
1013

NEURAL REGENERATION RESEARCH www.nrronline.org

Rat models of experimental SAH  
Rhwnt1, siwnt1, 
anti-Frizzled1

48 hours 
Expressions of Wnt1, Frizzled1, 

β-catenin, NF-κBp65
PPAR-γ and CD36

Expressions of Wnt1, 
Frizzled1, and β-catenin Cortical cell apoptosis Inflammatory cy-tokine 

release

Brain edema Neurological disorders

M2 type mi-croglia 
conver-sion disorders

Wnt/Frizzled signaling pathway may 
participate in SAH induced by early brain 

injury

Wnt/Frizzled signaling pathway may exert 
neuroprotective effect via inhibiting in-

flammatory response

Suitable therapeutic target for SAH

RESEARCH ARTICLE

Neuroprotection mediated by the Wnt/Frizzled 
signaling pathway in early brain injury induced by 
subarachnoid hemorrhage

*Correspondence to: 
Chao-Shi Niu, MD, 
ah_neurosurgery@163.com.

#These authors contributed 
equally to this work. 

orcid: 
0000-0001-8508-567X 
(Chao-Shi Niu)

doi: 10.4103/1673-5374.250620

Received: August 21, 2018
Accepted: January 4, 2019         

Yang Wang1, #, De-Jun Bao1, #, Bin Xu2, #, Chuan-Dong Cheng1, Yong-Fei Dong1, Xiang-pin Wei1, Chao-Shi Niu1, 3, *

1 Department of Neurosurgery, First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of 
China, Hefei, Anhui Province, China
2 Anhui Medical University Auhui Province Medical Genetic Center, Hefei, Anhui Province, China
3 Anhui Province Key Laboratory of Brain Function and Brain Disease, Hefei, Anhui Province, China
  
Funding: This study was supported by the Natural Science Foundation of Anhui Province of China, No. 1508085QH184 (to YW).

Abstract  
The Wnt/Frizzled signaling pathway participates in many inflammation-linked diseases. However, the inflammatory response mediated by 
the Wnt/Frizzled signaling pathway in experimental subarachnoid hemorrhage has not been thoroughly investigated. Consequently, in this 
study, we examined the potential role of the Wnt/Frizzled signaling pathway in early brain injury in rat models of subarachnoid hemorrhage. 
Simultaneously, possible neuroprotective mechanisms were also investigated. Experimental subarachnoid hemorrhage rat models were in-
duced by injecting autologous blood into the prechiasmatic cistern. Experiment 1 was designed to examine expression of the Wnt/Frizzled 
signaling pathway in early brain injury induced by subarachnoid hemorrhage. In total, 42 adult rats were divided into sham (injection of 
equivalent volume of saline), 6-, 12-, 24-, 48-, 72-hour, and 1-week subarachnoid hemorrhage groups. Experiment 2 was designed to exam-
ine neuroprotective mechanisms of the Wnt/Frizzled signaling pathway in early brain injury induced by subarachnoid hemorrhage. Rats 
were treated with recombinant human Wnt1 (rhwnt1), small interfering Wnt1 (siwnt1) RNA, and monoclonal antibody of Frizzled1 (an-
ti-Frizzled1) at 48 hours after subarachnoid hemorrhage. Expression levels of Wnt1, Frizzled1, β-catenin, peroxisome proliferator-activated 
receptor-γ, CD36, and active nuclear factor-κB were examined by western blot assay and immunofluorescence staining. Microglia type con-
version and inflammatory cytokine levels in brain tissue were examined by immunofluorescence staining and enzyme-linked immunosorbent 
assay. Our results show that compared with the sham group, expression levels of Wnt1, Frizzled1, and β-catenin were low and reduced to a 
minimum at 48 hours, gradually returning to baseline at 1 week after subarachnoid hemorrhage. rhwnt1 treatment markedly increased Wnt1 
expression and alleviated subarachnoid hemorrhage-induced early brain injury (within 72 hours), including cortical cell apoptosis, brain 
edema, and neurobehavioral deficits, accompanied by increasing protein levels of β-catenin, CD36, and peroxisome proliferator-activated re-
ceptor-γ and decreasing protein levels of nuclear factor-κB. Of note, rhwnt1 promoted M2-type microglia conversion and inhibited release of 
inflammatory cytokines (interleukin-1β, interleukin-6, and tumor necrosis factor-α). In contrast, siwnt1 RNA and anti-Frizzled1 treatment 
both resulted in an opposite effect. In conclusion, the Wnt/Frizzled1 signaling pathway may participate in subarachnoid hemorrhage-induced 
early brain injury via inhibiting the inflammatory response, including regulating microglia type conversion and decreasing inflammatory 
cytokine release. The study was approved by the Animal Ethics Committee of Anhui Medical University and First Affiliated Hospital of USTC, 
Division of Life Sciences and Medicine, University of Science and Technology of China (approval No. LLSC-20180202) in May 2017.
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Graphical Abstract   

Potential role of Wnt/Frizzled signaling pathway in early brain injury in a rat model of subarachnoid 
hemorrhage (SAH) and the underlying neuroprotective mechanisms 
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Introduction 
Subarachnoid hemorrhage (SAH) is a familiar but severe 
cerebrovascular disease, resulting in neurological disorder and 
high mortality and disability rates (Miller et al., 2014; Okada 
and Suzuki, 2017). Recently, there have been significant im-
provements in minimally invasive and intervention therapy, 
but the outcome of patients who suffer a SAH still appears 
poor (Li et al., 2018). SAH-induced early brain injury is recog-
nized as an early and acute cerebral vascular event that occurs 
within the first 72 hours, and is already regarded as a signifi-
cant cause of poor prognosis (Yuksel et al., 2012; Nishikawa 
and Suzuki, 2017). Currently, multiple pathological processes 
have been shown to aggravate early brain injury, including in-
creased intracranial pressure, blood-brain barrier destruction, 
decrease of cerebral blood flow, inflammatory injury, and neu-
ronal apoptosis (Yan et al., 2017; Conzen et al., 2018; Han et 
al., 2018). Further, the acute inflammatory response after SAH 
has gained increasing attention in recent years. Undoubtedly, 
a severe inflammatory reaction aggravates neural cell apopto-
sis and brain edema, and destroys the blood-brain barrier.

