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A B S T R A C T   

Background: Early brain injury (EBI) caused by inflammatory responses in acute phase of Intra-
cerebral hemorrhage (ICH) plays a vital role in the pathological progression of ICH. Increasing 
evidences demonstrate A1 reactive astrocytes are associated with the severity of EBI. G-protein 
coupled estrogen receptor 1 (GPER1) has been proved mediating the neuroprotective effects of 
estrogen in central nervous system (CNS) disease. However, whether GPER1 plays a protective 
effect on ICH and A1 reactive astrocytes activation is not well studied. 
Methods: ICH model was established by infused the autologous whole blood into the right basal 
ganglia in wild type and GPER1 knockout mice. GPER1 specific agonist G1 and antagonist G15 
were administered by intraperitoneal injection at 1 h or 0.5 h after ICH. Neurological function 
was detected on day 1 and day 3 by open field test and corner turn test following ICH. Besides, A1 
reactive astrocytes were determined by immunofluorescence staining after ICH on day 3. To 
further identify the possible mechanism of GPER1 mediated neuroprotective effect, Western blot 
assays was performed after ICH on day 3. 
Results: After ICH, G1 treatment alleviated mice neurobehavior deficits on day 1 and day 3. 
Meanwhile, G1 treatment also significantly reduced the GFAP positive astrocytes and the C3 
positive cells after ICH. Interestingly, G15 reversed the protective effect of G1 on the neuro-
behavior of ICH mice. Meanwhile, the expression of GFAP+C3+ A1 reactive astrocytes were also 
reduced by activation of GPER1. Mechanistic studies indicated TLR4 and NF-κB mediated the 
neuroprotective effect of GPER1. 
Conclusion: Generally, activation of GPER1 alleviated the EBI through inhibiting A1 reactive as-
trocytes activation via TLR4/NF-κB pathway after ICH in mice. Additionally, GPER1may be a 
promising target for ICH treatment.   
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1. Introduction 

Intracerebral hemorrhage (ICH) is a devastating subtype of stroke with high rates of morbidity, mortality and disability. In 2019, 
about 3.41 million people suffered from ICH in worldwide and more than 2.89 million people died from ICH [1]. Blood are released 
into brain parenchyma after cerebral blood vessels ruptured, and hematoma formation compresses the surrounding normal brain 
tissues resulting in increased intracranial pressure, which is deemed to primary brain injury of ICH [2]. The lysis of hematoma induces 
the release of blood components and erythrocyte degradation products into parenchyma which contribute to secondary brain injury 
(SBI) [2,3]. In the early stage of the ICH, released inflammatory factors (6–24 h) recruit more inflammatory cells, such as microglia and 
astrocytes (peak within 72 h post ICH) which produce more inflammatory factors, this pathological process named inflammatory 
cascade [4,5]. These excessive neuroinflammatory responses are one of crucial factors for ICH leading early brain injury (EBI) which 
are characterized with brain edema, reactive oxygen stress, blood-brain barrier (BBB) disruption, neuronal apoptosis and consequently 
neurological dysfunction [6–8]. Therefore, exploring strategies targeting inflammatory cells and excessive inflammatory response has 
become a focus for treatment of ICH-induced EBI. 

Astrocytes are the most abundant support cells in the central nervous system (CNS), and it plays a crucial role in maintaining CNS 
hemostasis, for example, regulation of neurotransmitter concentrations, BBB integrity, and secreting neurotrophic factors [9–11]. 
After CNS suffering from insults, astrocytes are activated, proliferated and transformed into reactive astrocytes. Recent studies in-
dicates, similar with microglia, reactive astrocytes also could be divided into two kinds of opposite phenotypes according to their 
morphology and function, namely, A1 and A2 reactive astrocytes [12]. The A1 reactive astrocytes produce pro-inflammatory factors 
and neurotoxin induce neuronal death, whereas the A2 reactive astrocytes produce anti-inflammatory cytokines, protect CNS from the 
spreading neuroinflammation [13,14]. Increasing evidences verify A1 reactive astrocytes play a pivotal role in producing inflam-
matory factors after amyotrophic lateral sclerosis (ALS), ischemic stroke and traumatic spinal cord injury [15–17], suggesting A1 
reactive astrocytes are highly associated with neuroinflammation. Importantly, most recent researches demonstrate A1 reactive as-
trocytes activation mediate the inflammatory response and cause early brain injury (EBI) after ICH. And inhibition of A1 reactive 
astrocytes activation decrease the expression of pro-inflammatory factors, reduce the oxidative stress and neuronal apoptosis, sub-
sequently improve the neurological function in ICH animals [18–20]. Herein, the inhibition of A1 reactive astrocytes activation could 
be a potential target for the therapy of EBI caused by ICH. 

