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Abstract 

Background:  Neuroinflammation and neuronal apoptosis are closely associated with a poor prognosis in patients 
with subarachnoid hemorrhage (SAH). We investigated the role of C–C motif chemokine receptor 2 (CCR2) in SAH.

Methods:  Pre-processed RNA-seq transcriptome datasets GSE167110 and GSE79416 from the Gene Expression 
Omnibus (GEO) database were screened for genes differentially expressed between mice with SAH and control mice, 
using bioinformatics analysis. The endovascular perforation model was performed to establish SAH. RS504393 (a CCR2 
antagonist) and LY294002 (PI3K inhibitor) were administered to explore the mechanism of neuroinflammation after 
SAH. SAH grading, neurological scoring, brain water content and blood–brain barrier (BBB) permeability determina-
tion, enzyme-linked immunosorbent assay (ELISA), western blotting, and immunofluorescence were performed. An 
in vitro model of SAH was induced in H22 cells by hemin treatment. The protective mechanism of CCR2 inhibition was 
studied by adding RS504393 and LY294002. Clinical cerebrospinal fluid (CST) samples were detected by ELISA.

Results:  Expression of CCR2 was upregulated in both datasets and was identified as a hub gene. CCR2 expression 
was significantly upregulated in the cytoplasm of neurons after SAH, both in vitro and in vivo. RS significantly reduced 
the brain water content and blood–brain barrier permeability, alleviated neuroinflammation, and reduced neuronal 
apoptosis after SAH. Additionally, the protective effects of CCR2 inhibition were abolished by LY treatment. Finally, the 
levels of CCR2, inflammatory factors, and apoptotic factors were elevated in the CSF of patients with SAH. CCR2 levels 
were associated with patient outcomes at the 6-month follow-up.

Conclusion:  CCR2 expression was upregulated in both in vitro and in vivo SAH models. Additionally, inhibition of 
CCR2, at least partly through the PI3K/AKT pathway, alleviated neuroinflammation and neuronal apoptosis in vivo and 
in vitro. CCR2 levels in the CSF have a moderate diagnostic value for 6-month outcome prediction in patients with 
SAH.
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Introduction
Subarachnoid hemorrhage (SAH), typically caused by 
a ruptured intracranial aneurysm, accounts for 5% of 
stroke [1]. SAH is a cerebrovascular disease with high 
morbidity and mortality rates. Early brain injury (EBI), 
occurring within 72  h, is the main cause of death and 
delayed neurological impairment after SAH [2]. How-
ever, the specific molecular mechanism underlying 
EBI after SAH remains unclear. Neuroinflammation 
and neuronal apoptosis are key destructive processes 
in SAH-induced EBI [3, 4]. Therefore, reducing neu-
roinflammation and neuronal apoptosis is particularly 
important to improve SAH prognosis.

In an asthma model, activation of the seven-trans-
membrane domain G-protein-coupled receptor CCR2 
mediates neutrophil apoptosis through the PI3K/Akt/
ERK/NF-κB pathway [5]. This receptor can be activated 
by CCL2, CCL7, CCL8, CCL12, CCL13, and CCL16 
[6]. CCR2 is expressed in cells in different regions of 
the human brain, including endothelial cells, neurons, 
astrocytes, and microglia, in different regions of the 
cerebral cortex, caudate putamen, and substantia nigra, 
with the highest expression in the hippocampus [7, 8]. 
To date, studies on CCR2 in the central nervous system 
have mainly focused on multiple sclerosis, Alzheimer’s 
disease, and ischemic stroke [6].

CCR2 inhibition is thought to be a therapeutic strat-
egy for various diseases, including autoimmune dis-
eases, atherosclerotic pain, metabolic diseases, and 
central nervous system diseases, partly owing to the 
critical role of CCR in monocyte migration and inflam-
mation [9, 10]. RS504393 (RS) is a selective CCR2 
chemokine receptor antagonist. RS was shown to sig-
nificantly downregulate lipopolysaccharide (LPS)-
induced IL1β and PAI-1 mRNA and protein expression 
[11]. Additionally, RS significantly inhibited LPS-
induced pulmonary edema [12] and reduced renal 
injury induced by renal interstitial fibrosis [13].

Therefore, we hypothesized that CCR2 is an impor-
tant regulator of neuroinflammation and neuronal 
apoptosis induced by SAH. We used in vivo and in vitro 
SAH models to determine the role of CCR2 in SAH and 
explore the related mechanisms. Moreover, the levels of 
CCR2 and inflammatory and apoptotic factors in cer-
ebrospinal fluid (CSF) samples of healthy controls and 
patients with SAH were detected, and the relationship 
between CCR2 and patient outcomes was evaluated.

Methods
Study design
GEO Database Analysis, three separated in  vitro and 
in  vivo experiments, and clinical sample detection were 
conducted, as shown in Fig. 1.