Immunoinflammatory responses play a critical role in 
early brain injury and cerebral vasospasm after SAH. After 
aneurysm rupture, erythrocytes, leukocytes, mononuclear 
macrophages, and plasma proteins are released into the sub-
arachnoid space and infiltrate around the parenchyma. Subse-
quently, these infiltrated inflammatory cells activate microglia 
and release a large number of inflammatory cytokines (Huang 
et al., 2017; Shi et al., 2017; Zheng and Wong, 2017; Savarraj et 
al., 2018). Previous studies have shown that inflammatory fac-
tors, such as interleukin (IL)-6, IL-1β, and tumor necrosis fac-
tor alpha (TNF-α), undergo an obvious increase in the acute 
stage of SAH. Accordingly, interventions of IL-1 and TNF-α 
and their receptors can effectively improve early brain injury 
(Ye et al., 2016; Fan et al., 2017). Multiple signaling pathways, 
including Ras-MAPK-nuclear factor (NF)-κB, JAK/STAT, and 
TLR4/NF-κB, also participate in the release of inflammatory 
cytokines (Wang et al., 2014; Feng et al., 2016; Li et al., 2018). 
Therefore, using drug interventions to improve outcome at 
key points of these inflammation-associated signaling path-
ways has become a hot topic. Specifically, inflammation and 
relevant signaling pathways are important factors that lead to 
aggravated early brain injury after SAH. It is well known that 
M1-type microglia play a major role in promoting the inflam-
matory reaction, and can promote release of inflammatory 
mediators, such as TNF-α, IL-1β, and IL-6, and induce cell 
apoptosis, neurotoxicity, and secondary injury (Ueba et al., 
2018; Zhang et al., 2018). In contrast, M2-type microglia can 
exert opposite and favorable effects, promoting release of an-
ti-inflammatory mediators, and ultimately, repair of damaged 
arteries and tissue (Yang et al., 2018). CD36 is a member of the 
class B scavenger receptor family that is expressed in microglia 
and participates in phagocytosis. Moreover, CD36 is regulated 
by numerous drugs and agonists (Fang et al., 2014; Kim et al., 
2017). Consequently, microglia-type and CD36 expression is 
recognized as a strong connection with inflammation in many 
diseases (Hashemi-Monfared et al., 2018). The Wnt/Frizzled 
signaling pathway was named because Wnt proteins are the 

starting signal. It is considered the most classical pathway and 
therefore intensely investigated. At present, research related 
to the Wnt/Frizzled signaling pathway has mainly focused on 
tumor proliferation. Hence, molecular inhibitors for specific 
targets of signal transduction pathways have been tested and 
already become anti-neoplastic drugs (Amado et al., 2014; Sil-
va-García et al., 2014). In addition, the Wnt/Frizzled pathway 
is involved in a variety of related inflammatory diseases that 
regulate airway inflammation induced by smoke via peroxi-
some proliferator-activated receptor (PPAR)-δ/p38 pathways. 
Simultaneously, the Wnt/Frizzled pathway is suppressed, ac-
companied by down-regulation of PPARγ levels and up-reg-
ulation of inflammatory factors in lung tissue or bronchial 
epithelial cells of patients with chronic obstructive pulmonary 
disease caused by smoke inhalation (Kwak et al., 2015). In 
acute pneumonia, activation of the Wnt/Frizzled signaling 
pathway can reduce inflammatory damage by reducing neu-
trophil number and macrophage adhesion (Guo et al., 2015; 
Zu et al., 2016). In recent research, the Wnt/Frizzled signaling 
pathway was also shown to regulate proliferation and differ-
entiation of immune cells, while a Wnt antagonist increased 
inflammation by promoting T cell conversion into Th2 cells. 
Simultaneously, Wnt3a could suppress the inflammatory re-
sponse induced by pseudomonas aeruginosa, and thereby en-
hance macrophage phagocytosis of bacteria (Chae et al., 2016; 
Chen et al., 2016). These findings show that the Wnt/Frizzled 
pathway may modulate macrophage/microglia activation.

Lately, involvement of the Wnt/Frizzled signaling pathway 
in central nervous system diseases has gained increasing at-
tention. In a cerebral ischemic model, Wnt/Frizzled pathway 
activation reduced infarction hemorrhage (Wang et al., 2016) 
and improved the microenvironment after ischemia coordi-
nated by hypoxia-inducible factor-1α channels and vascular 
endothelial growth factor (Wu et al., 2016). In the acute phase 
of intracerebral hemorrhage, the Wnt/Frizzled pathway al-
tered proliferation and apoptosis of neural cells and improved 
secondary brain injury (Zhou et al., 2014). Nevertheless, 
function of the Wnt/Frizzled signaling pathway in early brain 
injury after SAH has not yet been investigated, especially with 
regard to classification of microglia activation, inflammatory 
cytokine release, and potential mechanisms. Thus, we aimed 
to investigate the role of the Wnt/Frizzled signaling pathway 
and its underlying neuroprotective mechanisms in early brain 
injury after SAH in rat models, and here show involvement of 
the inflammatory response in this process.
  
Materials and Methods
Ethics and animals
A total of 150 adult male Sprague-Dawley rats aged 8 weeks 
were provided by the Experimental Animal Center of Anhui 
Medical University, China (production license No. SCXK 
[Wan] 2017-001; user license No. SYXK [Wan] 2017-006). 

Overall, 114 rats were used to successfully establish SAH 
models. The average weight of healthy rats was 300–350 g. 
The body temperature of experimental rats was sustained at 
37°C, and rats were separately fed in a constant temperature 
and humidity environment. All animal experiments were 



1015

Wang Y, Bao DJ, Xu B, Cheng CD, Dong YF, Wei XP, Niu CS (2019) Neuroprotection mediated by the Wnt/Frizzled signaling pathway in early 
brain injury induced by subarachnoid hemorrhage. Neural Regen Res 14(6):1013-1024. doi:10.4103/1673-5374.250620

approved and supervised by the Animal Ethics Committee of 
Anhui Medical University and the First Affiliated Hospital of 
University of Science and Technology of China (approval No. 
LLSC-20180202) in May 2017. All staff abided strictly by the 
regulations of the National Institutes of Health concerning 
feeding and use of experimental animals. 

SAH model induction
The prechiasmatic cistern injection method (Wang et al., 
2015) was chosen to induce the SAH model. First, intraper-
itoneal anesthesia was accomplished using urethane (1000 
mg/kg). Autologous and arterial blood was extracted from 
femoral arteries that were separated from femoral veins using 
an operating microscope. Second, a specific stereotaxic instru-
ment was used to fix the rat’s head, and a stereotaxic needle 
with a rounded tip and side aperture orientated towards the 
prechiasmatic cistern was prepared beforehand (Wang et al., 
2015). The insertion position was 7.5 mm anterior to bregma 
in the midline, with an insertion direction along an angle of 
45° in the coronal plane. The side aperture of the needle was 
facing the right side when the bone hole was completed. The 
puncture depth was approximately 10–12 mm from the skull 
bone surface, and the needle tip reached the optic chiasm cis-
tern. Finally, 0.3 mL autologous and arterial blood was slowly 
injected into the prechiasmatic cistern over 20 seconds using 
an aseptic syringe pump. Correspondingly, 0.3 mL saline was 
injected into the prechiasmatic cistern in sham groups. Car-
diac compression was performed immediately once apnea oc-
curred after injection of blood. Most rats returned to normal 
respiration soon after. Vital signs of rats were observed for 45 
minutes following injection of blood, and then the rats were 
returned to their cages at a constant temperature and humid-
ity. Moderate normal saline was injected into subcutaneous 
tissue immediately to maintain homeostasis of the internal 
environment of experimental rats. Meanwhile, vital signs were 
monitored continuously and kept stable. SAH models were 
successfully established when 0.3 mL autologous blood was 
steadily injected into the prechiasmatic cistern, with brain tis-
sue obtained at the appointed time. No rats died (0/18 rats) in 
the sham group. In contrast, the mortality rate of experimental 
rats was 27.3% (36/132 rats) after induction of SAH. 