GPER1 (G-protein coupled estrogen receptor 1), also named as GPR30 is a membrane estrogen receptor, which mediates the rapid 
non-genomic effect of estrogen [21]. A large number of studies indicate activation of GPER1 alleviates the inflammatory responses and 
neurological deficits in CNS disease [22–24]. And activation of GPER1 reduces the apoptosis of neurons and improves the neuro-
function in subarachnoid hemorrhagic rats [25]. Additionally, a recent study has demonstrated GPER1 participates in the regulation of 
astrocytes autophagy after ischemic stroke [26]. However, the effects of GPER1 on protection of ICH caused EBI and the mechanism 
underlying A1 reactive astrocytes activation after ICH have not been fully investigated. 

Thereby, in present study, we aimed to investigate the effect of GPER1 on the protection of ICH caused EBI, and identify the role of 
GPER1 on the regulation of A1 reactive astrocytes activation as well as the potential molecular mechanism in ICH mice. 

2. Materials and methods 

2.1. Animals 

A total of 89 C57BL/6J wild type (WT) mice and 19 GPER1 knockout (KO) mice (male, 22–25g, 8–10 weeks) were used in this 
study, and 9 WT mice, 3 GPER1 KO mice were dead before sacrifice. C57BL/6J WT mice were purchased from Byrness Weil biotech Ltd 
(Chongqing, China) and GPER1 KO mice were purchased from Gempharmatech Co., Ltd (Nanjing, Jiangsu, China). Mice were housed 
in controlled environment at 22–25 ◦C, 60 ± 10% humidity, with a 12-h light/dark cycle and were free access to water and food. 

2.2. Establishment of ICH model 

Mice ICH model was established as our previous report [27]. In a brief, the animals were anesthetized with 2% isoflurane/air 
mixture (2–3L/min) and fixed on stereotactic equipment (RWD, Shenzhen, China). A total of 25 μl autologous whole blood obtained 
from mice tail was infused into right basal ganglia (0.5 mm anterior, 2.2 mm lateral and 3.5 mm ventral) using a sterile Hamilton 
syringe (Imboden, Canton, Switzerland) by a micro-infusion pump (RWD, Shenzhen, China) at a speed of 2 μl/min. The infusion needle 
was remained in the position for at least 10 min after the blood injection was finished to prevent reflux and then the needle was gently 
withdrawn. The burr hole was filled with bone wax and the incision was sutured. Body temperature of mice was maintained at 37 ±
0.3 ◦C with a feedback-controlled heating system (Zhongshi, Inc., Beijing, China). Then, the mice were kept in a 37 ◦C cage for 
recovering from anesthesia. Sham group mice underwent the same operation procedures without infusion blood. 

2.3. Experiment design and groups 

2.3.1. Experiment I: the effect of G1 on ICH mice neurofunction 
To optimize the minimal effective dosage of GPER1 specific agonist G1 in the mice ICH model, 100 μg/kg and 200 μg/kg G1 

(Cayman Chemical, MI, USA) were used in experiment I. A total of 32 mice were randomly divided into four groups: Sham, ICH +
vehicle, ICH +100 μg/kg G1, ICH +200 μg/kg G1, n = 8 for each group. Mice received corresponding dosage G1 treatment or vehicle 
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after ICH model was established at 1 h. The neurological function of mice was assessed on day 1 and day 3 by open field test and corner 
turn test. After behavior tests, mice were sacrificed and the expression of GFAP and complement C3 in perihematomal zone were 
examined by western blots and immunofluorescence staining (Fig. 1A). 

2.3.2. Experiment II: G15 abrogated the effect of G1 
To examine whether GPER1 mediates the neuroprotective effect of G1 on ICH mice, G15, the specific antagonist of GPER1 was used 

to block GPER1. A total of 32 mice were randomly assigned into four groups: Sham, ICH + vehicle, ICH + G1, ICH + G1 + G15, n = 8 
for each group. Mice received 200 μg/kg G15 (Cayman Cheical, MI, USA) treatment at 0.5 h, and G1 (200 μg/kg) or vehicle was given 
at 1 h after ICH. Neurological function was evaluated on day 1 and day 3 via open field test and corner turn test. After behavior tests, 
brains were collected and A1 reactive astrocytes were detected by immunofluorescence staining in perihematomal region. Meanwhile, 
complement C3, GFAP and the potential molecular mechanism TLR4, NF-κB were evaluated by Western blot. G1 and G15 were dis-
solved in DMSO (Sigma-Aldrich, St. Louis, MO, Germany) and diluted into corresponding dosage. 100 μl G1 or G15 or vehicle was 
administered via intraperitoneal injection (Fig. 1B). 

2.3.3. Experiment III: knockout GPER1 reversed the effect of G1 on ICH mice 
To further verify the effect of GPER1 on ICH mice, GPER1 KO mice were used in experiment III. A total of 16 WT mice and 16 

GPER1 KO mice were randomly divided into four groups: ICH (WT) + vehicle, ICH (WT) + G1, ICH (KO) + vehicle, and ICH (KO) + G1, 
n = 8 in each group. Mice received G1 treatment or vehicle after ICH model was established at 1 h. And on the day 3 post-ICH, the 
expression of A1 reactive astrocytes was detected by immunofluorescence staining. Besides, GFAP, complement C3, TLR4 and NF-κB 
were evaluated by western blots in perihematomal area (Fig. 1C). 