Bioinformatics analysis
The Gene Expression Omnibus (GEO, http://​www.​ncbi.​
nlm.​nih.​gov/​geo) database was used to collect pre-pro-
cessed RNA-seq transcriptome data of the brain tissues 
of SAH model mice, which included the GSE167110 and 
GSE79416 datasets. The datasets of differential RNA-seq 
transcriptome data in SAH were compared with those 
of control mouse brain tissue using the DESeq2 soft-
ware package (version 1.34.0), using R software (https://​
www.r-​proje​ct.​org/) [14]. To establish statistical sig-
nificance, GSE167110 was filtered using P < 0.05 and 
|fold-change (FC)|> 1 as cutoffs. GSE79416 was filtered 
using P < 0.05 and |FC|> 2 cutoffs. A Venn diagram was 
constructed to identify the intersecting differentially 
expressed genes (DEGs) using the Venn package (version 
1.10) in R. A protein–protein interaction (PPI) network 
of intersecting DEGs was visualized using the STRING 
database (https://​string-​db.​org/) and Cytoscape soft-
ware (version 3.9.1) [15]. CytoHubba in the Cytoscape 
software was used to identify the top-10 hub genes and 
key modules of the PPI network [16]. GeneMANIA web 
server [17] (http://​www.​genem​ania.​org/) was used to 
identify the gene interaction networks. Gene Ontology 
(GO) enrichment and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses were conducted 
using the package cluster profiler (version 4.4.2) [18] of 
R (version 4.1.0) software, which showed the biological 
processes, cellular components, molecular functions, and 
pathways related to the intersecting DEGs. Only terms 
with P < 0.05 were considered statistically significantly 
enriched pathways. The ggplot2 R package was used to 
visualize the results.

Animals
All animal experiments were approved by the Animal 
Experiment Center of Wuhan University (WDRM—
20170504). Wild-type C57BL/6J male mice (total of 
261 mice including 221 SAH mice and 40 Sham mice, 
25–30  g) were purchased from the Central Laboratory 
of Renmin Hospital of Wuhan University. Before ani-
mal experiments, the animals were acclimated in a room 
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with controlled humidity (65 ± 5%) and temperature 
(25 ± 1  °C), with a 12  h/12  h light/dark cycle and with 
free access to food and water for at least 1 week.

SAH model
Intravascular perforations were performed as previously 
described [19]. Mice were anesthetized with 5% isoflu-
rane and maintained with 2% isoflurane. The mice were 
placed in the supine position, and the skin was incised in 
the middle of the neck to separate the common carotid, 
external carotid, and internal carotid arteries. A 4-0 
monofilament was then inserted from the left external 
carotid artery to the internal carotid artery and continued 

forward until resistance was encountered to puncture the 
vessel. The sutures were rapidly removed, the external 
carotid artery ligated, and the wound sutured. A sham 
group of mice underwent a similar surgery but without 
perforation.

Drug administration
The mice were administered RS (SML0711-5MG, Sigma, 
USA) at different dosages (1, 3, and 9 mg/kg/day, intra-
peritoneally). According to the weight of the mice, an 
appropriate amount of RS was weighed and dissolved in 5 
ul phosphate-buffered saline [PBS, containing 10% dime-
thyl sulfoxide (DMSO)] and intraperitoneally injected 

Fig. 1  Experimental designs. RS (RS504394, CCR2 specific antagonist); LY (LY294002, PI3K specific inhibitor)
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after SAH induction for 1 h. Similarly, 5 μL of PBS con-
taining 10% DMSO was used as the negative control 
for RS. According to previous studies, LY294002 (LY, 
#S1737-5 mg, Beyotime, Shanghai, China) was prepared 
in 50  mmol/L PBS containing 10% DMSO with a total 
volume of 5 μL and was injected in the cerebral ventricle 
(i.c.v) 30 min before SAH induction [20]. Similarly, 5 μL 
of PBS containing 10% DMSO was used as the negative 
control for LY.

SAH grading
The SAH grading score was determined by an inde-
pendent investigator blinded to the experimental group 
at 24  h after SAH was induced, as previously described 
[21]. SAH mice with a score of ≤ 8 were excluded from 
the study.

Neurological function evaluation
Neurological performance was evaluated 24 h after SAH 
induction in a blinded fashion, using a modified Garcia 
scale, as previously described [22]. The modified Gar-
cia test (scores of 3–18) included whisker contact, trunk 
contact, spontaneous movement, spontaneous limb 
movement, forelimb extension, and climbing ability.

Brain water content
Brain tissue was collected at 24  h after SAH induction 
and was divided into left and right hemispheres. The 
brain tissue was weighed immediately to obtain the wet 
weight and was then weighed after drying at 105 ℃ for 
24 h (dry weight). The percentage of brain water content 
was calculated as follows: [(wet weight − dry weight)/wet 
weight] × 100%.

Blood–brain barrier permeability
The blood–brain barrier (BBB) permeability was assessed 
24  h after SAH induction, as described in a previous 
study [23]. Briefly, Evans blue (EB, 2%, 5 mL/kg, Sigma) 
was injected into the left ventricle 1 h before killing. After 
killing, the brain tissue was homogenized in 50% trichlo-
roacetic acid (TCA), after which the samples were centri-
fuged for 5 min at 1000×g. The supernatant was collected 
and mixed with ethanol and TCA at 4 ℃ overnight. EB 
concentration was determined by measuring the absorb-
ance at 630 nm, which represented BBB permeability.

Immunofluorescence staining
Double-immunofluorescence staining was performed as 
described in a previous study [24]. The mice were deeply 
anesthetized 24  h after SAH induction, and 60  mL of 
frozen PBS was administered via the heart, followed by 
60  mL of 4% paraformaldehyde. The whole brain was 
removed, fixed with 4% paraformaldehyde for 24  h, 

paraffin-embedded, and sectioned. To perform double-
immunohistochemical staining, the brain tissue sections 
were incubated with primary antibodies mouse anti-
NeuN (#94403, 1:200, Cell Signaling Technology, CST) 
and rabbit anti-CCR2 (#ab216863, 1:200, Abcam) over-
night at 4 ℃. The sections were incubated with the appro-
priate secondary antibody at room temperature for 1 h. 
The sections were then visualized under a fluorescence 
microscope and photographed. Six coronal sections 
showing the ipsilateral cortex and hippocampus were 
randomly selected. CCR2- and TNF-α-positive cells were 
detected and counted in three different regions. The data 
are expressed as the number of cells/fields.

