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A B S T R A C T   

C-X-C chemokine receptor type 4 (CXCR4) is critical for homeostasis of the adaptive and innate immune system 
in some CNS diseases. Bruton’s tyrosine kinase (BTK) is an essential kinase that regulates inflammation in im
mune cells through multiple signaling pathways. This study aims to explore the effect of CXCR4 and BTK on 
neuroinflammation in the pathogenesis of early brain injury (EBI) after subarachnoid hemorrhage (SAH). Our 
results showed that the expression of CXCR4 and p-BTK increased significantly at 24 h after SAH in vivo and in 
vitro. Ibrutinib improved neurological impairment, BBB disruption, cerebral edema, lipid peroxidation, neuro
inflammation and neuronal death at 24 h after SAH. Inhibition of BTK phosphorylation promoted the in vitro 
transition of hemin-treated proinflammatory microglia to the anti-inflammatory state, inhibited the p-P65 
expression and microglial pyroptosis. NLRP3 deficiency can significantly reduce pyroptosis in SAH mice. 
Moreover, CXCR4 inhibition can suppress NLRP3-mediated pyroptosis, NF-κB activation and NOX2 expression in 
vitro, and ibrutinib can abolish CXCR4-aggravated BBB damage and pyroptosis in EBI after SAH. The levels of 
CXCR4 in CSF of SAH patients is significantly increased, and it is positively correlated with GSDMD and IL-1β 
levels, and have a moderate diagnostic value for outcome at 6-month follow-up. Our findings revealed the effect 
of CXCR4 and P-BTK on NLRP3-mediated pyroptosis and lipid peroxidation after SAH in vivo and in vitro, and the 
potential diagnostic role of CXCR4 in CSF of SAH patients. Inhibition of CXCR4-BTK axis can significantly 
attenuate NLRP3-mediated pyroptosis and lipid peroxidation by regulating NF-κB activation in EBI after SAH.   

1. Introduction 

Aneurysmal subarachnoid hemorrhage (SAH) is a subtype of stroke 
with a high disability and mortality rates, and SAH caused by ruptured 
intracranial aneurysm accounts for 5–10% of strokes [1]. Early brain 
injury (EBI) within 3 days after SAH is the main cause of high mortality 
and poor prognosis [2]. SAH causes many physiological disorders during 
EBI, including decreased cerebral blood flow, increased intracranial 
pressure, and pathophysiological events, such as oxidative stress, neu
roinflammation, and blood-brain barrier (BBB) dysfunction [3–5]. 
Numerous studies have demonstrated that innate inflammation, 

characterized by activation of resident microglia, infiltration of in
flammatory cell, and release of cytokine, plays an important role in the 
pathogenesis of EBI following SAH [6]. Hence, neuroinflammation 
reduction is a promising approach to reduce EBI and promote neuro
logical recovery after SAH. 

Pyroptosis has been considered as an important and destructive 
pathophysiological process in EBI following SAH [7]. As an important 
member of the NLR family, NACHT Leucine-rich-repeat protein 3 
(NLRP3) is mainly expressed in microglia [8]. The NLRP3 inflamma
some consists of NLRP3, caspase-1, and the apoptosis-associated 
speck-like protein containing a CARD (ASC) [9]. After the assembly of 
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NLRP3 inflammasome activated by multiple stimulators, pro-caspase-1 
is cleaved, and pro-IL-1β and pro-IL-18 are converted to mature forms 
that promote inflammatory response [9]. Moreover, activated caspase-1 
efficiently cleaves gasdermin D (GSDMD) at an aspartate site within the 
linking loop, allowing the release of the N-terminal gasdermin 
(GSDMD-N), pausing its auto-inhibition and triggering pyroptosis. 
GSDMD-N oligomerizes and binds to phosphatidylserine in the inner 
leaflet of the cell membrane to induce membrane pore formation and 
secretion of IL-1β and IL-18 [10]. Numerous studies have shown that 
pyroptosis plays a vital role in inflammation following SAH [11,12]. 
Therefore, it is essential to understand the mechanism of pyroptosis to 
reduce SAH injury. 

Bruton’s tyrosine kinase (BTK) is a key regulator of B cell receptor 
functions and signaling transduction that regulates cell survival and 
proliferation [13]. Nevertheless, multiple studies have demonstrated the 
anti-inflammatory role of BTK, which is highly expressed in mono
cytes/macrophages [14]. BTK phosphorylation was believed to play an 
important role in toll-like receptors (TLR) signal transduction, leading to 
NF-κB activation [15–17], and is also involved in regulating the as
sembly of NLRP3 inflammasome in macrophages [14,18]. Recent 
studies demonstrated that activated NF-κB signaling pathway promote 
the transcription of inflammasome-related components, such as, 
GSDMD, NLRP3, pro-IL-18, and pro-IL-1β [19–21]. Hence, BTK phos
phorylation plays important role in regulating NLRP3 inflammasome 
formation and pyroptosis in multiple ways. Ibrutinib is an irreversible 
inhibitor of BTK that inactivates the kinase domain of BTK, thereby 
dephosphorylating BTK, and inhibiting downstream signaling proteins 
[22]. Ibrutinib was used to suppress oxidative stress and inflammatory 
responses in microglia and neutrophils [13,23]. Accordingly, we hy
pothesized that BTK phosphorylation could mediate pyroptosis in SAH 
by regulating NLRP3 inflammation. 

Chemokines are involved in the regulation of neuroinflammation. C- 
X-C chemokine receptor type 4 (CXCR4) is expressed in immune cells 
and hematopoietic cells, and is also present in the central nervous sys
tem, such as microglia, astrocytes and neurons, which mediates micro
glia activation and leukocyte migration to sites of brain injury [24]. 
Some studies have found that the inhibition of CXCR4 can alleviate 
microglia activation, neuroinflammation and pyroptosis, and improve 
neurological function after stroke in mice [25–27]. However, the 
mechanism of its action in improving neuroinflammation remains un
clear. Previous studies have shown that phosphorylation of BTK can be 
directly regulated by CXCR4 in B-cell malignancies and arterial throm
bosis [28,29]. Further exploration of the role of CXCR4 and BTK in 
microglial activation and pyroptosis after SAH is warranted. 

Therefore, to investigate the effect of CXCR4 and BTK on neuro
inflammation in pathogenesis of EBI after SAH, we explored the asso
ciation between CXCR4-BTK and pyroptosis-related pathways. We 
hypothesized that BTK phosphorylation mediated by CXCR4 could 
regulate the activation of both NF-κB and the NLRP3 inflammasome 
after SAH, resulting in pyroptosis and neuroinflammation in EBI 
following SAH. 

