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Astrocyte-derived CXCL10 exacerbates endothelial cells
pyroptosis and blood-brain barrier disruption via CXCR3/cGAS/
AIM2 pathway after intracerebral hemorrhage
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Intracerebral hemorrhage (ICH) is a devastating disease that disrupts the blood-brain barrier (BBB), triggers inflammation, and leads
to subsequent neurological deficits. Although the CXC chemokine receptor 3 (CXCR3) and its ligand CXCL10 are implicated in
regulating inflammation, the specific role and mechanism of CXCR3 in ICH-induced BBB disruption remain unclear; furthermore, the
involvement of the cGAS/AIM2 signaling pathway in endothelial pyroptosis after ICH needs further investigation. This study
elucidates that activation of the CXCR3/CXCL10 axis exacerbates disruption of BBB integrity via the cGAS/AIM2 pathway following
ICH. Utilizing a type IV collagenase-induced ICH model, we evaluated the therapeutic efficacy of the CXCR3 inhibitor AMG487.
Results demonstrated that ICH induced the upregulation of CXCR3 and CXCL10, peaking at 24 h; immunofluorescence co-
localization indicated CXCR3 was primarily localized to endothelial cells, while CXCL10 originated mainly from endothelial cells and
astrocytes. AMG487 treatment improved neurological deficits and attenuated BBB disruption after ICH. Furthermore, exogenous
CXCL10 activating CXCR3 upregulated the expression of cGAS/STING and pyroptosis-related proteins in vivo and vitro ICH models.
However, inhibiting CXCR3 reversed the poor effects induced by CXCL10. Inhibition of the cGAS/AIM2 signaling pathway using
A151 effectively reduced vascular endothelial pyroptosis and BBB disruption. In a co-culture model of endothelial cells and
astrocytes, depleting CXCL10 downregulated the expression of cGAS, STING, AIM2, and pyroptosis-related proteins and alleviated
endothelial pyroptosis. This study demonstrates that inhibition CXCR3 preserves BBB integrity and improves neurological deficits
after ICH by suppressing endothelial pyroptosis via the cGAS/AIM2 signaling pathway. These findings provide novel insights into
ICH pathogenesis, proposing CXCR3 as a potential target for BBB disruption and AMG487 as a promising therapeutic strategy for

ICH patients.
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INTRODUCTION

Intracerebral hemorrhage (ICH) represents 10-15% of all stroke
cases and carries a mortality rate of 30-40% [1]. Survivors after ICH
are often at high risk for disability and cognitive decline due to the
lack of effective treatments. The compression injury caused by the
hematoma results in primary brain damage. Secondary brain
injury (SBI) is a complex of adverse reactions induced by the
degradation products of hemoglobin. Activated microglial cells
can disrupt the BBB, induce vasogenic edema, and lead to
apoptosis of neurons [2]. High permeability of the BBB is one of
the characteristic features of SBI [3]. Damage to the tight junction
between endothelial cells leads to compromised integrity of the
BBB, resulting in increased vascular permeability, cerebral edema,
and impairment of neurological function [4]. High tight junction
proteins can improve SBI and significantly enhance neurological
function scores after ICH [5]. Therefore, preserving the integrity of
the BBB is a promising strategy for treating ICH patients.

Chemokines and their receptor family are important mem-
bers in activating immune cells and inducing inflammation [6].
CXCR3 belongs to the CXC chemokine receptor family and is
primarily activated by CXCL9, CXCL10 and CXCL11 chemokines
[7]1. The activation of CXCR3 is associated with various
neuroinflammatory diseases, and its role differs across different
disease contexts [8]. Additionally, CXCR3 can regulate the
efficiency of monocytes crossing BBB [9]. CXCL10 is one of
endogenous ligand of CXCR3 and serves as a key pro-
inflammatory signal [10]. Neuronal CXCL10/CXCR3 activation
accelerates the efficiency of synaptic transmission, leading to
brain hyperexcitation [11]. Clinical evidence shows that
elevated CXCL10 is closely associated with a worse outcomes
in ICH patients [12]. Moreover, CXCL10/CXCR3 decreased tumor
angiogenesis and increased cell apoptosis in vivo and in vitro
[13]. Although CXCL10 is closely related to ICH disease, its role
in the BBB integrity damage after ICH is unclear.
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In recent years, cytoplasmic DNA-sensing pattern have attracted
much attention in nervous system diseases [14, 15]. cGAS
recognizes exogenous and endogenous dsDNA in the cytoplasm,
regardless of DNA sequence [16]. Upon binding to dsDNA, cGAS is
a catalyst for the synthesis of cyclic GMP (cGAMP), which
subsequently combines with and activates the STING. This
activation promotes the nuclear translocation of IRF3, facilitating
the transcription of inflammatory cytokines [17-19]. Activation of
cGAS in microglia exacerbates the neuroinflammatory response in
MPTP Parkinson mice [20]. Similarly, in Alzheimer's disease,
activation of cGAS exacerbates neuronal damage [15]. In addition,
activation of the cGAS pathway also promotes neuron apoptosis
via LINE-1 [21]. However, a large number of research focuses on
the inflammatory process induced by microglia, but few research
focuses on the role of cGAS in endothelial cells. Therefore, the
cGAS activation in brain vascular endothelial cells after ICH
requires exploration.