TUNEL staining
Double staining was performed for the neuronal marker 
NeuN and terminal deoxynucleotide transferase dUTP 
notched-end labeling (TUNEL) marker, using an apop-
tosis detection kit (#G1501-50T, Servicebio, Wuhan, 
China) according to the manufacturer’s instructions, 
in brain tissues obtained 24 h after SAH induction. The 
number of TUNEL-positive neurons in the ipsilateral 
cortex and hippocampus was manually counted under 
40× magnification. An average of six slices were inves-
tigated for each brain region. Data are expressed as the 
number of TUNEL-positive neurons (%).

Cell culture and in vitro SAH model
For the in vitro study, murine HT22 cells were cultured in 
Dulbecco’s modified Eagle medium (‘DEME’) containing 
10% fetal bovine serum and 1% penicillin/streptomycin in 
a humidified atmosphere containing 5% carbon dioxide 
at 37 ℃. Hemin (160 μM) was introduced into the culture 
medium for 24 h to induce SAH damage in vitro accord-
ing to the cell counting kit-8 (CCK-8) assay (#G4103-
5ML, Servicebio, Wuhan, China) results [19, 25]. After 
incubation, the medium was removed, and the cells were 
washed with PBS. HT22 cells were pretreated with 10 μM 
RS and 10 μM LY for 1 h to observe the mechanism of 
CCR2 after SAH.

Cell viability
Cell viability was assessed using a CCK-8 kit. HT22 
cells were seeded in 96-well plates. SAH was induced as 
described above. CCK-8 reagent (10 µL) was mixed with 
90 µL of complete medium and added to each well, and 
the plates were incubated for 1  h. The optical density 
was measured at 450 nm using a microplate reader. The 
results are expressed as the percentage of living cells, and 
the cell survival rate of the control group was set as 100%.
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Flow cytometry
Flow cytometry was performed to assess neuronal death 
using an Annexin V PE/7-AAD kit (#CA1030, SolarBio, 
Beijing, China). The data were analyzed using Novocyte 
Express (Santa Clara, CA, USA). Dead cell count was cal-
culated using the following formula: [number of Annexin 
V PE+/7-AAD+ cells/number of total cells] × 100%.

Western blotting
Western blotting was performed as previously described 
[26]. Proteins from the brain samples and cultured HT22 
cells were lysed with RIPA lysis buffer. Equal amounts 
of protein (50  μg) were loaded onto a sodium dodecyl 
sulfate–polyacrylamide gel. The proteins were electro-
phoresed until they were fully separated and then trans-
ferred to a polyvinylidene difluoride membrane. The 
membrane was then blocked with 5% bovine serum albu-
min for 1 h at room temperature. The membranes were 
incubated with the following primary antibodies over-
night at 4 ℃: anti-CCR2 (#12199, 1:1000, CST), anti-p-
PI3K (#4228, 1:1000, CST), anti-PI3K (#AF7742, 1:1000, 
Beyotime), anti-AKT (#4691, 1:1000, CST), anti-pAKT 
(#4060, 1:1000, CST), anti-IL-1β (#ab254360, 1:1000, 
Abcam), anti-TNF-α (#ab255275, 1:1000, Abcam), 
anti-BAX (#GB114122, 1:1000, ServiceBio), anti-Bcl-2 
(#GB113375, 1:1000, ServiceBio), anti-cleaved caspase 
3 (#ab2302, CC3, 1:1000, Abcam), and anti-β-tubulin 
(#GB11017, 1:1000, ServiceBio). Suitable secondary anti-
bodies (1:5000, Santa Cruz Biotechnology, Dallas, TX, 
USA) were selected and incubated with the membrane at 
room temperature for 1 h. The bands were then observed 
using an enhanced chemiluminescence reagent. Image J 
software (NIH, Bethesda, MD, USA) was used for density 
measurements and quantification.

Participants
The study was approved by the ethics committee of our 
institution. All participants provided written informed 
consent. Patients with aneurysm SAH (aSAH) were 
recruited at our hospital between January 2019 and April 
2022. Cerebral computed tomography showed a SAH, 
and digital subtraction angiography (DSA) or computed 
tomography angiography (CTA) suggested an intracranial 
aneurysm. The inclusion criteria for aSAH were: (1) age 
between 18 and 75 years, (2) aSAH confirmed by cerebral 
DSA and/or CTA and CT, (3) CSF collected within 3 days 
after aSAH, and (4) informed consent signed by the par-
ticipant’s next of kin. Healthy individuals were recruited 
as controls. The inclusion criteria for the control group 
were as follows: (1) age between 18 and 75 years; (2) no 
current or prior brain injury, neurological disease, or 
bleeding disorder; and (3) the participant or a close rela-
tive signed a consent form. The modified Rankin Scale 

(mRS, 0–6 score) was recorded at the 6-month follow-up. 
For analysis in this study, we collapsed the mRS scores to 
0–2 (favorable outcome) vs 3–6 (unfavorable outcome) 
[27]. The control group CSF was obtained from patients 
without intracranial or spinal lesions who required spinal 
anesthesia for other reasons. The samples were centri-
fuged at 4 ℃ at 2500×g for 10  min to remove erythro-
cytes and were stored at − 80 °C until analysis.

