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ABSTRACT

Intracerebral hemorrhage (ICH) is a common neurological condition that causes severe disability and even
death. Even though the mechanism is not clear, increasing evidence shows the efficacy of atorvastatin on
treating ICH. In this study, we examined the impact of atorvastatin on the NOD-like receptor protein 3 (NLRP3)
inflammasome and inflammatory pathways following ICH. Mouse models of ICH were established by
collagenase injection in adult C57BL/6 mice. IHC mice received atorvastatin treatment 2 h after hematoma
establishment. First, the changes of glial cells and neurons in the brains of ICH patients and mice were detected
by immunohistochemistry and western blotting. Second, the molecular mechanisms underlying the microglial
activation and neuronal loss were evaluated after the application of atorvastatin. Finally, the behavioral deficits
of ICH mice without or with the treatment of atorvastatin were determined by neurological defect scores. The
results demonstrated that atorvastatin significantly deactivated glial cells by reducing the expression of glial
fibrillary acidic protein (GFAP), lonized calcium binding adapter molecule 1 (lbal), tumor necrosis factor
(TNF)-a, and interleukin (IL)-6 in ICH model mice. For inflammasomes, atorvastatin also showed its efficacy by
decreasing the expression of NLRP3, cleaved caspase-1, and IL-1B in ICH mice. Moreover, atorvastatin markedly
inhibited the upregulation of toll-like receptor 4 (TLR4) and myeloid differentiation factor 88 (MyD88), which
indicated deactivation of NLRP3 inflammasomes. By inhibiting the activities of inflammasomes in glial cells,
neuronal loss was partially prevented by suppressing the apoptosis in the brains of ICH mice, protecting them
from neurological defects.

INTRODUCTION secondary inflammatory response [5]. Microglial cells
release proinflammatory cytokines, such as interleukin
Intracerebral hemorrhage (ICH), a subtype of stroke, is (IL)-6, tumor necrosis factor (TNF)-o [6], and IL-1B
characterized by high incidence (24.6 per 100000 [7], causing neuronal death and exacerbating nerve
person-years), fatality (40.4% at 1 month), and damage [8].
disability rates and affects millions of people worldwide
[1]. Fifty percent of ICH survivors develop disabilities, Four subtypes of related proteins, NOD-like receptor
placing a heavy burden on their families and society [2]. protein (NLRP)1, NLRP3, NLRP4 and AIM2, have
Neurological impairment and cerebral injury are been identified that facilitate the formation of vacuoles
observed 2-3 d after the event [3, 4]. After ICH, [9], of which the NLRP3 inflammasome is the most
microglia and astrocytes co-function to induce the widely characterized [10]. NLRP3 can activate caspase-8,
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which subsequently cleaves pro-IL-1B into its mature
form [11], thereby making the NLRP3 inflammasome
the major IL-1B-converting protease [6, 12, 13]. In this
way, the NLRP3 inflammasome contributes to
inflammation after ICH [14]. Conversely, specifically
inhibiting the activity of NLRP3 inflammasome reduces
brain injury after ICH [15]. Knocking down the
expression of NLRP3 by recombinant adenovirus
attenuates inflammation and brain injury after ICH [16].
From these observations, dysregulated NLRP3
inflammasome activation may be involved in regulating
the development and progression of ICH.

Given the potential roles of NLRP3 inflammasome in
ICH, accumulating evidence indicates that toll like
receptor 4 (TLR4) mediates the effects of the NLRP3
inflammasome on activating macrophages and
monocytes [17, 18]. Except for NLRP3 inflammasomes,
TLR4 plays an important role in immunological
recognition and inflammation regulation in myeloid
differentiation factor 88 (MyD88)-dependent and —
independent mechanisms [19, 20]. Moreover, the
changes in microglial polarization are regulated by
TLR4 and NF-xB pathway-associated proteins [21, 22].
Unlike other TLRs, TLR4 is implicated in ICH [23-25].
TLR4 is stimulated in ICH and the downstream NF-kB
signal therefore activated, promoting the expression of
inflammatory factors [26]. Considering the above
evidence, TLR4 might be involved in the molecular
mechanisms of NLRP3 inflammasomes on ICH.