2. Material and methods 

2.1. SAH patients and CSF sample 

The study protocol (WDRY2021-K070) was approved by the Ethics 
Committee of Renmin Hospital of Wuhan University. As previously 
described [30], this research included forty SAH patients admitted to 
Renmin Hospital of Wuhan University within 3 days of their SAH onset 
from October 2021 to September 2022. Cerebrospinal fluid (CSF) sam
ple from ten patients with normal-pressure hydrocephalus served as 
control. All patients received standard medical care after admission. The 
modified Rankin Scale (mRS: 0–6 score) was used to evaluate patient 
prognosis at the 6-month follow-up. Poor and good outcomes were 
defined as mRS scores ≥3 and＜3, respectively. The CSF samples were 

instantly centrifuged at 3000 rpm for 10 min at 4 ◦C, and after serum 
isolation, they were frozen at − 80 ◦C for later use. 

2.2. Cytokine measurements 

Levels of CXCR4, GSDMD and IL-1β were measured in human CSF 
using ELISA kits (Bioswamp, China) according to the manufacturer’s 
instructions. 

2.3. Animals models of SAH 

The Animal Center of Wuhan University provided 20–25g adult male 
C57BL6/J mice. NLRP3− /− mice were purchased from Model Animal 
Research Centre of Nanjing University (Guangzhou, China). They were 
housed in standard conditions of 22◦C and 50–60% relative humidity 
with a 12h light/dark cycle and free access to food and water. Animal 
experiments were approved by the Institutional Animal Care and Use 
Committee of Wuhan University (WDRM-20221001A). SAH mice model 
was performed by endovascular perforation method [31]. Mice were 
anesthetized with 1% pentobarbital sodium (50 mg/kg). The artery in 
the left neck was exposed in the median neck incision. The left common 
carotid artery and the left external carotid artery were ligated, and a 
nylon monofilament was inserted 1 cm from the distal end of the com
mon carotid artery, pushing the monofilament forward for about 2 mm 
upon feeling resistance, and withdrawn immediately after perforation. 
The sham group underwent the same surgical procedure without an 
endovascular puncture. Mice were intraperitoneally injected with 
ibrutinib (dissolved in 1% DMSO, MCE, USA) immediately after SAH. 
SAH group was given the same amount of 1% DMSO. For survival 
analysis experiments, ibrutinib was injected daily at the same dose. Mice 
were stereotaxic microinjected with lentiviral particles (GeneChem Co. 
Ltd., China) containing lentivirus overexpressing CXCR4 (OE-CXCR4) or 
its negative control oligonucleotide (OE-NC) at a dose of 2.0 μL (5 × 108 

TU/mL) into the left cerebral cortex 7 days before SAH onset. The ste
reotaxic coordinates are as follows: point 1, anteroposterior 0.3 mm 
from the bregma, mediolateral 3 mm from the midline, and dorsoventral 
2 mm from the skull; point 2, anteroposterior 0.8 mm from the bregma, 
mediolateral 3 mm from the midline, and dorsoventral 2 mm from the 
skull [32]. The injection speed was 0.2 μL/min, and the needle was left 
in place for 5 min after the injection. The grouping of animal experi
ments is shown in Supplement Fig. 1. 

2.4. SAH grading 

The SAH grading score was assigned 24 h after SAH [31]. Briefly, the 
basal cistern was divided into six segments, scored from 0 to 3 based on 
the volume of subarachnoid blood. The total score ranges from 0 to 18. 
Mice with SAH grading scores below 8, were excluded from the study. 

2.5. Behavioral tests 

Neurological function was detected using the Modified Garcia score 
[33] and the Beam Balance score [34] at 24 h after SAH. The Garcia 
score included six standards, each scoring 0–3. The total score ranges 
from 3 to 18. In the beam balance experiment, the ability of mice to walk 
on a narrow cylindrical wooden beam for 60 s was evaluated: 0 = no 
walking and falling; 1 = no walking, but staying on the beam; 2 =
walking but falling; 3 = walking less than 20 cm; 4 = walking beyond 20 
cm. The high neurological test scores indicated better neurological 
function. 

2.6. Brain water content 

Cerebral edema was evaluated by brain water content using the 
wet–dry method, as previously description [35]. Briefly, the brain was 
separated to the contralateral and ipsilateral hemispheres, and their wet 
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weight was determined. The cerebellum was used as an internal control. 
The samples were then dried at 100◦C for 24 h and weighed to determine 
the dry weight. Brain water content was calculated as [(wet weight-dry 
weight)/wet weight] × 100 %. 

2.7. Nissl’s staining 

Brain sections were stained with Nissl’s staining to detect neuronal 
damage in CA1 as previously described [36]. 

2.8. Evans blue dying 

The Evans blue extravasation method was performed to evaluate 
integrity of the BBB [37]. Evans blue dye (2% in saline) was injected into 
the tail at a rate of 5 ml/kg 2 h before sacrifice. The mice were perfused 
with normal saline, and the ipsilateral hemisphere was collected and 
homogenized in PBS, then centrifuged at 14000 rpm for 30 min in 4◦C. 
The supernatant was collected, and incubated at room temperature for 
1h with an equal amount of trichloroacetic acid. The sample was then 
centrifuged at 15000 rpm for 30 min at 4◦C to separate the supernatant 
for quantification using a spectrophotometer at 610 nm. The results are 
shown as micrograms per milligram of brain weight. 

2.9. Immunohistochemistry staining 

Immunohistochemistry was performed using DAB substrate kit 
(Servicebio, China) [38]. First, brain sections were deparaffinized and 
then rehydrated with gradient ethanol to remove xylene:100% ethanol 
for 5 min, 95% ethanol for 5 min, 75% ethanol for 5 min, and washed 
three times with deionized water for 5 min. To block peroxidase, sec
tions were incubated in 3% H2O2 for 20 min, washed three times with 
PBS for 5 min, and then immersed with 0.5% Triton-X 100 for 30 min 
and blocked with 5% BSA for 60 min at room temperature. The slices 
were incubated with the primary antibodies of Rabbit anti-NLRP3 
(1:200, Abcam, Ab270449) at 4 ◦C overnight. Sections were washed 
three times with PBS and incubated with secondary antibodies for 1 h at 
room temperature. Acceptable staining intensity was obtained using a 
DAB kit. The slides were treated with DAB reagent for 1–5 min, washed 
with PBS for 15 min, counterstained with hematoxylin for 2 min, rinsed 
with tap water for 15 min, then dehydrated with gradient ethanol and 
xylene, and mounted for observation. 