ELISA detection
Mouse IL-1β (MU30369, Bioswamp, Wuhan, China) and 
TNF-α (MU30030, Bioswamp, Wuhan, China) levels 
were tested using an ELISA kit, according to the manu-
facturer’s instructions, to investigate the effect of CCR2 
on inflammatory changes. CCR2 (HM11536, Bioswamp, 
Wuhan, China), BAX (HM10117, Bioswamp, Wuhan, 
China), caspase 3 (HM10963, Bioswamp, Wuhan, China), 
IL-1β (HM10206, Bioswamp, Wuhan, China), and TNF-α 
(HM10001, Bioswamp, Wuhan, China) levels were ana-
lyzed in human CSF using ELISA. The optimal dilution 
was determined, and ELISA was performed according to 
the manufacturer’s instructions.

Statistical analysis
RNA-seq data were statistically analyzed using R Studio 
(version 4.1.0; https://​www.r-​proje​ct.​org/). GraphPad 
Prism software (version 8.02; GraphPad Inc., La Jolla, 
CA, USA) was used for the statistical analysis. All data 
were expressed as mean ± standard deviation. Student’s 
t-test was used for comparison between two groups. 
One-way analysis of variance (ANOVA) was performed 
if the comparison involved three groups and the group 
above. Pearson’s correlation test was used to evalu-
ate whether there was a correlation between CCR2 and 
BAX, caspase 3, IL-1β, TNF-α, and mRS scores. The area 
under the ROC curve and 95% confidence interval (CI) 
were determined. The sensitivity and specificity of each 
independent risk factor were obtained for a range of dif-
ferent cut-off points. P < 0.05 was considered statistically 
significant.

Results
Bioinformatics analysis
We identified 135 DEGs between SAH and control sam-
ples in GSE167110, including 129 upregulated and six 
downregulated genes. Based on data from three mice 
with SAH and three normal controls in GSE79416, we 
identified 107 DEGs, of which 95 were upregulated and 
12 were downregulated. By investigating intersecting 
DEGs in GSE167110 and GSE79416 by Venn diagram 
analysis, we identified 20 DEGs for further analyses, of 
which 19 were upregulated and one was downregulated 
(Fig.  1C). These intersecting DEGs included CCR2. The 

https://www.r-project.org/
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expression of intersected DEGs in each GEO dataset is 
presented as a volcano plot and heatmap (Fig. 2A, B). We 
also analyzed the correlation of expression among the 
intersecting DEGs in both datasets and found that most 
intersecting DEGs were positively correlated with each 
other (Fig. 2D).

To discover the common transcription-level changes 
in SAH and reveal the role of the functional path-
ways, we performed GO functional and KEGG path-
way enrichment analyses of the intersecting DEGs and 

ranked enriched terms based on the number of inter-
secting genes involved. GO analysis showed that the 
DEGs were most significantly enriched in the biologi-
cal activity of immune cells, such as humoral immune 
response, leukocyte chemotaxis, myeloid leukocyte 
migration, receptor ligand activity, cytokine activity, 
and immune receptor activity. KEGG analysis showed 
that intersecting DEGs were mainly associated with 
immune cell-related signaling pathways, such as the 
chemokine signaling pathway, cytokine–cytokine 

Fig. 2  Bioinformatics analysis of DEGs between SAH and control. A, B Volcano plots and heatmaps of the intersected DEGs expression levels in 
the A GSE167110 and B GSE79416. C Venn diagram showing DEGs in the three datasets. D Correlations among the intersected DEGs between SAH 
and control in the two datasets via Pearson analysis. Red represented positive correlation and blue represented negative correlation in GSE167110; 
orange represented positive correlation and green represented negative correlation in GSE79416. E Enriched items in GO and KEGG analysis. GO: 
Gene Ontology; BP: biological process; CC: cellular component; MF: molecular function; KEGG: Kyoto Encyclopedia of Genes and Genomes. F PPI 
network of the intersected DEGs in the GeneMINIA. G The Cytohubba was used to construct the Top10 hub genes. The figure showed the Top10 
hub genes constructed by the NHC method
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receptor interaction, the IL-17 signaling pathway, and 
the TNF signaling pathway (Fig. 2E).

We predicted the PPI network of the intersecting 
DEGs using GeneMANIA (Fig. 2F) and STRING tools, 
followed by analysis using Cytoscape software. The 
top-10 hub genes were identified based on the Cyto-
Hubba NHC algorithm using the Cytoscape software 
(Fig. 2G): CCR2, CXCL10, TIMP1, SPP1, Lcn2, Lgals3, 
CCL12, CCR1, FCGR4, and IFI204. CCR2 was the 
upregulated gene with the highest score in the NHC 
method and was identified as the key hub gene of the 
predicted network.

SAH mortality, grading, and exclusion
Forty mice were included in the sham group, while 271 
mice were used to establish the SAH model. Of the lat-
ter, 61 mice died within 24 h, 4 mice died within 72 h, 
and 20 mice were excluded owing to SAH grading 
score < 8. The overall mortality rate in the SAH model 
group was 24.0% (65/271) (Additional file 1: Fig. S1A). 
A schematic diagram of the SAH model is shown in 
Additional file  1: Fig. S1B. There were no significant 
differences in SAH grading scores among all SAH 
groups (Additional file 1: Fig. S1C).

