-5) in the ischemic
hemisphere following riluzole treatment. (C) gPCR analysis of pro-inflammatory cytokines (/L-15,
1L-6, TNF-0, COX-2, MCP-1) and anti-inflammatory IL-10 in brain tissue. (D) Neurological
function scores based on composite behavioral assessments following reperfusion. Data are
presented as mean = SEM (Data in panels (A)-(C) are representative of n = 3 biological replicates,
while data in panel (D) are from n = 5 biological replicates). Statistical significance determined by
one-way ANOVA followed by Tukey's post-hoc test: **P < 0.01.
4. Discussion

Ischemic stroke is a devastating condition marked by the abrupt disruption of cerebral blood
flow and subsequent reperfusion-induced injury, in which BBB breakdown plays a pivotal role in
driving secondary neuronal damage and limiting recovery [22-26]. Brain microvascular endothelial
cells (BMEC:s), the structural and functional backbone of the BBB, are particularly susceptible to
oxidative and inflammatory stress during ischemia-reperfusion, making them an attractive yet
underexplored target for therapeutic intervention [27]. In this study, we systematically dissected and

functionally characterized the molecular perturbations in BMECs under OGD/R and identified
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SLC7AT11 as a critical regulator of endothelial integrity and survival. Importantly, we demonstrated
that pharmacological activation of SLC7A11 by riluzole not only rescued BMEC function but also
conferred neurovascular protection in a mouse model of stroke (Fig. 9).

Through transcriptomic profiling of hBMECs subjected to OGD/R, we identified broad
downregulation of genes involved in oxidative metabolism and redox homeostasis, with SLC7A11
emerging as a top candidate. SLC7A11 encodes xCT, the catalytic subunit of the cystine/glutamate
antiporter, which mediates cystine uptake essential for glutathione (GSH) synthesis [28-34]. As a
central gatekeeper of ferroptosis resistance, SLC7A 11 maintains redox balance via the GSH-GPX4
axis, preventing accumulation of lipid peroxides. In our model, SLC7A1l expression was
significantly suppressed following OGD/R, concomitant with increased oxidative stress and
endothelial dysfunction [35-37]. Overexpression of SLC7A11 restored GSH-associated antioxidant
capacity, reduced lipid peroxidation and ROS levels, and improved cell viability. These findings
collectively suggest that OGD/R-induced endothelial injury is at least partially mediated through
ferroptosis mechanisms.

Interestingly, our data revealed that SLC7A11 overexpression also enhanced the migratory,
barrier-forming, and angiogenic capacities of hBMECs after OGD/R. This phenotype extended
beyond redox regulation, implicating a broader, potentially indirect signaling role for SLC7A11 in
vascular remodeling. Mechanistically, SLC7A11 overexpression was found to upregulate HIF-1a
and its angiogenic target VEGFA, and this effect persisted under OGD/R conditions. This finding
aligns with emerging evidence that metabolic rewiring via glutamate depletion and TCA cycle
suppression stabilizes HIF-1a by inhibiting prolyl hydroxylase (PHD) activity, thereby promoting
angiogenic signaling [17,38-44]. These results suggest that SLC7A1l may contribute to both
ferroptosis resistance via GPX4 and, potentially, vascular repair pathways that involve HIF-
1o/VEGFA signaling.

To assess the translational potential of targeting SLC7A 11, we employed a computational drug-
repurposing approach and identified riluzole, an FDA-approved ALS medication, as a putative
SLC7AT11 activator [19,45,46]. Experimental validation confirmed that riluzole treatment increased
SLC7A11 expression in both human and mouse BMECs and restored redox balance under OGD/R.
Functionally, riluzole rescued BMEC viability, reduced oxidative damage, restored tight junction

protein expression, and promoted angiogenesis, closely phenocopied the effects of SLC7A11
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overexpression. These effects were observed at physiologically relevant concentrations, suggesting
clinical feasibility.

Importantly, riluzole's protective effects were validated in vivo. A dosage of 4 mg/kg was
selected, as it has been consistently shown in prior studies to elicit significant biological activity
[47,48]. This specific dosage is further supported by pharmacokinetic evidence demonstrating
effective brain delivery and the attainment of therapeutically relevant concentrations in mice [49].
In the MCAO/R mouse model, riluzole administered immediately upon reperfusion significantly
reduced cerebral infarct volume, attenuated BBB leakage (measured by Evans blue extravasation),
and preserved tight junction integrity. Notably, riluzole also dampened neuroinflammatory
responses, suppressing pro-inflammatory cytokines (IL-1B, IL-6, TNF-a) while enhancing anti-
inflammatory IL-10. Behavioral assessments confirmed improved neurological outcomes, thus
strongly linking BBB protection to functional recovery. These in vivo findings reinforce the central
role of BMEC preservation in neuroprotection and substantiate riluzole's therapeutic relevance.

