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Abstract  The nod-like receptor family pyrin domain con-
taining 3 (NLRP3) inflammasome plays a crucial role in 
the prognosis of subarachnoid hemorrhage (SAH). WNK1 
kinase negatively regulates NLRP3 in various inflamma-
tory conditions, but its role in early brain injury (EBI) after 
SAH remains unclear. In this study, we used an in vivo 
SAH model in rats/mice and AAV-WNK1 intraventricular 
injection to investigate its neuroprotective mechanisms. 
WNK1 expression was significantly reduced in SAH patient 
blood and SAH model brain tissue, correlating negatively 
with microglial activation. AAV-WNK1 alleviated brain 
edema, neuronal necrosis, behavioral deficits, and inflam-
mation by inhibiting NLRP3 inflammasome activation. 

In hemin-stimulated BV-2 cells, WNK1 overexpression 
reduced NLRP3 activation and inflammatory cytokines. 
Chloride counteracted WNK1’s inhibitory effects, and 
WNK1 suppressed P2X7R-induced NLRP3 activation. 
Mechanistically, WNK1 functioned via the OXSR1/STK39 
pathway. These findings highlight WNK1 as a key regula-
tor of intracellular chloride balance and neuroinflammation, 
presenting a potential therapeutic target for SAH treatment.

Keywords  WNK1 · Subarachnoid hemorrhage · 
Chloride · NLRP3 inflammasome · Neuroinflammation · 
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Introduction

Subarachnoid hemorrhage (SAH), which is caused primarily 
by the rupture of intracranial aneurysms, has high mortality 
and morbidity rates, affects younger populations, and results 
in significant societal losses [1]. Epidemiological studies 
indicate that one-third of SAH patients die within 24–72 h 
[2, 3]. Early brain injury (EBI) is the primary cause of death 
and delayed neurological damage following SAH [2, 4]. One 
crucial pathological process of EBI is neuroinflammation-
induced post-SAH [5, 6], which can lead to life-threatening 
complications, such as vasospasm, chronic hydrocephalus, 
epileptic seizures, delayed cerebral ischemia, and systemic 
or localized infections. Thus, targeting neuroinflammation 
could alleviate EBI and effectively improve neurological 
outcomes post-SAH.

Microglia, key innate immune cells, play a vital role 
after SAH [7] and can be activated by neurotoxic factors 
[8]. Numerous studies have reported that during SAH, acti-
vated microglia initially develop into the classical M1 phe-
notype before transitioning to the M2 phenotype [9, 10]. The 
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NLRP3 (NLR family pyrin domain containing 3) inflam-
masome regulates microglial activation to modulate inflam-
matory responses [11]. SAH activates nuclear factor kappa 
B (NF-κB), promoting the translocation of the p65 subunit 
into the nucleus and increasing the protein levels of down-
stream proinflammatory cytokines (IL-1β, IL-6, TNF-α) and 
NLRP3. These effects collectively exacerbate the neurologi-
cal deficits post-SAH [12]. Inhibiting the NLRP3 inflammas-
ome can relieve neurological deficits and improve post-SAH 
neurobehavioural outcomes [13]. Therefore, understanding 
the activation mechanisms of the NLRP3 inflammasome in 
SAH is crucial for its prevention and treatment.

Adenosine triphosphate (ATP), a typical damaging mol-
ecule, is released from damaged neurons after injury and 
rapidly attracts microglia to the damaged area, thus promot-
ing an inflammatory response that may exacerbate second-
ary brain injury after SAH [14]. P2X7R, an ATP-dependent 
gated ion channel, is sensitive to changes in the extracel-
lular ATP concentration, with high extracellular ATP levels 
inducing the opening of the channel, leading to intracellular 
K+ efflux [15]. This change in intracellular and extracellular 
K+ concentrations induces NEK7 binding with NLRP3, thus 
promoting NLRP3 oligomerization. These effects induce 
the assembly of NLRP3-ASC-procaspase-1, inflammas-
ome activation, caspase-1 activation, and increased release 
of the proinflammatory cytokine IL-1β [16–18]. Studies 
have shown that WNK1 senses a reduction in intracellular 
Cl− and undergoes autophosphorylation. WNK1 phospho-
rylation mediates the phosphorylation of its downstream 
targets STK39/OXSR1 [19, 20], which then activate the 
cation-Cl− cotransporter to restore the ion concentration and 
inhibit further Cl− efflux [21, 22]. The restoration of nor-
mal intracellular Cl− concentration further inhibits NLRP3 
inflammasome activation [23].

This study aimed to explore how WNK1 regulates 
NLRP3 inflammasome activation after SAH. Results showed 
that SAH induces low expression of WNK1, and WNK1 
inhibits neurological deficits and neuroinflammation in EBI 
after SAH. Mechanistically, WNK1 inhibits P2X7R-induced 
NLRP3 inflammasome activation by sensing the reduction 
of intracellular chloride ions and activating the OXSR1/
STK39 pathway. The identified targets will improve the 
prognosis of SAH patients.

Materials and Methods

Ethical Approval

All animal experiments in this study have been approved 
by the Jiangsu Ocean Animal Ethics Committee (No. 
JOUH23010) with the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals. All 

patients’ blood assays were approved by the Lianyungang 
First People’s Hospital Medical Ethics Committee (Approval 
No.: KY-20231106003-02).

SAH Patients and Blood Samples

This study was approved by the Medical Ethics Commit-
tee of Lianyungang First People’s Hospital (Approval No. 
KY-20231106003-02), and informed consent was given 
by all participants or their legal representatives. The study 
included 16 patients admitted to Lianyungang First People’s 
Hospital within 3 days of SAH onset from May 2023 to May 
2024.

The inclusion criteria for SAH patients were as follows: 
(1) SAH confirmed by head CT; (2) anterior circulation sin-
gle aneurysm rupture verified by brain CTA and digital sub-
traction angiography; (3) time from onset to hospital admis-
sion ≤8 h; (4) age between 18 and 75 years; (5) expected 
hospital treatment duration of >3 days, with samples col-
lected within 3 days post-SAH; and (6) consent from the 
patient’s close relatives.