2.10. Primary microglial culture 

Primary microglia were isolated and purified from C57BL6/J mice 
within 3 days of birth as described previously [39]. Briefy, cerebral 
cortex was isolated, fltered through a 70-μm nylon mesh, and then 
cultured in low-glucose DMEM medium supplemented with 10% FBS 
and 1% penicillin/streptomycin at 37◦C under 5% CO2 incubator. On 
day 12, cells were treated with mild trypsin digestion (1 M CaCl2, 0.5 M 
EDTA, and 0.25% trypsin-EDTA in low-glucose DMEM medium) for 45 
min in the incubator. After washing with PBS for 3 times, primary 
microglia were extracted by 0.25% trypsin–EDTA and centrifuged at 
2000 rpm for 10 min before cultivation. The purity of primary microglia 
was calculated using the following formula: [primary microglial purity 
(%) = (CD11b- and DAPI-positive cells/DAPI-positive cells) × 100%]. 

2.11. Cell culture and SAH model in vitro 

BV2 cells and primary microglia were cultured in a complete me
dium containing DMEM with high glucose, 10% FBS and 1% penicillin/ 
streptomycin at 37◦C under 5% CO2. Cells treated with a complete 
medium containing 120 μM Hemin (MCE, China) and vehicle for 24h 
was used to mimic the SAH model in vitro. Cells were treated with 
different concentrations of Ibrutinib and AMD3100. The optimal con
centration of Ibrutinib and AMD3100 for subsequent administration to 

BV2 cells was 10uM. 

2.12. Cell viability and dead/live assay 

Cell viability was measured using the CCK-8 kits according to the 
manufacturer’s instructions (MCE, USA). In the dead/live experiment, 
BV2 cells were washed with PBS and then incubated with PBS with PI (4 
μM) and calcein-AM (3 μM) for 30 min darkness. Cells were washed 
again and observed under a fluorescence microscope. 

2.13. Determination of the levels of oxidative stress 

To detect the reactive oxygen species (ROS) level in cells, 2′,7′- 
dichlorofluorescin diacetate (DCFH-DA; 10 μM, MCE, USA) was added 
to the complete medium and incubated in the dark for 30 min before 
observation under fluorescence microscope. The concentration of total 
SOD in brain tissues or BV2 cells was detected by an SOD assay kit 
(Nanjing Jiancheng Bioengineering Institute, China). The levels of MDA 
and GSH-Px in brain tissues was measured by the MDA and GSH-Px 
assay kits (Nanjing Jiancheng Bioengineering Institute, China) accord
ing to the kit instructions [40]. 

2.14. Immunofluorescence staining 

Mouse brains were fixed in 10% paraformaldehyde for 24 h and cut 
into 10 μm coronal sections. Cell slides were fixed with 4% para
formaldehyde for 10 min. The slices were incubated with 0.5 % Triton-X 
100 for 30 min and then sealed with 5% bovine serum albumin for 1 h. 
Then, the slices were incubated with the primary antibodies of mouse 
anti-Iba (1:200, Proteintech, 66827-1-Ig), rabbit anti-CXCR4 (1:200, 
Beyotime, AF6621), rabbit anti-p-BTK (1:200, Affinit, AF0841), rabbit 
anti-GSDMD-N (1:200, Invitrogen, PA5-116745), rabbit anti-iNOS 
(1:200, Abcam, 13120S) and mouse anti-Arg1(1:200, Proteintech, 
66129-1-Ig) at 4 ◦C overnight. After washing with PBS for 3 times, the 
sample was immersed with the appropriate secondary antibody (1:500, 
Jackson Immunoresearch) for 1.5 h. The tissue slices and cell slides were 
washed twice in PBS and then incubated in DAPI for 30 min. The sample 
were sealed with neutral resin after washing with PBS. 

2.15. TUNEL staining 

To detect neuronal death, double immunostaining of NeuN (1:200, 
Proteintech, 66836-1-Ig) and TUNEL was conducted by TUNEL Assay Kit 
(Beyotime, China) in coronal sections at 24 h after SAH according to the 
manufacturer’s instructions. 

2.16. Co-immunoprecipitation (CO-IP) 

As described previously [41], the BV2 cells were lysed in IP buffer 
containing cocktail (MCE) for 30min and extraction followed by 
centrifugation for 15 min at 12000 rpm. A/G magnetic beads were 
pre-incubated with specific antibodies for 6h and washed three times. 
The cell lysate was then added and co-incubated for 2h. Subsequently, 
beads were washed three times. Immunoprecipitates were eluted by 
boiling with 1% SDS sample buffer for 10 min, and the supernatant was 
collected after centrifugation at 12000 rpm for 2 min. Subsequently, 
western blotting was used to determine whether binding the two pro
teins was possible. 

2.17. Western blotting 

The protein from ipsilateral cortical tissue and BV2 cells in each 
group were extracted and measured by a BCA protein assay. Equal 
amounts of protein were separated by electrophoresis on 8–12% SDS- 
PAGE gels. Proteins were transferred to PVDF membranes by electro
phoresis. The membranes were sealed with 5% skimmed milk for 1 h. 
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Then, membranes were incubated overnight at 4◦C with appropriate 
elementary antibodies, including rabbit anti-CXCR4 (AF6621, Beyo
time), rabbit anti-BTK (21581-1-AP, Proteintech), rabbit anti-p-BTK 
(AF0841, Affinit), rabbit anti-Occludin (ab31721, Abcam), rat anti- 

ZO-1 (Sc-57535, Santa Cruz Biotechnology), rabbit anti-ASC (10500-1- 
AP, Proteintech), rabbit anti-NLRP3 (Ab270449, Abcam), rabbit anti- 
Caspase-1 (A16792, Abclonal), rabbit anti-GSDMD (PA5-116745, Invi
trogen), rabbit anti–NF–κB p65/RelA (A2547, Abclonal), rabbit anti- 