Until now, little progress has been made in treating the
subsequent inflammatory cascade, despite advances in
surgical techniques addressing primary brain injury
caused by ICH [27]. As a 3-hydroxy-3-methyglutaryl
coenzyme A (HMG-CoA) inhibitor, atorvastatin
effectively decreases the levels of low-density
lipoprotein and cholesterol. Atorvastatin treatment also
produces greater benefits than expected from solely
reducing lipid levels [28, 29]. One of these beneficial
effects is its anti-inflammatory properties [30, 31].
Therefore, the current study aimed to determine whether
atorvastatin regulates the expression of the NLRP3
inflammasome during ICH, and the potential underlying
molecular mechanisms.

MATERIALS AND METHODS
Chemicals and antibodies

Atorvastatin, lipopolysaccharide (LPS), Bayl1-7082,
JSH-23, and mIL-1p were obtained from Sigma-Aldrich
(Shanghai, China). Antibodies specific for Ibal
(#17198), GFAP (#80788), NeuN (#24307), IL-1B
(#12242), TNF-a (#3707), IL-6 (#12912 and 12153),
NLRP3 (#15101), ASC (#13833 and 67824), cleaved

caspase-1 (#89332 and 4199), p-NF-xB (#8242), TLR4
(#14358), MyD88 (#4283), Bax (#14796), Bcl-2
(#3498), and GAPDH (#5174) were purchased from
Cell Signaling Technology (Shanghai, China). Antibody
specific for TLR4 (#ab22048) was obtained from
Abcam (Shanghai, China).

Brain samples

Brain tissue of deceased ICH patients was collected
from the Department of Neurosurgery, Shengjing
Hospital of China Medical University (Shenyang,
Liaoning, China). The corresponding control tissue was
collected from the non-affected part of the same ICH
patients. All experimental protocols were approved by
the ethics committee of the China Medical University
(2021PS116K). Half of the sample was fixed in
paraformaldehyde, and the other half was stored at
—80°C.

Animals and groups

Male C57BL/6 mice (20-30 g each) were obtained from
Liaoning Changsheng Biotechnology Co., Ltd. (Benxi,
Liaoning, China). The mice were kept in a temperature-
controlled room with a 12 h light/12 h dark cycle and
provided with food and water. The mice were divided
into 5 groups of 8 each: sham, ICH group, and three drug
treatment groups (10, 20, or 40 mg/kg atorvastatin). All
experimental procedures were conducted in accordance
with the Guidance of Care and Use of Laboratory
Animals and approved by the ethics committee of the
China Medical University (2021PS257K).

Animal model

Collagenase injection was applied to induce ICH in the
experimental mice. Briefly, the mice were anesthetized
with isoflurane (Solarbio Life Sciences, Beijing, China)
using a suction mask (Kopf Instruments, Tujunga,
California). The skull was incised at the center of the
scalp after shaving the fur. Collagenase VI1I-S (0.075 U in
0.5 pL saline; Sigma-Aldrich, Shanghai, China) was
injected into the right striatum using a 26-pin stereotactic
needle adjusted to anterior 0.8 mm, lateral 2.0 mm, and
ventral 3.6 mm of the bregma. After injection, the needle
was slowly removed to avoid the loss of solution. The
sham group underwent all the surgical procedures
without collagenase injection. After closing the incision,
the mice were returned to their cages for recovery.

Drug administration
Two hours after inducing ICH, mice were intragastrically

administered 10, 20, or 40 mg/kg of atorvastatin once
daily for 7 days. The sham groups were administered
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with the same volume of vehicle solvent. Neurological
defects were evaluated, and then the mice were sacrificed
with COz to harvest brain tissue.

Evaluation of neurological defect scores

The neurological defect scores were determined by the
Longa scoring method at days 1, 3, and 7 of atorvastatin
administration as previously described [32]. The scoring
definitions were as follows: 0—mice moved freely and
symmetrically; 1-mice lifted their tails but could not
completely stretch left front paws; 2—mice could not
stretch the left front paws completely and their left
forelimb did not function smoothly; 3-the left forelimb
clung to the chest; 4-movements were unconsciously
left-oriented; 5-the left forepaw was pulled back when
the mouse turned left; 6-mice circled to the left; 7—mice
could not support themselves and fell down to the left.

