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Vav1 promotes inflammation and neuronal apoptosis 
in cerebral ischemia/reperfusion injury by upregulating 
microglial and NLRP3 inflammasome activation

Abstract  
Microglia, which are the resident macrophages of the central nervous system, are an important part of the inflammatory response that occurs after cerebral 
ischemia. Vav guanine nucleotide exchange factor 1 (Vav1) is a guanine nucleotide exchange factor that is related to microglial activation. However, how 
Vav1 participates in the inflammatory response after cerebral ischemia/reperfusion injury remains unclear. In this study, we subjected rats to occlusion and 
reperfusion of the middle cerebral artery and subjected the BV-2 microglia cell line to oxygen-glucose deprivation/reoxygenation to mimic cerebral ischemia/
reperfusion in vivo and in vitro, respectively. We found that Vav1 levels were increased in the brain tissue of rats subjected to occlusion and reperfusion of 
the middle cerebral artery and in BV-2 cells subjected to oxygen-glucose deprivation/reoxygenation. Silencing Vav1 reduced the cerebral infarct volume and 
brain water content, inhibited neuronal loss and apoptosis in the ischemic penumbra, and improved neurological function in rats subjected to occlusion and 
reperfusion of the middle cerebral artery. Further analysis showed that Vav1 was almost exclusively localized to microglia and that Vav1 downregulation 
inhibited microglial activation and the NOD-like receptor pyrin 3 (NLRP3) inflammasome in the ischemic penumbra, as well as the expression of inflammatory 
factors. In addition, Vav1 knockdown decreased the inflammatory response exhibited by BV-2 cells after oxygen-glucose deprivation/reoxygenation. Taken 
together, these findings show that silencing Vav1 attenuates inflammation and neuronal apoptosis in rats subjected to cerebral ischemia/reperfusion through 
inhibiting the activation of microglia and NLRP3 inflammasome.
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Introduction 
Cerebrovascular diseases caused by ischemia have been identified as a major 
cause of human mortality (Campbell et al., 2019; Stegner et al., 2019; Zeng 
et al., 2022). Once ischemia occurs, the brain rapidly undergoes pathological 
changes and suffers irreversible damage (Øie et al., 2020; Wang et al., 2020b). 
Reperfusion, which restores blood flow and delivers oxygen to the ischemic 
brain, is a common strategy for the treatment of cerebral ischemia (Chandra 
et al., 2017). Unfortunately, this process inevitably leads to greater cell death 
and tissue damage, which is also known as cerebral ischemia/reperfusion (I/R)  
injury (Kalogeris et al., 2012; Bavarsad et al., 2019). Several studies have 
investigated the mechanism of cerebral I/R injury (Sun et al., 2003; Marlier 
et al., 2015). The currently accepted model of cerebral I/R pathogenesis 
includes inflammation, oxidative stress, apoptosis, and necrosis (Moskowitz 
et al., 2010). The inflammation that occurs after cerebral ischemia is a 
particularly critical factor in cerebral I/R injury (Lambertsen et al., 2012). 
Microglia, which are the resident macrophages of the central nervous system, 
are rapidly activated after ischemia, thus participating in the inflammatory 
response (Takeda et al., 2021). In addition, microglia can produce pro-
inflammatory factors, reactive oxygen species, nitric oxide, and other factors 

that are important determinants of neuronal death in cerebral ischemia (Tan 
et al., 2021). Accordingly, inhibiting microglial activation may be the key to 
promoting neuronal parenchyma resistance to cerebral ischemia (Surinkaew 
et al., 2018). 

Vav guanine nucleotide exchange factor 1 (Vav1, also known as Vav) was the 
first member of the Vav family to be identified (Katzav et al., 1989; Henske et 
al., 1995; Movilla and Bustelo, 1999). Vav1 plays a key role in hematopoietic 
cell activation, growth, and differentiation (Turner and Billadeau, 2002; Hong 
et al., 2020). In Alzheimer’s disease, miR326 reduces neuronal apoptosis by 
downregulating Vav1 expression (He et al., 2020). In addition, a previous 
study showed that Vav1 may function as a downstream effector of Nur77 to 
promote microglial activation (Chen et al., 2017). Shah and coworkers (Shah 
et al., 2009) also showed that Vav1 is required for phosphatidylinositol3-
kinase (PI3K) activation and demonstrated elevated Vav1 levels in microglia 
stimulated with β-glucan. PI3K has been shown to activate the NOD-like 
receptor pyrin 3 (NLRP3) inflammasome (Kim et al., 2020). In addition, Inoue 
and coworkers (Inoue et al., 2012) found that Vav1 acts as an upstream 
signaling molecule in NLRP3 inflammasome activation. Evidence also shows 
that microglia promote the release of inflammatory factors by activating the 
NLRP3 inflammasome (Ji et al., 2017). Taken together, these studies suggest 
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that Vav1 may be closely related to inflammation and neuronal apoptosis. 
Importantly, using database analysis we found that Vav1 is highly expressed in 
rats that have experienced cerebral I/R injury. Accordingly, we hypothesized 
that the high Vav1 level displayed in cerebral I/R injury may promote 
microglial and NLRP3 inflammasome activation. In this study, we aimed to 
explore the role that Vav1 plays in cerebral I/R-induced inflammation and 
neuronal apoptosis. 
 
Methods   
Database analysis
The Gene Expression Omnibus (GEO) database GSE163614 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE163614) (Yi et al., 2021) was used to 
explore Vav1 expression levels in sham and cerebral I/R-injured rats. 