The exclusion criteria were as follows: (1) SAH not origi-
nating from an aneurysm; (2) a history of stroke-causing 
neurological deficits such as limb or speech impairments; 
(3) a history of brain tumors; (4) a history of hematological 
diseases, such as thrombocytopenia; (5) a recent history of 
severe infectious diseases; (6) severe liver or kidney dys-
function; (7) pregnancy; and (8) life expectancy less than 1 
year due to causes other than the current SAH. All patients 
received standard medical care during their hospital stay. In 
addition, there were no requirements regarding the patient’s 
sex, ethnicity, or treatment method.

Ten samples were collected as controls, with the fol-
lowing inclusion criteria: (1) aged 18–75 years; (2) healthy 
volunteers; and (3) consent signed by the subject or their 
close relatives. After 3–5 mL of blood was collected via a 
vacuum blood collection tube, the blood cells were collected 
for subsequent analysis.

GEO Analysis of WNK1 Expression Changes in SAH 
Mice

Preprocessed RNA-seq transcriptome data from the hip-
pocampi of SAH and control group Mus musculus were col-
lected from the Gene Expression Omnibus (GEO) database 
(GSE167110). Differential RNA-seq transcriptome datasets 
between the two groups were compared and analyzed to con-
struct a list of differentially expressed genes (DEGs) via R 
Studio. A P value <0.05 and |fold-change (FC)| <1 are used 
as thresholds for analysis, and differences in WNK1 expres-
sion levels between the two datasets were calculated.
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Animals

Male Sprague-Dawley rats (280 ± 30 g) and BALB/c mice 
(25–27 g) were purchased from Yangzhou University Exper-
imental Animal Center. The animals were acclimatized for 
one week at 20–25°C and 50–70% humidity and were given 
frequent access to water and food.

SAH Rat Model Construction

The rats (n = 165) were assigned to 6 groups: a sham sur-
gery group (n = 15) and five internal carotid artery puncture 
SAH groups at various time points within 48 h (n = 30/
group). After anesthesia, the rats were placed in a supine 
position, and the neck skin was incised to separate the 
common carotid artery, external carotid artery, and inter-
nal carotid artery. A filament (Beijing Xinong Technology 
Co., Ltd, 2626-20A2, Beijing, China) was inserted from the 
left external carotid artery into the internal carotid artery 
and advanced forwards until resistance was met to puncture 
the vessel. The external carotid artery was quickly ligated, 
and the wound was sutured. Sham surgery rats underwent a 
similar procedure without puncturing the vessel. Rats in the 
SAH groups were euthanized at various time points within 
48 h post-procedure to collect complete brain tissue. The 
brain tissue of the sham surgery group was collected 24 h 
post-procedure. No rats in the sham group died before eutha-
nasia. In the SAH groups, 6 rats died within 3 h, 7 rats died 
between 6 and 12 h, and 8 rats died within 24 h, with no 
deaths occurring after 24 h (Supplementary Fig. S1A).

Mice Adeno‑Associated Virus (AAV)‑WNK1 
Transfection

For WNK1 overexpression, pAAV-CX3CR1-WNK1-T2A-
ZsGreen virus (AAV-WNK1, 1.8e12 vg/mL) was packaged 
by HANBIO (Shanghai, China). After the mice were anes-
thetized, they were fixed onto a ZH-Blue Star C/S Digital 
Brain Stereotaxic Instrument (Anhui Zhenghua Biological 
Instrument Equipment Co., Ltd. Anhui, China). The medial 
prefrontal cortex region of the right lateral ventricle was 
injected with 1 μL of AAV-WNK1 at a rate of 0.1 μL/min for 
10 min (AP = + 1.78, ML = 0.30, DV = 2.65 mm). Equiva-
lent amounts of saline were injected into the control. SAH 
modelling was conducted 3 weeks after the AAV-WNK1 
injection. Each group contained 15 mice.

Neurological Scoring

Neurological functions were evaluated using the modified 
Garcia scoring system [24, 25]. This test includes six senso-
rimotor tasks: spontaneous activity, symmetry of limb move-
ments, forepaw stretching, climbing, proprioception, and 

response to vibrissal touch. Scores for each test range from 
0 to 3, with the total score (0–18) indicating the extent of 
neurological deficit. Specifically, higher scores represent less 
impairment. As shown in Supplementary Fig. S1B, sham 
rats displayed good neurological function, whereas longer 
durations post-SAH within 12 h correlated with more severe 
neurological deterioration.

Brain Water Content Measurement

The animals were euthanized at 24 h post-SAH, and their 
brains were weighed (wet weight). After drying at 80°C 
for 48 h, the dry weights of the brains were recorded. The 
water content was calculated as follows: (wet weight − dry 
weight)/wet weight × 100%.

H&E Staining

The cortical and hippocampal regions were fixed in a fixative 
solution at ten times their volume for 12 h. The paraffin-
embedded tissue was cut into 3–5 μm sections, dewaxed 
in xylene, dehydrated in gradient alcohol, and stained with 
H&E. Tissue morphology was observed blindly and assessed 
by pathologists for typical pathological changes.

Nissl Staining

After thorough dewaxing of the paraffin sections, 0.5% cre-
syl violet (Beyotime, Beijing, China) was applied to cover 
the entire sample, which was subsequently stained for 10 
min. The sections were differentiated in a 0.25% acetic acid 
ethanol solution for a few seconds, dehydrated in absolute 
ethanol, and cleared in xylene. Finally, the extent of neuronal 
damage was assessed under a microscope.

Cell Culture, Transfection, and Stimulation

BV-2 cells were cultured in DMEM, Cl−-free DMEM (145 
mmol/L NaGluconate, 5 mmol/L KGluconate), or DMEM 
with additional KCl (100 mmol/L) at 37°C and 5% CO2. All 
media were supplemented with 10% serum and 1% peni-
cillin‒streptomycin. BV-2 cells were incubated with hemin 
(51280, purity 96%, Sigma‒Aldrich, St. Louis, MO, USA) at 
concentrations within 800 μmol/L for 24 h [13]. Cell viabil-
ity and inflammation levels were measured using CCK-8 and 
NO assay kits at 450 nm and 540 nm, respectively.