Assessment of cerebral edema

Brain water content (BWC) was measured as described
in previous studies [33] to quantify brain edema from
the weights of both dry and wet brains. In brief, mice
were sacrificed, after which wet weight (WW) of the
brain was measured. The dry weight (DW) was
obtained by drying the samples at 100°C for 24 h in an
electric oven. The BWC was calculated by the
following equation:

WW — DW

BWC = x100%

Immunohistochemistry (IHC)

Brain tissues were immediately submerged in 4%
paraformaldehyde, embedded with paraffin, and
sectioned with a microtome. After rehydration,
endogenous peroxidase was blocked by incubation in
3% HO, for 10 min. Antigen cross-linking was
performed in an autoclave for 3 min. All preparations
were treated with goat serum to block non-specific
binding for 45 min. Primary antibodies were applied at
a dilution of 1:100 for one hour, and the sections were
stained using an avidin biotin-peroxidase technique.
The reaction was developed with diaminobenzidine
solution (Abcam, Shanghai, China) for 10 min.
Negative control sections were stained using the same
steps, but the primary antibody was omitted.

Nissl staining
Nissl staining was performed to determine the number

of surviving neurons. The sections were incubated with
Nissl staining solution at 40°C for 10 min, then washed

with 95% ethanol and 70% alcohol. Images were
obtained with a light microscope (BX51; Olympus,
Tokyo, Japan).

Cell culture and treatments

Mouse BV2 and neuroblastoma (N) 2a cells were
purchased from the American Type Culture Collection
(ATCC) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Life Technologies, Shanghai, China)
supplemented with 10% fetal bovine serum (Life
Technologies). For experiments, BV2 cells were treated
with LPS (100 ng/mL) in the absence or presence of
atorvastatin (10, 20, or 40 pM), Bay11-7082 (2 uM) or
JSH-23 (10 uM). N2a cells were treated with IL-1j
(10 ng/mL) in the presence or absence of Bayl1-7082
(2 uM) or JSH-23 (10 uM). After treatment, cells were
lysed for western blotting.

siRNA transfection

BV2 cells were transfected with 100 nM of siRNA
for 8 h with siRNA transfection reagent (RiboBio,
Guangzhou, Guangdong, China) to knockdown the
expression of TLR4. Briefly, cells were treated with
SiRNA duplex solution for 12 h after washing with fresh
medium  without antibiotics. The medium was
subsequently replaced with culture medium. Control
cells were transfected with scrambled siRNA sequence
(RiboBio, Guangzhou, China). Cell lysates were
utilized for western blotting to verify the efficacy of
protein knockdown.

Western blotting

Mouse brain tissue, human brain tissue, and cultured cells
(collected after washing with PBS) were each placed in
ice-cold radioimmunoprecipitation assay (RIPA) lysis
buffer containing phenylmethylsulfonyl fluoride (PMSF)
(RIPA: PMSF = 100:1) for 30 min, homogenized using a
tissue grinder, and centrifuged at 10,000 rpm for 20 min
at 4°C. The supernatants were collected and total protein
concentrations were measured by the BCA method
(Beyotime, Shanghai, China). After dilution with loading
buffer, proteins were subjected to SDS-PAGE and
transferred to polyvinylidene fluoride, which was then
blocked with 5% skim milk for 1 h, and probed with
different primary antibodies (1:1000, v/v) at room
temperature for 1 h. The membranes were then incubated
with secondary antibody (1:10,000, v/v) for 1 h at room
temperature. The bands were visualized by enhanced
chemiluminescence and observed under ChemiDoc
imaging instrument (Bio-Rad Laboratories, Shanghai,
China). The optical density of the bands was analyzed
using Image J software. GAPDH served as an internal
control.
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Enzyme-linked immunosorbent assay (ELISA)

Mouse or human brain tissue (10 mg) was pulverized in
liqguid nitrogen and centrifuged at 4°C to collect
supernatants. Standard, black, and sample testing wells
were designated and after diluting the samples with
chemiluminescence reagents, 100 pL was added to the
corresponding wells. The concentrations of IL-1p,
TNF-0, and 1L-6 were determined by the absorbance at
a wavelength of 450 nm using ELISA kits according to
the manufacturer’s instructions (Beyotime, Shanghai
China/Solarbio Life Sciences, Beijing, China).