Caspase-1-dependent inflammasome signaling is increasingly
recognized as a critical pathway in the pathogenesis of ICH [22].
AIM2 activation triggers the assembly of inflammasomes asso-
ciated with various inflammatory responses elicited by sterile self-
DNA. Specifically, AIM2 can assemble with Caspase-1 and ASC to
form the AIM2 inflammasome, thereby exerting its biological
effects, which promotes the release of IL-1f3 and IL-18 and induces
pyroptosis in cells [23]. Besides directly triggering the assembly of
the AIM2 inflammasome, dsDNA also participates in coordinating
immune responses through type | interferons induced cGAS
activation, indicating its involvement in multiple synergistic
pathways [24-26]. Previous studies have shown that CXCL10-
mediated CXCR3-positive macrophages may promote inflamma-
tory responses in acute kidney injury through the cGAS/AIM2
pathway [27]. However, the role and mechanisms of CXCL10/
CXCR3 and cGAS/AIM2 after ICH remain unclear. Therefore, we
hypothesize that CXCL10 activates CXCR3 upregulating cGAS-
STING and AIM2 signal, leading to endothelial cell pyroptosis and
BBB disruption.

RESULTS

The ICH model and mortality rate

The mortality rate for the mice was 5.64% (n = 15/266). None of
the sham mice died and no significant difference in mortality rates
between the treatment groups. Twenty-five mice were excluded
from the study contributed to the absence of a hematoma in
those with ICH.

The time expression of endogenous CXCR3 increased
following ICH

We assessed CXCR3 in the tissue surrounding the hematoma
through WB at 3, 6, 12, 24 and 72 h following ICH. CXCR3 protein
levels were increased at 3h and decreased at 72 h (Fig. 1A).
Immunohistochemistry revealed CXCR3 increased in the ICH mice
at 24 h (Fig. 1D, E). HE staining showed perihematomal tissue
became loose with cell swelling and vacuoles after ICH (Fig. 1C).
Immunofluorescence was used to examine the cellular localization
of CXCR3. IF findings indicated that CXCR3 (red) was rarely
expressed in the sham group and was observed within brain
vascular endothelial cells (vWF), microglia cells (IBA-1), astrocytes
(GFAP), and neurons (NeuN) that were stained green at 24 h post
ICH (Fig. 1F).

Inhibition of CXCR3 improved neurological dysfunction and
decreased BWC post-ICH

AMG487 (1, 3, 5mg/kg) was administered at 30 min following
ICH. Neurobehavioral tests were conducted at 24 and 72 h after
ICH. Treatment with 3 mg/kg AMG487 was the most effective at
improving neurological functions (Fig. 2A-C). BWC increased
markedly in the injury brain at 24 h following ICH. However,
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ICH + AMG487 mice showed reduced brain water content
(Fig. 2D).

To further evaluate the therapeutic efficacy of AMG487,
neurological function was assessed 72 hours after ICH. AMG487
treatment improved the neurological deficits induced by ICH
(Fig. 3E-G). BWC was increased in the injury brain at 72 h following
ICH, but AMG487 treatment reduced BWC in perihematomal
tissues (Fig. 2H).

A Morris Water Maze test examined the effects of AMG487
therapy on cognitive function following ICH. ICH mice had clear
deficits in learning and memory, but AMG487 treatment enhanced
their cognitive abilities (Fig. 2I-L).

DEG identification and enrichment analysis after AMG487
treatment

To investigate CXCR3’s role in ICH pathogenesis, RNA-seq
analysis was performed following intracerebroventricular
AMG487 administration. Principal component analysis revealed
distinct transcriptional profiles between ICH + AMG487 and ICH
groups (Fig. 3A). We identified 446 differentially expressed
genes (DEGs: 165 upregulated, 281 downregulated) (Fig. 3B).
K-means clustering delineated four molecular subtypes with
divergent expression patterns: C1-C3 showed downregulation
(362, 456, and 614 genes, respectively) while C4 demonstrated
upregulation (1210 genes) (Fig. 3C). Functional characterization
revealed subtype-specific pathway associations: C1: Apoptosis-
related processes; C2: Ribosome biogenesis; C3: NOD-like
receptor/Cytosolic DNA-sensing pathways; C4: Wnt signaling.
Previous research has indicated that the Wnt signaling pathway
is closely related to the integrity of the vascular barrier function
[28]. Notably, C3 exhibited the most significant expression
changes, enriched with inflammasome components
(cGAS, STING, AIM2, GSDMD) potentially influencing BBB
dynamics. GSEA confirmed AMG487-mediated suppression of
pro-inflammatory pathways (NOD-like receptors, DNA-sensing,
NF-kB) (Fig. 3D). These findings suggest AMG487 modulates
BBB integrity in ICH through cGAS-STING/AIM2 signaling
regulation.

