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Simvastatin improves intracerebral hemorrhage
through NF-kB-mediated apoptosis via the
MyDS88/TRIF signaling pathway
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Abstract. The aim was to investigate the neuroprotective effects
and potential mechanism mediated by simvastatin in a mouse
model of intracerebral hemorrhage. CD-1 mice were subjected
to infusion of collagenase type IV into the left striatum in order
to induce intracerebral hemorrhage. Western blot analysis, the
TUNEL assay and the modified neurological severity score were
used in the present study to analyze the efficacy of simvastatin
for intracerebral hemorrhage. The results demonstrated that
simvastatin treatment improved the cerebral water content and
blood-brain barrier disruption in the intracerebral hemorrhage
animals. Intracerebral hemorrhage-induced neuronal cell death
was downregulated by simvastatin treatment compared with the
vehicle-treated model group. In addition, the expression levels
of aquaporin-4, matrix metallopeptidase 9 and caspase-3 were
downregulated and B-cell lymphoma-2 was upregulated by
simvastatin treatment compared with the vehicle-treated model.
Simvastatin treatment also significantly reduced the Evans
blue leakage into the injured hemispheres and improved motor
function. Mechanism analysis further indicated that simvastatin
treatment downregulated nuclear factor (NF)-kB expression,
and upregulated the myeloid differentiation primary response
88 (MyD88) and TIR domain-containing adaptor protein
inducing interferon-f} (TRIF) expression levels in neuronal cells
in experimental mice. Furthermore, the results revealed that
NF-«B overexpression abolished the simvastatin-downregulated
MyD88 and TRIF expression levels, as well as the apoptosis of
neuronal cells. In conclusion, these results indicated that simv-
astatin was able to attenuate brain edema and reduce cellular
apoptosis by suppressing the NF-kB-mediated MyD88/TRIF
signaling pathway subsequent to the induction of intracerebral
hemorrhage in mice.
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Introduction

Intracerebral hemorrhage is the most common human cerebro-
vascular disease and the subtype of hemorrhagic stroke that
is most difficult to treat (1). Patients with acute intracerebral
hemorrhage were frequently monitored in the intensive care
unit (2,3). Spontaneously sudden intracerebral hemorrhage
is associated with higher rates of mortality and morbidity in
comparison with other intracephalic diseases (4). Cerebral
hemorrhage is frequently induced by exertion and emotion,
and the majority of patients demonstrate sudden onset during
activity (5). In addition, cerebral hemorrhage usually causes
severe dysfunction of the cerebral nervous system and loss of
working and self-care abilities, consequently further increasing
the burden of the patient's family (6,7). Previous studies have
observed that the neuroprotective functions contributed to the
downregulation of inflammatory (CD68-positive) cells in a
mouse model of intracerebral hemorrhage (2,8).

Simvastatin is a statin drug used to manage the blood
cholesterol levels and prevent cardiovascular disease due to
its inhibitory effect on 3-hydroxy-3-methylglutaryl coenzyme
A reductase (9,10). To date, simvastatin has been reported
to increase the survival of septic or infectious patients by
improvement of the sepsis-induced mortality and acute kidney
injury via its renal vascular effects (11). Karki er al (12) have
demonstrated that simvastatin and atorvastatin significantly
improved neurological recovery, decreased tissue loss and
increased neurogenesis when administered for 1 week
following intracerebral hemorrhage. In addition, Lapchak and
Han (13) have suggested that the 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitor simvastatin was able to
reduce the thrombolytic-induced intracerebral hemorrhage
in embolized rabbits. Furthermore, another study indicated
that vascular recovery was promoted by simvastatin following
experimental intracerebral hemorrhage, as determined by
magnetic resonance imaging and histological examina-
tions (14). Therefore, simvastatin may be an efficient agent for
intracerebral hemorrhage therapy.

In the present study, the anti-apoptotic properties of
simvastatin in the progression of intracerebral hemorrhage
were investigated in a mouse model. It was hypothesized
that simvastatin may be able to protect neurons by regu-
lating neuronal apoptosis. The study reports that simvastatin
led to the attenuation of brain edema and reduced cellular
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apoptosis by suppressing the nuclear factor (NF)-kB-mediated
myeloid differentiation primary response 88 (MyD88)/TIR
domain-containing adaptor protein inducing interferon-f3
(TRIF) signaling pathway subsequent to the induction of
intracerebral hemorrhage in mice.

