
Vol.:(0123456789)1 3

Molecular Neurobiology (2024) 61:3559–3577 
https://doi.org/10.1007/s12035-023-03777-y

Atorvastatin Promotes Pro/anti‑inflammatory Phenotypic 
Transformation of Microglia via Wnt/β‑catenin Pathway 
in Hypoxic‑Ischemic Neonatal Rats

Luting Yu1 · Lingyi Huang2 · Yuanyuan Zhao1 · Shixi Liu1 · Ruixi Zhou1 · Yan Yue1 · Hao Sun1 · Xiaojuan Su1 · Qian Liu1 · 
Shiping Li1 · Junjie Ying1 · Fengyan Zhao1 · Yi Qu1 

Received: 1 February 2023 / Accepted: 6 November 2023 / Published online: 24 November 2023 
© The Author(s) 2023

Abstract
Inflammatory reaction plays a key role in the pathogenesis of hypoxic-ischemic encephalopathy (HIE) in neonates. Microglia 
are resident innate immune cells in the central nervous system and are profoundly involved in neuroinflammation. Studies 
have revealed that atorvastatin exerts a neuroprotective effect by regulating neuroinflammation in adult animal models of 
brain stroke and traumatic brain injury, but its role regarding damage to the developing brain remains unclear. This study 
aimed to clarify the effect and mechanism of atorvastatin on the regulation of microglia function in neonatal hypoxic-ischemic 
brain damage (HIBD). The oxygen glucose deprivation (OGD) of microglia and neonatal rat HIBD model was established. 
Atorvastatin, recombinant sclerostin protein (SOST), and XAV939 (degradation of β-catenin) were administered to OGD 
microglia and HIBD rats. The pathological changes of brain tissue, cerebral infarction volume, learning and memory ability 
of rats, pro-inflammatory (CD16+/Iba1+) and anti-inflammatory (CD206+/Iba1+) microglia markers, inflammation-related 
indicators (Inos, Tnfα, Il6, Arg1, Tgfb, and Mrc1), and Wnt/β-catenin signaling molecules were examined. Atorvasta-
tin reduced OGD-induced pro-inflammatory microglia and pro-inflammatory factors, while increasing anti-inflammatory 
microglia and anti-inflammatory factors. In vivo, atorvastatin attenuated hypoxia-ischemia (HI)-induced neuroinflamma-
tion and brain damage. Mechanistically, atorvastatin decreased SOST expression and activated the Wnt/β-catenin signaling 
pathway, and the administration of recombinant SOST protein or XAV939 inhibited Wnt/β-catenin signaling and attenuated 
the anti-inflammatory effect of atorvastatin. Atorvastatin promotes the pro/anti-inflammatory phenotypic transformation of 
microglia via the Wnt/β-catenin pathway in HI neonatal rats. Atorvastatin may be developed as a potent agent for the treat-
ment of HIE in neonates.
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Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) refers 
to hypoxic-ischemic brain damage (HIBD) caused by 
hypoxic asphyxia during the perinatal period, causing a 
series of characteristic neuropathological changes and 
clinical manifestations [1–3]. In middle-low income coun-
tries, the incidence of neonatal HIE is approximately 9 per 
1000 live births [4]. In developed countries, the incidence 
of neonatal HIE is 2–3 per 1000 live births [5]. Surviv-
ing children have serious sequelae, such as cerebral palsy, 
cognitive dysfunction, epilepsy, and delayed brain devel-
opment [6–8].

Microglia are resident innate immune cells in the cen-
tral nervous system (CNS), which play a fundamental role 
in monitoring and responding to invading pathogens and 
environmental damage [9]. Microglia are widely distrib-
uted in the CNS, accounting for approximately 10% of the 
total cells in the CNS [10–12]. Microglia can be divided 
into pro-inflammatory and anti-inflammatory phenotypes 
[13] and can undergo functional transformation between 
pro-inflammatory and anti-inflammatory [14]. Pro-inflam-
matory microglia mainly express surface antigens such as 
CD16 and CD86 [15] and produce a large number of cyto-
toxic substances such as interleukin (IL) 6, tumor necrosis 
factor α (TNFα), and the inducible nitric oxide synthase 
(iNOS), thereby exerting toxic effects on neurons and 
other glial cells [16]. Anti-inflammatory microglia primar-
ily express surface antigens such as arginase 1 (Arg1) and 
mannose receptor C-type 1 (Mrc1, also known as CD206) 
[17] and release anti-inflammatory factors including IL4 
and transforming growth factor β (TGFβ), thereby per-
forming a neuroprotective role [18]. Microglia-mediated 
neuroinflammation has been implicated in various diseases 
such as Alzheimer’s disease, Parkinson’s disease, multiple 
sclerosis, and cerebral ischemic injury [19–21].

Increasing evidences indicate that hypoxic-ischemic 
(HI)-induced neuroinflammation is the main factor lead-
ing to the pathological changes of neonatal brain injury 
[22–24]. Elevated pro-inflammatory cytokines such as 
IL6, IL8, and IL1β were identified in the cerebrospinal 
fluid of infants with HIE, which were associated with poor 
neurological outcomes and the development of cerebral 
palsy [23–27]. As inherent innate immune cells, micro-
glia activation is a sign of brain neuroinflammation and 
plays a key role in hypoxic-ischemic brain damage (HIBD) 
[28–30]. Studies have shown that HI increases pro-inflam-
matory microglia in the brain, reduces anti-inflammatory 
microglia, promotes the release of inflammatory factors, 
and causes brain damage [31]. Therefore, drugs aimed at 
inhibiting the inflammatory response are expected to be an 
effective treatment for improving HIBD.