AMG487 inhibition of CXCR3 reduce BBB disruption at 24 h
post-ICH

To investigate CXCR3's role in post-ICH neurological function, we
evaluated BBB integrity through multimodal analyses. gRT-PCR
revealed significant upregulation of CXCR3, cGAS, and STING
mRNA alongside downregulation of tight junction components
(ZO-1, occludin, claudin-5) in ICH (Fig. 4A-F). AMG487 treatment
reversed these transcriptional alterations. TEM analysis demon-
strated AMG487-mediated restoration of tight junction ultrastruc-
tural integrity following ICH-induced disorganization (Fig. 4G).
Functional BBB assessment via Evans Blue extravasation showed
AMG487 significantly attenuated ICH-induced permeability
(Fig. 4H). Immunofluorescence revealed AMG487's preservation
of vascular endothelial integrity through increased vWF signal
intensity in perihematomal tissue (Fig. 41-J). Western blot analysis
confirmed corresponding protein-level changes: ICH increased
cGAS, STING, AIM2, and decreased tight junction proteins
compared to sham group, while AMG487 treatment reversed
these processes (Fig. 4K-Q). These findings collectively demon-
strate  CXCR3 inhibition ameliorates BBB disruption post-ICH
through modulation of cGAS-STING signaling and tight junction
preservation.

Temporal expression and cellular localization of ligands for
CXCRS3 following ICH

To determine temporal expression profiles of CXCR3 ligands post-
ICH, Western blot analysis revealed CXCL10 exhibited time-
dependent upregulation (3-72 h) paralleling CXCR3 expression,
while CXCL9/CXCL11 showed no significant temporal variation
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Fig. 1 The expression and localization of CXCR3, and the tissue injury around the perihematomal area at different time points
following ICH. A Representative western blot bands of CXCR3. B Quantitative analysis of CXCR3 protein expression, n = 6. D, E Immunohistochemical
staining images and quantitative analysis of CXCR3 around the perihematomal tissue, n = 6. Scale bar= 50 pm. C Representative HE staining images
of the perihematomal tissue, n = 6. Scale bar= 50 pm. F Representative immunofluorescence images of CXCR3 (red), vWF (green), NeuN (green), IBA-1
(green), GFAP (green), Nucleus (blue) around the perihematomal tissue, n = 6. Scale bar= 50 pm. *P < 0.05 vs. sham group.

versus sham group (Fig. 5A-D). Immunofluorescence colocaliza- post-ICH (Fig. 5E). These findings implicate CXCL10 as the principal
tion identified CXCL10 primarily localized to cerebrovascular CXCR3-activating ligand mediating blood-brain barrier disruption,
endothelial cells (VWF) and astrocytes (GFAP), with minimal predominantly derived from endothelial and astrocytic sources

baseline expression in sham animals and marked induction following ICH.
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Fig.2 AMGA487 improved neurological dysfunction and decreased brain edema following ICH. A-C The modified Garcia test, the left turn
test and the forelimb placement test with different concentrations of AMG487 treatment at 24 h and 72 h post-ICH. D Brain water content
after treatment with different concentrations of AMG487. E-G The modified Garcia test, the left turn test and the forelimb placement test with
AMG487 treatment at 72 h post ICH. H Brain water content after treatment with AMG487 at 72 h post ICH. | Typical tracks of water maze
exploration. J-L Escape latency, prob quadrant duration and frequence cross the platform, n = 6. *P < 0.05 vs. sham; *P < 0.05 vs. ICH+vehicle;

ns: no significant.

Exogenous IP-10 aggravated mice neurological impairment,
increased cerebral edema, and greater BBB disruption

To investigate IP-10/CXCR3 signaling in post-ICH pathogenesis,
exogenous IP-10 was administered. IP-10 exacerbated neurologi-
cal deficits and cerebral edema compared with ICH group at 24/
72 h, effects reversed by CXCR3 antagonist AMG487 (Fig. 6A-H).

SPRINGER NATURE

Mechanistically, IP-10 amplified ICH-induced BBB disruption
through coordinated downregulation of tight junction proteins
(ZO-1/occludin/claudin-5) and upregulation of cGAS/STING signal-
ing and pyroptosis relative proteins (Fig. 6l-)) and CD31
immunofluorescence (Fig. 6K-L). AMG487 pretreatment counter-
acted these IP-10-mediated pathological changes, demonstrating
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Fig. 3 Differential expression gene and functional enrichment analysis of the ICH mice and ICH + AMG487 mice. A Principal components
analysis of DEGs between ICH and ICH + AMG487 mice. B volcano plot of DEGs between the ICH and ICH + AMG487 mice. C The clustering

results are presented in a trend heatmap. The left section displays the

results of the trend clustering, while the middle section shows the

heatmap of gene expression across the four clusters (C1, C2, C3, and C4). The right section is divided into three smaller parts from left to right:

the first part indicates the number of genes contained in each cluster

(C1, C2, C3, C4); the second part presents the biological processes

associated with each cluster along with their corresponding log10 p-value; and the third part summarizes the KEGG enrichment analysis

results for each cluster along with their corresponding log10 p-value. D
Cytosolic DNA-sensing pathway and NF-Kappa B signaling pathway.