Temporal expression and localization of CCR2 after SAH 
induction in vitro and in vivo
In vitro study, western blotting and immunofluores-
cence showed that the CCR2 level was upregulated in the 
hemin-induced SAH model after 24 h and was expressed 
in the cytoplasm (Fig.  3A,  C,   E). Western blotting and 
immunofluorescence showed that CCR2 protein lev-
els gradually increased by 3 h after SAH, peaked at 24 h 
after SAH, and gradually decreased up to 72 h after SAH 
(Fig. 3B, D and F).

In the in vivo study, CCR2 was expressed in the mem-
brane and cytoplasm of neurons, and the expression of 
CCR2 was higher in the cortex and hippocampus tissues 
in the SAH group than in the sham group (Fig. 3D).

RS alleviates hemin‑induced neuroinflammation 
and neuronal apoptosis in vitro
Hemin-induced HT22 cell damage was used to establish 
an in vitro SAH model. HT22 cells were exposed to dif-
ferent concentrations of hemin (10–640 μmol/L) for 24 h, 
and cell viability was assessed using the CCK-8 assay 
(Fig.  4A). The results showed that hemin induced cell 
death in a concentration-dependent manner.

Next, 160  μmol/L hemin (resulting in cell viability 
51.12 ± 5.31%) was used to evaluate the protective effect 
of RS in vitro. Western blotting results showed that CCR2 

Fig. 3  Time course of CCR2 expressions after SAH in vitro and vivo. Representative western blots bands of time course and densitometric 
quantification of CCR2 in vitro (A and C) and vivo (B and D). Colocalization of CCR2 with neuron in HT22 (E), cortex and hippocampus tissues (F) at 
24 h after hemin induced or operator SAH. Scale bar = 50 µm, n = 6 per group. *P < 0.05 vs Sham group. Scale bars = 50 μm
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levels were decreased in both the control and hemin 
groups after RS treatment (Fig.  4C, D). Moreover, the 
reduction in cell viability induced by hemin was signifi-
cantly reversed by RS treatment (Fig. 4B). Furthermore, 
western blotting results showed that RS downregulated 
expression of BAX, IL-1β, and TNF-α and upregulated 
expression of BCL-2 as compared to those in the hemin 
group (Fig.  4E–I). ELISA results showed that IL-1β 
(Fig. 4J) and TNF-α (Fig. 4K) levels were lower in the RS-
treated group than in the hemin group. Flow cytometry 
confirmed that RS reduced hemin-induced apoptosis 
(Fig. 4L, M).

RS improves short‑term neurobehavioral deficits 
and reduces brain edema and BBB permeability at 24 h 
and 72 h after SAH induction
To verify the protective effect of RS after SAH, we intra-
peritoneally injected RS into SAH and sham mice to 

inhibit CCR2. Western blotting results showed that RS 
downregulated CCR2 expression by 24  h after injection 
(Fig. 5A). The neurobehavioral performance of SAH ani-
mals was worse, and the brain water content was sig-
nificantly higher than that of sham animals at 24 h after 
SAH. RS significantly increased the modified Garcia 
score and reduced cerebral edema, as compared with 
those of untreated SAH animals, at doses of 3 and 9 mg/
kg/day (Fig. 5B, C). Based on the short-term neurobehav-
ioral function and brain water content, a dose of 3 mg/kg 
was selected for the rest of the experiment. BBB perme-
ability was evaluated based on EB extravasation in both 
hemispheres. EB extravasation was increased signifi-
cantly at 24 h after SAH, while RS treatment (3 mg/kg/
day) significantly reduced EB dye leakage in both hemi-
spheres (Fig. 5C). In addition, similar to the 24-h effect, 
we evaluated the results of RS treatment at 72  h after 
SAH and found that the RS group had improved neural 

Fig. 4  CCR2 increased cell viability and inhibited hemin-induced cell inflammation and apoptosis at 24 h after hemin exposure. A Cell viability 
decreased with increasing hemin concentration (n = 6). B CCK-8 results showed that the cell viability decreased significantly after treatment with 
hemin (160 mmol/L). RS (10 μmol/L; n = 6) rescued the process. C, D Representative western blot strips and CCR2 density quantified the efficacy of 
RS on hemin-induced SAH, n = 3 per group. E–I Representative western blot bands and densitometric quantification of Blc-2, Bax, IL-1β and TNF-α 
in hemin-induced SAH in vitro, n = 6 per group. J, K ELISA detected the concentrations of IL-1β and TNF-α in cell lysates after homogenization. L, M 
Representative flow cytometry images of HT22 cells, apoptotic cells represented by 7-AAD+/Annexin V+ ratio. *P < 0.05 vs Sham group. **P < 0.01 
vs Sham group. #P < 0.05 vs SAH group. ##P < 0.01 vs SAH group
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function scores, decreased cerebral water content, and 
reduced blood–brain barrier destruction compared to 
the SAH group (Additional file 2: Fig. S2A–C).

RS reduces neuroinflammation and neuronal apoptosis 
at 24 h after SAH induction
Compared with that in the sham operation group, the 
expression of BAX, IL-1β, and TNF-α in the SAH + vehi-
cle (SAH + Veh) group was significantly upregulated, and 
the expression of BCL-2 was significantly downregulated. 
The pharmacological action of RS against CCR2 sig-
nificantly downregulated the expression of BAX, IL-1β, 
and TNF-α and upregulated the expression of BCL-2 
(Fig. 5E–I). In addition, ELISA was used to detect the lev-
els of IL-1β and TNF, and the results showed that IL-1β 

and TNF-α levels were increased after SAH but were 
decreased after RS treatment (Fig. 5J, K).