Statistics

All results are based on at least three separate
experiments and are expressed as mean * standard
deviation (SD). Two-way analysis of variance
(ANOVA) with least significant difference (LSD) post
hoc analysis was used to analyze BWC and
neurobehavior. Other data were statistically compared
using one-way ANOVA with LSD post hoc analysis.
We considered P < 0.05 statistically significant.

RESULTS

Neuroinflammation and neuronal loss were induced
in ICH patients

The brain tissues of ICH patients and corresponding
control subjects from the non-affected part of the same
ICH patients were examined for neuroinflammation and
neuronal loss. As shown in Figure 1A, computed
tomography (CT) showed hematoma formation in ICH
patients. To explore the damaging effects on adjacent
tissues, microglia and astrocytes were labeled with Ibal
and GFAP, respectively, and neuronal loss was
analyzed using IHC and western blotting. We found that
when compared with controls, Nissl staining revealed
neuronal loss (Figure 1B), and there was a significant
increase in Ibal and GFAP protein levels and decrease
in NeuN protein levels in ICH patients (Figure 1C).
Additionally, the levels of IL-1f, TNF-a, and IL-6 in
ICH patients were markedly higher than that in control
subjects (Figure 1D, 1E). Therefore, we hypothesized
that the induction of neuroinflammation resulted in
neuronal loss in ICH patients.

NLRP3 inflammasomes were activated in ICH
patients
As IL-1B activation and secretion are primarily

mediated by the cysteine protease caspase-1, which is
activated by the inflammasome [12], we determined the
expression of NLRP3, ASC and caspase-1 as well as the
phosphorylation of NF-«B in the brains of ICH patients.

By western blotting analysis, we found that the protein
levels of NLRP3 and cleaved caspase-1 were
significantly higher in ICH patients than in control
subjects (Figure 2A). We then examined the changes in
NLRP3 expression in the brain tissues around the ICH
site. IHC revealed that the expression of NLRP3
inflammasome was clearly increased in the brains of
ICH patients compared to that in control subjects
(Figure 2B). Therefore, NLRP3 inflammasome
activation  might underly the induction of
neuroinflammation in ICH patients.

TLR4 and MyD88 signaling pathways were affected
in ICH patients

As TLR4 has been reported to be implicated in ICH
[23-25], we measured the expression of TLR4 and
MyD88 in the brains of ICH patients. By western
blotting analysis, we found that TLR4 and MyD88
protein levels were higher in ICH patients than in
control subjects (Figure 2C). We then examined the
changes in TLR4 expression in the brain tissues around
the ICH site. IHC revealed that TLR4 expression was
noticeably higher in ICH patients (Figure 2D).
Therefore, TLR4 activation might be involved in
regulating neuroinflammation in ICH patients.

ICH induces neuroinflammation and neuronal loss
via activation of TLR4-dependent NLRP3
inflammasome-activating mechanisms in collagenase
injected mice

To further reveal the inherent mechanisms of ICH,
animal models were established by injecting
collagenase VII-S to the right striatum to form a
hematoma, and the brains of ICH and sham groups were
collected after 7 days to examine neuroinflammation
and neuronal loss. Western blotting revealed that the
levels of IL-1B, TNF-a, and IL-6 in the brains of ICH-
induced mice were markedly higher than in the sham
group (Figure 3A). Moreover, there was a significant
increase in Ibal and GFAP and decrease in NeuN
protein levels (Figure 3B). Additionally, we determined
that the NLRP3 and cleaved caspase-1 protein levels
were significantly higher in ICH than sham animals
(Figure 3C). Finally, the TLR4 and MyD88 protein
levels were clearly elevated in the ICH group (Figure
3D). Thus, the properties of this ICH animal model
were similar to that of patients with ICH and suitable
for subsequent experiments.