CXCR3/cGAS/STING axis-dependent exacerbation of BBB break-
down via pyroptotic mechanisms. These findings establish IP-10 as
a critical driver of post-ICH neurovascular injury through CXCR3
activation.

Cell Death Discovery (2025)11:373

GSEA enrichment analysis of NOD-like receptor signaling pathway,

Inhibition CXCR3 attenuates endothelial pyroptosis via
suppression of cGAS/STING pathway in vivo ICH models

To investigate whether inhibition of CXCR3 alleviated endothelial cell
pyroptosis and improved BBB disruption through downregulation of

SPRINGER NATURE
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Fig. 4 Intracerebroventricular administration of AMG487 preserves BBB integrity. A-F Quantification of CXCR3, cGAS, STING, ZO-1,
claudin-5 and occludin relative mRNA level, n =6. G Representative TEM images showing BBB disruption in perihematomal tissue at 24 h
following ICH, n=6. H Evans blue extravasation assay demonstrating dye leakage in perihematomal tissue at 24 h following ICH, n=6.
I Representative immunofluorescence images showing vascular endothelial cells (vWF, green) in perihematomal tissue at 24 h following ICH,
n = 6. J Quantitative analysis of VWF fluorescence intensity. K-Q Representative western blot bands and quantitative analysis of cGAS, STING,
AIM2, ZO-1, occludin, and claudin-5, n = 6. TEM scale bar =1 pm; Immunofluorescence scale bar =50 pm. *P < 0.05 vs. sham; *P < 0.05 vs.
ICH + vehicle.
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the cGAS/STING signaling pathway. We cultured endothelial cells
in vitro. To optimize experimental conditions in bEnd.3 cells, we
conducted dose-response studies using varying concentrations of
Hemin and CXCR3 siRNA. Cell viability was assessed using CCK8
method. Results showed that hemin exposed markedly reduced cell
viability, with 160 uM identified as the optimal concentration (cell
viability: 55.24 + 2.23%; Fig. 7A). Furthermore, the effectiveness of
CXCR3 knockdown was evaluated using gRT-PCR following 24-hour
treatment with Hemin and different concentrations of CXCR3 siRNA
(40, 80, 160 uM). Results confirmed that 80 uM CXCR3 siRNA achieved
the most efficient transfection (Fig. 7B). CCK8 assays were conducted
to identity the optimal concentration of anti IP-10, revealing that
300 ng/ml anti IP-10 was most effective in hemin-treated bEnd.3 cells
(cell viability: 67.96 + 4.73%; Fig. 7C). CXCR3 siRNA was used to
transfect bEnd.3 cells or IP-10 was used to intervene the cells. WB

Cell Death Discovery (2025)11:373

results demonstrated that in comparison with the control group, a
markedly elevated protein expression of cGAS, STING, AIM2, ASC,
Caspase-1, and GSDMD in the hemin group (Fig. 7D-F). IP-10
treatment exhibited further increased in the levels of these proteins in
comparison to the hemin group. However, CXCR3 siRNA markedly
reduced expression of those proteins (Fig. 7D-F).

CXCL10 secreted by astrocytes exacerbates endothelial cells
pyroptosis

To delineate the cellular origin and functional impact of CXCL10 in
ICH pathogenesis, in vitro endothelial monoculture and endothelial-
astrocyte co-culture systems were established under hemin-
simulated ICH conditions. Anti-IP-10 neutralizing antibody attenu-
ated hemin-induced pyroptosis in both systems, as evidenced by
reduced GSDMD fluorescence intensity (Fig. 7H-1) and suppressed

SPRINGER NATURE
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placement test, along with brain water content measurement after ICH 24 h and 72 h, n=6. |, J Representative western blot bands and
quantitative analysis of ZO-1, occludin, claudin-5, cGAS, STING, AIM2, ASC, Caspase-1 and GSDMD. K, L Representative immunofluorescence
images of CD31 and quantitative analysis of CD31 fluorescence intensity, n=6. Scale bar = 50 pm. *P<0.05 vs. sham; *P<0.05 vs.

ICH + vehicle; % < 0.05 vs. ICH + IP-10.
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IL-1B/IL-18 secretion via ELISA (Fig. 7J-L). Co-culture amplified
hemin-triggered endothelial pyroptosis, correlating with enhanced
cGAS/STING/AIM2  pathway activation and pyroptotic protein
upregulation (Fig. 7M, N), effects reversed by CXCL10 inhibition.
Mechanistically, astrocyte-derived CXCL10 in co-culture systems
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exacerbated endothelial pyroptosis by potentiating cGAS/STING
signaling, confirmed via Calcein/Pl staining (Fig. S2B, C). These
results establish CXCL10 as a dual-origin mediator (endothelial/
astrocytic) driving feedforward amplification of neurovascular injury
through pyroptotic pathway activation.
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Fig. 7 CXCR3 inhibition and neutralization CXCL10 attenuates endothelial cell pyroptosis induced hemin exposure. A CCK8 assay
detection of endothelial cell viability stimulated by different concentrations of hemin. B Quantitative analysis of CXCR3 mRNA expression
levels following treatment with varying concentrations of CXCR3 siRNA. C Optimal concentration of anti IP-10 for endothelial cell intervention
by CCK8 assay, n = 6. D-F Representative western blot bands and quantitative analysis of cGAS, STING, AIM2, ASC, Caspase-1 and GSDMD,
n'=6. *P <0.05 vs. control; P <0.05 vs. hemin+vehicle; P < 0.05 vs. hemin+IP-10." G Schematic diagram of endothelial cell-astrocyte co-
culture system. H, | Representative immunofluorescence images of endothelial cells and quantification of GSDMD mean fluorescence
intensity. J-L ELISA for CXCL10, IL-1f and IL-18 levels in medium, n = 6. M, N Representative western blot bands and quantitative analysis of
cGAS, STING, AIM2, ASC, Caspase-1 and GSDMD, n = 6. *P < 0.05 vs. control; *P < 0.05 vs. hemin-vehicle; ®P < 0.05 vs. ECs + hemin + vehicle;