Atorvastatin is a statin that inhibits 3-hydroxy-3-meth-
ylglutaryl coenzyme A (HMG-CoA) reductase and can be 
used to reduce cholesterol and the risk of cardiovascular 
disease [32]. Studies have revealed that atorvastatin also 
played a neuroprotective role by reducing inflammation. 
Atorvastatin reduced the microglial activation and leuko-
cyte adhesion and infiltration in adult mouse and rat mod-
els of middle cerebral artery occlusion [33, 34]. Besides, in 
an adult mouse traumatic brain injury model, atorvastatin 
increased the anti-inflammatory microglia and attenuated 
brain injury [35]. However, these studies all focused on adult 
animal brain injury models, and the role and mechanism of 
atorvastatin in developmental brain injury remains unclear. 
In this study, we will establish microglial oxygen glucose 
deprivation (OGD) model and neonatal rat HIBD model and 
explore the effect of atorvastatin on regulating the function 
of microglia. It has been suggested that atorvastatin can 
regulate the function of microglia via activating the Wnt/β-
catenin signaling pathway [36–38]. Besides, Matias et al. 
have found that Wnt/β-catenin signaling can regulate the 
pro/anti-inflammatory phenotypic transformation of micro-
glia [39, 40]. Therefore, mechanistically, we will focus on 
assessing whether atorvastatin regulates microglia function 
in HIBD through Wnt/β-catenin signaling pathway.

Materials and Methods

Drugs and Reagents

Atorvastatin (344423) and 2,3,5-triphenyltetrazolium chlo-
ride monohydrate (TTC) (T8877) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Atorvastatin was dis-
solved with DMSO and then diluted with ultrapure water 
to the desired concentration. The final concentration of 
DMSO in the atorvastatin solution administered to the ani-
mals is 0.5%. The total RNA extraction kit (LS1040) was 
purchased from Promega Biotechnology Co., Ltd. (Beijing, 
China). SYBR (Q711) was purchased from Vazyme Biotech 
Co., Ltd. (Nanjing, China). Recombinant mouse sclerostin 
(SOST) protein (1589-ST), which can inhibit Wnt/β-catenin 
signaling pathway by antagonizing the binding of Wnt to 
its receptor and reducing the expression of downstream 
β-catenin [41, 42], was purchased from R&D Systems (Min-
nesota, MN, USA). XAV939 (S1180), which can inhibit 
Wnt/β-catenin signaling pathway by degrading β-catenin, 
was purchased from American Selleck Biotechnology Co., 
Ltd. (China Branch, Shanghai). β-actin (20068) was pur-
chased from Zen Bioscience Co., Ltd. (Chengdu, China). 
H3 (ab1791) and β-catenin (ab32572) were purchased from 
Abcam (Cambridge, UK). GSK3β (12456) and p-GSK3β 
(9322) were purchased from CST (Boston, USA).



3561Molecular Neurobiology (2024) 61:3559–3577	

1 3

Cell Culture, Treatment, and Viability Assay

The cerebral cortices of 1-day-old rats were digested using 
papain (2 mg/ml) for 30 min; the cell filtrate was collected 
using a 70-μm filter and inoculated with culture medium 
(89% DMEM, 10% FBS, and 1% penicillin/streptomycin). 
Each T75 culture flask was inoculated with 2 × 107 cells. 
When the mixed cells were overgrown, the culture flask was 
placed on a shaker, and the temperature was set to 37 °C; 
the flask was shaken at 180 rpm for 40 min, collected in 
the culture flask, and centrifuged (1000 rpm, 10 min). The 
supernatant was discarded, and the pellet was microglia. 
Each 6-well plate was inoculated with 1 × 106 cells. The 
control group was cultured in a normal incubator (37 °C, 5% 
CO2). The OGD model was established using DMEM sugar-
free medium (1% O2, 5% CO2, and 94% N2) in a three-gas 
incubator for 8 h. The cells were treated with atorvastatin (1 
μM), recombinant SOST protein (50 ng/ml), and XAV939 
(1 μM) for 24 h before subsequent experiments.

Atorvastatin with 0.1, 1, and 10 μM was used for cell 
viability assays. Cells were seeded into 96-well plates, and 
10 μl CCK8 solution was added to each well. The cells were 
cultured in an incubator for 90 min, and the activity of the 
cells was calculated by measuring the absorbance at 450 nm 
using a microplate reader.

Transcriptome Sequencing of Microglia

Total RNA was extracted using a TRIzol RNA extraction kit 
(Invitrogen, USA) from the cultured microglia. RNA purity 
and quantification were evaluated using the NanoDrop 2000 
spectrophotometer (Thermo Scientific, USA). RNA integ-
rity was assessed using the Agilent 2100 Bioanalyzer. Then, 
the libraries were constructed using VAHTS Universal V6 
RNA-seq Library Prep Kit according to the manufacturer’s 
instructions. The libraries were sequenced on an llumina 
NovaSeq 6000 platform, and 150 bp paired-end reads were 
generated. Differential expression analysis was performed 
using the DESeq2. Q value < 0.05 and fold change > 2 or 
fold change < 0.5 were set as the threshold for significantly 
differential expression gene (DEGs).