Following the manufacturer’s instructions, Lipofectamine 
6000 reagent (C0526, Beyotime) was used to transfect BV-2 
cells with WNK1 plasmid (TFORF1892, 144315, Addgene, 
Watertown, MA, USA) and P2X7R (Pcmv-p2rx7 (mouse)-
HA, Miaoling, Shanghai, China). At 48 h post-transfection, 
the cells were stimulated with 200 μmol/L hemin for 24 h. 
The transfection efficiency was verified by Western blotting.
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ELISA

Blood was collected and centrifuged to separate the serum. 
The levels of the inflammatory cytokines IL-1β (88-6010A-
22, 88-7013-22, Invitrogen, Carlsbad, CA, USA), IL-6 (88-
50625-22, 88-7064-88, Invitrogen), and TNF-α (88-7340-
22, 88-7324-88, Invitrogen) and LDH release (A020-2-2, 
Nanjing Jiancheng) in the serum and BV-2 cell supernatant 
were measured using ELISA kits per the manufacturers’ 
instructions. Cytokine concentrations were calculated using 
each standard curve provided.

K+ and Cl− Measurements

Following the manufacturer’s protocol, potassium and chlo-
ride ion concentrations in BV-2 cells were determined via a 
K+ assay kit (C001-2-1, Nanjing Jiancheng, Nanjing, China) 
and a Cl− assay kit (C003-2-1, Nanjing Jiancheng). BV-2 
cells were resuspended in PBS. After counting, cells were 
centrifuged at 2000 rpm for 10 min to collect the pellet. 
Then, 0.3 mL of deionized water was added, the cells were 
sonicated in an ice bath, and the supernatant was collected. 
To each 10-μL aliquot of the supernatant, 250 μL of mercu-
ric thiocyanate reagent was added. The mixture was incu-
bated at 37°C for 2 min before the optical density (OD) value 
was measured at a wavelength of 505 nm. A standard curve 
was constructed using a Cl− standard solution to calculate 
the chloride ion content in the BV-2 cells. To determine 
the potassium ion content, 50 μL of the supernatant was 
removed. Then, 200 μL of NA-TPB (sodium tetraphenylbo-
rate) detection reagent working solution was added, and the 
mixture was allowed to react for 5 min. The OD was meas-
ured at 440 nm. A standard curve was constructed using a 
K+ standard solution to calculate the potassium ion content 
in the BV-2 cells.

Immunofluorescence

The brain sections were permeabilized in 0.2% Triton X-100, 
and were reacted with anti-WNK1 (K003426P, 1:200, Sola-
bio, Beijing), anti-Iba1 (GB12105-100, 1:2000, Servicebio, 
Nanjing), anti-CD86 (WL05184, 1:500, Wanlei, Shenyang, 
China), anti-CD206 (WL06177, 1:500, Wanlei), and anti-
ASC (WL02462, 1:200, Wanlei) antibodies overnight. CY3-
conjugated goat anti-rabbit IgG (SA00009-2, 1:100, Protein-
tech, Wuhan, China) or FITC-conjugated goat anti-mouse 
or rabbit IgG (SA00003-1, SA00003-2, 1:500, Proteintech, 
Wuhan) was used to detect the primary antibodies after incu-
bation for 1 h at 37°C in the dark. Nuclei were stained with 
DAPI (2 μg/mL) at room temperature for 5 min. WNK1 and 
IBA1 localization and ASC oligomerization were observed 
under a confocal microscope.

For the ASC oligomerization analysis, the negative ASC 
signal was a diffuse red signal, whereas the activated ASC 
(ASC speck) was in a spot-like aggregation in the brain tis-
sue or cell. The percentage of ASC specks was calculated 
as ASC spot-like aggregation cell number/total cell number 
× 100%.

Immunohistochemistry

In accordance with the instructions of the M&R HRP/DAB 
detection IHC kit (HC301, Vazyme, Nanjing), after dewax-
ing, the cerebral cortex or hippocampus tissue sections were 
subjected to antigen retrieval and blocking of endogenous 
peroxidases, followed by incubation with WNK1 antibody 
(K114216P; 1:50, Solabio) overnight. HRP-conjugated poly-
mers were incubated at 37°C for 20 min. The sections were 
then stained with DAB solution, counterstained with hema-
toxylin, and mounted with glycerol. WNK1 protein expres-
sion levels in the rat cerebral cortex or hippocampus were 
blindly evaluated under an optical microscope.

RT‑qPCR

RNA was extracted from samples of the cerebral cortex, hip-
pocampus, and BV-2 cells via RNA isolation reagent (R401-
01, Vazyme). Genomic DNA contamination was removed, 
and cDNA was synthesized via RTIII Mix (RN05010, 
Monad, Wuhan). RT‒qPCR was applied via 10-fold dilu-
tion of the cDNA and SYBR Green qPCR mix (RN04004, 
Monad) with specific primers to amplify target genes. The 
mRNA content was calculated using the 2−ΔΔCT method. 
The primer sequences are provided in Table S1 [26].

Western blotting

Proteins from brain tissues or cells were prepared using 
RIPA buffer containing PMSF according to the manufac-
turer’s instructions. Blood samples did not require pretreat-
ment. Proteins from the BV-2 supernatant were extracted 
with chloroform and methanol and dissolved in 1% SDS 
buffer. Protein was subsequently quantified using a BCA 
kit. Proteins (20 μg) were separated via electrophoresis 
and transferred to a PVDF membrane. The membrane was 
reacted with caspase-1 (AG-20B-0042-C100, 1:1000, Adi-
pogen), P2X7R (A10511, 1:500, ABclonal, Wuhan), NLRP3 
(A24294, 1:1000, ABclonal), IL-1β (A16288, 1:1000, 
ABclonal), WNK1 (K003426P, 1:1000, Solabio), GAPDH 
(81640-5-RR, 1:5000, Sangon Biotech, Shanghai), beta 
actin (20536-1-AP, 1:5000, Proteintech), HRP-conjugated 
goat anti-rabbit (BA1054, 1:5000, Boster, Wuhan) and goat 
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anti-mouse (BA1075, 1:5000, Boster) antibodies. The mem-
brane was developed via an enhanced chemiluminescence 
solution (E422-01, Vazyme) and imaged via a multifunc-
tional hypersensitive imaging system.