ns no significant.

CGAS or STING knockdown attenuates poly(dA: dT)-induced
endothelial cells pyroptosis

To elucidate endothelial-specific cGAS/STING contributions to BBB
disruption post-ICH, we conducted siRNA-mediated knockdown of
cGAS/STING in bEnd.3 cells, validated by gRT-PCR and western
blot. Transfection with dsDNA analog poly(dA:dT) induced
upregulation of cGAS/STING, AIM2, and pyroptotic markers, which
was attenuated by cGAS/STING silencing (Fig. 8A-E). Notably,
cGAS/STING depletion suppressed both dsDNA-induced AIM2
activation and pyroptotic protein expression, revealing pathway
cross-talk. These findings demonstrate endothelial cGAS/STING
signaling amplifies DNA-sensing cascades that drive pyroptotic
BBB deterioration during ICH pathogenesis.

A151 diminishes cGAS activation mediated by poly(dA:dT)
and reduces AlM2-mediated pyroptosis in vitro

To delineate cGAS-STING/AIM2 contributions to BBB disruption, we
tested the dual antagonist A151 in poly(dA:dT)-transfected, hemin-
exposed bEnd.3 cells. A151 suppressed poly(dA:dT)-induced tran-
scriptional upregulation of cGAS and STING (Fig. 8F). Western blot
revealed hemin synergized with poly(dA:dT) to amplify cGAS, STING,
AIM2, and pyroptotic proteins, while A151 attenuated these protein
elevations (Fig. 8G-J). These results demonstrate cGAS-STING and
AIM2 cooperatively drive DNA-sensing-mediated pyroptosis in
endothelial cells, with A151’s dual inhibition highlighting pathway
cross-talk in ICH-related BBB deterioration.

A151 attenuates BBB disruption following ICH by inhibiting
endothelial cell cGAS signaling and AIM2 Inflammasome-
mediated pyroptosis

To clarify AIM2’s role in ICH-induced BBB disruption, we assessed
the dual antagonist A151 in vivo. A151 treatment in ICH mice
suppressed cGAS/STING transcription and downregulated pyrop-
totic proteins, while restoring tight junction proteins (Fig. 9A-E).
Immunofluorescence confirmed A151-mediated preservation of
Z0O-1 integrity and GSDMD suppression (Fig. 9F, G). Functional
assays revealed reduced Evans Blue extravasation (Fig. 9H) and
attenuated IL-1B/IL-18 levels (Fig. 91) in A151-treated ICH mice.
These findings demonstrate A151 mitigates BBB disruption by
inhibiting AIM2 inflammasome-driven endothelial pyroptosis and
cGAS/STING activation, highlighting its therapeutic potential in
ICH-associated neurovascular injury.

DISCUSSION

Intracerebral hemorrhage is a severe type of stroke with few
effective treatments. The BBB is a natural barrier between the CNS
and peripheral circulation, serves as a critical safeguard for
maintaining intracranial stability and preventing the entry of
potentially neurotoxic substances [29]. Endothelial cells are the
primary components of the BBB, and tight junctions, formed by
Z0-1, claudin and occludin, are critical for maintaining the barrier’s
integrity and function. The complex network of tight junctions
between endothelial cells is essential for regulating the selective
passage of molecules between the blood and the brain.
Degradation of tight junction proteins has a crucial role on the
integrity of the BBB, leading to compromised barrier function and
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increased permeability [30]. Thus, mitigating endothelial cell injury
and tight junction protein degradation to the greatest extent
possible represents a promising therapeutic strategy for minimiz-
ing neurological deficits following ICH.

This study aimed to elucidate the function of CXCL10/
CXCRS3 signaling in BBB following ICH. Furthermore, we explored
how cGAS/STING signaling and AIM2 inflammasome mediate
endothelial pyroptosis through cytosolic dsDNA recognition.
Selective CXCR3 inhibitor AMG487 demonstrated protective
effects against BBB permeability after ICH. Additionally, exogenous
CXCL10-induced CXCR3 activation combined with AMG487
treatment resulted in attenuated BBB disruption and decreased
expression of cGAS, STING, AIM2, ASC, Caspase-1, and GSDMD
proteins.