Fig. 1. The levels of CXCR4 and p-BTK in SAH mice model and in vitro hemin-treated BV2 cells (A–C) Western blot showing CXCR4, p-BTK and BTK expression at 6 
h, 12 h, 24 h, 48 h, and 72 h following SAH onset (n = 5/group). (D–E) Co-staining of Iba (green) and CXCR4 (red) or p-BTK (red) was showed in microglia at 24 h 
after SAH (n = 3/group, original magnification × 200). (F–H) Western blotting images exhibiting expression level of CXCR4, p-BTK and BTK in hemin-treated BV2 
cells in vitro (n = 5/group). (I–J) The level of CXCR4 and p-BTK detected by immunofluorescence staining in BV2 cells treated with hemin (n = 3/group, original 
magnification × 200). Data was represented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs sham group. 
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p–NF–κB p65/RelA-S536 (AP0124, Abclonal)，rabbit anti-IL-1β 
(A16288, Abclonal), rabbit anti-IL-18 (Ab191152, Abcam), rabbit anti- 
TNF-α (17590-1-AP, Proteintech), rabbit anti-iNOS (13120S, Abcam), 
mouse anti-Arg1 (66129-1-Ig, Proteintech), rabbit anti-CD206 (A8301, 
Abclonal), rabbit anti-NOX2 (A22149, Abclonal) and mouse anti- 
GAPDH (MAB45855, Bioswamp). After washing with TBST, mem
branes were incubated with horseradish peroxidase (HRP) -conjugated 
secondary antibodies (Goat anti-Mouse IgG, Goat anti-Rabbit IgG and 
Goat anti-Rat IgG) at room temperature for 1 h. Immunoreactivity was 
evaluated using an enhanced ECL kit (Biosharp). Immunolabeling was 
scanned with the chemiluminescence imaging system and data were 
normalized by GAPDH or albumin. 

2.18. Statistical analysis 

All results were analyzed by the GraphPad Prism software (version 
5.04) and were showed as the mean ± standard deviation (SD). Differ
ences between the two groups were evaluated by student’s t-tests. 
Multiple groups differences were assessed by one-way ANOVA analysis 
followed by Tukey’s post hoc test. Pearson’s correlation test was 
applicated to assess the correlation between CXCR4 and GSDMD, IL-1β, 
and mRS scores. The area under the ROC curve and the sensitivity and 
specificity of CXCR4 were evaluated. P < 0.05 was considered a statis
tically significant difference. 

3. Results 

3.1. The increased expression level of CXCR4 and p-BTK in the ipsilateral 
cortex in SAH mice and hemin-treated microglia 

To confirm the role of CXCR4 and p-BTK after SAH, we measured the 
protein levels of CXCR4, p-BTK and BTK in the ipsilateral cortex among 
groups after SAH. Western blotting showed that the levels of CXCR4 and 
p-BTK significantly increased at 24 h, but the expression of total BTK is 
not obvious difference (Fig. 1A–C). Double immunofluorescence label
ing of Iba with CXCR4 or p-BTK showed that the expression of CXCR4 or 
p-BTK in microglia was increased in SAH mice compared to sham mice 
(Fig. 1D and E). Similarly, western blotting showed that the expression 
level of CXCR4 and p-BTK was significantly enhanced at 24 h in BV2 
cells treated with hemin (Fig. 1F–H). Immunofluorescence also showed 
that the level of CXCR4 and p-BTK was significantly upregulated in 
hemin-treated BV2 cells (Fig. 1I and J). These results indicated that 
CXCR4 and p-BTK may be involved in microglia activation after SAH. To 
further verify the role of microglia in SAH, we extracted and purified 
primary microglia from young C57BL6/J mice. CD11b was used to 
identify the purity of microglia, and the purity of cells was greater than 
95% (Supplemental Fig. 3A). Western blot and immunofluorescence 
were also used to detect the expression of CXCR4 and p-BTK (Supple
mental Figs. 3B–E). The expression of CXCR4 and p-BTK was signifi
cantly increased in primary microglia after hemin treatment, and the 
trend was similar to that of BV2 cells. 

3.2. BTK phosphorylation inhibition attenuated neurological impairment, 
lipid peroxidation and neuroinflammation in SAH mice 

Ibrutinib, a specific inhibitor of BTK phosphorylation, was admin
istrated to evaluate the role of p-BTK in EBI following SAH. The SAH 
grading score between the SAH and SAH + ibrutinib groups showed no 
statistical difference (Fig. 2A and B). Of the total 381 mice used, 268 
mice underwent SAH induction of which 71 (26.49%) rats died after 
SAH (Supplemental Fig. 2A). The neurological scores of modified Garcia 
and beam balance were significantly reduced at 24 h after SAH in the 
SAH + vehicle and SAH + Ibru (1 mg/kg) groups. However, adminis
tration of ibrutinib (20 mg/kg) significantly improved the neurological 
deficits (Fig. 2C and D). Based on these results, the optimal dose of 
ibrutinib was 20 mg/kg, which was used for the rest of the experiments. 

These results showed significant neurological impairments in SAH mice, 
while ibrutinib (20 mg/kg) treatment significantly improved neurolog
ical performance at 24 h after SAH. Both the sham and ibrutinib groups 
had 100% survival within seven days. However, post-SAH mice showed 
30% survival (4 of 10 mice survived) by day 7. The survival curve dis
played a significant improved survival rate in the SAH + ibrutinib (20 
mg/kg) groups (8 of 10 mice survived) (Fig. 2E). The water content of 
the left and right hemispheres of the brain increased significantly after 
SAH, and ibrutinib could significantly reduce cerebral edema (Fig. 2F). 
Moreover, SAH injury significantly increased MDA levels and decreased 
the activity of SOD and GSH-Px, and ibrutinib could reduce MDA levels 
and increase the activity of SOD and GSH-Px in SAH mice (Fig. 2G–I). 
Western blot results showed that the expression of NOX2, p-P65, IL-1β, 
IL-18 and TNF-α was significantly increased in the SAH group, whereas 
ibrutinib administration inhibited NOX2, p-P65, IL-1β, IL-18, and TNF-α 
expression (Fig. 2J-O). 

3.3. BTK phosphorylation inhibition reduced BBB permeability and 
neuron injury in SAH mice 

BBB permeability was measured by Evans blue dying and the levels 
of tight junction proteins, including occludin and ZO-1. Decreased 
expression of occludin and ZO-1 was found in the ipsilateral cortex of 
SAH mice, and ibrutinib significantly reduced the disruption of occludin 
and ZO-1 (Fig. 3A–C). Furthermore, EB extravasation was remarkable 
increased in the SAH + vehicle group, whereas ibrutinib significantly 
decreased EB dye leakage in both hemispheres compared to the SAH +
vehicle group at 24 h after SAH (Fig. 3D). Representative images showed 
the extravasation of the EB dye at 24 h after SAH (Supplemental Fig. 2B). 
The cerebral structure of the hippocampus in SAH group revealed 
obvious tissue damage and a significantly reduction in the number of 
Nissl positive cells, treatment with ibrutinib ameliorated histological 
injury and neuron damage compared to the SAH group at 24 h after SAH 
(Fig. 3E and F). In addition, to clarify the neuroprotection of ibrutinib, 
TUNEL staining showed significant neuronal death in the cortex after 
SAH, and ibrutinib treatment can reduce the number of neuron death at 
24 h after SAH (Fig. 3G and H). 