HIBD Model and Treatment

Animals were kept in the same room with an environmental 
temperature of 18–22 °C, a relative humidity of 40–60%, 
a 12-h/12-h light–darkness cycle, and free access to food 
and water. All the animal experiments involved in this study 
have been approved by the Animal Ethics Review Com-
mittee of Sichuan University (Animal Ethics Review Pass 
No.WCSUH21-2018-034). Pregnant rats were purchased 
from Chengdu Dashuo Experimental Animals. We divided 
the 7-day-old Sprague Dawley (SD) rats into three groups: 

sham, HI, and HI+atorvastatin groups. We anesthetized 
animals with isoflurane with the dosage of 2%. The HIBD 
model was induced by ligation of the right common carotid 
artery and then hypoxia (8% O2, 92% N2) in a hypoxia cham-
ber for 2 h. We first weighed the rats and calculated the dos-
age required by the rats according to the standard of 10 mg/
kg. The corresponding amount is then drawn with a syringe 
and pumped through a gastric tube. The HI+atorvastatin 
group was intragastrically administered with atorvastatin 
(10 mg/kg/d), and the sham and HI groups were adminis-
tered the corresponding solvents. After 72 h, the rats were 
anesthetized. Brain tissues were subjected to H&E, TTC, 
and immunofluorescence staining. The cerebral cortex was 
used to extract the proteins and RNA for further detection.

H&E Staining

The brain tissue was fixed with 4% paraformaldehyde, 
dehydrated with alcohol, soaked in xylene, and embedded 
in paraffin. The samples were cut into 5-μm slices and dried, 
dewaxed with xylene, treated with alcohol, then stained with 
hematoxylin-eosin. An optical microscope (Olympus) was 
used to observe pathological changes in the sections.

Infarct Volume Measurement

Each brain was cut into four pieces, and the thickness of 
each slice was 2 mm. The slices were then placed in 2% 
TTC solution and incubated at 37 °C for 20 min; the TTC 
solution was removed, fixed with 4% paraformaldehyde, and 
photographed. Image-Pro Plus software (version 6.0) was 
used to calculate. Infarct volume/brain volume was used to 
determine the percentage of infarct.

Morris Water Maze Test

Rats used in the Morris water maze test were 28-day old. 
The escape time (escape incubation period) of the rats to 
the platform was recorded four times a day for five consecu-
tive days. On day 6, the platform was removed, and each 
rat swam freely in the maze for 90 s. The number of times 
each rat passed through the previous escape platform area 
was recorded.

Immunofluorescence Staining

We fixed the brain with paraformaldehyde, dehydrated 
it with sucrose, embedded it with OCT, frozen it in liq-
uid nitrogen, and then stored it at −80 °C for subsequent 
sections. The slices (10 μm) were soaked in PBS for 10 
min to remove the OCT, and then Triton X-100 was used 
to penetrate the membrane. Primary antibody (150 μl, 
1:200) was added to each slide and incubated overnight. 
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The sections were then washed with PBS, and secondary 
antibodies were added. Finally, the sections were stained 
with DAPI, washed with PBS, and sealed with an anti-
quenching agent. A fluorescence microscope was used for 
observation and photography.

Total RNA Extract and RT‑qPCR Assay

Total RNA was extracted using the total RNA extraction 
kit instructions. The primers for Il6, Inos, Tnfα, Arg1, 
Mrc1, Tgfb, and β-actin are shown in Table 1 and were 
synthesized by Tsingke Biotechnology Co., Ltd.

ELISA

The concentrations of inflammatory factors in cell super-
natant and cerebral cortex were determined by microplate 
reader. iNOS ELISA kit (R0520c, Elabsciences), TNFα 
ELISA kit (R2856c, Elabsciences), ARG1 ELISA kit 
(R0070c, Elabsciences), and TGFβ ELISA kit (R1015c, 
Elabsciences) were used according to the manufacturer’s 
instructions.

Capillary Wes Analyses

The cerebral cortex and microglia were lysed with RIPA 
lysis buffer containing protease and phosphatase inhibi-
tors to extract total protein. Cytoplasmic and nuclear 
proteins were extracted according to the manufacturer’s 
instructions. Protein concentration was determined using 
the BCA protein detection kit, and a western system 
(Wes-Protein Simple) based on capillary electrophoresis 
technology was used to quantify the levels of p-GSK3β 
(1:50), GSK3β (1:50), β-catenin (1:50), H3 (1:200), and 
β-actin (1:500).

Statistical Analysis

All experimental data were analyzed using the SPSS soft-
ware (version 24.0; SPSS Inc., Chicago, IL, USA). The 
statistical data conforms to the normal distribution. Data 
are presented as the mean ± SEM. Multiple comparisons 
between groups were performed using analysis of variance, 
followed by a post-hoc Tukey test. Differences were con-
sidered statistically significant at p < 0.05, *p < 0.05, **p 
< 0.01.

Results

Effects of Atorvastatin on the Phenotypic 
Transformation of Pro‑inflammatory 
and Anti‑inflammatory Microglia

OGD tests for 2, 4, 6, and 8 h showed that 8-h OGD inhib-
ited 73% cell viability; therefore, OGD for 8 h was deter-
mined for subsequent experiments (Fig. 1A). Atorvastatin 
(0.1, 1, and 10 μM) was administered to treat microglia 
under normal culture conditions, and the results showed 
that 10 μM atorvastatin affected cell survival, whereas 0.1 
and 1 μM atorvastatin had no effect on cell survival, so 1 
μM atorvastatin was selected for subsequent experiments 
(Fig. 1B). Immunofluorescence staining showed that com-
pared with the control group, the pro-inflammatory micro-
glia (CD16+/Iba1+) increased, while anti-inflammatory 
microglia (CD206+/Iba1+) decreased in the OGD group, and 
atorvastatin administration reduced pro-inflammatory micro-
glia and increased anti-inflammatory microglia (Fig. 1C, D).