Animals
The animal experiments were approved by the Animal Medical Research 
Ethics Committee of the General Hospital of the Northern Theater Command 
(approval No. 2022-04) on March 21, 2022. The animal experiments were 
conducted in accordance with Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020). Male Sprague-
Dawley rats (specific pathogen-free level, 8–10 weeks old, weighing 260–300 
g, Huafukang Biotech, Beijing, China, license No. SCXK (Jing) 2019-0008) were 
used in the in vivo study. Rats were housed in a temperature-controlled room 
(temperature 22 ± 1°C, humidity 45–55%) with a 12/12-hour light/dark cycle 
and allowed ad libitum access to food and water for 1 week.
For the first part of the study, rats were randomly divided into two groups: 
sham (n = 12) and middle cerebral artery occlusion/reperfusion (MCAO/R) (n 
= 12). For the second part of the study, rats were randomly divided into four 
groups: sham (n = 24), MCAO/R (n = 24), MCAO/R + siNC (n = 24), and MCAO/R  
+ siVav1 (n = 24).

Middle cerebral artery occlusion/reperfusion model and small interfering 
RNA treatment
Twenty-four hours before MCAO was induced, rats were anesthetized by 
isoflurane (Shenzhen Ruiwode Life Technology Co. Ltd., Shenzhen, China, 
R510-22-10) inhalation, induced at 2.0% and maintained at 2.5%. The Vav1 
small interfering RNA and its negative control (General Biotech, Chuzhou, 
China) were administered by intra-cerebroventricular injection into the left 
lateral cerebral ventricle. The specific location for injection was as follows: 
1.0 mm posterior to the bregma, 2.0 mm from the midline, and 3.5 mm 
beneath the skull surface (Wang et al., 2020c). A previously described suture 
occlusion method (Wu et al., 2018; Wang et al., 2020a) was used, with minor 
modifications. First, an incision was made in neck, and the right common 
carotid artery, internal carotid artery, and external carotid artery were 
isolated. The external carotid artery and its bifurcation were ligated with nylon 
suture, and the proximal external carotid artery, common carotid artery, and 
the distal end of the internal carotid artery were clipped with a clamp. A small 
cut was made at the bifurcation of the external carotid artery using a piece of 
ophthalmic scissors. The occlusion sutures were inserted into the head and 
the clamp at the distal end of the internal carotid artery was loosened. The 
round end of the nylon suture was then gradually inserted into the internal 
carotid artery, passing through the origin of the anterior cerebral artery, and 
blocking the middle cerebral artery. The incision was subsequently closed, 
leaving a 1-cm nylon suture to facilitate reperfusion (Longa et al., 1989). After 
1.5 hours, the sutures were removed to allow reperfusion (He et al., 2015). 
The sham rats underwent the same surgery without MCAO. After 24 hours, 
the rats were sacrificed for further investigation. The ischemic penumbra of 
rat brain tissues was applied for further detection.

Cell culture and transfection
The mouse microglia cell line BV-2 (iCELL, Shanghai, China, Cat# iCell-m011, 
RRID: CVCL_0182) was used as an in vitro subject to further confirm the 
effect of Vav1 on microglial and NLRP3 inflammasome activation. The cells 
were cultured in Dulbecco’s modified Eagle medium (DMEM; Service Biotech, 
Wuhan, China, G4510) supplemented with 10% fetal calf serum (Tianhang 
Biotech, Zhejiang, China, 11011-8611). The cells were authenticated by short 
tandem repeat profiling and were checked for contamination using the ICLAC 
Database of Cross-contaminated or Misidentified Cell Lines. 

The cells were maintained at 37°C with 5% CO2 in a humidified incubator 
(Lishen Scientific Instrument Co., Ltd., Shanghai, China, HF-90). To induce 
oxygen-glucose deprivation/reoxygenation (OGD/R), the BV-2 cells were 
transferred to glucose-free Dulbecco’s modified Eagle medium (Procell, 
Wuhan, China, PM150270) and placed in an incubator with a 5% CO2, 94% N2, 
and 1% O2 atmosphere for 3 hours. Then, the cells were moved to an incubator 
with a 5% CO2 atmosphere for another 21 hours. Lipofectamine 3000 
(Invitrogen, 3000015) was used to carry out Vav1 knockdown (75 pmol/well  
Vav1 small interfering RNA) according to the manufacturer’s instructions.

Quantitative polymerase chain reaction 
Total RNA was extracted from the ischemic penumbra or from BV-2 cells 
using TRIpure lysis buffer (RP1001, BioTeke, Beijing, China) for 5 minutes. 
The concentration of the extracted RNA was determined by ultraviolet 
spectrophotometer (Nano2000, ThermoFisher, Waltham, MA, USA). Then, 
complementary DNA was synthesized using BeyoRT II M-MLV reverse 
transcriptase (D7160L, Beyotime, Shanghai, China). Subsequently, quantitative 
polymerase chain reaction (qPCR) was performed using SYBR Green (SY1020, 
Solarbio, Shanghai, China) and 2× Taq PCR MasterMix (PC1150, Solarbio) with 