TUNEL staining was used to evaluate neuronal apopto-
sis. The results showed that the number of apoptotic neu-
rons in the cortex and hippocampus of the SAH + Veh 
group was increased significantly at 24  h after SAH 
(P < 0.05, Fig.  5L–M). In contrast, RS treatment inhib-
ited neuronal apoptosis in the cortex and hippocampus 
(P < 0.05, Fig. 5L–M).

LY abolishes the anti‑inflammatory and anti‑neuronal 
apoptosis effects of RS in vitro
Western blotting further confirmed that RS upregulated 
the expression of p-PI3K, p-AKT, and BCL-2, while 
it downregulated the expression of pro-inflammatory 

Fig. 5  CCR2 attenuated the neuroinflammation and neuronal apoptosis after SAH. A The expression of CCR2 was significantly reduced in the 
ipsilateral cortex by RS at 24 h after SAH. B–D Inhibition of CCR2 using RS improves neurological and reduces brain edema and EB extravasation 
at 24 h following SAH. E–I Representative western blot bands and densitometric quantification of Blc-2, and Bax, IL-1β, TNF-α in the ipsilateral 
hemisphere at 24 h after SAH, n = 6 per group. J, K The concentrations of IL-1β and TNF-α in ipsilateral cortical tissue after homogenization were 
determined by ELISA. L–O Representative images of TUNEL staining and quantification of TUNEL-positive neurons in cortex and hippocampus 
tissues. Veh, PBS containing 10% DMSO. *P < 0.05 vs Sham group. **P < 0.01 vs Sham group. #P < 0.05 vs SAH group. ##P < 0.01 vs SAH group. Scale 
bars = 50 μm
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mediators (IL-1β and TNF-α) and pro-apoptotic media-
tors (CC3 and BAX) in  vitro. LY reversed the effects of 
RS (Fig. 6A–H). ELISA results showed that IL-1β (Fig. 6I) 
and TNF-α (Fig. 6J) levels in the hemin + RS + LY group 
were significantly higher than those in the hemin + RS 
group. Similarly, flow cytometry showed that RS reduced 
hemin-induced apoptosis, whereas LY reversed the effect 
of RS and increased apoptosis (Fig. 6K, L).

LY reverses the protective effects of RS at 24 h after SAH 
induction
Intraventricular injection of LY inhibited the PI3K path-
way. Inhibition of the PI3K signaling pathway exac-
erbated neurological deficits (Fig.  7A) and increased 
cerebral edema (Fig. 7B) and BBB permeability (Fig. 7C) 
by 24 h after SAH. In addition, LY pretreatment signifi-
cantly downregulated the expression of p-PI3K, p-AKT, 
and BCL-2 and upregulated the expression of BAX, 
cleaved caspase 3, IL-1β, and TNF-α (Fig. 7D–L).

Expression of CCR2, BAX, caspase 3, IL‑1β, and TNF‑α in CSF 
and the correlation between CCR2 and BAX, caspase 3, 
IL‑1β, and TNF‑α levels and outcomes
To clarify the changes in the levels of CCR2, inflam-
matory factors (IL-1β and TNF-α), and apoptotic 
factors (BAX and caspase 3) in the CSF of patients 
with SAH, we performed ELISA testing on the CSF 
of patients with SAH (n = 59) and healthy controls 
(n = 20). The results showed that the levels of CCR2, 
IL-1β, TNF-α, BAX, and caspase 3 in the CSF of the 
SAH group were higher than those in the CSF of the 
control group (P < 0.0001) (Fig. 8A–E). Pearson’s corre-
lation coefficient was used to analyze the relationship 
between CCR2 levels in the CSF and BAX, caspase 3, 
IL-1β, and TNF-α levels and mRS scores at 6  months 
after discharge. The results showed that CCR2 was 
positively correlated with TNF-α (r = 0.4893, P < 0.001) 
(Fig.  8I), BAX (r = 0.2697, P = 0.0388) (Fig.  8F), and 
mRS score (r = 0.4968, P < 0.001) (Fig. 8J) but not with 
IL-1β (r = 0.0538, P = 0.6857) (Fig.  8H) and caspase 
3 (r = 0.1951, P = 0.1386) (Fig.  8G). Receiver operat-
ing characteristic (ROC) curve analysis showed that 
CSF CCR2 levels (area under the ROC curve = 0.7934, 
sensitivity = 91.67%, specificity = 57.45%, P = 0.0018) 
(Fig. 8L) after SAH had a moderate diagnostic value for 

Fig. 6  LY abolished the anti-neuroinflammation and anti-apoptosis effects of RS at 24 h in vitro. A Representative western blot bands. B–H 
Densitometric quantification of CCR2, p-PI3K, PI3K, p-AKT, AKT, Bcl-2, Bax, and CC3, IL-1β and TNF-α at 24 after hemin-induced SAH. I, J ELISA 
detected the concentrations of IL-1β and TNF-α in cell lysates after homogenization. K, L Representative flow cytometry images of HT22 cells, 
apoptotic cells represented by 7-AAD+/Annexin V+ ratio. *P < 0.05 vs Sham group; **P < 0.01 vs Sham group. #P < 0.05 vs Hemin group. ##P < 0.01 vs 
Hemin group; &P < 0.05 vs. Hemin + RS group; &&P < 0.01 vs. Hemin + RS group; n = 6 per group
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outcomes at the 6-month follow-up. The cut-off value 
of CCR2 was 2.353 ng/mL according to the ROC curve 
(Fig. 8K).