2.4. Behavior tests 

2.4.1. Open field test 
Open field test was performed to evaluate the spontaneous motor function of mice after ICH on day 1 and day 3. And the test 

procedure was performed as our previous report [27], briefly, the woody apparatus was equally divided into four quadrants with the 
same size and adjacent with each other but isolated (50 cm length, 50 cm width, and 50 cm height). Each mouse of different groups was 
placed in the same quadrant for 5 min, and the move trajectory was recorded by a camera. Then, the equipment was cleaned up by 75% 
alcohol to wipe the mess, and while the equipment was dry, the next animal test was performed. The video data was then analyzed by 

Fig. 1. Schematic diagram of experimental design and mice ICH model. (A) The groups and time course of experimental I. Behavior tests included 
open field test and corner turn test, n = 8 in each group. Biochemical tests included immunofluorescence staining (n = 4) and western blots (n = 4). 
(B) The groups and time course of experimental II. Behavior tests included open field test and corner turn test, n = 8 in each group. Biochemical tests 
included immunofluorescence staining (n = 4) and western blots (n = 4). (C) The groups and flowchart of experiment III. Biochemical tests included 
immunofluorescence staining (n = 4) and western blots (n = 4). (D) Illustration of mice ICH model and the white blanks represented the regions 
of interests. 
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two independent examiners blinded to the experimental groups to measure the total distance of free movement by using a software 
(ViewPoint Behaviour Technology, Lyon, France). 

2.4.2. Corner turn test 
The corner turn test was also performed to assess the neurological function of ICH mice. The device which consisted of two boards 

forming a 30◦ angle vertically on the platform was utilized to perform the test. The mice were allowed to step into a 30◦ angel corner 
and exit by turning either to the left or the right. Choice of turning was recorded for a total of ten trials, and the result was the percent of 
right turns in 10 trials. And the interval of each trial was at least 30 s. 

2.5. Immunofluorescence 

After behavior tests, the mice were deeply anesthetized and perfused via cardiac with ice-cold PBS and followed with 4% para-
formaldehyde. Brains were collected and dehydrated using 30% sucrose solution at 4 ◦C for two days. Then, brains were embedded by 
OCT compound and coronal sections were prepared (20 μm) by freezing microtome (CM1860, Leica, IL, USA). Then, slices were 
incubated with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO, Germany) to penetrate the membranes at room temperature for 30 
min. After washed with PBS for three times, samples were rinsed in 5% BSA to block the non-specific site at room temperature for 2 h. 
Then, samples were incubated with following primary antibodies: goat polyclonal to GFAP (1:200, Abcam, Cambridge, UK), rabbit 

Fig. 2. G1 relieved the neurological dysfunction of ICH mice. (A) The representative movement trajectory in open field test on day 1 post-ICH. (B) 
Total distance moved in open field test on day 1 after ICH. (C) Corner turn test scores on day 1 after ICH. (D) Representative movement trajectory in 
open field test on day 3 post-ICH. (E) Total distance moved in open field test on day 3 after ICH. (F) Corner turn test scores on day 3 post-ICH. n = 8 
in each group, ***p < 0.001 vs Sham group, ns indicated no significantly difference vs ICH group, &p < 0.05 vs ICH group, ##p < 0.01 vs ICH 
group, ###p < 0.001 vs ICH group. 
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polyclonal to C3 (1:100, Preoteintech, Wuhan, China) at 4 ◦C overnight. Later, relative fluorescence-conjugated secondary antibodies 
(1:400, Proteintech, Wuhan, China) were incubated at room temperature for 2 h in the condition of avoiding light. DAPI (Boster, 
Wuhan, China) was incubated for 10 min at room temperature to counteract the nucleus. Images were captured through Carl Zeiss 
confocal fluorescence microscope (LSM880, Carl Zeiss, Weimar, Germany) and analyzed by Image J software (Image J 1.8, NIH, USA). 

2.6. Western blots 

Brain tissues around the hematoma were collected after decapitation post-ICH on day 3. The perihematomal tissues were ho-
mogenate with RIPA (Sigma-Aldrich, St. Louis, MO, Germany) and the lysates were obtained after centrifuge, and the protein con-
centration of each sample was determined by using a bicinchoninic acid (BCA) method (Beyotime, Shanghai, China). A total of 50 μg 
protein were separated by 10% SDS-PAGE under reducing conditions and transferred to polyvinylidene difluoride membranes (Merck, 
Darmstadt, Germany). Then, the membranes were incubated in 5% (w/v) non-fat dry milk (Beyotime, Shanghai, China) in Tris-HCl 
buffer solution + Tween (TBST) at room temperature for 2 h. Afterward, they were washed by TBST to remove the milk, then the 
membranes were cut horizontally to separate interest protein and housekeeping protein, and then they were incubated separated in 
mouse monoclonal to GFAP (1:1000, Abcam, Cambridge, UK), rabbit polyclonal to C3 (1:1000, Boster, Wuhan, China), rabbit poly-
clonal to TLR4 (1:1000, Bioss, Beijing, China), mouse monoclonal to NF-κB (1:1000, Bioss, Beijing, China), and mouse monoclonal to 
GAPDH (1:20000, Proteintech, Wuhan, China) as a loading control at 4 ◦C overnight. Then, after washed with TBST for 3 times, the 
membranes were incubated with relative HRP-conjugated secondary antibodies (1:5000, Boster, Wuhan, China) at room temperature 
for 2 h. The optic density was visualized using an imaging system (Evolution-Capt Edge, Vilber, France) with a Western blot chem-
iluminescence kit (Thermo Fisher Scientific, Waltham, MA, USA). Densitometric measurement of each membrane was performed using 
Image J software (Image J 1.8, NIH, USA). 