Our findings revealed that: (1) CXCL10 and CXCR3 protein levels
were significantly elevated in perihematomal tissue post-ICH,
peaking at 24 h and declining after 72 h. CXCR3 mainly expressed
in cerebral endothelial cells and neurons; CXCL10 was secreted by
endothelial cells and astrocytes. (2) CXCR3 inhibition by AMG487
improved neurological outcomes, reduced cerebral edema,
attenuated BBB disruption (validated by Evans Blue extravasation,
TEM and IF experiments), and downregulated the expression of
cGAS, STING, AIM2, ZO-1, occludin, and claudin-5. (3) RNA-
sequencing analysis of perihematomal tissue at 24 h post-ICH
with AMG487 treatment identified 446 differentially expressed
genes. GO and KEGG revealed these genes were primarily
involved in inflammatory responses and cytosolic DNA-sensing.
GSEA further demonstrated significant downregulation of NOD-
like signaling and cytosolic DNA-sensing pathways. (4) In vitro
studies demonstrated that exogenous IP-10-induced CXCR3
activation combined with AMG487 treatment or CXCR3 siRNA
transfection attenuated BBB disruption and decreased pyroptosis-
related protein expression. (5) Neutralization of CXCL10 reduced
endothelial cell pyroptosis. (6) Poly(dA: dT) transfection in bEnd.3
cells with cGAS and STING siRNA significantly reduced AIM2
inflammasome expression. (7) Simultaneous inhibition of cGAS
and AIM2 using A151 resulted in decreased AIM2 inflammasome
expression and attenuated BBB disruption. In conclusion, our
findings demonstrate that CXCR3 activation contributes to BBB
disruption, partially via cGAS/STING signaling and AIM2 pathways.
Selective CXCR3 inhibition by AMGA487 confers neuroprotection
through suppressing endothelial pyroptosis, thereby preserving
BBB integrity and improving neurological deficits following ICH.

Chemokines serve as critical regulators of target cell activity.
They are categorized into four subfamilies: CXC, CC, CX3C, and XC
[31]. Ligands of the CXCR3 receptor include CXCL9, CXCL10, and
CXCL11, exhibit varied roles across different neurological dis-
orders. CXCL10, but not CXCL9 or CXCL11, is significantly
upregulated during the acute phase of ICH and is associated with
poor prognosis, although its potential mechanisms remain unclear
[8, 12]. In addition, CXCL10 is mainly secreted by endothelial cells
and astrocytes [32]. Consistent with these findings, we found an
increasing in CXCL10 expression in the perihematomal tissue
following ICH in mice and co-located with endothelial cells and
astrocytes. Furthermore, exogenous administration of CXCL10
exacerbated neurological deficits and the degree of cerebral
edema in mice.

Cell Death Discovery (2025)11:373
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Fig. 8

Inhibition of cGAS and STING respectively reduced endothelial cells pyroptosis. A Relative mRNA expression levels of cGAS and

STING following transfection with cGAS or STING siRNA. B, C Representative western blot bands and quantitative analysis of cGAS and STING
in bEnd.3 cells transfected with poly(dA:dT) following cGAS or STING knockdown, n = 6. D, E Western blot bands and quantitative analysis of
AIM2 and pyroptosis-related proteins in bEnd.3 cells transfected with poly(dA:dT) after cGAS or STING knockdown, n = 6. *P < 0.05 vs. si-NC;
#P < 0.05 vs. si-NC+ Poly(dA:dT). F Relative mRNA expression levels of cGAS and STING following treatment with Poly(dA:dT) and A151, n =6.
G-J Representative western blot bands and quantitative analysis of cGAS, STING, AIM2, ASC, Caspase-1, GSDMD, n = 6. *P < 0.05 vs. control;

#P < 0.05 vs. hemin+vehicle; %P < 0.05 vs. hemin + A151.

Previous research has indicated that CXCR3 regulated tumor
migration, differentiation and exocytosis [33, 34]. In recent years,
CXCR3 has also been the subject of growing interest in the context
of non-neoplastic neurological disorders, where it exerts a pivotal
influence on the modulation of inflammatory processes [35]. Our
findings are consistent with prior research indicating that CXCR3 is
predominantly expressed in vascular endothelial cells and neurons
[36]. Growing evidence suggests that the interaction between
CXCL10 and CXCR3 can induce apoptosis of vascular endothelial
cells, leading to increased vascular permeability [37]. Based on
these findings, we further explored functions of CXCL10/
CXCRS3 signaling in the disruption of the BBB after ICH.

AMG487, a selective CXCR3 inhibitor, has been demonstrated to
effectively alleviate immune-induced inflammatory responses
in vivo [38]. Research has shown that AMGA487 can treat diabetic
retinopathy in mice by inhibiting oxidative stress and endoplasmic
reticulum stress [39]. In this study, we first used AMG487 as a
protective agent to improve the integrity of BBB following ICH and
explored its underlying mechanisms. We established a concentra-
tion gradient of AMG487 and screened the optimal dosage for
treating ICH using behavioral function score tests, followed by the
measurement of brain water content. The results revealed that
AMG487 exhibited a significant protective effect on the BBB,
which was validated by the reduction of EB extravasation and
upregulation tight junction protein expression.