RT-qPCR assay showed that compared with the con-
trol group, the mRNA levels of pro-inflammatory fac-
tors (Inos, Tnfα, and Il6) increased in the OGD group but 
decreased after atorvastatin administration (Fig. 1E). The 
mRNA levels of anti-inflammatory factors (Arg1, Tgfb, 
and Mrc1) decreased in the OGD group compared with the 

Table 1   Oligonucleotide primers and PCR conditions used for real-time quantitative PCR

IL6 interleukin 6, Inos inducible nitric oxide synthase, Tnfα tumor necrosis factor α, Arg1 arginase 1, Mrc1 mannose receptor C-type 1, Tgfb 
transforming growth factor β

Gene Forward primer Reverse primer Product (bp) Annealing (°C)

Rat
Il6 ATT​CTG​TCT​CGA​GCC​CAC​CA CTG​AAG​GGC​AGA​TGG​AGT​TGA​ 51 60
Inos AGA​TCC​CGA​AAC​GCT​ACA​CTT​ TGC​GGC​TGG​ACT​TCT​CAC​TC 174 60
Tnfα GCA​TGA​TCC​GAG​ATG​TGG​AAC​TGG​ CGC​CAC​GAG​CAG​GAA​TGA​GAAG​ 113 60
Arg1 ACA​TCA​ACA​CTC​CGC​TGA​CAACC​ GCC​GAT​GTA​CAC​GAT​GTC​CTTGG​ 152 60
Mrc1 GAG​GAC​TGC​GTG​GTG​ATG​AA CAT​GCC​GTT​TCC​AGC​CTT​TC 154 60
Tgfb CTG​CTG​ACC​CCC​ACT​GAT​AC AGC​CCT​GTA​TTC​CGT​CTC​CT 94 60
β-actin ACC​CGC​CAC​CAG​TTCGC​ CAC​GAT​GGA​GGG​GAA​GAC​G 123 60
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control group but increased after atorvastatin administra-
tion (Fig. 1G). ELISA detection of cell culture supernatant 
showed that compared with the control group, the pro-
tein levels of pro-inflammatory factors (iNOS and TNFα) 
increased in the OGD group but decreased after atorvastatin 
administration (Fig. 1F). The protein levels of anti-inflam-
matory factors (ARG1 and TGFβ) decreased in the OGD 
group compared with the control group but increased after 
atorvastatin administration (Fig. 1H). It showed that atorv-
astatin reduced OGD-induced pro-inflammatory microglia 
and pro-inflammatory factors, while increasing anti-inflam-
matory microglia and anti-inflammatory factors.

Sequencing Analysis of Microglia Transcriptome

We sequenced the transcriptome of primarily cultured micro-
glia and found that there were a number of significantly dif-
ferent genes between the OGD and control groups, as well 
as between the OGD and atorvastatin groups. There were 
three genes with decreased expression in the OGD group 
compared with the control group, while it was increased in 
the atorvastatin group, and 12 genes with increased expres-
sion in the OGD group compared with the control group but 
decreased in the atorvastatin group (Fig. 2A, B). Among the 
above differently expressed genes, the expression of genes 
decreased in the OGD group and increased in the atorvasta-
tin group or increased in the OGD group and decreased in 
the atorvastatin group were mainly analyzed. We found that 
the expression of Sost mRNA increased significantly in the 
OGD group compared with the control group (fold change = 
3.43), while compared with the OGD group, the expression 
of Sost mRNA in the atorvastatin group was significantly 
decreased (fold change = 0.38) (Fig. 2C). Further bioinfor-
matic analysis and literature review showed that SOST can 
inhibit the Wnt/β-catenin signaling pathway by antagoniz-
ing the binding of Wnt to its receptor [42], and the Wnt/β-
catenin signaling pathway has been found to play crucial 
roles in regulating microglial function in brain damage [43]; 
therefore, we next focused on examining the regulating roles 
of SOST and Wnt/β-catenin signaling pathways in micro-
glia phenotypic transformation. RT-qPCR showed that the 
expression of Sost mRNA increased in the OGD group com-
pared with the control group and decreased after administra-
tion of atorvastatin. ELISA detection of cell culture super-
natant also showed that the protein level of SOST increased 
in the OGD group compared with the control group and 
decreased after administration of atorvastatin (Fig. 2D). We 
then further detected Wnt/β-catenin signaling molecules and 
found that the expression of p-GSK3β/GSK3β and nuclear 
and cytoplasmic β-catenin decreased in the OGD group 
compared with the control group but increased after admin-
istration of atorvastatin (Fig. 2E, F).

SOST Recombinant Protein Attenuated the Effect 
of Atorvastatin on Cultured Microglia

To confirm the effect of SOST, we administered SOST recom-
binant protein to treat microglia. It showed that compared with 
the atorvastatin group, the expression of p-GSK3β/GSK3β and 
nuclear and cytoplasmic β-catenin in the SOST group was 
lower (Fig. 3A, B). Immunofluorescence staining showed that 
compared with the atorvastatin group, the pro-inflammatory 
microglia (CD16+/Iba1+) increased, and the anti-inflamma-
tory microglia (CD206+/Iba1+) decreased in the SOST group 
(Fig. 3C, D). SOST increased the mRNA expression of pro-
inflammatory factors (Inos, Tnfα, and Il6) and decreased the 
mRNA expression of anti-inflammatory factors (Arg1, Tgfb, 
and Mrc1) compared with the atorvastatin group (Fig. 3E, 
G). ELISA assay of cell culture supernatant showed that the 
protein levels of pro-inflammatory factors (iNOS and TNFα) 
increased, and the protein levels of anti-inflammatory factors 
(ARG1 and TGFβ) decreased in the SOST group compared 
with those in the atorvastatin group (Fig. 3F, H). These results 
showed that SOST attenuated the effect of atorvastatin on cul-
tured microglia.