2.7. Statistical analysis 

The sample size was determined according to our previous study and other studies [20,27]. All data were presented as mean ±
SEM. The statistical analyses were performed using SPSS 20.0 software (SPSS, Inc., Chicago, IL, United States). One-way analysis of 
variance followed by Turkey’s post hoc test was used for comparisons, as appropriate. p < 0.05 was considered to be statistically 
significant. 

Fig. 3. G1 reduced the activation of astrocytes after ICH. (A) Representative images of GFAP (orange) staining in perihematoma region in different 
groups on day 3 after ICH. (B) Quantification analysis of GFAP positive cells in each group. (C) Representative bands of GFAP protein around 
hematoma tissues in different groups on day 3 after ICH, GAPDH was a loading control. (D) Statistical analysis of GFAP protein expression in 
different groups. n = 4 in each group, **p < 0.01 vs Sham group, ***p < 0.001 vs Sham group, &p < 0.05 vs ICH group, #p < 0.05 vs ICH group, 
###p < 0.001 vs ICH group. Scale bar: 50 μm. 
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3. Results 

3.1. Activation of GPER1 using its agonist G1 mitigated neurological deficits of ICH mice 

To investigate the effect of GPER1 specific agonist G1 on the neurofunction of ICH mice, we adapted the autologous blood infused 
method to establish the mice ICH model (Fig. 1D). The movement trajectory of open field test showed ICH decreased the movement of 
mice in center of the field and the total moved distance compared with Sham group on day 1 after ICH, and administration of G1 
alleviated the movement impairment of ICH mice (Fig. 2A). Quantitative analyses indicated ICH decreased the total moved distance to 
about 22% compared with Sham group (250 ± 40.04 vs 1097 ± 102.3 cm, p < 0.001), and G1 increased the total moved distance 
compared with ICH + vehicle group significantly at 200 μg/kg (758.8 ± 68.46 vs 250 ± 40.04 cm, p < 0.001, Fig. 2B). Corner turn test 
also suggested ICH increased the rate of right turn compared with Sham group (88.33 ± 3.073 vs 51.67 ± 3.073%, p < 0.001), while 
100 μg/kg G1 (83.33 ± 3.333 vs 88.33 ± 3.073%, p > 0.05), 200 μg/kg G1 (71.67 ± 3.073 vs 88.33 ± 3.073%, p < 0.01) decreased 
the rate of right turn compared with ICH + vehicle group (Fig. 2C). On the day 3 after ICH, the total moved distance in open field test 
still decreased compared with Sham group (336.8 ± 58.93 vs 1208 ± 72.31 cm, p < 0.001), and 100 μg/kg G1 (632.6 ± 56.99 vs 336.8 
± 58.93 cm, p < 0.05), 200 μg/kg G1 (909.5 ± 82.03 vs 336.8 ± 58.93 cm, p < 0.001) increased the total moved distance compared 
with ICH + vehicle group (Fig. 2D and E). Similarly, corner turn test also indicated ICH increased the rate of right turn (83.33 ± 3.333 
vs 51.67 ± 3.073%, p < 0.001) and G1 suppressed the increase of right turn caused by ICH (68.33 ± 3.073 vs 83.33 ± 3.333%, p <
0.05, for 100 μg/kg G1, 61.67 ± 4.773 vs 83.33 ± 3.333%, p < 0.01, for 200 μg/kg G1, Fig. 2F). These data suggested activation of 
GPER1 by administration of its specific agonist G1 mitigated the neurological deficits in ICH mice. 