Experimental design and intervention
Experiment 1 was designed to confirm involvement of the 
Wnt/Frizzled signaling pathway in early brain injury after 
SAH. Accordingly, Wnt1, Frizzled1, and β-catenin levels were 
examined by western blot assay and immunofluorescence as-
say at different stages. In total, 42 adult male Sprague-Dawley 
rats were randomly divided into seven groups (n = 6): sham, 
6-hour SAH, 12-hour SAH, 24-hour SAH, 48-hour SAH, 72-
hour SAH, and 1-week SAH group. Subtemporal brain tissue 
was always covered by a blood clot in this experiment. Hence, 
brain tissue below the blood clot was obtained. Schematic dia-
gram of the analyzed areas is shown in Figure 1A and B. Rats 
were killed by intraperitoneal anesthesia with urethane (1000 
mg/kg). Brain tissue was obtained from SAH rats at different 
time points for western blot assay and immunofluorescence as-

say. The whole experimental flow graph is shown in Figure 1C.
Experiment 2 was designed to investigate involvement of the 

inflammatory response including microglia somatotypes and 
inflammatory cytokines aggravated by early brain injury. Ad-
ditionally, neuronal cells apoptosis, brain water content, and 
neurological behavior deficits after SAH were examined. Inter-
ventions used recombinant human Wnt1 (rhwnt1), small in-
terfering Wnt1 RNA (siwnt1RNA), and monoclonal antibody 
of Frizzled1 (anti-Frizzled1). In total, 72 adult male rats were 
randomly divided into six groups (n = 12), including sham, 
SAH + control (saline), SAH + rhwnt1, SAH + siwnt1, SAH + 
anti-Frizzled1 + control, and SAH + anti-Frizzled1 + rhwnt1. 
Rats received intracerebroventricular injection of rhwnt1 and 
siwnt1RNA at 6 hours before they were killed. At 48 hours, 
neurological behavior was examined in all experimental rats. 
Brain tissue from the temporal lobe of six rats was cut into 
slices and used for terminal deoxynucleotidyl transferase-me-
diated dUTP nick end labeling (TUNEL) staining and immu-
nofluorescence. The remaining six rats were exsanguinated and 
brain samples collected for western blot assay, inflammatory 
cytokine level quantification, and brain edema evaluation. The 
whole experimental flow graph is shown in Figure 1D.

Drug treatment
Following establishment of SAH models, rhwnt1 (ab84080; Ab-
cam Ltd., New Territories, Hong Kong, China) was dissolved 
and diluted in normal saline to obtain an final concentration of 
1 ng/20 μL (Silva et al., 2017). Next, rhwnt1 (1 ng) was injected 
into the lateral cerebral ventricle using a Hamilton microsy-
ringe guided by a stereotaxic instrument. The same volume 
of saline was injected into the lateral cerebral ventricle in the 
SAH + control group. Siwnt1RNA and control siRNA (Guang-
zhou RiboBio Co., Ltd., Guangzhou, China) were dissolved in 
RNase-free H2O to a final concentration of 1000 pmol/10 μL. 
Subsequently, 1000 pmol siwnt1RNA or control siRNA was 
diluted with transfection reagent (Entransterin vivo; Engreen, 
Beijing, China) and mixed evenly by shaking gently (Han et 
al., 2015). Following anesthesia, the mixture was intracerebro-
ventricularly injected using a Hamilton microsyringe guided 
by a stereotaxic instrument. The stereotaxic coordinates were: 
1.5 mm posterior, 1.0 mm lateral, and 3.2 mm below the hori-
zontal plane of bregma (Dang et al., 2015). Anti-Frizzled1 (sc-
398082; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), 
a monoclonal antibody of Frizzled1, served as a Frizzled1 sup-
pressant. Once SAH models were established, the rats received 
anti-Frizzled1 (3 mg/kg) by intravenous tail injection.

Western blot assay
In experiment 1, brain tissue samples were obtained at 6, 12, 
24, 48, and 72 hours and 1 week after SAH. In experiment 
2, rhwnt1, siwnt1 RNA, and anti-Frizzled1 interventions 
were applied once SAH models were established. Brain tissue 
samples were all obtained at 48 hours in the different groups. 
Brain tissue samples were cut into small pieces using a brain 
chisel, and ground in a mixture of lysis buffer and phenyl-
methylsulphonyl fluoride (P0013; Beyotime, Shanghai, China). 
Protein concentrations of brain samples were measured using 
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the Enhanced BCA Protein Assay Kit (P0009; Beyotime). 
First, equivalent volumes of protein samples (20 μg/lane) were 
heated for 5 minutes at 95°C, loaded on 12% sodium dodecyl 
sulphate-polyacrylamide gels, separated by electrophoresis ap-
paratus, and electrophoretically transferred to polyvinylidene 
difluoride membrane (IPVH00010; Millipore, Billerica, MA, 
USA). Membranes were blocked with 5% bovine serum al-
bumin for 1 hour at room temperature. Meanwhile, primary 
antibodies against Wnt1 (rabbit polyclonal antibody, ab85060; 
Abcam), Frizzled1 (goat polyclonal antibody sc-30428; San-
ta Cruz Biotechnology Inc.), β-catenin (rabbit monoclonal 
antibody, ab32572; Abcam), CD36 (rabbit polyclonal anti-
body, ab64014; Abcam), PPAR-γ (rabbit polyclonal antibody, 
ab209350; Abcam), and NF-κBp65 (rabbit polyclonal anti-
body, ab16502; Abcam) were diluted (1:1000), added, mixed, 
and incubated with membranes overnight at 4°C. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (ab9485; Abcam) 
was used as a loading control. Membranes were washed three 
times and further incubated with polyclonal donkey anti-goat 
IgG-horseradish peroxidase (rabbit polyclonal antibody, sc-
2020; 1:5000; Santa Cruz Biotechnology Inc.) or goat anti-rab-
bit IgG-horseradish peroxidase (sc-2004; 1:5000; Santa Cruz 
Biotechnology Inc.), and conjugated secondary antibodies 
for 2 hours at room temperature. Finally, band signals were 
developed after adding enhanced chemiluminescence western 
reagent (P0018AM; Beyotime) and exposure to X-ray film 
(FF057; Beyotime). Films were scanned into images using an 
Epson Perfection 2480 scanner (Seiko Corp., Nagano, Japan). 