Open Field Test

The animals were gently placed in the experimental box and 
allowed to explore freely for 5 min. The box was cleaned 
with 70% ethanol between each experiment. Locomotor 
activity was measured based on distance traveled and speed 
to assess spontaneous mobility [27].

Water Maze Test

Navigation tests were conducted for the first three days, fol-
lowed by a platform recognition test on the fourth day. The 
animals were released from designated points in the pool 
facing the wall, and their escape latency (time taken to find 
the fixed platform) was recorded. If they failed to find the 
platform within 60 s, they were guided to the platform. On 
the fourth day, the time and speed at which the platform was 
located were recorded [27].

Elevated Plus Maze

The animals were gently placed in a closed arm and allowed 
to explore freely for 5 min. Their movements in the closed 
arms, open arms, and center area were recorded using video 
equipment to measure the distance traveled and speed [28].

Statistical Analysis

The data were confirmed to be normally distributed via 
normality tests with GraphPad Prism 9 software via the 
Shapiro‒Wilk test, processed via one- or two-way ANOVA 
or unpaired t-test for plotting, and expressed as the mean 
± SEM. All the data were subjected to Tukey’s post hoc 
analysis. Each result was repeated in three or six separate 
experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, ns, 
no significant difference.

Results

Low WNK1 Expression in SAH

WNK1 is a serine/threonine protein kinase. It has been 
reported that WNK1 exerts neuroprotective effects by regu-
lating neuroinflammatory responses, influencing the central 
nervous system. Especially, blood WNK1 plays an important 
role in regulating blood pressure and ion homeostasis In 
clinically collected blood cells from SAH patients, WNK1 

protein levels were lower than those in control blood cells 
(Fig. 1A). Volcano plot analysis of the SAH mouse dataset 
GSE167110 from the GEO database revealed the downregu-
lation of WNK1 transcription levels (Fig. 1B). Subsequently, 
we established an SAH rat model and a sham control group 
model. Western blotting revealed high WNK1 expression 
in the cortical regions of rats from the sham group, whereas 
WNK1 expression was suppressed from 3–12 h post-SAH, 
with levels recovering after 24 h (Fig. 1C). The immunohis-
tochemistry results for WNK1 in the cortex and hippocam-
pus of the rats at 12 h post-SAH also revealed a similar trend 
(Fig. 1D, E). In addition, we utilized immunofluorescence 
to detect WNK1 fluorescence signals. In the cortex of sham 
group rats, Iba1 was expressed at low levels, whereas WNK1 
was highly expressed. In contrast, 12 h after SAH, the green 
fluorescence signal intensity of Iba1 increased, whereas 
the red fluorescence signal intensity of WNK1 decreased 
(Fig. 1F, G). Furthermore, we used hemin to induce dam-
age in BV-2 cells to establish an in vitro SAH model. BV-2 
cells were exposed to various hemin concentrations (25–800 
μmol/L) for 24 h. Cell viability and inflammation levels were 
assessed via the CCK8 assay, and NO content measurements 
were made (Supplementary Fig. S2A, B). Hemin increased 
inflammation and cell death with increasing concentrations. 
An in vitro SAH model was subsequently constructed using 
200 μmol/L hemin. The in vitro and in vivo results were con-
sistent (Fig. 1H, I). These data indicate that WNK1 expres-
sion is suppressed after SAH.

WNK1 Inhibits Neurological Deficits 
and Neuroinflammation Induced by SAH

To further study the function of WNK1 in SAH, we uti-
lized adenoviral vectors carrying WNK1 for overexpres-
sion in mice (Supplementary Fig. S3A, B). Initially, full-
brain images showed that mice injected with AAV-WNK1 
and then subjected to SAH surgery presented significantly 
reduced brain hemorrhage (Fig. 2A). At 24 h post-SAH, the 
brain water content was significantly greater than that in 
the sham group; however, the brain water content of SAH 
model mice injected with AAV-WNK1 was significantly dif-
ferent from that of SAH model mice (Fig. 2B). Nissl staining 
revealed that SAH mice presented structural damage to the 
hippocampus and a significant reduction in the number of 
cortical neurons compared with sham mice, whereas SAH 
mice overexpressing WNK1 presented a restored hippocam-
pal structure and an increased number of cortical neurons 
(Fig. 2C). To assess the extent of neurological dysfunction, 
open field, water maze, and elevated plus maze tests were 
also conducted on the sham, SAH, and SAH+AAV-WNK1 
groups. Initially, in the open field test, all three groups of 
mice displayed normal spontaneous activity behaviors, with 
no significant differences in total distance moved (Fig. 2D, 
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Fig. 1   Low expression of WNK1 in SAH. A Expression of WNK1 
in blood cells of SAH patients and controls. B Volcano plot of DEGs 
in the hippocampus of SAH and sham mice from the GSE167110 
dataset. C Western blots of WNK1 protein levels in the rat cerebral 
cortex at different time points post-SAH. D, E Immunohistochemi-
cal detection of WNK1 protein expression and statistical analysis 
of the WNK1-positive ratio in the left hemisphere (cortex and hip-
pocampus) of rats 12 h post-SAH (n = 3). Scale bar, 100 µm. F, G 