Atorvastatin attenuates the effects of ICH on
neuroinflammation induction and neuronal loss

Since atorvastatin has beneficial anti-inflammatory
properties [30, 31], ICH mice were treated with the
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indicated concentrations of atorvastatin for 7 d after
ICH induction. As shown in Figure 4A, treatment with
different atorvastatin concentrations (10-40 mg/kg/d)
dose-dependently antagonized the ICH-induced increase
in IL-1B, TNF-a, and IL-6 protein levels. Atorvastatin
treatment also significantly attenuated the ICH-induced
increase in NLRP3 and cleaved caspase-1 levels (Figure
4B). Similarly, the TLR4 and MyD88 protein levels in
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atorvastatin-treated mice were lower than that in the
ICH-only group (Figure 4C), suggesting that
atorvastatin deactivates the TLR4 and MyD88 signaling
pathways. Next, we profiled the variations of glial
activation and neuronal loss around the ICH tissue
without or with atorvastatin treatment. Western blotting
revealed that the Ibal and GFAP protein levels were
decreased, whereas NeuN protein levels were restored
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Figure 1. Neuroinflammation and neuronal loss were present in ICH patients. (A) A computed tomography (CT) image indicates
hematoma formation in an ICH patient compared to a control subject. (B) Paraffin slices immunostained for Ibal or GFAP show microglia
and astrocytes, respectively. The morphology of neurons is revealed by Nissl staining. (C, D) Western blotting detects the protein
expression of Ibal, GFAP, NeuN, IL-1B, TNF-a, and IL-6 in a patient with ICH. GAPDH serves as an internal control. (E) Concentrations of IL-
1B, TNF-a, and IL-6 in the brain tissues of ICH patients were detected by ELISA. The results represent the mean + SD for the repeated
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experiments. *P < 0.05; "*P < 0.01;

P < 0.001 vs. control subjects.
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in the atorvastatin-treated groups (Figure 4D),
suggesting that atorvastatin could suppress ICH-induced
neuroinflammation and neuronal loss.

To validate the above observations in vivo, BV2 cells
were treated with LPS in the absence or presence of
atorvastatin. LPS stimulation significantly induced IL-
1B, TNF-q, IL-6, NLRP3, cleaved caspase-1, TLR4, and
MyD88 expression (Figure 5A-5C). After atorvastatin
administration, 1L-1p, TNF-o, IL-6, NLRP3, cleaved
caspase-1, TLR4, and MyD88 protein levels were not
markedly different from that in the non-treated controls,
but were significantly lower than that in LPS-treated
BV2 cells (Figure 5A-5C).

TLR4 pathway activation induces NLRP3
inflammasome activation in ICH-induced

neuroinflammation

To explore the mechanism associated with the effect of
atorvastatin on the inflammasome, TLR4 siRNA was
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employed to disrupt the expression of TLR4 in LPS-
treated BV2 cells. As shown in Figure 6A, siRNA
efficiently knocked down TLR4 in BV2 cells.
Moreover, western blotting revealed that IL-153, TNF-a,
and IL-6 expression was downregulated (Figure 6B).
Presumably, the activity of NLRP3 inflammasomes
were attenuated because of the decreased NLRP3, ASC
and cleaved caspase-1 protein levels (Figure 6C). Thus,
the TLR4 signaling pathway is critical for NLRP3
activation and pro-inflammatory cytokine expression.
Furthermore, these observations also underscore the
roles of NLRP3 inflammasomes in the production of
pro-inflammatory cytokines.