Related proteins were quantified with ImageJ program 1.8.0 
version (NIH, Bethesda, MD, USA).

Immunofluorescence assay
Brain tissue samples were obtained at corresponding time 
points after SAH. Interventions of rhwnt1, siwnt1 RNA, and 
anti-Frizzled1 were applied once SAH models were estab-
lished. Expression of Wnt1, Frizzled1, β-catenin, and CD36 
in neurons was measured by immunofluorescent double 
staining. CD206-positive cells were identified as M2-type 
microglia. First, brain samples were fixed in 4% paraformal-
dehyde, embedded in paraffin, and cut into 4 μm sections. 
Primary antibodies (1:100) of Wnt1 (rabbit polyclonal an-
tibody, ab85060; Abcam), Frizzled1 (goat polyclonal anti-
body, sc-30428; Santa Cruz Biotechnology Inc.), β-catenin 
(rabbit monoclonal antibody, ab32572; Abcam), CD206 
(rabbit polyclonal antibody, ab64693; Abcam), and CD36 
(rabbit polyclonal antibody, ab64014; Abcam) were added 
and incubated for 12 hours at 4°C. Sections were washed 
three times, and then the corresponding secondary antibod-
ies (1:500 dilution) were added and incubated for 1 hour. 
Finally, sections were covered with anti-fading mounting 
medium containing 4′,6-diamino-2-phenyl indole (DAPI) 
(C1002; Beyotime) and observed using a fluorescence mi-
croscope (BX50/BX-FLA/DP70; Olympus, Tokyo, Japan). 
Fluorescence intensity attached to different groups was ana-
lyzed using ImageJ program 1.8.0 version and normalized to 
fluorescence intensity of the sham group.

Figure 1 Schematic of areas taken for analysis and experimental design. 
(A) Sham group and (B) SAH group. (C) Experiment 1 was designed to determine involvement of the Wnt/Frizzled signaling pathway in EBI under SAH 
condition. (D) Experiment 2 was designed to determine involvement of neuroprotection through the Wnt/Frizzled signaling pathway via suppression of 
the inflammatory response. SAH: Subarachnoid hemorrhage; EBI: early brain injury; h: hours; wk: week; IL: interleukin; TNF: tumor necrosis factor; SD: 
Sprague-Dawley; ELISA: enzyme-linked immunosorbent assay; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling. 

n = 6
n = 6
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Enzyme linked immunosorbent assay assay of
inflammatory cytokines 
Brain tissue samples were obtained at corresponding time points 
after SAH. Moreover, rhwnt1, siwnt1 RNA, and anti-Frizzled1 
interventions were applied once SAH models were established. 
Levels of IL-1β, IL-6, and TNF-α in brain tissue were measured 
using specific enzyme linked immunosorbent assay kits for rats 
(PI303, PI328, PT516; Beyotime), in accordance with the man-
ufacturer’s instructions. Briefly, equal quantities of brain tissue 
from different groups were cut and ground to generate protein 
samples. Standard samples were diluted to different concentra-
tions and target samples added into corresponding wells of 100 
μL. Reaction wells were sealed with transparent film, and incu-
bated at room temperature for 120 minutes. Next, prepared bi-
otinylated antibody was added into the reaction well, and incu-
bated for 1 hour at room temperature. Horseradish peroxidase 
was added to detect streptavidin, and incubated for 20 minutes 
at room temperature. Finally, 3,3′,5,5′-tetramethylbenzidine 
solution was added and incubated for 20 minutes at room tem-
perature. After stop solution was added, absorbance values were 
measured at 450 nm immediately using a spectrophotometer 
(FilterMax F5, Molecular Devices, San Francisco, CA, USA). 
Values were expressed as pg/mL. 

TUNEL staining
Brain tissue samples were obtained at corresponding time 
points after SAH. Interventions of rhwnt1, siwnt1 RNA, 
and anti-Frizzled1 were applied once SAH models were es-
tablished. Cortical cell apoptosis was evaluated by TUNEL 
staining, which was performed in accordance with the 
manufacturer’s introductions (C1086; Beyotime). Briefly, 
brain tissue was fixed, embedded, sliced, heated, and then 
dewaxed. Following dewaxing, sections were incubated with 
proteinase K for 15 minutes at room temperature. Next, 
sections were washed three times with phosphate buffered 
saline and then incubated with TUNEL detection liquid at 
37°C for 1 hour. Sections were again washed three times. 
DAPI mounting medium and anti-fluorescence quenching 
were added and sections covered with coverslips. Finally, 
sections were observed using a fluorescence microscope 
(BX50/BX-FLA/DP70; Olympus). To measure the degree of 
cortical cell apoptosis, the apoptotic index was defined as the 
percentage of TUNEL-positive cells in each section.

Brain water content assessment 
Brain tissue samples were obtained at corresponding time 
points after SAH. Moreover, interventions of rhwnt1, siwnt1 
RNA, and anti-Frizzled1 were applied once SAH models were 
established. The wet/dry method was used to assess the brain 
water content. Following brain tissue removal and collection, 
brain samples were weighed immediately (wet weight), dried 
in an oven at 100°C for 48 hours, and then weighed again (dry 
weight). The brain edema index was calculated according to 
the formula: (wet weight − dry weight/wet weight) × 100%. 

Neurological impairment
In all rats at 48 hours after intervention, activity, appetite, 

and neurological defects were assessed using a published 
and recognized scoring system to detect neurological dam-
age (Table 1) (Yamaguchi et al., 2004; Li et al., 2018). Higher 
scores indicate more severe neurological impairments. 

Statistical analysis
All data are shown as the mean ± SEM. SPSS 11.5 software 
(SPSS Inc., Chicago, IL, USA) was used for statistical anal-
ysis. Data were analyzed by one-way analysis of variance 
followed by Scheffé F test for post hoc analysis. Statistical 
significance was set to α = 0.05.