Immunofluorescence detection of WNK1 (red) and Iba1 (green) fluo-
rescence signals in the rat cortex (n = 3). White arrow, the co-loca-
tion of WNK1 and Iba1. Scale bar, 20 µm. H, I Immunofluorescence 
detection of WNK1 (green) fluorescence signals in BV-2 stimulated 
by hemin (n = 3). Scale bar, 50 µm. Data are presented as the mean 
± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, two-way ANOVA 
with Tukey’s post hoc analysis (E, G) or unpaired t-test (I).
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Fig. 2   Overexpression of 
WNK1 Alleviates Brain Injury 
Post-SAH. A Whole brain 
images of mice. Scale bar, 20 
µm. B Brain water content of 
mice (n = 6). C Nissl stain-
ing of the mouse cortex, CA1 
region (200× magnification), 
and the whole hippocampus 
(n = 3). Scale bars, 200 or 100 
µm. D Mouse trajectories in the 
open field test. Scale bar, 100 
µm. E Total distance moved in 
the open field test (n = 6). F 
Trace plot of the mouse in the 
water maze. Scale bar, 250 µm. 
G Swimming speed in the water 
maze (n = 6). H Latency in the 
water maze (n = 6). I Trace in 
the elevated plus maze. Scale 
bar, 600 µm. J Distance traveled 
in the closed arms (n = 6). K 
Distance traveled in the open 
arms (n = 6). L Distance trave-
led in the center area (n = 6). 
M Travel speed in the elevated 
plus maze (n = 6). Data are pre-
sented as the mean ± SEM. *P 
< 0.05, **P < 0.01, ****P < 
0.0001, one-way ANOVA with 
Tukey’s post hoc analysis (A, B, 
C, E, G, H).
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E). In the water maze test, SAH group mice took longer to 
find the hidden platform, and some could not find the plat-
form at all. In contrast, WNK1OE+AAV group mice took 
less time than SAH group mice did, but there was a smaller 
difference in swimming speed (Fig. 2F–H). In the elevated 
plus maze, SAH mice spent more time in the closed arms 
than did the sham mice and spent almost no time in the open 
arms. SAH mice exhibited poor exercise; however, SAH 
mice with WNK1 overexpression displayed stronger explor-
atory and locomotor behaviors than SAH mice (Fig. 2I–M). 
In summary, WNK1 overexpression can alleviate neurologi-
cal damage in mice post-SAH.

Previous research has indicated that neuroinflamma-
tion is key to causing EBI. The results revealed that the 
IL-1β, TNF-α, and IL-6 contents and mRNA levels were 
significantly lower in SAH model mice treated with AAV-
WNK1 than in SAH model mice (Fig. 3A, B). Immuno-
fluorescence staining revealed increased expression of 
activated M1-type microglia marked by CD86 in the cortex 
and decreased expression of activated M2-type microglia 
marked by CD206 after SAH. In contrast, in the cortex of 
mice in the WNK1OE+SAH group, activation of M1-type 
microglia was inhibited, and activation of M2-type microglia 
was increased (Fig. 3C–E). H&E was used to observe the 
left hippocampus and cerebral cortex (Fig. 3F). In the SAH 
group, irregular cell morphology and disordered arrange-
ment were found in the CA3, CA1, and dentate gyrus (DG) 
areas of the hippocampus, along with deeply stained nuclei. 
Many blood cells and inflammatory infiltrates were found 
in the cortical areas of SAH mice. In the WNK1OE+SAH 
group, the cells exhibited a more regular morphology and 
were more neatly arranged, with fewer blood cells and fewer 
inflammatory infiltrates.

We subsequently overexpressed WNK1 in a BV-2 cell 
model stimulated with hemin to investigate the effects of 
WNK1 on inflammation in SAH in vitro. The Western blot 
results confirmed the successful overexpression of WNK1 
protein in BV-2 cells (Fig. 4A). Compared with the group 
transfected with an empty vector and stimulated with hemin, 
the WNK1-overexpressing group exhibited a decrease in 
inflammatory factor secretion (Fig. 4B). The qPCR results 
revealed a similar trend (Fig. 4C). These data suggest that 
WNK1 overexpression alleviates inflammation in microglia.

WNK1 Inhibits SAH‑mediated NLRP3 Inflammasome 
Activation

NLRP3 inflammasome activation is crucial for activated 
microglia. Initially, in the cortex of SAH patients, the 
NLRP3-related protein and ASC oligomerization levels were 
significantly greater than those in the sham group. However, 
in the WNK1-overexpressing (WNK1OE) + SAH group, 
these proteins were reduced (Fig. 5A–D). Similarly, in the 

in vitro SAH model, WNK1 overexpression significantly 
reduced the levels of NLRP3-related proteins in the cell pel-
let and/or supernatant (Fig. 5E, F). In addition, the immu-
nofluorescence results revealed almost no ASC oligomeri-
zation in the control and hemin + WNK1 groups, whereas 
clear ASC oligomerization was present in the hemin group 
(Fig. 5G, H). Moreover, WNK1 overexpression reduced the 
release of LDH induced by hemin (Fig. 5I). These data sug-
gest that WNK1 inhibits the NLRP3 inflammasome activa-
tion induced by SAH.

WNK1 Alleviates NLRP3 Inflammasome Activation 
in a Cl‑dependent Manner

Given that WNK1 is an intracellular chloride ion sensor, 
we next explored how WNK1 inhibits NLRP3 inflamma-
some activation from an ionic perspective. Compared with 
unstimulated control BV-2 cells, hemin-stimulated BV-2 
cells presented reduced intracellular Cl− and K+ levels. 
In contrast, when WNK1 was overexpressed in BV-2 cells 
stimulated with hemin, the intracellular Cl− and K+ levels 
increased compared with those in cells stimulated with 
hemin alone (Fig. 6A, B). BV-2 cells were subsequently 
cultured under Cl−-free conditions. BV-2 cells stimulated 
with hemin showed significantly higher intracellular NLRP3 
and Pro-IL-1β levels and caspase-1 p20 levels in the culture 
supernatant compared with non-stimulated cells. WNK1 
overexpression in BV-2 cells cultured in Cl−-free medium 
resulted in significantly reduced intracellular NLRP3 and 
Pro-IL-1β levels and caspase-1 p20 levels in the culture 
medium (Fig. 6C, D). Similarly, the results of the immu-
nofluorescence analysis of ASC oligomerization and LDH 
release followed the same pattern (Fig. 6E–G). These data 
suggest that WNK1 alleviates NLRP3 inflammasome activa-
tion during SAH by inhibiting Cl− efflux.