XAV939 (Degradation of β‑catenin) Attenuated 
the Effect of Atorvastatin on Cultured Microglia

To confirm the role of the Wnt signaling pathway in regu-
lating microglial function, we treated microglia with the 
β-catenin inhibitor XAV939 (degradation of β-catenin) 
and found that compared with the atorvastatin group, the 
β-catenin level in the nucleus and cytoplasm was reduced in 
the XAV939 group (Fig. 4A). Immunofluorescence stain-
ing showed that the levels of pro-inflammatory microglia 
(CD16+/Iba1+) increased, and the anti-inflammatory micro-
glia (CD206+/Iba1+) decreased in the XAV939 group com-
pared with the atorvastatin group (Fig. 4B, C). XAV939 
also increased the mRNA levels of pro-inflammatory factors 
(Inos, Tnfα, and Il6) and reduced the mRNA levels of anti-
inflammatory factors (Arg1, Tgfb, and Mrc1) compared with 
the atorvastatin group (Fig. 4D, F). ELISA of cell super-
natants showed that the protein levels of pro-inflammatory 
factors (iNOS and TNFα) increased, and the protein levels 
of anti-inflammatory factors (ARG1 and TGFβ) decreased 
in the XAV939 group compared with the atorvastatin group 
(Fig. 4E, G). These results showed that the degradation of 
β-catenin attenuated the effect of atorvastatin on cultured 
microglia.

Atorvastatin Alleviated HI‑Induced Brain Injury 
and Neuroinflammation

Atorvastatin was usually used in animal studies with the 
dosage of 10–20 mg/kg/d [33, 34]. In our previous study 
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[44], we have carried out the concentration experiment with 
the dosage of 10 mg/kg/d and 20 mg/kg/d, respectively, and 
found that 20 mg/kg/d atorvastatin caused kidney and liver 
damage, while 10 mg/kg/d atorvastatin caused no signifi-
cant kidney or liver injury. Therefore, the rats were treated 
with 10 mg/kg/d atorvastatin for present study. H&E stain-
ing showed that the cerebral cortex of the sham group was 
orderly arranged with normal cellular morphology. The HI 
group showed nuclear pyknosis and tissue dissolution in the 
cerebral cortex. Compared with the HI group, cortical tis-
sue arrangement was more orderly, and nucleolus shrinkage 
was less in the atorvastatin treatment group. TTC staining 
showed that the volume of cerebral infarction increased in 
the HI group compared with the sham group, and atorvas-
tatin treatment reduced the volume of cerebral infarction 
(Fig. 5A). The Morris water maze experiment in 28 day-old 
rats showed a longer average escape latency and fewer plat-
form crossings in the HI group than in the sham group, while 
atorvastatin treatment decreased the average escape latency 
and increased the number of platform crossings (Fig. 5B, C).

We further examined the effect of atorvastatin on the reg-
ulation of microglial function in vivo. Immunofluorescence 
staining showed that compared with the sham group, the 
pro-inflammatory microglia (CD16+/Iba1+) increased, and 
the anti-inflammatory microglia (CD206+/Iba1+) decreased 
in the HI group. Compared with the HI group, atorvastatin 
treatment reduced pro-inflammatory microglia and increased 
anti-inflammatory microglia (Fig. 5D, E). We then detected 
inflammation-related indicators through RT-qPCR and found 
that compared with the sham group, the mRNA levels of 
pro-inflammatory factors (Inos, Tnfα, and Il6) increased in 
the HI group but decreased after atorvastatin treatment. The 
mRNA levels of anti-inflammatory factors (Arg1, Tgfb, and 
Mrc1) decreased in the HI group compared with the sham 
group but increased after atorvastatin treatment (Fig. 5F, H). 
Furthermore, ELISA showed that compared with the sham 
group, the protein level of pro-inflammatory factor (iNOS) 
increased in the HI group, while it was decreased after ator-
vastatin treatment. The protein level of anti-inflammatory 
factor (ARG1) decreased in the HI group compared with 

the sham group, while it was increased after atorvastatin 
treatment (Fig. 5G, I).

Atorvastatin Affected Wnt/β‑catenin Signaling 
Pathway in HIBD Rats

RT-qPCR and ELISA showed that HI increased the mRNA 
and protein expression of SOST, while atorvastatin treatment 
decreased the expression of SOST (Fig. 6A). Compared 
with the sham group, the expression of p-GSK3β/GSK3β 
and nuclear and cytoplasmic β-catenin protein expression 
decreased in the HI group but increased in the atorvastatin 
treatment group (Fig. 6B, C).