Results
Decreased expression levels of Wnt1, Frizzled1, and 
β-catenin after SAH
To investigate expression of Wnt1, Frizzled1, and β-catenin 
during early brain injury after SAH, western blot assay of 
brain tissue was performed (Figure 2A–D). Protein levels 
of Wnt1 (12 hours), Frizzled1 (24 hours), and β-catenin (24 
hours) were all lower compared with the sham group, be-
ing lowest at 48 hours after SAH (P < 0.05 or P < 0.01), and 
then gradually increasing at 72 hours (P < 0.05 or P < 0.01). 
Nonetheless, at 1 week after SAH, Wnt1, anti-Frizzled1, 
and β-catenin protein levels were still visibly lower than the 
sham group. Double immunofluorescence staining using 
Wnt1, Frizzled1, and β-catenin antibodies with a neuronal 
marker (NeuN) was performed (Figure 3A–F). Consistent-
ly, the results showed a similar trend as the western blot 
assay: expression of Wnt1, Frizzled1, and β-catenin attached 
to the cytoplasm of neuronal cells reached a lowest point at 
48 hours. The fluorescent intensity of Wnt1, Frizzled1, and 
β-catenin returned to normal levels at one week. These re-
sults suggest that the Wnt/Frizzled signaling pathway may 
participate in the pathological process during early brain 
injury, and is apparently suppressed after SAH. Further, 48 
hours after SAH might be the most appropriate time point 
for intervention in experiment 2.

Rhwnt1 treatment increases and siwnt1 treatment 
decreases Wnt1 protein levels, while anti-Frizzled1 
treatment decreases Frizzled1 protein levels in brain 
tissue under SAH conditions 
Western blot assay (Figure 4A–D) and immunofluorescent 
staining (Figure 4E–H) both showed significantly lower 

Table 1 Behavior and activity scores

Category Behavior Score

Appetite Finished meal 0
Left meal unfinished 1
Scarcely ate 2

Activity Walk and reach at least
three corners of the cage

0

Walk with some stimulations 1
Almost always lying down 2

Deficits No deficits 0
Unstable walk 1
Impossible to walk 2
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Wnt1 protein levels at 48 hours after SAH compared with 
the sham group (P < 0.05). Wnt1 protein levels were signifi-
cantly increased by rhwnt1 intervention and significantly 
decreased by siwnt1 RNA intervention (P < 0.01). Further, 
western blot assay and immunofluorescent staining results 
also indicated down-regulated Frizzled1 protein levels in the 
SAH + control group (P < 0.01), which were significantly 
further reduced by anti-Frizzled1 treatment (P < 0.01).  

Rhwnt1 treatment decreases, while siwnt1RNA and 
anti-Frizzled treatment increases SAH-induced cortical 
cell apoptosis
TUNEL staining was performed to examine the effect of the 
rhwnt1, siwnt1, and anti-Frizzled1 interventions on cortical 
cell apoptosis in the brain at 48 hours after SAH (Figure 5A 
and B). Significant increase of TUNEL-immunoreactive cells 
was observed in the SAH + control group compared with 

Figure 2 Changes in protein levels of 
Wnt1, Frizzled1, and β-catenin 
measured by western blot assay after 
SAH. 
(A) Representative bands detected 
from western blots of Wnt1 (41 kDa), 
Frizzled1 (72 kDa), and β-catenin (92 
kDa) expression in the sham group, 6 
h SAH group, 12 h SAH group, 24 h 
SAH group, 48 h SAH group, 72 h SAH 
group, and 1 wk SAH group. (B–D) 
Mean protein levels of Wnt1, Frizzled1, 
and β-catenin in the sham group were 
used as the standard. Data are shown as 
the mean ± SEM (n = 6; one-way anal-
ysis of variance followed by Scheffé F 
post hoc test). *P < 0.05, **P < 0.01, vs. 
sham groups; #P < 0.05, ##P < 0.01, vs. 
24 h and 48 h SAH groups. †P < 0.05, vs. 
24 h SAH group. SAH: Subarachnoid 
hemorrhage; h: hours; wk: week.
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Figure 3 Double 
immunofluorescence of Wnt1, 
Frizzled1, and β-catenin in 
neurons after experimental SAH.
(A, C, E) Double immunofluores-
cence analysis of antibodies for 
Wnt1, Frizzled1, and β-catenin 
(green)  and neuronal  marker 
(NeuN; red). Nuclei were stained 
with DAPI (blue). Arrows indicate 
Wnt1, Frizzled1, and β-catenin 
immunoreactive neurons. Scale 
bars: 32 μm. (B, D, F) Mean fluo-
rescent intensity in the sham group 
was used as the standard. Data are 
shown as the mean ± SEM (n = 6; 
one-way analysis of variance fol-
lowed by Scheffé F post hoc test). 
*P < 0.05, **P < 0.01, vs. sham 
group; &P < 0.05, &&P < 0.01, vs. 24 
h SAH group, 48 h group, and 72 
h SAH group. SAH: Subarachnoid 
hemorrhage; DAPI: 4′,6-diamidi-
no-2-phenylindole; h: hours; wk: 
week.

Sham    6 h    12 h   24 h   48 h  72 h  1 wk

SAH

Wnt1  

Frizzled1  

β-Catenin  

GAPDH

41 kDa

72 kDa

92 kDa

37 kDa

M
ea

n 
pr

ot
ei

n 
le

ve
l o

f W
nt

1

Sham  6 h   12 h   24 h  48 h  72 h  1 wk

SAH

M
ea

n 
pr

ot
ei

n 
le

ve
l o

f F
riz

zl
ed

1

Sham  6 h   12 h   24 h  48 h  72 h  1 wk

SAH

M
ea

n 
pr

ot
ei

n 
le

ve
l o

f β
-c

at
en

in

Sham  6 h   12 h   24 h  48 h  72 h  1 wk

SAH

*

**

*
**† *

**

*
*#

##

A B

C D



1019

Wang Y, Bao DJ, Xu B, Cheng CD, Dong YF, Wei XP, Niu CS (2019) Neuroprotection mediated by the Wnt/Frizzled signaling pathway in early 
brain injury induced by subarachnoid hemorrhage. Neural Regen Res 14(6):1013-1024. doi:10.4103/1673-5374.250620