WNK1 Alleviates P2X7R‑induced NLRP3 
Inflammasome Activation

Given that P2X7R is a cation channel protein that induces 
the efflux of ions such as K+ and Cl−, we explored whether 
WNK1 can alleviate P2X7R-induced NLRP3 activation. 
First, the protein immunoblotting results of blood cells 
from SAH patients revealed that P2X7R protein levels were 
greater than those in healthy individuals (Fig. 7A). Further-
more, in the blood cells, cerebral cortex, and hippocampus 
of SAH mice subjected to carotid artery puncture, P2X7R 
protein levels were greater than those in the sham group 
and peaked at 24 h post-SAH (Fig. 7B–D). In addition, in 
BV-2 cells stimulated with hemin in vitro, the protein level 
of P2X7R was greater than that in the control (Fig. 7E), indi-
cating that the P2X7R protein is highly expressed in SAH.
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Fig. 3   Overexpression of 
WNK1 alleviates neuroinflam-
mation in SAH mice. A Levels 
of IL-1β, TNF-α, and IL-6 in 
mouse serum (n = 6). B Levels 
of mRNA for IL-1β, TNF-α, 
and IL-6 in mouse brains (n = 
6). C–E Immunofluorescent 
detection of CD86 or CD206 
(red) and Iba1 (green) fluo-
rescence signals in the cortex 
(n = 3). Scale bar, 50 µm. (F) 
Histopathological H&E staining 
of mouse hippocampus and 
cortex (n = 3). Scale bar, 100 
µm. Data are presented as the 
mean ± SEM. *P < 0.05, **P < 
0.01, ****P < 0.0001, two-way 
ANOVA with Tukey’s post hoc 
analysis (E) or unpaired t-test 
(A, B).
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To further verify whether P2X7R regulates the NLRP3 
inflammasome through ion modulation in SAH, P2X7R 
overexpression and coincubation with KCl were used for 
reverse validation. First, P2X7R protein overexpression in 
BV-2 cells transfected with the Pcmv-p2rx7 (mouse)-HA 
plasmid was confirmed (Supplementary Fig. S4). However, 

when incubated with KCl, BV-2 cells presented increased 
NLRP3 and Pro-IL-1β levels within the cells and increased 
levels of caspase-1 p20 in the supernatant. However, these 
elevated levels of key NLRP3 inflammasome proteins were 
suppressed upon the addition of KCl (Fig. 8A, B). Simi-
larly, the results of the immunofluorescence analysis of 

Fig. 4   Overexpression of WNK1 alleviates inflammation in an in 
vitro SAH model. A Protein levels of WNK1 in BV-2 cells (n = 6). 
B The secretion levels of IL-1β, TNF-α, and IL-6 in the cell super-

natant. C The mRNA levels of IL-1β, TNF-α, and IL-6 in the cells (n 
= 6). Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, 
****P < 0.0001, unpaired t-test (A–C).
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ASC oligomerization and LDH release followed the same 
pattern (Fig. 8C–E). In summary, P2X7R activates the 
NLRP3 inflammasome by promoting the efflux of K+ and 
Cl− ions in SAH models.

Next, we aimed to determine the relationships among 
WNK1, P2X7R, and the NLRP3 inflammasome by overex-
pressing both P2X7R and WNK1 in an SAH in vitro model. 
Compared with P2X7R overexpression alone, WNK1 and 

Fig. 5   Overexpression of 
WNK1 alleviates NLRP3 
inflammasome activation 
in SAH. A, B Protein levels 
and densitometric analysis 
of NLRP3, Pro-IL-1β, and 
caspase-1 p20 in mouse cerebral 
cortex (n = 3). C, D Fluores-
cence and the ratio of ASC 
specks in the cortex (n = 3). 
White arrow, the activated ASC 
signal. Scale bar, 20 µm. E, F 
Protein levels and densitometric 
analysis of NLRP3, Pro-IL-1β, 
and caspase-1 p20 in BV-2 cells 
(n = 3). G, H Fluorescence and 
ratio of ASC specks in BV-2 
cells (n = 3) Scale bar, 50 µm. 
I Levels of LDH release in the 
supernatant of BV-2 cells (n = 
6). Data are presented as the 
mean ± SEM. *P < 0.05, **P < 
0.01, ****P < 0.0001, one-way 
ANOVA with Tukey’s post hoc 
analysis (B, D, F, H, I).
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P2X7R co-overexpression significantly reduced NLRP3 and 
Pro-IL-1β protein levels in BV-2 cells, caspase-1 p20 protein 
levels in the supernatant of BV-2 cells, ASC oligomerization 

in BV-2 cells, and LDH release in the supernatant (Fig. 9). 
In summary, WNK1 effectively alleviates P2X7R-induced 
NLRP3 inflammasome activation in SAH.

Fig.6   Cl− free medium counteracts the inhibitory effect of WNK1 
on NLRP3 inflammasome activation. A Cl− levels in BV-2 cells (n = 
6). B K+ levels in BV-2 cells (n = 6). C, D Protein levels of NLRP3, 
Pro-IL-1β, and caspase-1 p20 in BV-2 cells or culture supernatant (n 
= 3). E, F Fluorescence and the ratio of ASC specks in BV-2 cells (n 

= 3). G LDH levels in BV-2 cell supernatant (n = 6). Scale bar, 50 
µm. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, 
****P < 0.0001, one-way (A, B) or two-way ANOVA with Tukey’s 
post hoc analysis (D, F, G).
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WNK1 Alleviates NLRP3 Inflammasome Activation 
via OXSR1/STK39

Finally, we explored the specific mechanism by which 
WNK1 regulates the NLRP3 inflammasome. Inhibitors of 
OXSR1 (closantel) and STK39 (rafoxanide) were added, 
and coincubation with hemin in WNK1-overexpressing 
BV-2 cells significantly increased NLRP3 and Pro-IL-1β 
protein levels in BV-2 cells, caspase-1 p20 protein levels 
in the supernatant of BV-2 cells, ASC oligomerization in 

BV-2 cells, and LDH release in the supernatant of BV-2 cells 
(Fig. 10). These data suggest that WNK1 alleviates NLRP3 
activation after SAH via the OXSR1/STK39 pathway.