SOST Recombinant Protein Attenuated 
the Protective Effect of Atorvastatin in HIBD Rats

We further administered SOST recombinant protein (100 
ng) through lateral ventricle injection in HIBD rats. Mor-
ris water maze experiment showed a longer average escape 
latency and lower number of platform crossings in the SOST 
group than in the atorvastatin group (Fig. 7A). The protein 
expression of p-GSK3β/GSK3β and nuclear and cytoplas-
mic β-catenin in the SOST group was lower than that in the 
atorvastatin group (Fig. 7B, C). Immunofluorescence stain-
ing showed that pro-inflammatory microglia (CD16+/Iba1+) 
increased and anti-inflammatory microglia (CD206+/Iba1+) 
decreased in the SOST group compared with the atorvasta-
tin group (Fig. 7D, E). SOST increased the mRNA expres-
sion of pro-inflammatory factors (Inos, Tnfα, and Il6) and 
decreased the mRNA expression of anti-inflammatory fac-
tors (Arg1, Tgfb, and Mrc1) compared with the atorvastatin 
group (Fig. 7F, H). ELISA showed that the protein level of 
pro-inflammatory factor (iNOS) increased and the protein 
levels of anti-inflammatory factor (ARG1) decreased in the 
SOST group compared with the atorvastatin group (Fig. 7G, 
I). These results showed that SOST attenuated the protective 
effect of atorvastatin in HIBD rats.

XAV939 (Degradation of β‑catenin) Attenuated 
the Protective Effect of Atorvastatin in HIBD Rats

We further administered XAV939 (5 mg/kg) intraperito-
neally in HIBD rats. Morris water maze experiment showed 
a longer average escape latency and lower number of plat-
form crossings in the XAV939 group than in the atorvas-
tatin group (Fig. 7A). The β-catenin level in the nucleus 
and cytoplasm was reduced in the XAV939 group (Fig. 8A). 
Immunofluorescence staining showed that pro-inflammatory 
microglia (CD16+/Iba1+) increased, while anti-inflammatory 
microglia (CD206+/Iba1+) decreased in the XAV939 group 
compared to the atorvastatin group (Fig. 8B, C). XAV939 
also increased the mRNA levels of pro-inflammatory factors 

Fig. 1   Effects of atorvastatin on the phenotypic transformation of 
pro-inflammatory and anti-inflammatory microglia. A, B Cells were 
treated with different times of OGD (2, 4, 6, and 8 h) and different 
concentrations of atorvastatin (0.1–10 μM) for 24 h. Cell viability 
was measured using the CCK-8 assay, n = 6/group. C Representative 
photographs of double immunofluorescence staining of CD16 (red) 
and Iba1 (green). Scale bar = 50 μm, n = 6/group. D Representative 
photographs of double immunofluorescence staining of CD206 (red) 
and Iba1 (green). Scale bar = 50 μm, n = 6/group. E, G The mRNA 
levels of Inos, Tnfα, Il6, Arg1, Tgfb, and Mrc1 were detected by RT-
qPCR, n = 3/group. F, H The cell culture supernatant protein levels 
of iNOS, TNFα, ARG1, and TGFβ were detected by ELISA, n = 3/
group. Values represent the mean ± SEM. *p < 0.05, **p < 0.01 vs. 
the respective control
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(Inos, Tnfα, and Il6) and reduced those of anti-inflamma-
tory factors compared with the atorvastatin group (Arg1, 
Tgfb, and Mrc1) (Fig. 8D, F). ELISA revealed that the pro-
inflammatory factor (iNOS) protein level increased, and the 
anti-inflammatory factor (ARG1) protein level decreased in 
the XAV939 group compared with the atorvastatin group 
(Fig. 8E, G). Therefore, the degradation of β-catenin was 
proven to attenuate the protective effect of atorvastatin in 
HIBD rats.

Discussion

This study revealed that administration of atorvastatin in 
HIBD rats reduced cerebral infarction volume, improved 
learning and memory ability of rats, decreased pro-
inflammatory microglia and pro-inflammatory factors, and 
increased anti-inflammatory microglia and anti-inflamma-
tory factors. To the best of our knowledge, this study is the 
first to demonstrate that atorvastatin reduces pro-inflam-
matory microglia and increases anti-inflammatory micro-
glia in a rat HIBD model. We further demonstrated that HI 
inhibited the Wnt/β-catenin signaling pathway by enhanc-
ing SOST expression, thereby increasing pro-inflammatory 
microglia and pro-inflammatory factors. Administration of 
atorvastatin inhibited the expression of SOST, thereby acti-
vating the Wnt/β-catenin signaling pathway and promoting 
pro-inflammatory to anti-inflammatory transformation of 
microglia, ultimately improving the microenvironment of 
neuroinflammation and attenuated brain injury.

Microglia can be transformed between two phenotypes 
(pro-inflammatory and anti-inflammatory); pro-inflam-
matory microglia express CD16 and CD86 and release 
inflammatory cytokines, such as IL6 and TNFα, thus induc-
ing brain damage [15, 16]. Anti-inflammatory microglia 
express CD206 and ARG1 and release anti-inflammatory 
cytokines and growth factors, such as TGFβ, thereby exert-
ing a neuroprotective effect [17, 18]. Studies have shown that 
the transformation of microglia from the pro-inflammatory 
phenotype to the anti-inflammatory phenotype attenuated 
neuroinflamation and promoted the recovery of a series of 

brain disease such as stroke, Alzheimer’s disease, and Par-
kinson’s disease [45–47].

Neuroinflammation has also been found to play a key role 
in HI-induced brain damage. HI activates microglia, and 
activated microglia promote neuroinflammation and cause 
brain damage [22]. In the adult mouse middle cerebral artery 
occlusion model, microglia and macrophages are activated, 
cytokines are produced in large quantities, and the level of 
inflammatory factors is increased [48, 49]. In a neonatal rat 
model of hypoxia-ischemia, microglia are activated, and 
inflammatory factors are increased [50]. In a neonatal rat 
model of middle cerebral artery occlusion, macrophages and 
microglia are activated, and pro-inflammatory cytokines are 
increased [51]. In this study, we found that HI significantly 
increased pro-inflammatory microglia and the secretion of 
pro-inflammatory factors and reduced anti-inflammatory 
microglia and the secretion of anti-inflammatory factors, 
thereby causing brain damage.