3.2. G1 reduced astrocytes activation and decreased the expression of C3 in ICH mice 

Considering that astrocytes are proliferated and activated robustly after CNS insult, we determined the activation and proliferation 
of astrocytes after ICH. As shown in Fig. 3A, on day 3 after ICH, GFAP positive astrocytes proliferated rigorously in perihematomal 
tissues, and the administration of G1 decreased the proliferation of astrocytes. Quantification analysis demonstrated ICH increased the 
rate of GFAP positive astrocytes robustly (42.2 ± 3.262 vs 9 ± 0.4472%, p < 0.001), and 100 μg/kg G1 (31.6 ± 3.641 vs 42.2 ±
3.262%, p < 0.05), 200 μg/kg G1 (20.2 ± 1.655 vs 42.2 ± 3.262%, p < 0.001) significantly decreased the rate of GFAP positive 
astrocytes compared to ICH + vehicle group (Fig. 3B). Western blots further suggested ICH increased the expression of GFAP protein, 
and G1 reversed the increase of GFAP protein (Fig. 3C). Semi-quantification analysis showed ICH increased the expression of GFAP 
protein to 1.8 ± 0.1155 folds (p < 0.01), and G1 decreased the expression of GFAP compared with ICH + vehicle group (1.5 ± 0.05774 
vs 1.8 ± 0.1155 folds, for 100 μg/kg G1, p < 0.05, 1.233 ± 0.08819 vs 1.8 ± 0.1155 folds, for 200 μg/kg G1, p < 0.05, Fig. 3D). 

Fig. 4. G1 inhibited the expression of complement C3 post-ICH. (A) Representative images of C3 positive cells (red) in perihematoma area in 
different groups on day 3 after ICH. (B) Quantification analysis of C3 positive cells. (C) Representative bands of C3 in perihematoma tissues on day 3 
after ICH, GAPDH as a loading control. (D) Statistical analysis of C3 protein expression. n = 4 in each group, ***p < 0.001 vs Sham group, &p <
0.05, &&p < 0.01 vs ICH group, #p < 0.05 vs ICH group, ###p < 0.001 vs ICH group. Scale bar: 50 μm. 
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Complement C3 as a marker of A1 reactive astrocytes, it also linked with inflammatory response after CNS damage. Thus, we 
determined the expression of C3 after ICH. On the day 3 after ICH, C3 positive cells increased markedly in perihematomal region, and 
G1 partially abolished this phenomenon (Fig. 4A). Quantitative analysis indicated ICH increased the ratio of C3 positive cells 
significantly (46 ± 5.099 vs 10.2 ± 1.393%, p < 0.001), and 100 μg/kg G1 (26.8 ± 4.329 vs 46 ± 5.099%, p < 0.01), 200 μg/kg G1 (20 
± 2.811 vs 46 ± 5.099%, p < 0.001) obviously decreased the ratio of C3 positive cells compared with ICH + vehicle group (Fig. 4B). 
Western blots also indicated the expression of C3 protein markedly increased after ICH (2.15 ± 0.2784 vs 1 folds, p < 0.001) compared 
with Sham group, and 100 μg/kg G1 (1.625 ± 0.125 vs 2.15 ± 0.2784 folds, p < 0.05), 200 μg/kg G1 (1.375 ± 0.08539 vs 2.15 ±
0.2784 folds, p < 0.05) reversed the expression of C3 on day 3 after ICH (Fig. 4C and D). These results manifested activation of GPER1 
inhibited the activation and proliferation of astrocytes, decreased the expression of complement C3 caused by ICH and improved the 
neurological function in ICH mice. Due to the effective protection of 200 μg/kg G1 on the neurological function and the inhibition of 
astrocytes activation. Thus, we adapted 200 μg/kg G1 as treatment dosage in the followed experiments. 

3.3. G15 abrogated the protective effects of G1 on neurological function in ICH mice 

Next, we investigated whether the protective effects of G1 on neurological function of ICH mice was relied on GPER1. GPER1 
specific antagonist G15 was utilized to block GPER. Open field test data showed ICH decreased the total moved distance (204.4 ±
51.41 vs 1235 ± 55.41 cm, p < 0.001) and administration of G1 increased the total moved distance (787.4 ± 74.28 vs 204.4 ± 51.41 
cm, p < 0.001). However, the administration of G15 30 min prior to G1 markedly suppressed the effect of G1 on the motor function of 

Fig. 5. G15 reversed the protective effects of G1 on neurological function in ICH mice. (A) Representative movement trajectory in open field test on 
day 1 after ICH. (B) Total distance moved in open field test on day 1 after ICH. (C) Corner turn test scores on day 1 after ICH. (D) Representative 
movement trajectory in open field test on day 3 after ICH. (E) Total distance moved in open field test on day 3 after ICH. (F) Corner turn test scores 
on day 3 after ICH. n = 8 in each group, **p < 0.01 vs Sham group, ***p < 0.001 vs Sham group, &p < 0.05 vs ICH group, &&p < 0.01 vs ICH 
group, &&&p < 0.001 vs ICH group, #p < 0.05 vs G1 group. 
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ICH mice on day 1 (500.1 ± 65.2 vs 787.4 ± 74.28 cm, p < 0.05, Fig. 5A and B). The corner turn test on day 1 after ICH also indicated 
G1 alleviated the rate of right turn compared with ICH + vehicle group (68.33 ± 3.073 vs 86.67 ± 4.944%, p < 0.01), but G15 reduced 
the protective effect of G1 (83.33 ± 2.108 vs 68.33 ± 3.073%, p < 0.05, Fig. 5C). Similar with day 1, open field test on day 3 after ICH 
showed G1 increased the total moved distance compared with ICH + vehicle group (870.1 ± 70.66 vs 320 ± 67.8 cm, p < 0.001), and 
G15 reduced the total moved distance (602.8 ± 63.52 vs 870.1 ± 70.66 cm, p < 0.05) compared with ICH + G1 group (Fig. 5. D, E). 
And the corner turn test also indicated G15 suppressed the protective effect of G1 on neurological function of ICH mice on day 3 (78.33 
± 4.773 vs 61.67 ± 4.014%, p < 0.05, Fig. 5. F). These data suggested G1 protected the neurological function from ICH was in a GPER1 
dependent manner. 