Discussion

In this study, the regulation of EBI and neuroinflamma-
tion induced by P2X7R in an SAH model by WNK1 was 
revealed. WNK1, an intracellular chloride ion sensor, is 

Fig. 7   Increased expression of P2X7R in SAH. A Protein levels 
of P2X7R in the blood of SAH patients (n = 3). B Protein levels of 
P2X7R in the blood cells of SAH mice (n = 3). C Immunofluores-
cence results of P2X7R in the hippocampus of SAH mice (n = 3). D 
Immunofluorescence results of P2X7R in the cerebral cortex of SAH 
mice (n = 3). E Immunofluorescence analysis of P2X7R in the hip-

pocampal DG and cerebral cortex of SAH mice (n = 3). F Protein 
levels of P2X7R in BV-2 cells stimulated with hemin (n = 3). Scale 
bar, 100 µm. Data are presented as the mean ± SEM. *P < 0.05, **P 
< 0.01, ****P < 0.0001, one-way with Tukey’s post hoc analysis (B, 
E) or unpaired t-test (A, F).
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significantly reduced during SAH and inhibits the NLRP3 
inflammasome in a Cl−-dependent manner. Furthermore, 
P2X7R, a cation channel protein, is upregulated in SAH and 
induces NLRP3 inflammasome activation by regulating K+ 
and Cl− ions. Mechanistically, WNK1 alleviates P2X7R-
induced NLRP3 inflammasome activation by maintaining 
intracellular Cl− homeostasis through the OXSR1/STK39 
signaling pathway. The experimental results of this study 
provide important medical value and practical significance 
for the clinical treatment of SAH.

Increasing evidence suggests that the inflammatory 
response following SAH accelerates EBI post-SAH [29–31]. 
Microglia are activated in response to acute brain injury [32] 
and induce cytokines, chemokines, and other immunoregu-
latory molecules, further exacerbating brain injury [33]. 
In models of intracerebral hemorrhage, early activation of 
microglia has been reported, with activated microglia domi-
nating the injury area and worsening brain injury through 
exacerbation of the inflammatory response [33]. Similarly, 
microglial activation has been reported in SAH models 
[9, 33, 34]. In this study, increased IBA1 levels in cortical 

Fig. 8   KCl alleviates P2X7R-induced NLRP3 inflammasome activa-
tion. A, B Protein levels and densitometric analysis of NLRP3, Pro-
IL-1β, and caspase-1 in BV-2 cells or supernatant (n = 3). C Levels 
of ASC oligomerization in BV-2 cells. D Percentage of ASC specks 

in BV-2 cells (n = 3). E LDH release levels in the supernatant of 
BV-2 cells (n = 6). Scale bar, 50 µm. Data are presented as the mean 
± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, two-way ANOVA 
with Tukey’s post hoc analysis (B, D, E).
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sections from SAH rats and in vitro hemin-stimulated BV-2 
cells were found, whereas WNK1 levels decreased as Iba1 
increased. Therefore, WNK1 may represent a key target for 
inhibiting microglial activation and improving EBI and neu-
rological function post-SAH.

In particular, the immunological functions of WNK1 have 
been widely discussed. WNK1 balances T-cell adhesion and 
migration [35] and enhances phagocyte clearance of dead 
cells, eliciting an anti-inflammatory response [36]. WNK1 
overexpression resulted in reduced hemorrhage, decreased 
brain water content, alleviated neuronal damage in the cortex 

and hippocampus, and mitigated motor dysfunction. In addi-
tion, the proinflammatory factors IL-1β, IL-6, and TNF-α 
were downregulated. Similar results were also obtained 
in the in vitro SAH model, where WNK1 overexpression 
led to reduced inflammatory secretion in the supernatant, 
decreased mRNA expression of proinflammatory factors 
within cells, and significantly reduced microglial activation, 
shifting from the M1 phenotype to the M2 phenotype. Com-
parable results were reported by Arai et al., where WNK1 
knockdown increased the number of LPS-induced cytokines 
and activated macrophages, indicating that WNK1 may be a 

Fig. 9   KCl alleviates P2X7R-induced NLRP3 inflammasome activa-
tion. A, B Protein levels and densitometric analysis of NLRP3, Pro-
IL-1β, and caspase-1 in BV-2 cells or supernatant (n = 3). C Levels 
of ASC oligomerization in BV-2 cells. D Percentage of ASC specks 

in BV-2 cells (n = 3). E LDH release levels in the supernatant of 
BV-2 cells (n = 6). Scale bar, 50 µm. Data are presented as the mean 
± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, two-way ANOVA 
with Tukey’s post hoc analysis (B, D, E).
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target for inflammatory diseases [37]. In conclusion, WNK1 
inhibits the neuroinflammatory response following SAH.

The dynamic change in WNK1 expression after SAH 
initially decreased but then increased within 24 h, which 
may reflect the complex role of WNK1 in the pathologi-
cal mechanism of SAH. These results show that the acute 
stress response of brain tissue after SAH leads to an early 
decrease in WNK1 expression. This decrease may be related 
to the inflammatory response and cell injury, which inhib-
its WNK1 expression, thus affecting the function of ion 

channels and further aggravating apoptosis and neuronal 
injury [38]. At this stage, the cellular response to ischemia 
and inflammation may lead to changes in the cellular envi-
ronment, potentially inhibiting WNK1 function, causing ion 
imbalance, and aggravating the pathological state. However, 
the increase in WNK1 levels 24 h after the onset of SAH 
may represent a compensatory response. This change may 
promote the intracellular balance of sodium and potassium 
ions by activating intracellular signaling pathways, thereby 
protecting cells from further damage [39, 40]. Therefore, 

Fig. 10   Inhibition of OXSR1/STK39 reverses the suppression of 
NLRP3 inflammasome activation by WNK1 overexpression. A, B 
Protein levels and densitometric analysis of NLRP3, Pro-IL-1β, and 
caspase-1 in BV-2 cells or supernatant (n = 3). C Levels of ASC oli-
gomerization in BV-2 cells. D Percentage of ASC specks in BV-2 

cells (n = 3). E LDH release levels in the supernatant of BV-2 cells 
(n = 6). Scale bar, 50 µm. Data are presented as the mean ± SEM. *P 
< 0.05, **P < 0.01, ****P < 0.0001, two-way ANOVA with Tukey’s 
post hoc analysis (B, D, E).
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further studies will help clarify the specific role of WNK1 
in SAH and its regulatory mechanism.