Activation of NLRP3 inflammasomes induces
proinflammatory cytokine expression leading to
neuronal apoptosis

To study the mechanism underlying the reduction in
pro-inflammatory  cytokine production owing to
atorvastatin, BV2 cells were pre-treated with NF-xB
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Figure 2. NLRP3 inflammasomes and TLR4 signaling pathways were activated in ICH patients. (A, B) Western blotting and IHC
were used to analyze the protein expression of NLRP3, ASC and cleaved caspase-1 as well as the phosphorylation of NF-kB in the brains of
ICH patients. GAPDH serves as an internal control. The band densities were measured by Image J to estimate protein levels. (C, D) Western
blotting and IHC were used to analyze the protein expression of TLR4 and MyD88 in the brains of ICH patients. GAPDH serves as an internal
control. The band densities were measured by Image J to estimate protein levels. The results represent the mean + SD for the repeated

experiments. *P < 0.05; "*P < 0.01 vs. control subjects.
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inhibitors, Bay11-7082 [34] or JSH-23 [35], for 30 min
before addition of LPS. Complete inhibition of IL-1f,
TNF-0, and IL-6 expression was observed, which was
congruent with the levels in atorvastatin-treated BV2
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cells (Figure 7A). This observation indicates that the
inhibition of NLRP3 inflammasome activation
mitigated the production of pro-inflammatory cytokines
in LPS-activated BV2 cells. Furthermore, IL-1p was
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Figure 3. ICH induces neuroinflammation and neuronal loss by activating TLR4-dependent NLRP3 inflammasomes-
activating mechanisms in the collagenase injected mice. (A) IL-1B8, TNF-a, and IL-6; (B) Ibal, GFAP, and NeuN; (C) NLRP3 and
caspase-1; (D) TLR4 and MyD88 protein expression were determined by western blotting analysis. GAPDH served as an internal control. The
band densities were measured by Image J to estimate protein levels. The results represent the mean * SD for the repeated experiments.

*P<0.05; **P < 0.01; ™*P < 0.001 vs. sham animals.
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used to treat N2a cells with and without incubation with
Bay11-7082 or JSH-23. Western blotting revealed that
Bay11-7082 or JSH-23 remarkably abolished the effects

of IL-1p on upregulation of Bax expression and
downregulation of Bcl-2 expression, implying the
occurrence of neuronal apoptosis (Figure 7B).
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Figure 4. Atorvastatin attenuates the effects of ICH on inducing neuroinflammation and neuronal loss. The ICH mice were
treated with the indicated concentration of atorvastatin for 7 d. Total proteins were extracted by RIPA buffer. (A) IL-1B, TNF-a and IL-6; (B)
NLRP3 and caspasel; (C) TLR4 and MyD88; and (D) Ibal, GFAP and NeuN protein expression were determined by western blotting analysis.
GAPDH served as an internal control. The band densities were measured by Image J to estimate protein quantities. The results represent
the mean + SD for the repeated experiments. “P < 0.05; P < 0.01; **P < 0.001 vs. sham animals. #P < 0.05; #*P < 0.01; #**P < 0.001 vs. ICH

only animals.
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Comparison of brain water content of mice group (Table 1). Compared with the ICH group, the
BWC of the atorvastatin-treated groups were markedly

After a 7-day atorvastatin treatment, the brain tissues of decreased, while it showed no significant changes when
the mice were removed and weighed to calculate their compared to that in the sham group (Table 1),
BWC. The BWC of the ICH group had increased suggesting that atorvastatin treatment alleviated brain
significantly when compared with that of the sham edema.
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Figure 5. Atorvastatin attenuates the effects of LPS on inducing neuroinflammation. Total proteins were extracted from LPS-
induced BV2 cells treated with atorvastatin. (A) IL-18, TNF-a and IL-6; (B) NLRP3 and caspase-1; (C) TLR4 and MyD88 protein expression
levels are revealed by western blotting analysis. GAPDH served as an internal control. The band densities were measured by Image J to
estimate protein quantities. The results represent the mean * SD for the repeated experiments. *P < 0.05; **P < 0.01; ***P < 0.001 vs. vehicle
treatment. #*P < 0.05; ##P < 0.01; *#P < 0.001 vs. LPS treatment.
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Figure 6. TLR4 pathway activation participates in the activation of NLRP3 inflammasome in ICH-induced neuroinflammation.
(A) In TLR4 knocked-down BV2 cells, (B) IL-1B, TNF-a and IL-6; and (C) NLRP3, ASC and caspase-1 protein expression were determined by
western blotting analysis. GAPDH served as an internal control. The band densities were measured by Image J and protein quantities
estimated. The results represent the mean * SD for the repeated experiments. *P < 0.05; **P < 0.01; ***P < 0.001 vs. scrambled siRNA.
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Comparison of neurological defect scores of each
group