Cell Death Discovery (2025)11:373

Subsequently, we further investigated the protective effect of
AMG487-mediated CXCR3 inhibition on the integrity of the BBB.
Through RNA-seq analysis, we found that 24 hours after treating
ICH mice using AMG487, there was a significant downregulation of
NOD-like receptor signaling and cytoplasmic DNA-sensing path-
ways in the perihematomal tissue. Extensive research has
demonstrated that the NOD-like receptor family, a group of
cytoplasmic pattern recognition receptors (PRRs), are crucial
mediators of pyroptosis and play important roles in various
neurological diseases [40]. Among these, AIM2 is a crucial member
of the NOD-like receptor family and a vital participant in cellular
pyroptosis. The ability of AIM2 to recognize dsDNA in conjunction
with the cGAS-STING pathway and initiate inflammasome
assembly underscores its importance in neuroinflammatory
processes, highlighting its potential as a therapeutic target in
various neurological disorders [41]. Previous studies have shown
that cGAS/STING activation exacerbates microglia pyroptosis after
ICH [42]. However, whether the cGAS/STING pathway and AIM2
inflammasome are involved in the pyroptosis of vascular
endothelial cells following ICH remains unclear. In this study, we
demonstrated that cGAS is effectively activated in response to
specific damage-associated molecular pattern (DAMP) dsDNA
released by pyroptotic endothelial cells after ICH, subsequently
initiating downstream inflammatory responses through the STING
signaling pathway. An in vitro model was developed to simulate

SPRINGER NATURE

11



W. Sheng et al.

12

A C

159 | Sham
<Zt * [=] ICH+Vehicle

% * [ ICH+A151 ez cz .z
104 52 2 R
) . ] To S
P & T Qv &
o @2 o9 2
° 22 2z g2
- # 08 ES =5
3 ) i) n e <3
S 54 s e 4

2

=

)

14

0 —T - T
cGAS AIM2
B Sham ICH+Vehicle  ICH+A151
c
c g2 £2
e | < 02§ I
] Lo a8
2% 3 Se
2% 8% a8
e g oe
D E 1.5
Sham ICH+Vehicle ICH+A151

cZ £z £z
Z0-1 220kDa £ 2 82 10 $a
g8 &8 a3
=0 = 0 i o
Occludin 71kDa T2 32 £33
Qs S8 05 SE
NE 8¢ G

Claudin-5 20 kDa

0.0

42 kDa

B-actin

ICH+Vehicle

Z0-1 GSDMD

DAPI

G H Evans Blue Extravasation 3 ELISA 3 ELISA
2.5

IL-1B (ng/ml)

Evans Blue (ng/mg)
IL-18 (ng/ml)

GSDMD Intensity
- a N
o o o
—_— 1
- %
Z0O-1 Intensity
N w
o o
*
e
Z0-1 and GSDMD
positive Intensity

@& N
& &8

SF
& ¢
S

Fig. 9 A151 treatment improved vascular endothelial cell integrity and mitigated BBB disruption in mice. A mRNA expression levels of
cGAS and AIM2 in the perilesional tissue of the hemorrhagic brain, n = 6. B, C Representative western blot bands and quantitative analyses for
cGAS, STING, AIM2, ASC, Caspase-1, and GSDMD in the perihematomal tissue, n = 6. D, E Representative western blot bands and quantitative
analyses for tight junction proteins ZO-1, occludin, and claudin-5 in the perihematomal, n=6. F, G Representative images of double
immunofluorescence staining for ZO-1 and GSDMD in the perihematomal tissue 24 h after ICH, n=6. Scale bar=50 um. H Evans blue
extravasation assay conducted at 24 h following ICH, n = 6. | ELISA for IL-1p and IL-18 levels in the perihematomal tissue, n = 6. *P < 0.05 vs.
sham; #P < 0.05 vs. ICH + vehicle.
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Table 1. Table of antibodies used.

Antibody name Host spices and clone Manufacturer Usage Dilution ratio Identifier
CXCR3 Rabbit Monoclonal Proteintech WSB, IF, IHC WB = 1:2000 26756-1-AP

antibody IF =1:100

IHC = 1:50

CXCL9 Rabbit Monoclonal Abcam WB 1:1000 ab320827

antibody
CXCL10 Rabbit Polyclonal antibody Affinity WB 1:1000 DF6417
CXCL11 Rabbit Monoclonal Abcam WB 1:1000 ab259863

antibody
Z0-1 Rabbit Polyclonal antibody Proteintech WB, IF WB = 1:2000 21773-1-AP