an Exicycler TM96 real-time PCR system (BIONEER, Daejeon, Korea). The 2–ΔΔCt 
method (Livak and Schmittgen, 2001) was used to determine the relative Vav1 
expression that normalized to β-Actin. The primer sequences were as follows: 
rat Vav1: 5′-CCA TTG CCC AGA ACA AA-3′ (forward, F), 5′-TCT CCA CGC AGT 
CAT AAA G-3′ (reverse, R); rat interleukin 1β (IL-1β): 5′-TGT GAT GTT CCC ATT 
AGA C-3′ (F), 5′-AAT ACC ACT TGT TGG CTT A-3′ (R); rat tumor necrosis factor 
(TNF-α): 5′-CCA CGC TCT TCT GTC TAC TG-3′ (F), 5′-GCT ACG GGC TTG TCA 
CTC-3′ (R); rat interleukin 18 (IL-18): 5′-GCC ATA CCA GAA GAA GG-3′ (F), 5′-TAG 
GGT CAC AGC CAG TC-3′ (R); Mus Vav1: 5′-GCT GAG CAC AAC TGG TGG GA-
3′ (F), 5′-TGG CGA ACT CCG CTG TAT CT-3′ (R); Mus IL-1β: 5′-CTC AAC TGT GAA 
ATG CCA CC-3′ (F), 5′-GAG TGA TAC TGC CTG CCT GA-3′ (R); Mus TNF-α: 5′-CAG 
GCG GTG CCT ATG TCT CA-3′ (F), 5′-GCT CCT CCA CTT GGT GGT TT-3′ (R); Mus 
IL-18: 5′-GGC TGC CAT GTC AGA AGA-3′ (F), 5′-CCG TAT TAC TGC GGT TGT-3′ (R).

Western blot analysis
Proteins were extracted from the ischemic penumbra or from BV-2 cells 
using lysis buffer (Beyotime, P0013). A bicinchoninic acid (BCA) protein 
assay kit (Beyotime, P0011) was used to determine the concentration 
of the extracted proteins. Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (Beyotime, P0015) was used to separate samples, which were 
then electrophoretically transferred to polyvinylidene fluoride membranes 
(IPVH00010, Millipore, Billerica, MA, USA). Skim milk powder dissolved in 
Tris buffered saline with Tween 20 (5%, YiLi, Beijing, China) was used as the 
blocking buffer. After overnight incubation (4°C) with a primary antibody, 
the membranes were incubated with a goat anti-rabbit antibody (1:10,000, 
ABclonal, Wuhan, China, Cat# AS014, RRID: AB_2769854) for 40 minutes at 
37°C. Finally, the signals were detected using an enhanced chemiluminescence 
reagent (Beyotime, P0018) according to the manufacturer’s instructions. 
The results were analyzed using Tanon Image software (5200, Tanon 
Science & Technology Co, Beijing, China). The primary antibodies used were 
as follows: Vav1 (rabbit, 1:1000, Affinity Biosciences, Liyang, China, Cat# 
AF6182, RRID: AB_2835065), NLRP3 (rabbit, 1:1000, Abclonal, Cat# A5652, 
RRID: AB_2766412), Bcl-2 (rabbit, 1:1000, Abclonal, Cat# A19693, RRID: 
AB_2862738), apoptosis-associated speck-like protein containing CARD (ASC; 
rabbit, 1:1000, Abclonal, Cat# A16672, RRID: AB_2771891), Bax (rabbit, 1:150, 
Abclonal, Cat# A19684, RRID: AB_2862733), cleaved caspase-3 (rabbit, 1:150, 
Affinity Biosciences, Cat# AF7022, RRID: AB_2835326), and cleaved caspase-1 
(rabbit, 1:150, Affinity Biosciences, Cat# AF4005, RRID: AB_2845463). 

Triphenyltetrazolium chloride staining
The rats were sacrificed, and the brains were removed and stored at –20°C 
for 20 minutes. Then, the brain was cut longitudinally into five pieces. 
Triphenyltetrazolium chloride (TTC) staining solution (2 mL, 1%, Solarbio, 
Beijing, China, T8170) was added, and the brain slices were incubated at 
37°C for 15 minutes in the dark. The stained slices were then photographed 
with a mobile phone, and the infarct area was calculated by determining the 
percentage of infarct area out of total brain tissue area in the five slices. 

Neurological deficit score
Twenty-four hours after MCAO/R, the rats were scored based on the Zea-
Longa neurological deficit score (Longa et al., 1989). The rats were scored as 
follows: 0: no deficiency; 1: unable to fully extend the contralateral claw; 2: 
circle to the contralateral side while walking; 3: lean to the injured side; and 4: 
unable to walk spontaneously and lose consciousness.

Brain water content
The rats were sacrificed, and the brains were removed, rinsed with normal 
saline, and dried with filter paper. Each brain was then weighed to determine 
the wet weight. Then, the brains were dried in a 100°C oven overnight and 
weighed to determine the dry weight. The brain water content (percentage) 
was calculated as follows: (wet weight – dry weight)/wet weight × 100.

Hematoxylin and eosin staining
The rats were sacrificed, the brains were removed, and the ischemic 
penumbras were fixed, dehydrated, and permeabilized in a decreasing alcohol 
and xylene gradient (1330-20-7, Aladdin, Shanghai, China). The sections were 
then treated with various concentrations of ethanol (Sinopharm Chemical 
Reagent, Beijing, China 10009218, China) and distilled water, followed by 
staining with hematoxylin (5 minutes, Solarbio, H8070) and eosin (3 minutes, 
Sangon, Shanghai, China, A600190). The stained sections were observed 
using a fluorescence microscope (BX53, Olympus, Tokyo, Japan). 

Fluoro-Jade C staining
A Fluoro-Jade C (FJC) kit (Solarbio, G3263) was used to stain degenerating 
neurons according to the manufacturer’s instructions. Brain sections (5 μm) 
containing the ischemic penumbra were isolated and prepared as described 
above. Next, the sections were placed in KMnO4 for 10 minutes. Then, the 
staining solution was added, and the sections were allowed to stain for 20 
minutes in the dark. Images were obtained using a fluorescence microscope.