Discussion
This study revealed the neuronal effects of CCR2 on 
SAH and the underlying mechanism, which have not 
been reported previously. In GSE167110 and GSE79416 
analyses, we found that CCR2, as a hub gene, was highly 
expressed in cortical and hippocampal tissues in the SAH 
group, as compared with the sham group. This result was 
consistent with our in vitro and in vivo study results. We 
also demonstrated that the CCR2 antagonist RS could 
ameliorate neurological deficits in mice at 24  h after 
SAH, alleviate cerebral edema and damage to the BBB, 

and reduce neuroinflammation and neuronal apoptosis. 
Moreover, we showed that the neuroprotective effect of 
the CCR2 antagonist RS acted at least partly through the 
PI3K/AKT signaling pathway. The PI3K antagonist LY 
reversed the neuroprotective effects of the CCR2 antago-
nist RS in vitro and in vivo. Finally, we found that the level 
of CCR2 in CSF of SAH patients was higher than that of 
the control group, and was positively correlated with the 
mRS scores of patients at 6 months of follow-up(Fig. 9).

Neuroinflammation and neuronal apoptosis in the cer-
ebral cortex and hippocampus are the main causes of 
neurological dysfunction in EBI after SAH [28–31]. In 
mice, CCR2 is mainly expressed in a subset of monocytes 
that express Ly6C at high levels [32]. CCR2 mRNA has 
been detected in T cells, immature B cells, natural killer 

Fig. 7  LY reversed the protective effects of RS at 24 h after SAH in mice. A–C LY aggravates neurological and increases brain edema and EB 
extravasation at 24 h following SAH treated with RS. D Representative western blot bands. E–L Densitometric quantification of CCR2, p-PI3K, PI3K, 
p-AKT, AKT, Bcl-2, Bax, and CC3, IL-1β and TNF-α in the ipsilateral hemisphere at 24 h after SAH. Data were represented as mean ± SD. Veh, PBS 
containing 10% DMSO. *P < 0.05 vs Sham group; **P < 0.01 vs Sham group. #P < 0.05 vs SAH group. ##P < 0.01 vs SAH group; &P < 0.05 vs. SAH + RS and 
SAH + RS + DMSO group; &&P < 0.01 vs. SAH + RS and SAH + RS + DMSO group; n = 6 per group
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cells, basophils, and dendritic cells [6]. In the central 
nervous system, CCR2 is widely expressed in neurons, 
endothelial cells, astrocytes, and microglia in different 
regions of the human brain, with the highest expression 
in the hippocampus [6]. In our study, CCR2 levels were 
significantly increased in the ipsilateral cerebral hemi-
sphere after SAH and peaked at 24  h after injury. Dou-
ble-immunofluorescence staining showed that CCR2 was 
expressed in cortical and hippocampal neurons, as well 
as in HT22 cells, and that its expression was increased by 
24 h after SAH induction.

Recently, CCR2 has been shown to be an important 
contributor to inflammation and apoptosis [6, 33]. In 
experimental autoimmune encephalomyelitis (EAE), 
a common animal model of multiple sclerosis, CCR2 
expression is increased at both the onset and peak of 
the disease and is associated with prognosis. However, 
CCR2−/− mice had fewer infiltrating T cells and F4/80+ 

macrophages and were resistant to acute EAE [6]. More-
over, CCR2 is involved in inflammatory responses that 
damage the brain tissue after cerebral ischemia. Com-
pared with that in wild-type mice, CCR2-deficient mice 
had a small cerebral infarction size after ischemia–rep-
erfusion, which reduced BBB permeability as well as 
inflammatory cytokine expression [34]. There is also 
evidence that infiltrated CCR2+ Ly6Chi monocytes play 
a detrimental role in functional outcomes after cerebral 
hemorrhage [6]. After amyloid β (Aβ) injection of the ret-
ina, the most upregulated gene was the chemokine gene 
CCL2, whose deletion or that of its homologous receptor 
CCR2 greatly reduced the migration of activated micro-
glia to the site of retinal injury, confirming that Aβ and 
CCL2/CCR2 could promote inflammation and apopto-
sis [35]. In addition, ethanol has been found to induce 
microglial activation and neuroinflammation as well 
as a sharp increase in CCR2 mRNA and protein levels. 

Fig. 8  Expression of CCR2, Bax, caspase 3, IL-1β and TNF-α in CSF and the correlation between CCR2 and Bax, caspase 3 IL-1β, TNF-α, outcome. A–E 
The level of CCR2, Bax, caspase 3, IL-1β and TNF-α in CSF were detected by ELISA in control and SAH patients. F–J The relationship between CCR2 
and Bax, caspase 3, IL-1β, TNF-α and mRS scores. K, L ROC showed that CSF CCR2 levels after SAH had a moderate diagnostic value for outcome at 
6-month follow-up. Meanwhile, the cut-off value of CCR2 was 2.353 ng/mL according to the ROC curve
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Treatment with the CCR2 synthesis inhibitor RS signifi-
cantly reduced microglial activation, neuroinflammation, 
and neuronal apoptosis in the brain [36]. However, there 
have been few studies on CCR2 in SAH, and these studies 
have mainly focused on the expression and mechanism of 
CCR2 in microglia after SAH [37–39]. The relationship 
among CCR2, neuroinflammation, and neuronal apop-
tosis after SAH has not been reported. We showed that 
CCR2 expression was upregulated in neurons after SAH 
and that it promoted neuroinflammation and neuronal 
apoptosis.