IF=1:100

Occludin Rabbit Polyclonal antibody Proteintech WB 1:5000 27260-1-AP
Claudin-5 Rabbit Polyclonal antibody Proteintech WB 1:5000 29767-1-AP
cGAS Rabbit Polyclonal antibody Proteintech WB 1:2000 29958-1-AP
STING Rabbit Polyclonal antibody Proteintech WB 1:5000 19851-1-AP
AIM2 Rabbit Polyclonal antibody Proteintech WB 1:2000 20590-1-AP
ASC Rabbit Polyclonal antibody Proteintech WB 1:5000 30641-1-AP
Caspase-1 Rabbit Polyclonal antibody Affinity WB 1:1000 AF4005
GSDMD Rabbit Polyclonal antibody Abcam WB WB = 1:1000 ab209845
GSDMD Rabbit Polyclonal antibody Proteintech IF 1:100 20770-1-AP
IBA-1 Mouse Polyclonal antibody servicebio IF 1:100 GB15105
VWF Mouse Polyclonal antibody Proteintech IF 1:300 66682-1-Ig
NeuN Mouse Polyclonal antibody Abcam IF 1:500 ab104224
GFAP Mouse Polyclonal antibody Affinity IF 1:50 BF0345
CD31 Rabbit Polyclonal antibody Proteintech IF 1:200 80530-1-RR
p-actin Rabbit polyclonal Beyotime WB 1:1000 AF5003
Rabbit I1gG (HPR) Goat Beyotime WB 1:10000 A0208
Mouse IgG (HPR) Goat Beyotime WB 1:10000 A0216
Goat Anti- Rabbit/Mouse IgG H&L (Alexa Goat Abcam IF 1:1000 ab150077
Fluor® 488) ab150113
Goat Anti- Rabbit/Mouse IgG H&L (Alexa Goat Abcam IF 1:1000 ab150083
Fluor® 647) ab150115

dsDNA recognition in the context of ICH-induced injury, our
findings demonstrated that cerebral vascular endothelial cells
activate the cGAS-STING pathway, thereby inducing endothelial
cell pyroptosis and exacerbating inflammatory responses. Inhibi-
tion of cGAS in cerebral vascular endothelial cells effectively
reduced endothelial cell pyroptosis and preserved BBB integrity.
These discoveries suggest that the cGAS-STING pathway activated
in vascular endothelial cells contributes to the exacerbation of BBB
disruption following ICH.

Notably, studies involving intraperitoneal administration of
oligodeoxynucleotide (ODN) A151 have demonstrated its neuro-
protective effects in models of ischemic stroke and Alzheimer’s
disease due to its anti-inflammatory properties [38, 43]. Our
experimental results indicate that A151 can effectively reduce
pyroptosis of cerebral vascular endothelial cells under
inflammation-induced conditions, thus protecting the BBB.
Furthermore, A151 inhibits the activation of cGAS and STING,
which attenuates vascular endothelial cell pyroptosis and
improves the expression of tight junction proteins. These findings
demonstrate that inhibition of the cGAS-STING pathway can
mitigate BBB damage after ICH and improve neurological deficits.

In summary, our results showed that CXCR3 signaling plays a
crucial impact in disrupting BBB integrity and that AMG487 can
effectively mitigate this disruption following ICH. Our study
demonstrates that CXCR3 activation exacerbates the pyroptotic
response of vascular endothelial cells in the perihematomal tissue
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through the cGAS-STING and AIM2 pathways, ultimately leading
to worsened neurological deficits in ICH mice. Therefore, targeting
CXCR3 may represent a promising avenue for developing a
therapeutic strategy to reduce BBB disruption.

However, our study has several limitations. Firstly, we have only
investigated the role of CXCR3 in endothelial cells, and further
studies are needed to explore its effects in neurons, microglia cells
and astrocytes. Secondly, since estrogen modulates inflammatory
pathways and affects BBB integrity, we used male mice exclusively
to eliminate confounding effects from estrogen fluctuations [44].
The role of CXCR3 in female mice requires further investigation.
Thirdly, given AMG487’s high molecular weight (603.59 Da) and
limited BBB penetrability, we adopted intracerebroventricular
administration following previous study [11]. Future studies need
to address systemic delivery challenges to enable clinical
translation of CXCR3-targeted therapies for ICH.

CONCLUSION

Our study demonstrates that AMG487-mediated inhibition of
CXCR3 maintains blood-brain barrier integrity and enhances both
short-term and long-term neurological deficits after intracerebral
hemorrhage by suppressing the cGAS-STING/AIM2 signaling path-
way in mice. Therefore, AMG487 exhibits promising therapeutic
potential and may be a viable therapeutic strategy for the
treatment of ICH.
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Table 2. Primers Used for qRT-PCR.

Gene Primer sequences, 5’-3’' Forward
CXCR3 TTCCTGCTCCACCTGGCTGTAG
cGAS CGGCTGAGTTCCTGAAGATGATGG
STING AAGAGGAACAGAGGAGGGCGATC
AIM2 ACAGAGCCCTAGAGTAGCCAATCAC
Z0-1 ATTCTCGCTCGGACTCTCCTTCTC
Claudin-5 CTGCCTTCCTGGACCACAACATC
Occludin ACGGTCCTCCTGGCTCAGTTG
GAPDH AGGTCGGTGTGAACGGATTTG

MATERIALS AND METHODS
See the Supplementary Methods and Materials for details of the
experimental design and methods.

DATA AVAILABILITY
All the data used in this study are available from the corresponding author upon
reasonable request.
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