Sham Control  Rhwnt1 Siwnt1

SAH 

Wnt1  

GAPDH

Sham  Control  Anti-Frizzled1

SAH 

Wnt1  

GAPDH

Sham     Control        Rhwnt1      Siwnt1

SAH 

Wnt1  

NeuN  

DAPI  

Merge

M
ea

n 
pr

ot
ei

n 
le

ve
l o

f w
nt

1 

1.5

1.2

0.9

0.6

0.3

0 M
ea

n 
pr

ot
ei

n 
le

ve
l o

f F
riz

zl
ed

1 1.00

0.75

0.50

0.25

0

§§

§§

§§

Sham Control  Rhwnt1 Siwnt1 Sham     Control  Anti-Frizzled1

SAH SAH 

§§

§§

§§

M
ea

n 
W

nt
1 

flu
or

es
ce

nt
 in

te
ns

ity

1.8

1.2

0.6

0

M
ea

n 
Fr

iz
zl

ed
1 

flu
or

es
ce

nt
 in

te
ns

ity

1.2

0.8

0.4

0
Sham Control  Rhwnt1 Siwnt1 Sham     Control  Anti-Frizzled1

SAH SAH 

Sham     Control    Anti-Frizzled1

SAH 

Frizzled1  

NeuN  

DAPI  

Merge

 A    B   

 C    D

 F    G

 E   

 H

Figure 4 Changes in Wnt1 and 
Frizzled1 expression altered by 
rhwnt1, siwnt1, and anti-Frizzled1 
treatment after experimental SAH. 
(A, B) Representative bands detected 
from western blots of Wnt1 (41 kDa) 
expression in sham, SAH + control, 
SAH + rhwnt1, and SAH + siwnt1 
groups, and Frizzled1 (92 kDa) 
expression in sham, SAH + control, 
and SAH + anti-Frizzled1 groups. (C, 
D) Mean protein levels of wnt1 and 
Frizzled1 in the sham group were 
used as the standard. (E, F) Double 
immunofluorescence analysis by flu-
orescence microscopy with antibod-
ies for Wnt1 and Frizzled1 (green) 
and neuronal marker (NeuN; red). 
Nuclei were fluorescently labeled 
with DAPI (blue). Arrows indicate 
Wnt1 and Frizzled1 immunoreactive 
cells in neurons. Scale bars: 32 μm. 
(G, H) Mean fluorescent intensity 
in the sham group was used as the 
standard. Data are shown as the 
mean ± SEM (n = 6; one-way analy-
sis of variance followed by Scheffé F 
post hoc test). *P < 0.05, **P < 0.01, 
vs. sham group; §§P < 0.01, vs. SAH 
+ control group. SAH: Subarachnoid 
hemorrhage; GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase.

Figure 5 Effect of rhwnt1, siwnt1, 
and anti-Frizzled1 treatment on 
cortical cell apoptosis and brain 
edema after experimental SAH.
(A) Immunofluorescence of TUNEL 
(green) and DAPI (blue) staining. 
Arrows indicate apoptotic cells in 
brain tissue. Scale bars: 32 μm. (B) 
Variation of apoptotic cell percent-
age in different groups. (C) Variation 
of brain water content percentage 
in different groups. Data are shown 
as the mean ± SEM (n = 6; one-
way analysis of variance followed by 
Scheffé F post hoc test). **P < 0.01, 
vs. sham group; §P < 0.05, §§P < 0.01, 
vs. SAH + control group; ΔP < 0.05, 
vs. SAH anti-Frizzled1 control group. 
SAH: Subarachnoid hemorrhage; 
TUNEL: terminal deoxynucleotidyl 
transferase-mediated dUTP nick 
end labeling; DAPI: 4′,6-diamidi-
no-2-phenylindole.

the sham group (P < 0.01). The percentage of TUNEL-im-
munoreactive cells was decreased by rhwnt1 treatment (P < 
0.01) and increased by siwnt1 and anti-Frizzled1 treatment 
(P < 0.05). Simultaneously, the pro-apoptotic effect of an-
ti-Frizzled1 was partially neutralized by rhwnt1 (P < 0.05). 

Rhwnt1 treatment decreases, while siwnt1RNA and 
anti-Frizzled1 treatment increases SAH-induced brain 
edema and neurological impairment 
First, brain edema index was significantly higher in the 
SAH + control group than the sham group (P < 0.01) (Fig-
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ure 5C). In contrast, after rhwnt1 treatment, brain edema 
index was significantly less pronounced (P < 0.01). Mean 
brain edema index was higher in rats after siwnt1RNA and 
anti-Frizzled1 treatment than in the SAH + control group 
(P < 0.05). Simultaneously, brain water content was signifi-
cantly lower in the SAH + rhwnt1 group than in the SAH + 
control group (P < 0.01). However, there were no significant 
variations between the SAH + anti-Frizzled + control group 
and SAH + anti-Frizzled1 + rhwnt1 group. Rats with SAH 
showed severe neurological behavioral defects compared with 
the sham group (2.87 ± 0.32 points vs. 0.67 ± 0.15 points; P < 
0.01; Figure 5D). These neurological behavioral defects were 
significantly less pronounced after rhwnt1 treatment (2.03 ± 
0.58 points vs. 2.87± 0.32 points; P < 0.01). After siwnt1RNA 
(3.35 ± 0.29 points vs. 2.87 ± 0.32 points) and anti-Frizzled1 
(3.41 ± 0.47 points vs. 2.87 ± 0.32 points) treatment, neuro-
logical behavioral defects were significantly more pronounced 
compared with the SAH + control group (P < 0.05). More-
over, remarkable variation in neurological behavioral defects 
was detected in the SAH + anti-Frizzled1 + rhwnt1 group 
compared with the SAH + anti-Frizzled + control group (3.03 
± 0.38 points vs. 3.41 ± 0.47 points; P < 0.05).

Rhwnt1 promotes M2 microglia conversion and inhibits 
inflammatory cytokine release, while siwnt1 and anti- 
Frizzled1 have opposite effects after experimental SAH
The effect of rhwnt1, siwnt1, and anti-Frizzled1 interven-
tions on microglia type in the brain at 48 hours after SAH was 
investigated by immunofluorescence staining with CD206 
(Figure 6A and B). Significant reduction of CD206-immu-
noreactive cells was observed in the SAH + control group 
compared with the sham group (P < 0.05). The percentage 
of CD206-immunoreactive cells was increased by rhwnt1 
treatment and decreased by siwnt1RNA and anti-Frizzled1 
treatment (P < 0.05 or P < 0.01). However, no remarkable 
difference in CD206-immunoreactive cells was detected be-
tween the SAH + anti-Frizzled1 control group and SAH + 
anti-Frizzled1 + rhwnt1 group. In the SAH + control group, 
average levels of IL-1β, IL-6, and TNF-α in brain tissue were 
significantly increased compared with the sham group (P < 
0.01; Figure 6C). Rhwnt1 treatment abolished this increase (P 
< 0.05), while siwnt1RNA and anti-Frizzled1 treatment inten-
sified the increase (P < 0.05). The proinflammatory effect of 
anti-Frizzled1 was partially, but significantly, neutralized by 
rhwnt1 treatment (P < 0.05).