3.4. G15 abolished the effect of G1 on inhibition of A1 reactive astrocytes in ICH mice 

Due to the vital role of A1 reactive astrocytes on the inflammatory response and progression of ICH, the A1 reactive astrocytes 
activation after ICH was then examined. The results showed, on the day 3 after ICH, the GFAP and C3 positive cells, namely A1 reactive 
astrocytes, were activated rigorously compared with Sham group (41.83 ± 3.188 vs 8.667 ± 1.406%, p < 0.001), and G1 reduced the 
activation of A1 reactive astrocytes compared with ICH + vehicle group (22.67 ± 2.092 vs 41.83 ± 3.188%, p < 0.001). However, G15 
mitigated the inhibition of G1 on the activation of A1 reactive astrocytes compared with ICH + G1 group (33.83 ± 2.428 vs 22.67 ±
2.092%, p < 0.05, Fig. 6 A, B). Moreover, the western blots also showed G1 reduced, the A1 reactive astrocytes markers, GFAP (1.5 ±
0.07071 vs 2.38 ± 0.1828 folds, p < 0.001) and C3 (1.436 ± 0.07277 vs 2.6 ± 0.228 folds, p < 0.001) expression after ICH, and G15 
reversed the effect of G1 on the expression of GFAP and C3 (p < 0.01, Fig. 6 C, D). These data indicated activation of GPER1 reduced 
the activation of A1 reactive astrocytes after ICH. 

Fig. 6. G15 reduced the inhibitory effect of G1 on A1 reactive astrocytes activation in ICH mice. (A) Representative images of GFAP (green) and 
complement C3 (red) positive cells in perihematoma tissues on day 3 after ICH. White arrows indicated the A1 astrocytes. (B) Quantitative analysis 
of GFAP and C3 positive cells in the perihematoma tissues on day 3 after ICH. (C) Representative bands and quantitative analysis of GFAP in the 
perihematoma area on day 3 after ICH, GAPDH as a loading control. (D) Representative bands and quantitative analysis of complement C3 in the 
perihematoma area on day 3 after ICH, β-actin was a loading control. (E) Representative bands and quantitative analysis of TLR4 in the peri-
hematoma area on day 3 after ICH, GAPDH was a loading control. (F) Representative bands and quantitative analysis of NF-κB in the perihematoma 
area on day 3 after ICH, GAPDH was a loading control. n = 4 in each group, ***p < 0.001 vs Sham group, &p < 0.05 vs ICH group, &&&p < 0.001 vs 
ICH group, #p < 0.05 vs G1 group, ##p < 0.01 vs G1 group. Scale bar: 50 μm. 
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3.5. GPER1 knockout reversed the effect of G1 on inhibition of A1 reactive astrocytes 

We further explored the effect of GPER1 on the activation of A1 reactive astrocytes in ICH mice by using GPER1 KO mice. Similar 
with above data, immunofluorescence staining demonstrated in WT mice, on the day 3 after ICH, G1 significantly reduced the acti-
vation of A1 reactive astrocytes, showed as the reduced GFAP and C3 positive cells (20.2 ± 1.281 vs 36 ± 2.646%, p < 0.01, Fig. 7A 
and B). Nevertheless, in GPER1 KO mice, after ICH, G1 did not affected the activation of A1 reactive astrocytes (38 ± 3.209 vs 39 ±
3.178%, p > 0.05, Fig. 7A and B). And, G1 markedly decreased the activation of A1 reactive astrocytes in WT mice compared with 
GPER1 KO mice after ICH (20.2 ± 1.281 vs 38 ± 3.209%, p < 0.01, Fig. 7A and B). The semi-quantification analysis of GFAP and C3 
indicated, G1 significantly reduced the expression of GFAP (0.5344 ± 0.05712 vs 1 folds, p < 0.001) and C3 (0.4538 ± 0.03956 vs 1 
folds, p < 0.001) in WT mice (Fig. 7C–E). However, G1 did not reduced the expression of GFAP and C3 in GPER1 KO mice (p > 0.05, 
Fig. 7C–E). And, G1 reduced the expression of GFAP (0.5344 ± 0.05712 vs 1.107 ± 0.04149 folds, p < 0.001) and C3 (0.4538 ±
0.03956 vs 1.306 ± 0.04251 folds, p < 0.001) after ICH in WT mice compared to GPER1 KO mice (Fig. 7C–E). These data further 
confirmed activation of GPER1 was crucial for inhibiting the activation of A1 reactive astrocytes after ICH. 