Some researchers have evaluated CCR2 as a thera-
peutic target based on its important role in various dis-
eases. Many CCR2 antagonists have also emerged [9, 40]. 
A phase IIa clinical trial of a human CCR2 antagonist 
(MLN1202) in patients with active rheumatoid arthritis 
found that treatment with the CCR2 antagonist reduced 
free CCR2 levels on CD14+ monocytes by at least 57% 
and up to 94%. However, there were no reduced levels 
or expression of any synovial biomarker. Therefore, the 
results do not support the view that CCR2 antagonists 
are sufficient to induce clinical improvement in rheu-
matoid arthritis, and these studies were discontinued 
[41]. Moreover, CCR2 and CCR5 antagonists may be 

able to reduce COVID-19-associated respiratory and 
cardiovascular organ failure by inhibiting the CCR2 and 
CCR5 pathways, which could reduce or prevent inflam-
mation or fibrosis in early and late stages of the disease 
and improve its outcomes, and is currently investigated 
in a clinical trial [42]. In addition, clinical trials on CCR2 
inhibition have focused on diabetes [43], multiple scle-
rosis [44], atherosclerosis [45], and childhood interstitial 
pneumonia [46]. Currently, there are only a few studies 
on CCR2 and SAH. PD-L1 has been reported to pre-
vent cerebral vasospasm by inhibiting the entry of acti-
vated Ly6c+ and CCR2+ monocytes into the brain [39]. 
Using Cx3Cr1Gfp/+Ccr2Rfp/+ transgenic mice, reactive 
immune cells were found to be predominantly derived 
from resident microglial libraries rather than infiltrating 
macrophages [38]. Our study indicated that CCR2 was 
highly expressed in neurons after SAH and was involved 
in neuroinflammation and neuronal apoptosis. The CCR2 
antagonist RS could effectively reverse this process.

The PI3K/AKT signaling pathway is a very important 
signaling pathway involved post-SAH and plays a role in 
regulating inflammation [20, 23] and apoptosis [30, 47]. 
A recent study showed that CCR2 can activate the PI3K/
AKT signaling pathway, suggesting that the PI3K/AKT 

Fig. 9  Schematic diagram for CCR2 following SAH. CCR2 was received by bioinformatics analysis after SAH. It induces early brain injury by 
regulating neuroinflammation and neuronal apoptosis and is positively correlated with clinical outcome of SAH patients
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signaling pathway is downstream of CCR2 action [48]. In 
this study, our results showed that inhibiting CCR2 sig-
nificantly upregulated the expression of p-PI3K, p-AKT, 
and BCL-2 and downregulated the expression of BAX, 
CC3, TNF-α, and IL-1β, thereby improving neurological 
deficits after SAH. These effects of CCR2 were reversed 
by the PI3K-specific inhibitor LY, which inhibited PI3K 
and AKT phosphorylation and activated downstream 
inflammatory and apoptotic molecules. Taken together, 
our results suggest that activation of the PI3K/AKT sign-
aling pathway underlies CCR2-mediated neuroprotection 
after SAH.

Finally, we collected CSF from patients with clini-
cal aSAH and healthy controls and detected CCR2, 
inflammatory factors (IL-1β and TNF-α), and apop-
totic factors (BAX and caspase 3). The levels of CCR2, 
inflammatory factors (IL-1β and TNF-α), and apoptotic 
factors (BAX and caspase 3) in the CSF of patients with 
aSAH were higher than those in healthy controls. Pear-
son’s correlation analysis showed that CCR2 levels cor-
related positively with TNF-α and BAX levels. This is 
partially different from the findings of previous stud-
ies [27, 49], which may be due to differences in sample 
size, CSF collection time and method, ELISA kits used, 
and so on. However, to our surprise, there was no cor-
relation between CCR2 levels in CSF and CC3, IL-1β lev-
els. We speculated that the patient’s underlying diseases 
other than SAH might affect this result. In addition, we 
found that the CCR2 level was positively correlated with 
the mRS score. The ROC curve showed that the level of 
CCR2 in the CSF after SAH had a moderate diagnostic 
value.

Our study has some limitations. First, we only used 
intravenous injection and once-off administration at 1 h 
after SAH, and we did not evaluate the best route and 
possible treatment window of CCR2 for SAH. In addi-
tion, we only studied the neuroprotective effect of CCR2 
inhibition on neuroinflammation and neuronal apop-
tosis after SAH in  vivo and in  vitro through the PI3K/
AKT signaling pathway. Therefore, we cannot rule out 
the possibility that other CCR2-mediated effects play a 
protective role in brain injury after SAH. Future studies 
should be conducted to explore additional functions and 
their potential mechanisms of action. Finally, the number 
of clinical samples was small, and there may have been 
some bias in the results.

Conclusion
In conclusion, our results suggest that CCR2 is a key gene 
that mediates neuroinflammation and neuronal apopto-
sis following SAH. CCR2 inhibition can improve nerve 
injury and reduce neuroinflammation and neuronal 
apoptosis after SAH in vivo and in vitro. In addition, the 

neuroprotective effect of CCR2 inhibition is mediated at 
least partly through the PI3K/AKT signaling pathway. 
Moreover, the CCR2 level in the CSF of patients with 
SAH was higher than that in the control group and was 
positively correlated with the mRS scores of patients at 
the 6-month follow-up. Therefore, treatment with CCR2 
antagonists may represent a promising strategy for treat-
ing SAH.
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