3.4. BTK phosphorylation inhibition suppressed inflammation in hemin- 
treated BV2 cells in vitro 

BV2 cells were treated with different concentrations of ibrutinib to 
confirm the effect of BTK on them. CCK-8 kits were used to detect cell 
viability of BV2 cells treated with ibrutinib for 24 h (Fig. 4A). The results 
found that ibrutinib significantly increased BV2 cell viability in a con
centration dependent manner with an optimum treatment concentration 
of 10uM. Dead/live assay also implicated that ibrutinib can relieve 
hemin-induced BV2 injury in vitro (Fig. 4B). Western blotting was used 
to evaluated the inflammation level of BV2 cells. The data revealed that 
hemin treatment significantly upregulated the expression of NOX2, p- 
P65, IL-1β, IL-18, and TNF-α in BV2 cells, and this increase was signif
icantly inhibited by ibrutinib treatment (Fig. 4C–H). CD206, iNOS and 
Arg1 expression was analyzed by western blotting and immunofluores
cence to investigate further the effect of ibrutinib on BV2 cell subtypes 
(Fig. 4I-M). The results demonstrated that hemin-treated BV2 cells trend 
to polarize towards the M1 phenotype with the upregulation of p-P65, 
IL-1β, TNF-α and iNOS, whereas ibrutinib can promote M2 polarization 
with the upregulation of Arg1 and CD206 and the downregulation of p- 
P65, IL-1β, TNF-α and iNOS. To further explore the effect of Ibrutinib on 
microglial polarization, we again performed experiments using primary 
microglial cells. The results of western blotting showed that the ex
pressions of p-P65, iNOS, TNF and IL-1β were significantly increased 
after hemin treatment of primary microglia, showing M1 polarization. 
After treatment with Ibrutinib, the expression of p-P65, iNOS, TNF and 
IL-1β was significantly decreased, while Arg1 and CD206 expression was 
significantly increased, which was manifested as M2 polarization 
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Fig. 2. Ibrutinib reduced neurological impairment，lipid peroxidation and inflammation at 24 h after SAH in mice (A) Schematic diagram of SAH. (B) SAH grading 
score of each group (n = 10/group). (C–D) Bars show changes in modified Garcia score and balance beam score in SAH mice after administration of different drug 
concentrations (n = 10/group). (E) Survival curve of each group (n = 10/group). (F) Bar graphs showed cerebral edema in the left hemisphere, right hemisphere and 
cerebellum at 24 h after SAH (n = 5/group). (G–I) Bar graphs showed the levels of MDA, SOD and GSH-Px in the ipsilateral cortex at 24 h after SAH (n = 5/group). 
(J–O) Western blotting images and quantitative data of relative expression level of NOX2, p-P65, P65, IL-1β, IL-18 and TNF-α in the ipsilateral cortex after SAH (n =
5/group). Data was represented as mean ± SD. * mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs sham group. 
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(Supplemental Figs. 4A–G). Immunofluorescence of Arg1-iNOS in pri
mary microglia further verified our conclusion (Supplemental Fig. 4H). 
These results further showed the tendency of M1 polarization after 
hemin treatment and Ibrutinib promoted the tendency of M1 to M2 
polarization of primary microglial cells after hemin treatment. 

3.5. BTK phosphorylation inhibition ameliorated pyroptosis and lipid 
peroxidation in hemin-treated BV2 cells in vitro 

To further confirm the mechanism of neuroinflammatory inhibition, 
COIP was applied to identify the interaction of p-BTK and NLRP3, and 
the results found that p-BTK is directly related to NLRP3, which indi
cated p-BTK can regulate NLRP3 inflammasome activation (Fig. 5A and 

Fig. 3. Ibrutinib reduced BBB damage and neuron injury at 24 h after SAH in mice (A–C) Western blotting images and quantitative data of relative expression level of 
ZO-1 and occludin in the ipsilateral cortex after SAH (n = 5/group). (D) Bar graphs showed the content of the Evans blue in the left and right hemispheres (n = 5/ 
group). (E–F) Histopathological changes detected by Nissl’s staining in CA1 of the hippocampus (original magnification × 200) (n = 5/group). (G–H) TUNEL staining 
and bar graph showed the level of neuron death tested by TUNEL assay in the ipsilateral cortex at 24 h after SAH (n = 5/group, original magnification × 200). Data 
was represented as mean ± SD. * mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs sham group. 
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Fig. 4. Ibrutinib reduced inflammation and microglial polarization in BV2 cells (A) The viability of BV2 treated with different concentration of ibrutinib for 24 h was 
tested by CCK-8 assay in vitro (n = 6/group). (B) BV2 cells treated with hemin for 24 h were measured by Dead (red)/Live (green) assay in the presence and absence 
of ibrutinib (original magnification × 200). (C–H) Western blotting images and quantitative data of relative expression level of NOX2, p-P65, P65, IL-1β, IL-18 and 
TNF-α in hemin-treated BV2 cells (n = 5/group). (I–L) Western blotting images and quantitative data of relative expression level of CD206, Arg1 and iNOS in BV2 
treated with hemin (n = 5/group). (M) The levels of iNOS and Arg1 detected by immunofluorescence staining in hemin-treated BV2 cells (original magnification ×
400). Data was represented as mean ± SD. * mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs vehicle group. 
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Fig. 5. Ibrutinib attenuated NLRP3-mediated pyroptosis and lipid peroxidation in hemin-treated BV2 cells in vitro (A–B) The interaction of p-BTK and NLRP3 tested 
by COIP in hemin-treated BV2 cells. (C–H) Western blotting images and quantitative data of relative expression level of p-BTK, BTK, NLRP3, ASC, caspase-1, and 
GSDMD-N in BV2 treated with hemin (n = 5/group). (I) The level of GSDMD-N detected by immunofluorescence staining in BV2 cells treated with hemin (original 
magnification × 400). (J) The activity of SOD in BV2 cells treated with hemin (n = 5/group). (K) Representative images of ROS expression detected by immuno
fluorescence in BV2 cells treated with hemin (original magnification × 200). (L) Quantitative analyses of the number of DCFH-DA-positive cells (n = 5/group). Data 
was represented as mean ± SD. * mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs vehicle group. 
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B). To confirm role of BTK phosphorylation in pyroptosis, western 
blotting was used to detect pyroptosis-related proteins. The results 
revealed that ibrutinib could significantly reduce the expression level of 
p-BTK, NLRP3, ASC, caspase-1 and GSDMD-N in hemin-treated BV2 cells 
in vitro (Fig. 5C–H). Double immunofluorescence labeling of GSDMD-N 
and Iba demonstrated that the level of GSDMD-N was upregulated in 
hemin-treated BV2 cells in vitro compared to that in vehicle group, and 
ibrutinib significantly reduced the expression of GSDMD-N (Fig. 5I). 
Moreover, the results found that ibrutinib can significantly increase the 
activity of SOD and reduce ROS levels in hemin-treated BV2 cells in vitro 
(Fig. 5J-L). 