Immunofluorescence staining
Brain sections (5 μm) containing the ischemic penumbra were prepared as 
described above, and then soaked in xylene for 15 minutes followed by a 
graded alcohol series (95%, 85% and 75%) for 1 minute at each concentration. 
After antigen retrieval, 1% bovine serum albumin (Sangon, A602440-0050) 
was added as a blocking buffer, and the section were incubated at room 
temperature (20–30°C) for 15 minutes. Next, the cells were treated with 4% 
paraformaldehyde (Sinopharm Chemical Reagent, 80096618) and Triton X-100 
(Beyotime, ST795) before blocking with 1% bovine serum albumin. 
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The sections were incubated with primary antibodies overnight at 4°C and 
with secondary antibodies for 1.5 hours at room temperature (20–30°C). 
DAPI (4′,6-diamidino-2′-phenylindole, Aladdin, D106471) was used to stain 
the nuclei. Then, an anti-fluorescence quenching agent (Solarbio, S2100) was 
added, and the sections were observed using a fluorescence microscope. The 
antibodies used were as follows: NLRP3 (rabbit, 1:200, Abclonal, Cat# A5652, 
RRID: AB_2766412), Vav1 (rabbit, 1:200, Proteintech, Wuhan, China, Cat# 
16364-1-AP, RRID: AB_2213571), Iba-1 (mouse, 1:100, Abcam, Cambridge, 
UK, Cat# ab283319, RRID: AB_2924797), fluorescein isothiocyanate (FITC)-
labeled goat anti-rabbit IgG (1:200, Abcam, Cat# ab6717, RRID: AB_955238), 
and Cy3-labeled goat anti-mouse IgG (1:200, Molecular Probes, Carlsbad, CA, 
USA, Cat# A-21424, RRID: AB_141780).

Cell apoptosis
Brain sections (5 μm) containing the ischemic penumbra were prepared as 
described above, and cell apoptosis was observed by immunofluorescence 
staining. A cell death detection kit (Roche, Basel, Switzerland, 12156792910) 
and a terminal-deoxynucleotidyl transferase mediated nick end labeling 
(TUNEL) kit (Wanleibio, Shenyang, China, WLA127a) were used according to 
the manufacturers’ instructions. The brain sections were permeabilized with 
Triton X-100 (0.1%, 50 μL). After antigen retrieval, 50 μL TUNEL working buffer 
was added, and the sections were incubated in the dark at 37°C for 1 hour. 
Bovine serum albumin was used as the blocking buffer. Immunofluorescence 
staining was performed as described above with an anti-neuronal nuclear 
(NeuN) antibody (1:200, Abcam, ab104224) and FITC-labeled goat anti-mouse 
IgG (1:200, Abcam, ab6785).

Enzyme-linked immunosorbent assay
After sacrifice, the brain tissues contained ischemic penumbras were 
removed, weighted, and diluted ninefold in normal saline, followed by 
mechanical homogenization (ice) and centrifugation. A BCA kit (Solarbio, 
PC0020) was used to determine the protein concentration in each sample. 
BV-2 cell culture supernatant was collected by centrifugation. IL-1β content 
in the cell and brain samples was separately tested by the mouse (EK201B) 
and rat (EK301B) enzyme-linked immunosorbent assay (ELISA) kit (Multi 
Sciences, Hangzhou, China). TNF-α content in the cell and brain samples was 
determined using mouse (EK282) and rat (EK382) ELISA kits (Multi Sciences), 
respectively. IL-18 content in the cell and brain samples was determined using 
mouse (EK218, Multi Sciences) and rat (ER0030, Fine Test, Wuhan, China) 
ELISA kits, respectively. All ELISA assays were performed according to the 
manufacturers’ instruction. The results were read using a microplate reader 
ELX-800 from BIOTEK (Winooski, VT, USA).

Statistical analysis
No statistical methods were used to predetermine the sample sizes; however, 
our sample sizes are similar to those reported in previous publications (Sun 
et al., 2020; Li et al., 2022). Six eligible rats were included in each group 
to ensure the accuracy and completeness of the experimental results. All 
evaluators were blinded to the assignments. Data were collected from 
independent experiments and are shown as means ± standard deviation (SD). 
One-way analysis of variance followed by Tukey’s multiple comparisons test 
and unpaired t-test were performed using GraphPad Prism (version 8.0.0 for 
Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com). A 
significant difference was defined as a P value of less than 0.05.

Results
Increased Vav1 expression in the ischemic penumbra of the MCAO/R rats
First, we explored Vav1 expression in MCAO/R rats using a publicly available 
GEO database (GSE163614) and found that Vav1 is highly expressed in 
MCAO/R rats (Figure 1A). On the basis of this, we examined Vav1 mRNA and 
protein levels in the ischemic penumbra of MCAO/R rats. Vav1 expression 
was significantly increased at both the mRNA (Figure 1B) and the protein 
(Figure 1C) level in MCAO/R rats compared with sham rats. Next, we used 
TTC staining to measure the cerebral infarction area of the MCAO/R rats and 
found a clear trend toward an increased percentage of infarction area in 
MCAO/R rats compared with sham rats (Figure 1D). These findings indicate 
that the enhancement of Vav1 expression may play an important role in 
MCAO/R rats.