Atorvastatin can reduce cholesterol synthesis by inhibit-
ing HMG-CoA and is a commonly used lipid-lowering drug 
in clinical practice [52]. Studies have shown that oral gavage 
statins can pass through the blood-brain barrier (BBB) to 
reach the cerebral and play a neuroprotective role [53]. In an 
epilepsy rat model, after 7 days of treatment with atorvasta-
tin (10 mg/kg/d, po), the plasma and cerebral cortex levels 
of atorvastatin reached 19.97 ± 6.33 pmol/ml and 179.92 
± 15.31 pmol/g, respectively [54]. In addition, cerebral 
ischemia can increase BBB permeability, which is conducive 
to the passage of atorvastatin [55]. In this study, we found 
that intragastrically administered atorvastatin can exert a 
neuroprotective effect by reducing inflammation in HIBD 
rats, suggesting that intragastrically administered atorvasta-
tin can reach the brain through the BBB in the HIBD model.

The Wnt/β-catenin pathway includes several members 
of the Frizzled protein family and LRP5/6, whose activa-
tion leads to the inactivation of glycogen synthase kinase3β 
(GSK3β) [56]. Ser9 phosphorylation of GSK3β is the 
inactive state of GSK3β [57]. The increase in inactivated 
GSK3β reduces the degradation of β-catenin in the cyto-
plasm, resulting in the increase of β-catenin in the cyto-
plasm, and the increased β-catenin enters the nucleus and 
activates the Wnt signaling pathway [57, 58]. The Wnt/β-
catenin pathway is a key regulator involved in maintaining 
neuronal homeostasis [59]. It has also been found to play 
an important role in the regulation of microglial function 
in brain injury [43]. Many studies have shown that activa-
tion of the Wnt/β-catenin signaling pathway can inhibit pro-
inflammatory microglia and pro-inflammatory factors and 
increase anti-inflammatory microglia and anti-inflammatory 
factors in brain injuries such as subarachnoid hemorrhage, 
glioblastoma, and depression [39, 43, 60].

Previous studies have revealed that atorvastatin can acti-
vate Wnt/β-catenin signaling pathway in rat osteoporotic 

Fig. 2   Sequencing analysis of microglia transcriptome. A Cluster 
map, relatively highly expressed protein-coding genes are shown in 
red and relatively low-expressed protein-coding genes are shown in 
blue. B The number of shared and unique differentially expressed 
genes between different comparison groups. C Transcriptome 
analysis of Sost mRNA expression. D The cell mRNA and cell cul-
ture supernatant protein level of SOST were detected by RT-qPCR 
and ELISA, respectively, n = 3/group. E, F The protein levels of 
p-GSK3β, GSK3β, and β-catenin were detected by the capillary west-
ern blot test, n = 3/group. Values represent the mean ± SEM. *p < 
0.05, **p < 0.01 vs. the respective control
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Fig, 3   SOST recombinant protein attenuated the effect of atorvastatin 
on cultured microglia. A, B The protein levels of p-GSK3β, GSK3β, 
and β-catenin were detected by the capillary western blot test, n = 3/
group. C Representative photographs of double immunofluorescence 
staining of CD16 (red) and Iba1 (green). Scale bar = 50 μm, n = 6/
group. D Representative photographs of double immunofluorescence 

staining of CD206 (red) and Iba1 (green). Scale bar = 50 μm, n = 
6/group. E, G The mRNA levels of Inos, Tnfα, Il6, Arg1, Tgfb, and 
Mrc1 were detected by RT-qPCR, n = 3/group. F, H The cell culture 
supernatant protein levels of iNOS, TNFα, ARG1, and TGFβ were 
detected by ELISA, n = 3/group. Values represent the mean ± SEM. 
*p < 0.05, **p < 0.01 vs. the respective control
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Fig. 4   XAV939 (degradation of β-catenin) attenuated the effect of 
atorvastatin on cultured microglia. A The protein levels of β-catenin 
were detected by the capillary western blot test, n = 3/group. B Rep-
resentative photographs of double immunofluorescence staining of 
CD16 (red) and Iba1 (green). Scale bar = 50 μm, n = 6/group. C 
Representative photographs of double immunofluorescence staining 

of CD206 (red) and Iba1 (green). Scale bar = 50 μm, n = 6/group. 
D, F The mRNA levels of Inos, Tnfα, Il6, Arg1, Tgfb, and Mrc1 were 
detected by RT-qPCR, n = 3/group. E, G The cell culture supernatant 
protein levels of iNOS, TNFα, ARG1, and TGFβ were detected by 
ELISA, n = 3/group. Values represent the mean ± SEM. *p < 0.05, 
**p < 0.01 vs. the respective control
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Fig. 5   Atorvastatin alleviated HI-induced brain injury and neuroin-
flammation. A Pathological changes in the cerebral cortex (scale bar 
= 50 μm) and representative samples stained with TTC, n = 4/group. 
B, C Morris water maze test, n = 9/group. D Representative photo-
graphs of double immunofluorescence staining of CD16 (red) and 
Iba1 (green). Scale bar = 50 μm, n = 6/group. E Representative pho-