3.6. BTK phosphorylation inhibition reduced pyroptosis in SAH mice 

Western blotting also showed that SAH significantly upregulated the 
expression level of p-BTK, NLRP3, ASC, caspase-1 and GSDMD-N 
compared to sham mice, and these effects were suppressed by ibruti
nib treatment (Fig. 6A–F). Immumohistochemistry was used to detected 
the expression of NLRP3 in the ipsilateral cortex (Fig. 6G). The expres
sion of NLRP3 significantly increased in neuron and microglial cells in 
SAH group compared to the sham group. However, ibrutinib amelio
rated the upregulation of NLRP3 compared to the SAH group. These 
results indicated that inhibiting BTK phosphorylation can reduce 

pyroptosis by suppressing NLRP3 inflammasome formation in mouse. 

3.7. NLRP3 deficiency reduced neuroinflammation and pyroptosis in SAH 
mice 

NLRP3 knockout mice were used to investigate the role of NLRP3 in 
pyroptosis after SAH. Our results showed that higher Modified Garcia 
and lower brain water content in the left and right hemispheres were 
observed in NLRP3− /− SAH mice than in SAH mice at 24 h after SAH 
(Fig. 7A and B). Furthermore, NLRP3− /− SAH mice displayed the lower 
EB extravasation in the ipsilateral hemisphere compared with the SAH 
group (Fig. 7C). Representative images showed the extravasation of the 
EB dye at 24 h after SAH (Supplemental Fig. 2C). The expression of ZO-1 
and occludin was higher in the ipsilateral cortex of NLRP3− /− SAH mice 
than in SAH mice 24 h after SAH (Fig. 7D–F), which implicated that 
NLRP3 knockout can protect the integrity of the BBB. NLRP3 knockout 
significantly inhibited the increase of caspase-1, GSDMD-N, IL-1β and IL- 
18 in ipsilateral cortex after SAH (Fig. 7D, G-K). These results indicated 
that NLRP3 inflammasome plays a vital role in pyroptosis after SAH. 

Fig. 6. Ibrutinib ameliorated pyroptosis in the ipsilateral cortex after SAH by inhibiting the formation of NLRP3 inflammasome (A–F) Western blotting images and 
quantitative data of relative expression level of p-BTK, BTK, NLRP3, ASC, caspase-1, and GSDMD-N in SAH mice (n = 5/group). (G) Representative images of NLRP3 
expression detected by immunohistochemical staining in the ipsilateral cortex (original magnification × 400). Data was represented as mean ± SD. * mean P < 0.05, 
** mean P < 0.01, *** mean P < 0.001 vs sham group. 
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3.8. CXCR4 inhibition reduced NLRP3-mediated pyroptosis and lipid 
peroxidation in hemin-treated BV2 in vitro 

To further explore the role of CXCR4 in pyroptosis, CXCR4 inhibitor 
AMD3100 was applicated. When hemin-treated BV2 cells were treated 
with different concentrations, the results of CCK8 experiments showed 
that the optimum treatment concentration of AMD3100 is 10uM 
(Fig. 8A). Immunofluorescence displayed that AMD3100 could 

significantly reduce BTK phosphorylation in BV2 treated with hemin 
(Fig. 8B). Western blotting showed that AMD3100 significantly atten
uated the expression level of p-BTK, NLRP3, ASC, p-P65, GSDMD-N, IL- 
1β, IL-18 and NOX2 in BV2 treated with hemin (Fig. 8C–K). Moreover, 
the results found that AMD3100 can reduce ROS levels in hemin-treated 
BV2 cells in vitro (Fig. 8L-M). These results further indicated that CXCR4 
may regulate NF-κB activation, pyroptosis and oxidative stress by 
inhibiting BTK phosphorylation in BV2 cells. 

Fig. 7. NLRP3 deficiency attenuated BBB damage and pyroptosis in SAH mice (A) Bar graphs showed the change in mice performance measured by modified Garcia 
at 24 h after SAH in WT mice and NLRP3− /− mice (n = 10/group). (B) Bar graphs showed cerebral edema in the left and right hemisphere at 24 h after SAH in WT 
mice and NLRP3− /− mice (n = 5/group). (C) Bar graphs showed the content of the Evans blue in the left and right hemispheres in WT mice and NLRP3− /− mice (n =
5/group). (D–K) Western blotting images and quantitative data of expression level of ZO-1, occludin, NLRP3, caspase-1, GSDMD-N, IL-1β, and IL-18 in ipsilateral 
cortex after SAH (n = 5/group). Data was represented as mean ± SD. * mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs sham group. 
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Fig. 8. CXCR4 inhibition reduce NF-κB activation, NLRP3-mediated pyroptosis and oxidative stress in hemin-treated BV2 cells (A) The viability of BV2 cells treated 
with different concentration of AMD3100 for 24 h was tested by CCK-8 assay in vitro (n = 6/group). (B) Co-staining of Iba (green) and p-BTK (red) was showed in 
BV2 cells at 24 h after SAH (n = 3/group, original magnification × 200). (C–K) Western blotting images and quantitative data of relative expression level of p-BTK, 
BTK, p-P65, P65, NLRP3, ASC, GSDMD-N, IL-1β, IL-18 and NOX2 in hemin-treated BV2 cells (n = 6/group). (L) Representative images of ROS expression detected by 
immunofluorescence in BV2 cells treated with hemin or/and AMD3100 (original magnification × 200). (M) Quantitative analyses of the number of DCFH-DA- 
positive cells (n = 5/group). Data was represented as mean ± SD. * mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs vehicle group. 