Vav1 knockdown abates brain infarction and neuronal injury in MCAO/R 
rats
Next, we inhibited Vav1 expression in MCAO/R rats to explore the effect of 
Vav1 on brain infarction and neuronal injury after cerebral I/R. While Vav1 
mRNA (Figure 2A) and protein (Figure 2B) expression levels were significantly 
increased in MCAO/R rats compared with sham rats, this effect was reversed 
by inhibition of Vav1. Then, we examined the cerebral infarction area in rat 
brain tissues by TTC staining. The images (Figure 2C) and quantitative results 
(Figure 2D) clearly showed that the infarction area in the MCAO/R rats was 
larger than that in sham rats, and this difference was strikingly decreased 
by Vav1 knockdown. In addition, inhibiting Vav1 expression ameliorated the 
neurological deficits seen in MCAO/R rats, as determined by neurological 
deficiency scoring (Figure 2E). When we assessed the brain water content, we 
found that it was higher in MCAO/R rats than in sham rats, and that inhibition 
of Vav1 dramatically reversed this effect (Figure 2F). Finally, hematoxylin and 
eosin staining was used to analyze tissue damage in the ischemic penumbra 
of MCAO/R rats. Compared with the sham group, rats in the MCAO/R group 
showed aggravated damage in the ischemic penumbra, but inhibition of Vav1 
expression decreased this damage (Figure 2G). Taken together, these findings 

indicate that Vav1 knockdown decreases brain infarction and neuronal injury 
in MCAO/R rats.

Vav1 knockdown alleviates neuronal apoptosis in the ischemic penumbra 
of MCAO/R rats
Cerebral I/R injury often results in neuronal degeneration and death (Xu et al., 
2007; Liang et al., 2008), and therefore we used FJC and immunofluorescence 
staining to explore the role of Vav1 in neuronal loss and apoptosis. Very little 
FJC staining was seen in sham rats, while FJC-positive neurons were clearly 
visible in MCAO/R rats (Figure 3A and B). However, Vav1 inhibition clearly 
decreased the number of FJC-positive cells in MCAO/R rats compared with 
the negative control. 

Nex t ,  we  exp lored  the  effec t  o f  Vav1  on  neurona l  apoptos i s . 
Immunofluorescence staining for NeuN, a neuronal marker (Lavezzi et al., 
2013), and TUNEL staining were used to detect neuronal apoptosis in the 
ischemic penumbra. MCAO/R resulted in a clear increase in the number of 
TUNEL-positive cells compared with sham rats (Figure 3C and D). However, 
Vav1 knockdown decreased the number of TUNEL-positive cells in MCAO/R 
rats compared with the negative control. We also measured the expression 
of several intrinsic apoptotic markers, including Bcl-2, Bax, and cleaved 
caspase-3 (Figure 3E and F). Inhibition of Vav1 significantly reversed the 
changes in the expression level of Bcl-2, Bax and cleavage of caspase-3, 
which was induced by MCAO/R. These results suggested that inhibiting Vav1 
expression decreases neuronal apoptosis in the brains of MCAO/R rats.

Vav1 knockdown represses the inflammatory response in the ischemic 
penumbra of MCAO/R rats
Inflammation after cerebral ischemia is an important factor leading to 
cerebral I/R injury (Li et al., 2021). As the resident macrophages of the central 
nervous system, microglia are involved in the inflammatory response to I/R 
(Wang et al., 2022). To determine whether microglia and the inflammasome 
were activated by MCAO/R in our rat model, we assessed expression of the 
microglial markers Iba-1 and Vav1, as well as NLRP3, an integral component 
of the inflammasome. The numbers of Iba-1/Vav1 double positive cells were 
increased in MCAO/R rats compared with sham rats, and inhibiting Vav1 
decreased this effect (Figure 4A and B). Merged images showed that Iba-1 
and Vav1 co-localized more extensively in MCAO/R rats than in sham rats. The 
number of NLRP3-positive cells was higher in MCAO/R rats than in sham rats, 
while Vav1 inhibition reversed this effect (Figure 4C and D). Furthermore, as 
seen in Figure 4C, there was substantial co-localization of Iba-1 and NLRP3 in 
MCAO/R rats.

The NLRP3 inflammasome is composed of the sensor protein NLRP3, the 
adapter protein ASC, and the protease caspase-1 (Zangiabadi and Abdul-
Sater, 2022). Therefore, we also examined the expression of these proteins. 
The western blot results (Figure 5A and B) showed that, compared with sham 
rats, NLRP3, ASC, and cleaved caspase-1 were expressed at significantly higher 
levels in MCAO/R rats. Similar to the effects shown in Figure 4C, this increase 
in protein expression was reversed by inhibition of Vav1. Furthermore, the 
mRNA and protein levels of IL-1β, TNF-α and IL-18 were enhanced after 
cerebral I/R, and this increase was abolished by inhibition of Vav1 (Figure 
5C and D). These results suggest that Vav1 is involves in the inflammatory 
response in MCAO/R rats by affecting the activation of microglial and NLRP3 
inflammasomes.

Increased Vav1 expression in BV-2 cells subjected to OGD/R
Next, we constructed an OGD/R cell model in mouse BV-2 microglia cells 
to evaluate the effects of Vav1 in vitro. First, we assessed Vav1 mRNA 
and protein levels in the cells. Consistent with the results from the in vivo 
experiments, Vav1 expression was increased in BV-2 cells after OGD/R 
compared with the control cells (Figure 6A and B). Immunofluorescence 
staining confirmed that there were more Vav1-positive cells in the OGD/R 
group than in the control group (Figure 6C and D). Then, Vav1 was silenced 
for further investigation (Figure 6E and F).