The neurological defect scores of mice in the sham
group at days 1, 3, and 7 were consistently O.
Comparison of the neurological defect scores of the four
experimental groups at day 1 did not show statistically
significant differences. At days 3 and 7, the
neurological defect scores of the atorvastatin-treated
groups had decreased significantly when compared with
those of the ICH only group (Table 2).

DISCUSSION

Accumulating  evidence  has  revealed that
neuroinflammation plays a critical role in ICH [6]. The
expression of hallmark pro-inflammatory cytokines
IL-1B, TNF-a, and IL-6 is likely associated with glial
activation and neuronal loss [6]. Thus, targeting these
proteins has been proven to effectively protect the
brains from secondary inflammatory injury after ICH
[27]. Moreover, NLRP3 inflammasomes manage the
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production of pro-inflammatory cytokines. The
inactive precursor of IL-1B is proteolytically cleaved
by caspase-1 upon its activation, which depends on
NLRP3 inflammasome activation [36]. The NLRP3
inflammasome contributes to inflammation after ICH,
as inhibition or knockdown of its activity reduces
brain injury [14-16]. Here, we observed that
atorvastatin ~ inhibited ~ NLRP3  inflammasome
activation, the cleavage of caspase-1, and IL-1P
expression in ICH via the TLR4- and MyD88-
dependent pathways, providing evidence that
atorvastatin inhibits neuronal loss. Therefore, we show
a novel effect of atorvastatin on NLRP3
inflammasome activation suggesting that it may
ameliorate the ICH-associated BWC and neurologic
defects, providing a new therapeutic strategy.

Recent studies also suggest that statins have the ability
to suppress neuroinflammation via deactivating
inflammasomes. For instance, atorvastatin could inhibit
NLRP3 inflammasomes activation and IL-1p secretion
in PMA-stimulated THP-1 cells [18]. Moreover,
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Figure 7. Activation of NLRP3 inflammasomes is critical for inducing apoptosis of neurons. (A) BV2 cells were treated with LPS
without or with the indicated concentration of Bay11-7082 or JSH-23 for 24 h. IL-1B, TNF-a, and IL-6 protein expression were determined
by western blotting. (B) N2a cells were treated with the IL-1B without or with the indicated concentration of Bay11-7082 or JSH-23 for 24 h.
Bax and Bcl-2 protein expression were determined by western blotting analysis. GAPDH served as an internal control. The band densities
were measured by Image J and protein quantities were estimated. The results represent the mean * SD for the repeated experiments. *P <
0.05; "*P < 0.01; **P < 0.001 vs. vehicle treatment. #P < 0.05; **P < 0.01 vs. LPS or IL-1B treatment.
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Table 1. Comparison of brain water content of mice in each group.

Group Sham ICH ICH+ATYV (10 mg/kg) ICH+ATV (20 mg/kg)  ICH+ATV (40 mg/kg)

BWC 716109 79.1+£0.9" 74.0 £ 0.5% 73.3+0.7% 73.0 £ 0.6%
Table 2. Comparison of neurological defects scores of each group.