C. Liu et al.                                                                                                                                                                                                                                      



Redox Biology 68 (2023) 102960

13

3.9. Inhibition of BTK phosphorylation can reverse CXCR4-aggravated 
BBB damage and inflammation in SAH mouse 

To further verify the relationship between BTK and CXCR4, lenti
virus OE-CXCR4 was injected by i.c.v to overexpressing CXCR4 in vivo. 
Western blotting showed that overexpression CXCR4 can further 

aggravate the destruction of ZO-1 and occludin and promote the 
expression levels of p-BTK, NLRP3, p-P65, GSDMD-N, IL-1β, IL-18 and 
NOX2 compare with the OE-NC group, while ibrutinib can significantly 
improve BBB disruption and abolish these increases on p-BTK, p-P65, 
NLRP3, GSDMD-N, NOX2 and inflammatory cytokines IL-1β and IL-18 
(Fig. 9A–K). 

Fig. 9. Ibrutinib can reverse CXCR4-aggravated BBB damage and inflammation in SAH mouse (A–K) Western blotting images and quantitative data of relative 
protein level of ZO-1, occludin, CXCR4, p-BTK, BTK, p-P65, P65, NLRP3, GSDMD-N, IL-1β, IL-18 and NOX2 (n = 5/group). Data was represented as mean ± SD. * 
mean P < 0.05, ** mean P < 0.01, *** mean P < 0.001 vs sham group. 
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3.10. The high correlation between CXCR4 and GSDMD, IL-1β levels and 
outcomes in human CSF 

To clarify the levels of CXCR4, pyroptosis-related protein (GSDMD) 
and inflammatory factors (IL-1β) in the CSF of patients with SAH, we 
performed ELISA testing on the CSF of patients with SAH (n = 30) and 
control (n = 10). The results showed that the levels of CXCR4, GSDMD 
and IL-1β were significantly increased in the SAH group compared to the 
control group (Fig. 10A–C). Pearson’s correlation coefficient was used to 
analyze the relationship between CXCR4 levels and GSDMD, IL-1β levels 
and mRS scores at 6 months after discharge. The results found that 
CXCR4 was positively correlated with GSDMD (r = 0.2067, P = 0.0116) 
(Fig. 10D), IL-1β (r = 0.3094, P < 0.001) (Fig. 10E), and mRS score (r =
0.3135, P < 0.01) (Fig. 10F). Moreover, the higher the mRS score was, 
the higher the level of CXCR4 found in the human CSF (Fig. 10G). 
Receiver operating characteristic (ROC) curve analysis showed that 

CXCR4 levels (AUC = 0.85, sensitivity = 90%, specificity = 65%, P =
0.0028) (Fig. 10H) after SAH had a moderate diagnostic value for out
comes at the 6-month follow-up. The cut-off value of CXCR4 was 1903 
pg/mL according to the ROC curve. 

4. Discussion 

This article investigated the role of CXCR4 and BTK phosphorylation 
in the pathogenesis of pyroptosis after SAH. Our results found that the 
expression of CXCR4 and p-BTK was up-regulated in microglia after 
SAH, both in vivo and in vitro. Pharmacological blockade of BTK phos
phorylation with ibrutinib can significantly attenuate neurological im
pairments, brain edema, BBB damage, lipid peroxidation and neuronal 
injury. Ibrutinib treatment reduced microglial pyroptosis and lipid 
peroxidation by inhibiting NLRP3 inflammasome, NF-κB activation and 
NOX2 expression. Moreover, the COIP experiment indicated the directly 

Fig. 10. The expression of CXCR4, GSDMD, and IL-1β in human CSF and the correlation between CXCR4 and GSDMD, IL-1β, and outcome. (A–C) The levels of 
CXCR4, GSDMD and IL-1β in human CSF were detected by ELISA assay in control (n = 10) and SAH (30) patients. (D–E) The linear-regression analysis showed the 
relationship between CXCR4 and GSDMD, IL-1β, and mRS scores. (F) ELISA assay for the CXCR4 protein in CSF from SAH patients with different mRS scores (0–3 vs 
4–5). (G–H) ROC showed that CXCR4 levels in human CSF after SAH have a moderate diagnostic value for outcome at 6-month follow-up. Data was represented as 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs control group. 
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interaction of p-BTK and NLRP3. NLRP3 deficiency exhibited signifi
cantly protective role in neurological function and BBB integrity, and 
inhibited pyroptosis and inflammation after SAH in mice. CXCR4 inhi
bition can also reduce NF-κB activation, NLRP3-mediated pyroptosis 
and lipid peroxidation. And ibrutinib can reverse CXCR4-aggravated 
BBB damage and inflammation. Clinical trial results also indicated 
that CXCR4 was high correlation with GSDMD, IL-1β levels and unfa
vorable outcomes in human CSF of SAH patients. These results showed 
that CXCR4-BTK axis can regulate NLRP3-mediated pyroptosis and lipid 
peroxidation after subarachnoid hemorrhage via the NF-κB pathway. 

The pathophysiology of SAH is complex, and a growing body of ev
idence implicated that the inflammatory response plays an important 
role in the pathogenesis of EBI following SAH [42,43]. Activated 
microglia play vital role in the inflammatory response [44]. Our results 
suggested that SAH mice developed remarkably inflammatory response 
with pronounced microglia activation and the release of inflammatory 
cytokines in ipsilateral cortex. Excessive innate immune responses 
contribute to BBB damage and neuronal injury after SAH. Therefore, 
reducing the inflammatory response after SAH is crucial for improving 
brain injury. Pyroptosis, as a gasdermin-induced programmed cell 
death, is characterized by the plasma membrane integrity disruption, 
which contributes to extracellular spilling of inflammatory cytokines 
[33,45]. The inflammasome is a cytosolic multiprotein complex that 
mediates inflammation and pyroptosis, which includes NLRP1 and 
NLRP3 [46,47]. The NLRP3 inflammasome activates caspase-1 to 
mediate GSDMD-dependent pyroptosis, and facilitate to cleave 
pro-IL-18 and pro-IL-1β for generating the mature cytokines. A growing 
number of literatures suggested that inhibition of NLRP3 inflammasome 
reduces brain injury after SAH [48,49]. GSDMD is the essential pyrop
tosis mediator, and its N-terminal fragment of GSDMD can oligomerize 
and bind to the plasma membrane for pyroptotic pore formation 
[50–53]. Our study found increased levels of GSDMD and IL-1β in CSF of 
SAH patients. And the expression level of GSDMD-N, IL-1β and IL-18 was 
also elevated in ipsilateral hemisphere of SAH mice and hemin-treated 
BV2 cells. Inhibition BTK phosphorylation by ibrutinib significantly 
suppressed microglial pyroptosis and the secretion of IL-1β and IL-18 
both in vivo and in vitro, suggesting that p-BTK regulates microglial 
pyroptosis following SAH. Moreover, our results demonstrated that 
p-BTK binds directly to NLRP3 in BV2 cells. Recent research also sug
gested that BTK can directly regulate NLRP3 phosphorylation, thereby 
affecting the formation of NLRP3 inflammasome [18,54]. NLRP3 defi
ciency could attenuate neurological impairment, cerebral edema, BBB 
disruption and inflammatory response in SAH mice. The results sug
gested that p-BTK can directly bind NLRP3 and regulated 
NLRP3-mediated pyroptosis after SAH. 