Vav1 knockdown represses inflammation in BV-2 cells subjected to OGD/R
The mRNA levels and contents of the IL-1β , TNF-α, and IL-18 were also 
detected in vitro. Compared with the control, IL-1β , TNF-α, and IL-18 
mRNA and contents were increased in BV-2 cells subjected to OGD/R, 
while this increase was alleviated by the inhibition of Vav1 (Figure 7A and 
B). Furthermore, more NLRP3-positive cells were seen in the OGD/R cells 
compared with the control cells (Figure 7C and D), while Vav1 inhibition 
reversed this effect. Similar to the in vivo results, silencing Vav1 reversed the 
changes in NLRP3, ASC, and cleaved caspase-1 (p20) levels observed in BV-2 
cells subjected to OGD/R (Figure 7E and F). These findings confirm that Vav1 
knockdown represses inflammation in vitro.

Discussion
Several studies have demonstrated that cerebral ischemia is strongly related 
to inflammation, oxidative stress, and apoptosis (Li et al., 2019b; Gao et al., 
2022). Given that the neuronal injury caused by cerebral I/R is irreversible, 
patients with cerebral ischemia usually have a poor prognosis (Li et al., 
2020). Accordingly, blocking inflammation and apoptosis may help reduce 
the effects of cerebral I/R injury. In this study, we found that Vav1 was 
upregulated in MCAO/R rats and in BV-2 cells subjected to OGD/R. Inhibition 
of Vav1 suppressed the activation of microglial and NLRP3 inflammasome 
and decreased the expression of apoptotic regulators, thus alleviating the 
inflammation and neuronal apoptosis caused by cerebral I/R.
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Figure 1 ｜ Increased Vav1 expression in the ischemic penumbra of MCAO/R rats.
(A) Vav1 mRNA expression in MCAO/R rats according to the GEO database GSE163614. (B) Vav1 mRNA expression (normalized to the sham group) in the ischemic penumbra of 
MCAO/R rats. (C) Normalized Vav1 protein expression in the ischemic penumbra of MCAO/R rats. (D) Cerebral infarction area expressed as a percentage of total brain area, as 
determined by TTC staining. Data are expressed as the mean ± SD (n = 6), and were analyzed by unpaired t-test. The experiments were repeated three times. GEO: Gene expression 
omnibus; MCAO/R: middle cerebral artery occlusion/reperfusion; TTC staining: triphenyltetrazolium chloride staining; Vav1: Vav guanine nucleotide exchange factor 1.

Figure 2 ｜ Vav1 knockdown decreases brain infarction area and neuronal injury in MCAO/R rats.
(A) Vav1 mRNA expression (normalized to the sham group) in MCAO/R rats, as detected by qPCR. (B) Vav1 protein expression (normalized to the sham group) in MCAO/R rats, as 
detected by western blot. (C) TTC staining images of cerebral infarction area in MCAO/R rat brain tissues. MCAO/R rats showed increased infarction area compared with sham rats, 
while Vav1 knockdown reversed this effect. The white area represents the infarction area. (D) Quantitation of the cerebral infarction results. (E) Neurological deficiency scores of 
MCAO/R rats. (F) Brain water content of MCAO/R rats. (G) Hematoxylin and eosin staining of the cerebral infarction area in MCAO/R rats. The MCAO/R rats showed more damage in 
the ischemic penumbra than sham rats, but inhibition of Vav1 expression reversed this effect. Scale bars: 100 μm (upper) and 50 μm (lower). Data are expressed as the mean ± SD  
(n = 10 (E), n = 6 (others)), and were analyzed by one-way analysis of variance followed by Tukey’s multiple comparisons test. The experiments were repeated three times.  
MCAO/R: Middle cerebral artery occlusion/reperfusion; qPCR: quantitative polymerase chain reaction; TTC staining: triphenyltetrazolium chloride staining; Vav1: Vav guanine 
nucleotide exchange factor 1. 

Figure 3 ｜ Vav1 knockdown alleviates neuronal loss and apoptosis in the ischemic penumbra of MCAO/R rats.
(A) FJC staining of the ischemic penumbra area of brain tissues in MCAO/R rats. (B) Quantification of FJC-positive cells (green). (C) Immunofluorescence staining of neurons (NeuN, 
FITC, green) and TUNEL (red) staining in the ischemic penumbra area in MCAO/R rats. MCAO/R rats showed greater number of TUNEL-positive cells than sham rats, but inhibition 
of Vav1 decreased this effect. Nuclei were stained with DAPI (blue). Scale bars: 50 μm. (D) Quantification of NeuN and TUNEL double positive cells. (E, F) Bcl-2, Bax, and cleaved 
caspase-3 protein levels (normalized to the sham group) were analyzed by western blot. Data are expressed as the mean ± SD (n = 6), and were analyzed by one-way analysis of 
variance followed by Tukey’s multiple comparisons test. The experiments were repeated three times. DAPI: 4′,6-Diamidino-2-phenylindole; FITC: fluorescein isothiocyanate; FJC 
staining: Fluoro-Jade C staining; MCAO/R: middle cerebral artery occlusion/reperfusion; NeuN: neuronal nuclear; TUNEL: terminal-deoxynucleotidyl transferase mediated nick end 
labeling; Vav1: Vav guanine nucleotide exchange factor 1.
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Figure 4 ｜ Vav1 knockdown represses the activation 
of microglia and NLRP3 inflammasome in the ischemic 
penumbra of MCAO/R rats. 
(A) Double immunofluorescence staining for Vav1 (FITC, 
green) and Iba-1 (Cy3, red) in the ischemic penumbra 
area in MCAO/R rats. MCAO/R rats showed enhanced 
expression of Vav1 and Iba-1 compared with the sham 
group, but inhibition of Vav1 expression decreased the 
levels of both proteins. (B) Quantification of Vav1/Iba-
1 double positive cells. (C) Double immunofluorescence 
staining for NLRP3 (FITC, green) and Iba-1 (Cy3, red) in 
the ischemic penumbra area in MCAO/R rats. MCAO/R  
rats showed enhanced expression of Iba-1 and NLRP3 
compared with the sham group, but inhibition of Vav1 
expression decreased the levels of both proteins. Nuclei 
were stained with DAPI (blue). Scale bars: 50 μm. (D) 
Quantification of NLRP3 and Iba-1 double positive cells. 
Data are expressed as the mean ± SD (n = 6), and were 
analyzed by one-way analysis of variance followed by 
Tukey’s multiple comparisons test. Cy3: Cyanine 3; 
DAPI: 4′,6-diamidino-2-phenylindole; FITC: fluorescein 
isothiocyanate; MCAO/R: middle cerebral artery 
occlusion/reperfusion; NLRP3: NOD-like receptor pyrin 3; 
Vav1: Vav guanine nucleotide exchange factor 1.