tographs of double immunofluorescence staining of CD206 (red) and 
Iba1 (green). Scale bar = 50 μm, n = 6/group. F, H The mRNA levels 
of Inos, Tnfα, Il6, Arg1, Tgfb, and Mrc1 were detected by RT-qPCR, 
n = 6/group. G, I The protein levels of iNOS and ARG1were detected 
by ELISA, n = 4/group. Values represent the mean ± SEM. *p < 0.05, 
**p < 0.01 vs. the respective control
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Fig. 6   Atorvastatin affected Wnt/β-catenin signaling pathway in 
HIBD rats. A The protein level of SOST was detected by RT-qPCR (n 
= 6/group) and ELISA (n = 4/group), respectively. B, C The protein 

levels of p-GSK3β, GSK3β, and β-catenin were detected by the capil-
lary western blot test, n = 4/group. Values represent the mean ± SEM. 
*p < 0.05, **p < 0.01 vs. the respective control
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Fig. 7   SOST recombinant protein attenuated the protective effect of 
atorvastatin in HIBD rats. A Morris water maze test, n = 8–9/group. 
B, C The protein levels of p-GSK3β, GSK3β, and β-catenin were 
detected by the capillary western blot test, n = 4/group. D Represent-
ative photographs of double immunofluorescence staining of CD16 
(red) and Iba1 (green). Scale bar = 50 μm, n = 6/group. E Repre-

sentative photographs of double immunofluorescence staining of 
CD206 (red) and Iba1 (green). Scale bar = 50 μm, n = 6/group. F, 
H The mRNA levels of Inos, Tnfα, Il6, Arg1, Tgfb, and Mrc1 were 
detected by RT-qPCR, n = 6/group. G, I The protein levels of iNOS 
and ARG1were detected by ELISA, n = 4/group. Values represent the 
mean ± SEM. *p < 0.05, **p < 0.01 vs. the respective control
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Fig. 8   XAV939 (degradation of β-catenin) attenuated the protective 
effect of atorvastatin in HIBD rats. A The protein levels of β-catenin 
were detected by the capillary western blot test, n = 4/group. B Rep-
resentative photographs of double immunofluorescence staining of 
CD16 (red) and Iba1 (green). Scale bar = 50 μm, n = 6/group. C 
Representative photographs of double immunofluorescence staining 

of CD206 (red) and Iba1 (green). Scale bar = 50 μm, n = 6/group. 
D, F The mRNA levels of Inos, Tnfα, Il6, Arg1, Tgfb, and Mrc1 were 
detected by RT-qPCR, n = 6/group. E, G The protein levels of iNOS 
and ARG1were detected by ELISA, n = 4/group. Values represent the 
mean ± SEM. *p < 0.05, **p < 0.01 vs. the respective control
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periodontitis model and human breast cancer cell line [37, 38]. 
Furthermore, SOST can antagonize the binding of Wnt to its 
receptor, reducing the expression of β-catenin and thus inhibit-
ing the Wnt signaling pathway [41]. When the Wnt signaling 
pathway is inhibited, GSK3β is activated. GSK-3β can degrade 
IkB (a major inhibitor of NF-κB), resulting in reduced NF-κB 
degradation and increased nuclear translocation and finally 
induces pro-inflammatory gene cascade that increases the tran-
sition of microglia to pro-inflammatory phenotype [61–63]. In 
this study, we found that HI induced the expression of SOST 
and thus inhibited the Wnt/β-catenin signaling pathway, 
thereby increasing pro-inflammatory microglia and secretion 
of pro-inflammatory factors. However, atorvastatin reduced the 
expression of SOST, thus activating the Wnt/β-catenin signal-
ing pathway, increasing anti-inflammatory microglia, secreting 
anti-inflammatory cytokines, and alleviated brain damage.

Based on the above findings, a promising therapeutic goal 
of improving brain damage outcomes can be achieved by 
focusing on the pro/anti-inflammatory conversion process of 
HI. Furthermore, Wnt/β-catenin signaling may be a promis-
ing target for HIE treatment in neonates and is applicable to 
other diseases involving neuroinflammation.

This study has some limitations. In this study, we focused 
on the effect of atorvastatin on pro/anti-inflammatory pheno-
typic transformation of microglia after HI. However, there 
are other types of cells in the brain; among them, astrocytes 
are also inflammation-related cells. Tian et al. [64] have 
found that in the mouse sepsis model, atorvastatin reduced 
the proliferation of astrocytes in the hippocampus and thus 
reduced brain damage. Pannu et al. [65] and Bimbova et al. 
[66] have found that in adult rat models of spinal cord injury, 
atorvastatin attenuated spinal cord injury through regulating 
astrocyte function. These studies were conducted in adult 
animal models, and the effect of atorvastatin on astrocytes 
in developing brain injury is not clear. The effect of atorvas-
tatin on astrocyte function during HIBD needs to be further 
studied. Besides, we can not exclude that systemic effect 
of atorvastatin on cholesterol synthesis may be influencing 
the atorvastatin-induced effects. One previous study has 
revealed that higher cholesterol is associated with impaired 
white matter development and worse motor outcomes in 
preterm newborns [67]. Puglielli et al. [68] have found that 
increased cholesterol can lead to the development of Alz-
heimer’s disease. These researches suggest that atorvastatin 
might affect brain function through modulating cholesterol 
metabolism, which is worth exploring in the future.

Conclusions

In summary, the present study revealed that atorvastatin 
promoted pro-inflammatory to anti-inflammatory trans-
formation of microglia via the Wnt/β-catenin pathway in 

hypoxic-ischemic neonatal rats, rendering it an optimal 
choice to treat neonatal HIE. Atorvastatin is a widely used 
statin lipid-lowering drug in clinical practice, and its safety 
has been confirmed in clinic practice. Taken together, we 
believe that atorvastatin might be developed as a potent 
agent to treat neonatal HIE in the future.
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