Increasing evidence suggested that BTK presented in myeloid cells, 
including microglia, is a key regulator of the innate immune system 
[14]. BTK inhibition significantly inhibits the degradation of IκBα, de
creases the nuclear accumulation of p–NF–κB, and downstream the 
expression of inflammation cytokines [55–57]. NF-κB can regulate the 
expression of NLRP3 protein and the mRNA level of IL-1β and IL-18 
[58]. Attenuation of the NF-κB-activated NOD-like receptor signaling 
pathway inhibited the cytoplasmic secretion of IL-18 and IL-1β and 
decreased the expression of pyroptosis markers (NLRP3, GSDMD, and 
caspase-1) [59]. In addition, microglia M1/M2 polarization was acti
vated by the TLR4-mediated NF-κB signaling pathway [60]. Inhibiting 
the nuclear entry of NF-κB can regulate the microglia polarization 
equilibrium, and promote M2 polarization after treatment with LPS 
[61]. BTK can trigger the expression and release of pro-inflammatory 
cytokines in macrophages and neutrophils. BTK inhibition attenuates 
the inflammatory response in a variety of diseases, including arthritis, 
pneumonia and sepsis [13,62,63]. Our results also showed that p-BTK 
was significantly upregulated in microglia after SAH. Inhibition of BTK 
phosphorylation with ibrutinib reduced the release of inflammatory 
cytokines, prevented neurological impairment, damage of tight junction 
proteins, lipid peroxidation and neuronal injury, and significantly 

improved 7-day survival after SAH. BTK phosphorylation inhibition can 
significantly attenuate the level of p–NF–κB and promote the transition 
of M1-polarized microglia to M2 in vitro after hemin treatment. These 
results implicated that BTK phosphorylation can promote inflammatory 
response after SAH by regulating the NF-κB pathway. In addition, our 
results showed that BTK phosphorylation inhibition reduced the level of 
lipid peroxidation after SAH in vitro and vivo. To further explore the role 
of BTK in regulating lipid peroxidation, we found that BTK phosphory
lation inhibition reduced NOX2 expression. NOX2, an NADPH oxidase, 
is widely expressed in the brain and plays an important role in ROS 
generation [64,65]. It has been reported that NF-κB activation can 
promote lipid peroxidation by promoting NOX2 expression in 
high-fat-diet-fed mice [66]. Therefore, BTK phosphorylation may regu
late ROS generation by promoting NOX2 expression through NF-κB 
activation. Other literatures have reported that NOX2-induced ROS also 
regulates inflammation by activating NF-KB [67,68]. Therefore, BTK 
may be an important target for regulating inflammation and lipid 
peroxidation. 

CXCR4, as one of the G protein-coupled receptor, is critical for ho
meostasis of the adaptive and innate immune system in CNS diseases, 
such as intracerebral hemorrhage [24], ischemic stroke [69], Alz
heimer’s disease [70], Parkinson’s disease [71], and traumatic brain 
injury [26]. However, the role of CXCR4 in stroke is controversial. Some 
studies have found that blocking CXCR4 can reduce macrophage infil
tration, microglia activation and inflammatory response in acute cere
bral ischemia, while CXCR4 knockout reduces inflammatory cell 
clearance and vascular growth, which is not conducive to long-term 
prognosis in mice [72,73]. Previous studies have also showed that 
CXCR4 can participate in the process of pyroptosis [74]. Nevertheless, 
how CXCR4 affects pyroptosis in acute brain injury is unclear. In the 
present study, our results found that the expression of CXCR4 increased 
significantly at 24 h after SAH in vivo and in vitro. AMD3100 can also 
inhibit NLRP3-mediated pyroptosis, NF-κB activation and NOX2 
expression in vitro, and ibrutinib can abolish CXCR4-aggravated 
pyroptosis and lipid peroxidation in EBI after SAH. These results indi
cated that CXCR4 can mediate NLRP3-related pyroptosis and NF-κB 
activation by regulating BTK phosphorylation. In addition, the levels of 
CXCR4, GSDMD and IL-1β in human CSF was tested by ELISA kits. The 
results indicated that the level of CXCR4 in CSF of SAH patients is 
significantly increased, and it is positively correlated with GSDMD and 
IL-1β levels, and have a moderate diagnostic value for outcome at 
6-month follow-up. Above results revealed that CXCR4 plays an 
important role in the inflammatory process, and inhibition of 
CXCR4-BTK axis can effectively reduce neuroinflammation, pyroptosis 
and lipid peroxidation in EBI after SAH. Interestingly, long-term 
administration of AMD3100 has been shown to reduce immune cell 
entry and immune cell activation after cerebral ischemia, but also 
reduce microvessel formation [72]. Therefore, long-term use of 
AMD3100 in the treatment of brain injury requires caution. 

Nevertheless, there are some limitations in this study. First, we 
focused on the role of CXCR4-BTK axis in microglia after SAH. However, 
with the infiltration and action of various immune cells after SAH, the 
role of CXCR4-p-BTK axis in other immune cells needs to be further 
investigated. Second, to further clarify the role of NLRP3 in pyroptosis 
after SAH, NLRP3 knockout mice were used to verify its effects on 
neurological function and pyroptosis pathway. Microglia-specific 
NLRP3 knockout mice may be a better choice. Nevertheless, due to 
the limitation of experimental conditions, we will explore this in future 
studies. 

In this study, we found the effect of CXCR4 and P-BTK on NLRP3- 
mediated pyroptosis in vivo and in vitro, and the potential diagnostic 
role of CXCR4 in CSF of SAH patients. Inhibition of CXCR4-BTK axis can 
significantly attenuate neuroinflammation and lipid peroxidation by 
regulating NLRP3-mediated pyroptosis and NF-κB activation in EBI after 
SAH. Therefore, CXCR4-BTK might provide a promising treatment 
strategy for neuroinflammation and lipid peroxidation in SAH patients. 
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