Figure 5 ｜ Vav1 knockdown represses 
inflammation in the ischemic penumbra of 
MCAO/R rats.  
(A, B) NLRP3, ASC, and cleaved caspase-1 
(p20) expression levels in the ischemic 
penumbra area in MCAO/R rats (normalized 
to the sham group) were analyzed by 
western blot. (C) IL-1β , TNF-α, and IL-18 
mRNA expression levels (normalized to the 
sham group) in the ischemic penumbra 
area of MCAO/R rats were analyzed by 
qPCR. (D) The contents of IL-1β, TNF-α, 
and IL-18 in the ischemic penumbra area 
of MCAO/R rats were analyzed by ELISA. 
Data are expressed as the mean ± SD (n = 
6), and were analyzed by one-way analysis 
of variance followed by Tukey’s multiple 
comparisons test. The experiments were 
repeated three times. ASC: Apoptosis-
associated speck-like protein; ELISA: 
enzyme-linked immunosorbent assay; IL-
18: interleukin-18; IL-1β: interleukin-1β; 
MCAO/R: middle cerebral artery occlusion/
reperfusion; NLRP3: NOD-like receptor pyrin 
3; qPCR: quantitative polymerase chain 
reaction; TNF-α: tumor necrosis factor-α; 
Vav1: Vav guanine nucleotide exchange 
factor 1.

Figure 6 ｜ Increased Vav1 expression in BV-2 
cells subjected to OGD/R.
(A) Vav1 mRNA expression in control BV-2 
cells and BV-2 cells subjected to OGD/R. 
(B) Vav1 protein expression in control BV-2 
cells and BV-2 cells subjected to OGD/R. (C) 
Immunofluorescence staining for Vav1 in control 
BV-2 cells and BV-2 cells subjected to OGD/R. 
Compared with the control cells, Vav1 expression 
was increased in OGD/R cells. Nuclei were 
stained with DAPI (blue). Scale bars: 50 μm. (D) 
Quantification of Vav1-positive cells. (E) Vav1 
mRNA expression in Vav1 knockdown BV-2 cells. 
(F) Vav1 protein expression in Vav1 knockdown 
BV-2 cells. Data are expressed as the mean ± 
SD, and were analyzed by unpaired t-test (A, B, 
D) or one-way analysis of variance followed by 
Tukey’s multiple comparisons test (E, F). The 
experiments were repeated three times. DAPI: 
4′,6-Diamidino-2-phenylindole; OGD/R: oxygen-
glucose deprivation/reoxygenation; Vav1: Vav 
guanine nucleotide exchange factor 1.
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In this study, we used male rats as the in vivo study subject. First, studies 
show that, in brain injury, higher levels of infarction and disability are found 
in male than in female individuals (El-Hakim et al., 2021), which may due to 
the protective effect of the female sex hormones estrogen and progesterone 
(Vahidinia et al., 2021). Therefore, to avoid the influence of these hormones, 
male mice were selected for our experiments. More importantly, in this work, 
we found that Vav1 is related to microglial activation. Studies have found 
that the increase in resident microglia proliferation in the injured cerebral 
hemisphere is higher in male rats compared to female rats. Furthermore, Iba-
staining for microglia is greater in male than in female rats after brain injury, 
indicating a greater number of microglia (Scott et al., 2022). The GSE163614 
database and our in vivo model both demonstrate that Vav1 is highly 
expressed in MCAO/R rats. To further explore the role of elevated Vav1 levels 
in MCAO/R rats, we examined the effect of Vav1 on neurological impairment 
after cerebral I/R. The results showed that inhibition of Vav1 expression 
decreased infarction area, neurological deficit, brain water content, and 
cerebral tissue damage in MCAO/R rats. These findings demonstrate that 
inhibiting Vav1 expression moderates the deleterious effects of I/R, indicating 
that Vav1 plays an essential role in cerebral I/R injury. On the basis of this, we 
explored the potential mechanism of Vav1 regulation in cerebral I/R injury. 
Vav1 has been reported to be related to neuronal apoptosis (He et al., 2020) 
and microglial activation (Chen et al., 2017) in other neurodegenerative 
diseases. Accordingly, we hypothesized that Vav1 may be closely related to 
the activation of microglial and NLRP3 inflammasome activation, thus playing 
a key role in cerebral I/R injury.

Cerebral I/R can induce cell death (Gong et al., 2017), and cell apoptosis is 
considered to play an essential part in cerebral I/R injury (Bredesen et al., 
2006; Hausburg et al., 2020). In our study, we explored the role of Vav1 in 
neuronal apoptosis. Given that Bcl-2 and Bax are closely involved in apoptosis 
(Li et al., 2018), we examined changes in the expression levels of these two 
proteins. Silencing Vav1 clearly decreased neuronal apoptosis in MCAO/R rats, 
as revealed by the decreased levels of cleaved caspase-3 and Bcl2, and the 
increased level of Bax. 