Group 1st day 3rd day 7th day

Sham 0.0£0.0 0.0£0.0 0.0£0.0

ICH 46+0.2 3.8+0.1" 33+0.2°

ICH+ATV (10 mg/kg) 47401 2.5+0.1* 1.6 +0.2*

ICH+ATV (20 mg/kg) 45+0.1 2.6 +0.1% 1.6 +0.1*

ICH+ATV (40 mg/kg) 46+0.1 2.4+0.1* 1.0+0.1*

rosuvastatin could suppress NLRP3 inflammasome and
IL-1pB release in rats with type 2 diabetes and alleviate
diabetes-induced cardiac dysfunction [37]. However,
conflicting effects of other statins on the activities of
NLRP3 inflammasome are difficult to reconcile.
Pravastatin  pretreatment enhanced the NLRP3
inflammasome activation in LPS-primed macrophages
and bone marrow-derived macrophages [38]. In addition,
fluvastatin and lovastatin induced caspase-1 activation
and IL-1p secretion in LPS-stimulated THP-1 cells [39].
In contrast, simvastatin does not show any effect on
IL-1B secretion in PMA-activated human peripheral
blood mononuclear cells (PBMCs) and induced caspase-
1 activation and IL-1f secretion in LPS-activated PBMCs
and THP-1 cells by inhibiting the mevalonate pathway
[40]. These differences might be ascribed to different
stimulus requirements for macrophages.

As the upstream initiator, TLR4 plays an important role
in activating inflammation [41]. Within the TLR4
signaling pathway, the MyD88-dependent signaling
pathway is an important activator of NF-xB and the
subsequent regulatory effects of NF-xB signaling [42].
Of note, NF-xB is a key transcriptional factor for
regulating the inflammatory response [43]. There are a
series of studies indicating that NLRP3, IL-1p, and IL-6
are the target genes of NF-xB [41, 44, 45]. Consistently,
our data also showed that Bay11-7082, an NF-«xB
specific inhibitor, reversed the LPS-induced expression
of pro-inflammatory cytokines IL-1p3, TNF-a, and IL-6,
suggesting that NF-xB activation could participate in
regulating neuroinflammation. In line with our results,
the TLR4 signaling pathway is activated in ICH,
leading to the activation of the downstream NF-xB
pathway and the expression of different innate immune
and inflammatory cytokines [26]. Therefore, our data
extend upon previous work to show that the TLR4
signaling pathway is the upstream initiator for NLRP3
inflammasome activation, resulting in the release of
pro-inflammatory cytokines in ICH.

Moreover, these pro-inflammatory cytokines induced
neuronal apoptosis by enhancing the ratio of Bax and
Bcl-2 in N2a cells, providing an explanation for the
cognitive decline seen in ICH patients. There is
evidence that suggests that TLR4 knockout mice have
significantly decreased neurological defect scores,
BWC, and expression levels of inflammatory factors
such as IL-10, TNF-a, and IL-1B and apoptotic protein
Bax, whereas anti-apoptotic protein Bcl-2 expression is
significantly increased in contrast to that in ICH mice
[32]. Additionally, ICH animals lacking TLR4 showed
significantly alleviated encephaledema and nerve
function impairment and reduced inflammatory factor
release and cell apoptosis after ICH [32]. These studies
support our results that atorvastatin ameliorated the
BWC-related and cognitive defects by inhibiting
neuroinflammation-induced neuronal loss after ICH.
Similar to that in TLR4 knockout models, infiltration of
monocytes and neutrophil granulocytes in mice reduced
peripheral inflammation and improved recovery [46].
Interestingly, the activation of the TLR4 signaling
pathway may negatively regulate CD36 expression,
which consequently weakens the body’s ability to clear
the hematoma [23, 47]. However, the precise underlying
mechanism remains unclear. TLR4 could mediate
inflammatory damage after ICH, such that targeted
suppression of TLR4 expression might help delay and
control the development of ICH [32].

To further explore whether atorvastatin plays a
protective role through TLR4, ICH mice were treated
with atorvastatin showing that the BWC, neurological
defects scores, and levels of inflammatory factors and
apoptotic proteins in atorvastatin-treated, 1CH-induced
mice exhibited significant improvement, suggesting its
efficacy in treating ICH and protective effect on the
brain. Noteworthy, atorvastatin markedly decreased the
BWC in IHC mice, suggesting that atorvastatin
treatment alleviated brain edema. In agreement with
these animal studies, atorvastatin is potentially efficacy
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in treating ICH patients by depressing NLRP3
inflammasome [48]. Therefore, we speculate that the
effects of atorvastatin include protecting neurological
function and reducing the inflammatory response and
neuronal apoptosis via the TLR4, MyD88, and NLRP3
signaling pathways.
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