3.6. TLR4/NF-κB pathway mediated the effect of GPER1 on the activation of A1 reactive astrocytes in ICH mice 

Toll-like receptor 4 (TLR4) is a member of Toll-like receptor family and increasing evidences suggest TLR4 is associated with the 
regulation of inflammation response and astrocytes activation post-stroke [16,28,29]. Then, we detected the expression of TLR4 after 

Fig. 7. Knockout GPER1 reversed the inhibition of G1 on A1 reactive astrocytes activation in ICH mice. (A) Representative images of GFAP (green) 
and complement C3 (red) positive cells in perihematoma tissues on day 3 after ICH. White arrows indicated the A1 astrocytes. (B) Quantitative 
analysis of GFAP and C3 positive cells in the perihematoma tissues on day 3 after ICH. (C) Representative protein bands of GFAP, complement C3, 
TLR4, NF-κB in the perihematoma area on day 3 after ICH, and GAPDH or β-actin was a loading control. (D–G) Quantification analysis of GFAP, 
complement C3, TLR4 and NF-κB in the perihematoma area on day 3 after ICH. n = 4 in each group, **p < 0.01, ***p < 0.001 and ns indicated no 
significantly difference. Scale bar: 50 μm. 
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G1 and/or G15 treatment in ICH mice. The results showed TLR4 increased robustly after ICH (3.22 ± 0.2922 vs 1 folds, p < 0.001), and 
G1 decreased the expression of TLR4 compared with ICH group (1.68 ± 0.1562 vs 3.22 ± 0.2922 folds, p < 0.001). However, the 
administration of G15 prevented the down-regulated expression of TLR4 compared to G1 group (3.08 ± 0.2853 vs 1.68 ± 0.1562 folds, 
p < 0.01, Fig. 6E). To further confirm the regulation of TLR4 was mediated by GPER1, the expression of NF-κB was determined. NF-κB 
expression was up-regulated after ICH compared with Sham group (2.52 ± 0.2131 vs 1 folds, p < 0.001), and G1 inhibited the 
up-regulation of NF-κB compared to ICH + vehicle group (1.64 ± 0.09274 vs 2.52 ± 0.2131 folds, p < 0.05). Similarly, G15 abolished 
the effect of G1 on the regulation of NF-κB compared to ICH + G1 group (2.36 ± 0.2676 vs 1.64 ± 0.09274 folds, p < 0.05, Fig. 6F). In 
addition, G1 did not significantly down-regulated the expression of TLR4 and NF-κB compared to ICH group in GPER1 KO mice (p >
0.05, Fig. 7C–F, G). However, G1 reduced the expression of TLR4 (0.62 ± 0.05621 vs 0.992 ± 0.07412 folds, p < 0.001) and NF-κB 
(0.4086 ± 0.04381 vs 1.163 ± 0.0894 folds, p < 0.001) in WT mice compared to GPER1 KO mice after ICH (Fig. 7C–F, G), suggesting 
GPER1 inhibited the activation of A1 reactive astrocytes via down-regulation of TLR4/NF-κB pathway. 

4. Discussions 

In the present study, our results indicated that activation of GPER1 improved the neurological function deficits of mice caused by 
ICH, and reduced the activation of A1 reactive astrocytes in perihematomal region. Meanwhile, down-regulation of TLR4/NF-κB 
pathway at least partially mediated the protective effects of GPER1 on the neurological function and inhibition the activation of A1 
reactive astrocytes (Fig. 8). 

ICH is a catastrophic subtype of stroke. After ICH, inflammatory responses are triggered by the infiltrating of peripheral macro-
phages and the activation of CNS resident microglia as well as the astrocytes, which participate in the pathophysiological process of 
EBI in ICH [30–32]. The activation and proliferation of astrocytes after CNS insults have been proved to possess the double-edge sword 
for CNS damage. On the one hand, activated astrocytes could play a protective effect through restricting injury by the formation of glia 
scar at acute phase of insult [33]. On the other hand, activated astrocytes have been verified to play a harmful effect via eliciting 
inflammatory cascade, oxidative stress and glutamate excitotoxicity [34–36]. Emerging evidence shows reactive astrocytes could be 
polarized to two opposite phenotypes, A1, the neurotoxic type which produce pro-inflammatory factors, and A2, the neuroprotective 
type, produce anti-inflammatory factors and neurotrophic factors [12,14]. After ICH, the excessive inflammatory responses are 
contributed to EBI [2,3]. Fei X et al. discovered that the A1 reactive astrocytes activated robustly and peaked on the third day after ICH, 
and reducing A1 reactive astrocytes by polarized them into A2 reactive astrocytes ameliorated the inflammatory response [20]. Thus, 
we detected the activation of the A1 reactive astrocytes on the third day after ICH. Our results showed A1 reactive astrocytes were 
activated rigorously after ICH showed as increased C3+GFAP+ cells (Figs. 6 and 7). 