Rhwnt1 treatment increases β-catenin, PPAR-γ, and 
CD36 expression and decreases NF-κBp65 expression, 
while siwnt1 and anti-Frizzled1 treatment exert opposite 
effects after experimental SAH
Expression of NF-κBp65, β-catenin, CD36, and PPAR-γ 
was examined to determine the mechanism of microglia 
type conversion by western blot assay (Figure 7A–E) and 
immunofluorescent double labeling (Figure 8A–D). Evident 
reduction in protein levels of β-catenin, CD36, and PPAR-γ 
was found in the SAH + control group (P < 0.01). Rhwnt1 
treatment resulted in significantly higher protein levels of 

β-catenin, CD36, and PPAR-γ compared with the SAH + 
control group (P < 0.01). However, β-catenin, CD36, and 
PPAR-γ expression was less after siwnt1RNA and anti-Friz-
zled1 intervention compared with the SAH + control group 
(P < 0.05, P < 0.01). These results also showed that protein 
levels of β-catenin, CD36, and PPAR-γ were lower after an-
ti-Frizzled1 treatment compared with the siwnt1RNA group 
(P < 0.05 or P < 0.01). In contrast, a significant increase in 
protein levels of NF-κBp65 was observed in the SAH + con-
trol group (P < 0.05), while rhwnt1 treatment significantly 
down-regulated NF-κBp65 protein levels (P < 0.01). NF-
κBp65 was significantly higher in the SAH + anti-Frizzled1 
control group than the SAH + control group (P < 0.05).

Discussion 
Experiment 1 showed decreased levels of Wnt1, Frizzled1, 
and β-catenin in brain tissue and neurons after SAH, with the 
most noticeable inhibition time point being 48 hours after 
SAH. In experiment 2, we found the following results: first, 
rhwnt1 treatment up-regulated the SAH-induced decrease in 
Wnt1, β-catenin, PPAR-γ, and CD36, and further down-reg-
ulated the SAH-induced decrease in NF-κBp65 in brain tissue 
and neurons. Meanwhile, siwnt1RNA had a down-regulatory 
effect. Anti-Frizzled1 inhibited levels of Frizzled1, β-catenin, 
PPAR-γ, and CD36, and enhanced NF-κBp65 in brain tissue 
and neurons, but had no effect on Wnt1 levels. Anti-Frizzled1 
effects were partially reversed by rhwnt1 treatment. Further, 
rhwnt1 treatment alleviated brain edema, cortical apoptosis, 
and impaired neurological behavior after experimental SAH, 
while siwnt1RNA and anti-Frizzled1 had an aggravated effect 
that was partially reversed by rhwnt1 treatment. Ultimately, 
rhwnt1 treatment promoted microglia conversion into M2-
type, and inhibited inflammatory cytokine release. Again, si-
wnt1RNA and anti-Frizzled1 exerted an opposite effect. Based 
on the above results, we hypothesized that decreased Wnt1 
protein secretion and expression occurs after SAH, which is 
accompanied by suppression of the Wnt/Frizzled signaling 
pathway. Extracellular Wnt1 did not interact with Frizzled1, 
which was mediated by β-catenin accumulation inside the 
cell. Decreased β-catenin content in the nucleus decreased 
PPAR-γ expression, which combined with the transcription 
factor, TCF/LEF. Alternatively, reduction of PPAR-γ expres-
sion down-regulated expression of the membrane receptor, 
CD36, and promoted conversion of microglia to a M2 clas-
sification. Since low concentrations of intranuclear PPAR-γ 
were unable to effectively antagonize NF-κB, relevant inflam-
matory signaling pathways were activated. Consequently, 
release of a large number of inflammatory factors was inevita-
ble, which directly caused nerve cell damage and exacerbated 
early brain injury (hypothesis figure of inflammation-induced 
neural damage mediated by Wnt/Frizzled1 signaling pathway 
suppression after SAH; Figure 9).

It is generally known that the inflammatory reaction is an 
important host defense reaction to brain injury after SAH. 
Accumulative evidence has shown that excessive inflammato-
ry responses following SAH aggravate brain injury, including 
blood-brain barrier disruption, brain edema aggravation, 
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and neuronal cell death (Guo et al., 2016; Chaudhry et al., 
2017; Frontera et al., 2017; Yuan et al., 2018). Activation of 
inflammation following SAH results from microglial activa-
tion, perihematomic inflammation reaction, infiltration of 
blood-derived inflammatory cells, and release of inflamma-
tory cytokines (including IL-1β, IL-6, and TNF-α) (Yin et al., 
2017; Schneider et al., 2018). At present, the Wnt/Frizzled 
signaling pathway is strongly associated with common in-
flammatory diseases. For example, it is highly expressed in a 
mouse model of chronic asthma as well as human patients, 
and regulates development of airway remodeling in chronic 
asthma. Blocking this pathway dampens airway remodeling 
by down-regulating TGF-β and tenascin C/PDGFR, resulting 
in subepithelial fibrosis and smooth muscle hyperplasia (Kwak 
et al., 2015). Recently, investigators have suggested that the 
Wnt/Frizzled signaling pathway might play important roles 
in different central nervous system diseases (Sorcini et al., 
2017). These findings demonstrate that TWS119, an inhib-
itor of glycogen synthase kinase 3β (a key node in the Wnt/
Frizzled signaling pathway), reduced recombinant tissue plas-
minogen activator-induced hemorrhagic transformation and 
attenuated blood-brain barrier disruption, possibly through 
activating the Wnt/Frizzled signaling pathway by increasing 
β-catenin, claudin-3, and ZO-1 protein expression and sup-
pressing glycogen synthase kinase 3β expression (Wang et al., 
2016). Another study showed that galangin might function as 
a multi-target drug for treating ischemic stroke by improving 
the microenvironment of neurovascular units. This included 
ameliorating neurological defects and neurovascular unit 
damage after middle cerebral artery occlusion via activating 
Wnt/β-catenin and hypoxia-inducible factor-1α/vascular en-
dothelial growth factor signaling pathways (Wu et al., 2016). 
In addition, the Wnt/β-catenin signaling pathway is relevant 
to cell apoptosis and expression of proliferating cell nuclear 
antigen in rat brain, regulating the balance between cell apop-
tosis and cell proliferation following intracerebral hemor-
rhage induction (Zhou et al., 2014; Ma et al., 2018).

PPAR-γ is a ligand-dependent transcription factor that 
can regulate expression of the scavenger receptor, CD36, 
which is of significance for phagocytic activity and microg-
lial phenotypes (Tyagi et al., 2011; Li et al., 2015; Zhao et al., 
2015; Flores et al., 2016). NF-κB is a transcription factor that 
modulates production of many pro-inflammatory enzymes, 
chemokines, and adhesion molecules, resulting in massive 
amplification of the secondary inflammatory response after 
cerebral stroke (Gan et al., 2016; Peng et al., 2018; Yue et al., 
2018). In both in vitro and in vivo experiments, agonists of 
PPAR-γ as therapeutic targets, decrease expression of pro-in-
flammatory determinants (including IL-1β, TNF-α, matrix 
metalloproteinase-9, and inducible nitric oxide synthase) via 
interaction with the transcription factor, NF-κB, and inhib-
iting DNA binding of NF-κB (Wu et al., 2016). In addition, 
TAK-242, a TLR4 inhibitor, remarkably relieved inflamma-
tory injury after intracerebral hemorrhage, and improved 
neurological deficits by up-regulating CD36 expression in mi-
croglia, increasing phagocytic capacity of microglia, and im-
proving hematoma absorption in intracerebral hemorrhage 

mice (Fang et al., 2014). At present, the internal relation-
ship between the Wnt/Frizzled signaling pathway, PPAR-γ, 
CD36, NF-κB, and inflammatory cytokine release is still not 
elaborated in experimental SAH. Nevertheless, in this study, 
reduced PPAR-γ expression directly led to down-regulation 
of CD36 and phagocytic capacity of microglia, and was asso-
ciated with suppression of the Wnt/Frizzled signaling path-
way after SAH. Alternatively, activation of the Wnt/Frizzled 
signaling pathway generated an opposite effect.