An unexpected observation was the narrow therapeutic window of riluzole in our in vivo
experiments: doses above the effective 4 mg/kg (i.e., 8 and 12 mg/kg) paradoxically exacerbated
infarct outcomes. Although the precise mechanism remains to be fully defined, several
pharmacologically plausible explanations warrant consideration. First, supratherapeutic dosing may
alter the balance of riluzole’s pharmacodynamic actions, allowing off-target effects—such as
excessive inhibition of voltage-gated sodium channels or other ion conductances—to dominate and
impair neurovascular homeostasis. Second, high-dose exposure may disrupt the SLC7A11-GPX4
axis, which is essential for riluzole’s protective efficacy; overwhelming this pathway could
exacerbate oxidative or metabolic stress rather than alleviate it. Third, elevated systemic or brain
concentrations might induce vascular or metabolic toxicity, leading to impaired perfusion or
accentuated inflammatory responses. Together, these hypotheses underscore that future work
integrating pharmacokinetic and dose-stratified pharmacodynamic analyses is needed to delineate
the mechanistic basis of this inverted dose—response relationship.

An intriguing observation from our study is that SLC7A11 overexpression preserved
endothelial cell viability even under GPX4 inhibition by RSL3, suggesting that SLC7A 11 may exert
GPX4-independent protective effects. One possible explanation involves metabolic regulation

through glutamate efflux. Reduced intracellular glutamate levels may influence TCA cycle flux and
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a-ketoglutarate availability, with downstream effects on HIF stabilization, as previously noted.
Furthermore, SLC7A11 has also been implicated in other cell death pathways such as disulfidptosis
[50], warranting further investigation in the context of endothelial injury. Together, these findings
highlight the multifaceted protective roles of SLC7A11 in cellular stress responses and suggest that
its modulation could confer benefits extending beyond ferroptosis inhibition.

The present study has several implications. First, it identifies SLC7A11 as a nodal regulator at
the intersection of oxidative stress, angiogenesis, and metabolic signaling in BMECs. Second, it
provides compelling preclinical evidence that riluzole—a clinically available drug—can activate
SLC7A11 and restore BBB function in stroke models. Third, it supports the concept of targeting
endothelial health, rather than solely focusing on neurons, as a viable neuroprotective strategy in
ischemic stroke.

Nevertheless, several questions remain open. The specific transcriptional and epigenetic
mechanisms by which riluzole induces SLC7A11 remain undefined. While riluzole has been shown
to inhibit glutamate release and modulate ion channels, the link to SLC7A11 gene expression
requires further delineation. Additionally, the interaction of SLC7A11 with other ferroptosis
regulators such as ACSL4, FSP1, or NRF2 in BMECs under ischemic stress remains to be clarified
[51-53]. Future work should also assess the long-term effects of riluzole on BBB integrity and
functional recovery in chronic stroke models and explore its synergistic potential with reperfusion
therapies such as tPA or mechanical thrombectomy. Although the animal group sizes used in this
study are appropriate for mechanistic interrogation, future studies employing larger cohorts will be
necessary to further enhance statistical power and to validate the generalizability of these findings.

This study also found that SLC7A11 overexpression upregulates HIF-1o0/VEGFA. To elucidate
the mechanism, we examined PHD2 expression, a key negative regulator of HIF-1a (Fig. S11).
Notably, SLC7A11 overexpression did not alter the total protein level of PHD2, suggesting a
regulatory mode independent of protein abundance. Given the central role of SLC7A11 in cystine
uptake and cellular metabolism, we propose a novel possibility: SLC7A11l overexpression may
create a microenvironment that inhibits PHD2 enzyme activity by altering intracellular metabolites
(for example, reducing the a-ketoglutarate/succinate ratio) or diminishing ROS generation. This
functional inhibition of enzyme activity, rather than regulation of protein expression, could be the

key event leading to HIF-1a stabilization and the subsequent activation of the VEGFA pathway.
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Therefore, the upregulation of HIF-1o/VEGFA by SLC7A11 is likely an indirect, context-dependent
consequence of its primary role in regulating cellular redox and metabolic states.

In conclusion, this study elucidates a previously unrecognized role of SLC7A11 in maintaining
BBB function during ischemic stress and identifies riluzole as an effective pharmacological
activator of the SLC7A11/GPX4 and potential activator of the SLC7A11/HIF-10/VEGFA pathways.
Through integrated in vitro and in vivo experiments, we demonstrate that riluzole restores
endothelial homeostasis, mitigates oxidative and inflammatory injury, and improves neurological
function after stroke. These findings pave the way for repositioning riluzole as a potential

endothelial-targeted therapy for ischemic cerebrovascular disease.
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Fig. 9 Riluzole regulatory mechanism diagram.
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