A large number of studies had proven that estrogen plays multiple important roles in the protection of CNS injury. And estrogen 
nuclear receptors (including ERα, ERβ) as well as membrane estrogen receptor GPER1 mediate the protective effects after CNS injury 
[23,37,38]. Previous studies demonstrate the novel estrogen receptor GPER1 is essential for the protective effects of estrogen on stroke. 
The activation of GPER1 reduces the microglia elicited inflammation and alleviates the neurological deficits in ischemic stroke animals 
[16,24]. And in ischemic stroke, the activation of GPER1 also mediates the BBB protection [39,40]. More than that, GPER1 mediates 

Fig. 8. A schematic illustration for mechanism of activation of GPER1 alleviating EBI by decreasing A1 astrocytes expression after ICH.  
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the remyelination in cuprizone-induced demyelinate disease [41]. Chen TY et al. found the activation of GPER1 by estrogen could 
attenuate neurons death through inhibiting autophagy in an iron overloaded model [42]. In addition, GPER1 is involved in the 
regulation of astrocytes activity in MPTP/MPP+ toxic mice model [43]. However, whether GPER1 also protects the neurological 
function after ICH as well as the potential cellular and molecular mechanism had not been fully clarified. Our data showed activation of 
GPER1 by G1 after ICH mitigated the EBI reflected as improved neurological deficits (Fig. 2) which is consist with previous study that 
GPER1 plays a protective effect on CNS damage [22,23,25]. Meanwhile, G1 treatment also decreased the numbers of GFAP positive 
and C3 positive cells in perihematomal zone (Figs. 3 and 4). Using G15 block GPER1 counteract the effect of G1 on the protection of EBI 
after ICH (Fig. 5). In addition, the numbers of A1 reactive astrocytes were also increased after G15 treatment or knockout GPER1 
(Figs. 6 and 7), indicating inhibition of A1 reactive astrocytes activation may be the cellular mechanism of GPER1 on the protection of 
EBI after ICH. Considering of the permeability of G1 into BBB, thus, activation of GPER1 by its specific small molecular agonist G1 
maybe a promising candidate for the treatment of EBI caused by A1 reactive astrocytes after ICH. The dosage of G1 in experiment I was 
chosen according to previous reports. In LPS-induced mice nigral inflammation model, 190 μg/kg G1 was able to activate GPER1, and 
reduce the inflammation-induced nigral dopaminergic loss [22]. And in cuprizone-induced rats demyelination model, 100 μg/kg G1 
was also capable of activation of GPER1 [41]. Besides, 300 μg/kg G1 was effective to activation GPER1 in SAH rats [25]. Thus, 100 
μg/kg G1 and 200 μg/kg G1 were chosen to test the protective effect of the activation of GPER1 on functional recovery after ICH. 

TLR4 is a pathogen recognition receptor in CNS, and TLR4 is expressed in microglia, neurons and astrocytes [44]. And TLR4/NF-κB 
pathway mediates the excitotoxicity of astrocytes in ICH mice [28]. Previous study in MCAO reveals that the activation of GPER1 in 
microglia alleviates the inflammatory responses and rescues the neuronal apoptosis in ischemic penumbra via TLR4 [16]. More than 
that, TLR4/NF-κB pathway mediates the activation of rats astrocytes in vitro ICH model [29]. Our findings demonstrated that the 
expression level of TLR4 and NF-κB were elevated in perihematomal region after ICH, which is in line with previous studies [28,45,46]. 
Intriguingly, the activation of GPER1 reversed the increased expression of TLR4 and NF-κB caused by ICH. More importantly, GPER1 
knockout abolished the effect of G1 on the upregulated expression of TLR4 and NF-κB (Figs. 6 and 7), suggesting TLR4/NF-κB pathway 
mediated the inhibitory effect of GPER1 on the activation of A1 reactive astrocytes after ICH, at least in part. In this study we focused 
the effect of GPER1 on the protection of EBI, and the effect of GPER1 on the activation of A1 reactive astrocytes after ICH. And due to 
the cross-talk between astrocytes and microglia in producing and exacerbating inflammatory responses, the role of GPER1 on the 
regulation of microglia activation is not detected which is a limitation of this study. More studies are needed to further clarify the role 
of GPER1 on the regulation of microglia and A2 astrocytes after ICH. And lack of the in-vitro experiments to investigate the mechanism 
of GPER1 on the modulation of astrocytes activity is another limitation of this study. More deeply in-vitro experiments are needed to 
clarify the role of GPER1 on the phenotype transition of astrocytes after ICH. 

5. Conclusions 

In conclusion, our findings provided evidence that activation of GPER1 mitigates the EBI through inhibiting the activation of A1 
reactive astrocytes in perihematomal zone after ICH. Moreover, TLR4/NF-κB pathway mediates the role of GPER1 regulating the 
activation of A1 reactive astrocytes after ICH. This study provides a perspective that GPER1 maybe as a new candidate target for 
therapy the inflammatory injury leading EBI caused by A1 reactive astrocytes in ICH patients, and provides a rationale for targeting 
GPER1 in the treatment of ICH. 
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