This current study has some limitations. First, we have 
not determined the precise mechanism of the Wnt/Frizzled 
signaling pathway in regulating PPAR-γ expression. In ad-
dition, it is not possible to accurately evaluate microglia type 
conversion using immunofluorescence, and flow cytometry 
is more suitable. Nevertheless, in conclusion, our study pro-
vides comprehensive and adequate evidence supporting the 
potential effects of Wnt/Frizzled on an experimental SAH 
rat model and its underlying neuroprotective mechanisms. 
First, rhwnt1 ameliorated protein expression of key nodes 
(specifically, Wnt1, Frizzled1, and β-catenin), as well as 
brain edema, cortical cell apoptosis, and neurological defects 
induced by SAH. Siwnt1RNA and anti-Frizzled treatment 
had an opposite effect. Moreover, rhwnt1 promoted microg-
lia conversion into M2-type and inhibited inflammatory 
cytokine release via regulation of PPAR-γ, CD36, and NF-
κBp65 expression. All data in these experiments confirm 
that the neuroprotective effect of the Wnt/Frizzled signaling 
pathway might result from inhibition of inflammatory re-
sponses after SAH. Therefore, the Wnt/Frizzled signaling 
pathway may function as a multi-target in the treatment of 
hemorrhagic stroke.
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Figure 7 Changes in NF-κBp65, 
β-catenin, CD36, and PPAR-γ 
following rhwnt1, siwnt1, and 
anti-Frizzled1 intervention after
experimental SAH. 
(A) Representative bands detected from 
western blots of NF-κBp65 (64 kDa), 
β-catenin (92 kDa), CD36 (85 kDa), and 
PPAR-γ (54 kDa) expression in sham, 
SAH + control, SAH + rhwnt1, SAH + 
siwnt1, SAH + anti-Frizzled1 + control, 
and SAH + anti-Frizzled1 + rhwnt1 
groups. (B–E) Mean protein levels of NF-
κBp65, β-catenin, CD36, and PPAR-γ 
in the sham group were used as the 
standard. Data are shown as the mean ± 
SEM (n = 6; one-way analysis of variance 
followed by Scheffé F post hoc test). *P 
< 0.05, **P < 0.01, vs. sham group; §P < 
0.05, §§P < 0.01, vs. SAH + control group; 
ΔP < 0.05, vs. SAH + anti-Frizzled1 
control group; ▲▲P < 0.01, vs. SAH + 
siwnt1 group. SAH: Subarachnoid hem-
orrhage; NF: nuclear factor; PPAR: per-
oxisome proliferator-activated receptor; 
GAPDH: glyceraldehyde-3-phosphate 
dehydrogenase.
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Figure 6 Effect of rhwnt1, siwnt1, and anti-Frizzled1 treatment on microglia 
conversion into M2-type and inflammatory cytokine release after 
experimental SAH. 
(A) Double immunofluorescence analysis by fluorescence microscopy (original 
magnification, 100×) with CD206 antibody (green) and nuclei fluorescently 
stained with DAPI (blue). Arrows indicate CD206-immunoreactive cells. (B) 
Mean rate of CD206-immunoreactive microglial cells in the sham group was 
used as the standard. (C) Levels of inflammatory cytokines (IL-1β, IL-6, and 
TNF-α) measued by ELISA method. Data are shown as the mean ± SEM (n = 6; 
one-way analysis of variance followed by Scheffé F post hoc test). *P < 0.05, **P 
< 0.01, vs. sham group; §P < 0.05, vs. SAH + control group; ΔP < 0.05, vs. SAH 
+ anti-Frizzled1 control group. SAH: Subarachnoid hemorrhage; DAPI: 4′,6-di-
amidino-2-phenylindole; IL: interleukin; TNF: tumor necrosis factor; ELISA: 
enzyme linked immunosorbent assay.
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Figure 9 Schematic showing the role of the Wnt/Frizzled signaling 
pathway and potential mechanisms of the neuroprotective effect on early 
brain injury. 
Briefly, the Wnt/Frizzled signaling pathway is suppressed after SAH, which is 
accompanied by markedly decreasing Wnt1 protein secretion and expression. 
Weak interaction between extracellular Wnt1 and Frizzled1 cannot be medi-
ated by sufficient β-catenin content inside the cell, and reduced β-catenin in 
the nucleus decreases PPAR-γ expression. Reduced PPAR-γ down-regulates 
CD36 expression, which promotes M2 microglia conversion. Alternatively, 
as low concentrations of intranuclear PPAR-γ cannot effectively antagonize 
nuclear factor-κB (NF-κB) factor, relevant inflammatory signaling pathways 
are activated, and release of inflammatory factors is inevitable, directly caus-
ing nerve cell damage and intensified early brain injury. SAH: Subarachnoid 
hemorrhage; PPAR: peroxisome proliferator-activated receptor; APC: adeno-
matous Polyposis Coli; FRZ: Frizzled; GSK: glycogen synthase kinase; LEF/
TCF: lymphoid enhancer factor/T cell factor. 
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Figure 8 Changes in β-catenin and 
CD36 following rhwnt1, siwnt1, and 
anti-Frizzled1 intervention after 
experimental SAH. 
(A, B) Double immunofluorescence anal-
ysis by fluorescence microscopy (original 
magnification, 100×) with antibodies for 
β-catenin and CD36 (green) and neu-
ronal marker (NeuN; red). Nuclei were 
fluorescently labeled with DAPI (blue). 
Arrows indicate β-catenin and CD36 
immunoreactive neurons. Scale bars: 32 
μm. (C, D) Mean fluorescent intensity in 
the sham group was used as the standard. 
Data are shown as the mean ± SEM (n = 
6; one-way analysis of variance followed 
by Scheffé F post hoc test). *P < 0.05, vs. 
sham group; §P < 0.05, §§P < 0.01, vs. 
SAH + control group; ▲▲P < 0.01, vs. 
SAH + siwnt1 group. SAH: Subarach-
noid hemorrhage; DAPI: 4′,6-diamidi-
no-2-phenylindole.
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