Increasing evidence suggests that NLRP3 participates 
in microglial activation and induces inflammation [11, 
41]. Substantial evidence from SAH studies indicates that 
NLRP3 is a major contributor to neuroinflammation and 
that NLRP3 inhibition can improve EBI and delay cer-
ebral vasospasm following SAH [42, 43]. In this study, 
similar phenomena were found. Specifically, NLRP3 was 
assembled and activated to trigger caspase-1 activation in 
both SAH mice and hemin-stimulated microglia. Activated 
caspase-1 proteolytically processes the proinflammatory 
cytokine IL-1β into its active form, thereby amplifying 
the innate immune system. Therefore, the NLRP3 inflam-
masome is key to neuroinflammation following SAH. This 
study further revealed that WNK1 overexpression signifi-
cantly inhibited NLRP3 in the SAH model, as evidenced 
by decreased protein expression of NLRP3 and caspase-1 
p20 and reduced levels of ASC oligomerization. These 
findings are consistent with the data from Jiang et al., who 
reported that WNK1 overexpression significantly inhibits 
NLRP3 inflammasome formation in bone marrow mes-
enchymal stem cells [44]. In summary, WNK1 is a target 
for inhibiting NLRP3 inflammasome activation following 
SAH.

As a major regulator of intracellular ion homeostasis and 
cell volume, WNK1 is activated during osmotic stress or 
when intracellular Cl− levels decrease to maintain the ion 
balance within the cell. To further determine its function, 
BV-2 cells were cultured in a Cl−-free medium, and WNK1 
was overexpressed. NLRP3 inflammasome levels increased 
in the medium, and the medium counteracted the inhibi-
tory effect of WNK1 on NLRP3 inflammasome activation. 
The importance of Cl− in NLRP3 inflammasome activation 
was supported by Lindsey et al., who demonstrated that 
the Cl− sensor WNK1 negatively regulates Cl− efflux and 
NLRP3 inflammasome activation [23]. In summary, WNK1 
alleviates NLRP3 following SAH by regulating Cl−.

Typically, the second signal for NLRP3 inflammasome 
activation involves three different mechanisms: K+ efflux, 
mitochondrial reactive oxygen species, and lysosomal insta-
bility [45]. The P2X7R/NLRP3 inflammasome is an effec-
tive target for regulating the inflammatory response follow-
ing SAH, and blocking the P2X7R/NLRP3 inflammasome 
(e.g., with BBG, a P2X7R antagonist) exerts potential anti-
inflammatory effects in the central nervous system [46]. In 
this study, BV-2 cell coincubation with P2X7R and KCl also 
demonstrated this effect; under hemin stimulation, coincuba-
tion with P2X7R and KCl effectively alleviated the NLRP3 
inflammasome activation induced by P2X7R alone. In sum-
mary, P2X7R is an upstream target for NLRP3 inflamma-
some activation following SAH, which is achieved through 

the regulation of intracellular ion efflux. Furthermore, simul-
taneous overexpression of WNK1 and P2X7R was used to 
further investigate the mechanism of WNK1 in SAH. The 
experimental results indicated that WNK1 overexpression 
also alleviated P2X7R-induced NLRP3 inflammasome acti-
vation in the SAH model. These data indicate that WNK1 
mitigates P2X7R-induced NLRP3 inflammasome activation 
under SAH conditions.

After activation, WNK1 kinase phosphorylates STK39 
and OXSR1. STK39 and OXSR1 regulate intracellular ion 
concentrations (Na+, K+, and Cl−) by controlling the activity 
of SLC12 family Cl− cotransporters [47, 48]. These kinases 
modulate ion flux by acting on channels responsible for Na+/
K+/Cl− cotransport across the cell membrane [38, 49]. Others 
have demonstrated that inhibition of NLRP3 inflammasome 
activation requires the classical WNK1/OXSR1/STK39 kinase 
signaling pathway via pretreatment with two different inhibi-
tors that bind to allosteric sites on the C-terminal domains of 
the STK39 and OXSR1 kinases [23]. Consistent with their 
findings, in the SAH model, the inhibition of the WNK1/
OXSR1/STK39 signaling pathway using two inhibitors of 
OXSR1/STK39 (closantel and rafoxanide) resulted in NLRP3 
inflammasome activation. In summary, WNK1 inhibits the 
NLRP3 inflammasome following SAH through the OXSR1/
STK39 pathway.

There are several limitations in this study, including the fol-
lowing: (1) Overexpression of WNK1 3 weeks before the SAH 
model may not accurately reflect the physiological environ-
ment after the occurrence of SAH; overexpression of WNK1 
does not match the time node of SAH, which may lead to 
the failure to accurately record its true role in the pathogen-
esis of SAH. (2) WNK1 overexpression 3 weeks before SAH 
may induce a series of nonspecific effects, which may have 
an impact on SAH modelling and thus affect the final experi-
mental results. For example, chronic WNK1 overexpression 
may alter the intracellular ion balance, leading to unexpected 
neurocellular responses that obscure the true efficacy of phar-
macological interventions. (3) Pharmacological intervention 
after the occurrence of SAH may be more realistic for simulat-
ing clinical treatment. By recording changes in WNK1 expres-
sion after SAH, researchers can better understand its role in 
disease progression. Existing experimental designs do not 
provide room for such dynamic changes, so the results may 
underestimate or overestimate the potential effects of WNK1. 
(4) Overexpression before SAH modelling may lead to long-
term or persistent WNK1 expression in brain tissue, but this 
may not accurately reflect the real situation at the onset of 
SAH. In general, WNK1-overexpressing models take some 
time to recover base levels. Moreover, if WNK1 expression 
is too high, the actual effects of pharmacological intervention 
may be masked. To address these limitations, pharmacological 
interventions can be applied after SAH to assess changes in 
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WNK1 expression levels and their impact on pathophysiology, 
thus enhancing the clinical reality and evaluating the potential 
therapeutic utility of WNK1.

Conclusions

In summary, in this study, we demonstrated that WNK1 is 
crucial for inhibiting neuroinflammation and EBI induced 
by P2X7R following subarachnoid hemorrhage. Our find-
ings indicate that WNK1 inhibits P2X7R-induced NLRP3 
inflammasome activation by sensing intracellular chloride 
ion reduction and activating the WNK1/OXSR1/STK39 
pathway, thereby alleviating neuroinflammation in EBI 
after SAH. Therefore, WNK1 represents an ideal target in 
the treatment of SAH.
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