In addition to apoptosis, inflammation following cerebral ischemia is a risk 
factor for cerebral I/R injury. Among the factors associated with cerebral 
ischemic inflammation, IL-1β , IL-18, and TNF-α show a strong connection with 
brain injury (Enzmann et al., 2018). Early inflammatory injury after cerebral I/R  
has been reported to be mainly caused by the pro-inflammatory mediator 
TNF-α, and its release is closely related to activated microglia (Tuttolomondo 
et al., 2009). In addition, one study showed that microglia activate the 
NLRP3 inflammasome, thereby promoting inflammation, and that silencing 
NLRP3 expression reduced levels of pro-inflammatory cytokines, thereby 
inhibiting neuroinflammation and reducing tissue damage (Yang et al., 
2014). Considering the important role of microglia in cerebral I/R injury, we 
measured the expression level of Iba1, a microglial marker, in MCAO/R rats. 
The results showed an increase in Iba-1 expression after cerebral I/R. More 
importantly, we found that Vav1 and NLRP3 were localized almost exclusively 

to Iba-1-positive cells, and Vav1 inhibition reversed the increase in Iba-1 and 
NLRP3 expression in MCAO/R rats. This phenomenon reflected the result 
that MCAO/R induced high levels of Vav1 expression in microglia, and Vav1 
inhibition decreased microglial and NLRP3 inflammasome activation. 

A previous study found that Vav1 expression is related to LPS-induced 
microglial activation (Chen et al., 2017). Under ischemic conditions, the NLRP3 
inflammasome is activated, and the expression levels of its core proteins, 
including NLRP3, ASC, caspase-1, IL-1, and IL-18, increases (Fann et al., 2013). 
Similarly, we found substantially increased NLRP3, ASC, and cleaved caspase-1 
(p20) levels in MCAO/R rats, while inhibition of Vav1 reversed this effect. 
Previous studies have shown that inhibiting NLRP3 inflammasome activation 
reduces inflammation, infarct size, and edema formation (Yang et al., 2014; 
Dong et al., 2016). Therefore, we measured the expression levels of TNF-α, 
IL-1β, and IL-18, which are downstream effectors of activated microglia and 
NLRP3. Vav1 knockdown has been reported to reduce LPS-induced production 
of TNF-α by macrophages (Miletic et al., 2007). Consistent with this, we found 
that Vav1 inhibition significantly decreased cerebral I/R-induced elevation of 
pro-inflammatory factor expression. Therefore, we inferred that Vav1 may 
be involved in cerebral I/R injury by affecting the activation of microglial and 
NLRP3 inflammasome. To confirm the role of Vav1 in vitro, we constructed 
an OGD/R cell model in BV-2 microglia cells. Consistent with the in vivo 
results, Vav1 was upregulated in BV-2 cells subjected to OGD/R. Inhibiting 
Vav1 decreased NLRP3 inflammasome activation and the release of pro-
inflammatory factors in BV-2 cells. 

Overall, we found that Vav1 plays a significant role in cerebral I/R injury. In 
this study, we chose to inhibit Vav1 expression before surgery. Although this 
method is commonly used in studies that explore the functional role that 
genes play in cerebral I/R injury (Li et al., 2019a; Wang et al., 2020b; Chen 
et al., 2021; Han et al., 2021), it was still a limitation of our current research. 
Because the role of Vav1 in MCAO/R has not been previously reported, our 
current study presents only preliminary results demonstrating that Vav1 
inhibition decreases the level of brain injury caused by MCAO/R. Further 
research is needed to provide a basis for potential drug development and 
other clinical applications based on our results.

In this study, we found that Vav1 is highly expressed in MCAO/R rats. Vav1 
inhibition reduced the inflammation and neuronal apoptosis seen in MCAO/R 
rats by inhibiting the activation of microglial and NLRP3 inflammasome. 
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Figure 7 ｜ Vav1 knockdown represses inflammation in BV-2 cells subjected to OGD/R.
(A) IL-1β , TNF-α, and IL-18 mRNA levels in control BV-2 cells and BV-2 cells subjected to OGD/R were analyzed by qPCR. (B) The contents of IL-1β, TNF-α, and IL-18 in control BV-2 cells 
and BV-2 cells subjected to OGD/R were detected by ELISA. (C) Immunofluorescence staining for NLRP3 (FITC, green) in BV-2 cells subjected to OGD/R. Compared with control cells, 
NLRP3 expression was increased in BV-2 cells subjected to OGD/R, while inhibition of Vav1 expression decreased NLRP3 expression. Nuclei were stained with DAPI (blue). Scale bars: 
50 μm. (D) Quantification of NLRP3 positive cells. (E, F) NLRP3, ASC, and cleaved caspase-1 (p20) protein levels in BV-2 cells subjected to OGD/R were analyzed by western blot. Data 
are expressed as the mean ± SD, and were analyzed by one-way analysis of variance followed by Tukey’s multiple comparisons test. The experiments were repeated three times. ASC: 
Apoptosis-associated speck-like protein; DAPI: 4′,6-diamidino-2-phenylindole; ELISA: enzyme-linked immunosorbent assay; FITC: fluorescein isothiocyanate; IL-18: interleukin-18; 
IL-1β: interleukin-1β; NLRP3: NOD-like receptor pyrin 3; OGD/R: oxygen-glucose deprivation/reoxygenation; qPCR: quantitative polymerase chain reaction; TNF-α: tumor necrosis 
factor-α; Vav1: Vav guanine nucleotide exchange factor 1.
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