Materials and methods

Ethical statement. All animal protocols were performed in
accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health (Bethesda, MD, USA). Experiments were approved
by the Committee on the Ethics of Animal Experiments
Defense Research of Ningbo No. 2 Hospital (Ningbo, China).

Intracerebral hemorrhage animal model. Intracerebral
hemorrhage was established using the stereotaxic intra-
striatal injection of collagenase type IV as described
previously with certain modifications (15). Briefly, a total
of 60 CD-1 mice (6-8 weeks old; 300-350 g body weight)
were purchased from the Institute of Biophysics at the
Chinese Academy of Sciences (Beijing, China), and housed
in a temperature-controlled facility at 23+1°C with relative
humidity of 50+5% and a 12 h light/dark cycle. The mice
were anesthetized with 10% chloral hydrate (0.3 ml/100 g,
intraperitoneally; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany). The rectal temperature was maintained at 37°C
throughout the surgical procedure using a heating lamp.
Collagenase type IV (0.5 IU; Sigma-Aldrich; Merck KGaA)
in 2 pul saline was injected into the left striatum to induce
intracerebral hemorrhage over a period of 5 min. Mice
were divided into two groups (the model + vehicle group
and the model + simvastatin group; n=30 in each group)
and intracerebral hemorrhage animals received intragastric
administration of the vehicle (vehicle-treated model) or
simvastatin (50 ug dissolved in 500 pl saline) once a day
immediately following intracerebral hemorrhage.

Western blot analysis. Following treatment with simvastatin
for 10 days, the experimental animals were sacrificed and
neuronal cells were isolated as previously described (16).
Cells were collected and lysed in a radioimmunoprecipita-
tion assay buffer (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) followed homogenization at 4°C for 10 min.
Protein concentration was measured using a BCA kit (cat
no. 23225; Thermo Fisher Scientific, Inc.). A total of 20 ug
protein extract underwent 12.5% SDS-PAGE and was then
transferred to a nitrocellulose membrane. The membrane
was incubated in blocking buffer (5% milk) for 30 min at
37°C prior to incubation with primary antibodies at 4°C
overnight. The primary rabbit anti-mouse antibodies used in
the immunoblotting assays were as follows: NF-«B (1:1,200;
ab32360), aquaporin-4 (AQP4; 1:1,200; ab9512), matrix
metallopeptidase 9 (MMP-9; 1:1,000; ab54230), caspase-3
(1:1,200; ab2171), B-cell lymphoma-2 (Bcl-2; 1:1,000;
ab692), MyD88 (1:1,200; ab2068), TRIF (1:1,200; ab13810)
and B-actin (1:500; ab8226; all from Abcam, Cambridge,
MA, USA). Horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibody (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) was then added at a dilution of 1:5,000,
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and proteins were detected by enhanced chemiluminescence
using a Western Blotting Luminol reagent (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). The density of the
bands was analyzed by Quantity One software version 4.62
(Bio-Rad Laboratories).

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay for apoptosis detection.
Apoptotic neuronal cells in the hippocampus of the intra-
cerebral hemorrhage animal model were analyzed using
TUNEL assay (DeadEnd™ Colorimetric TUNEL System;
Promega Corporation, Madison, WI, USA) according to the
manufacturer's protocol. The slides were then analyzed with
fluorescence microscopy (Bx51; Olympus Corporation, Tokyo,
Japan).

Analysis of cerebral water content (CWC). The CWC was
measured on day 10 after treatment with simvastatin following
intracerebral hemorrhage as described previously (17).
Briefly, the brains of the mice were isolated and divided into
the two hemispheres. The hemispheres were weighed using
an electronic analytical balance to obtain the wet weights.
Subsequently, the brain tissues were dried in an electric oven at
100°C for 24 h to analyze the CWC in the intracerebral hemor-
rhage mouse model. The CWC was calculated according to the
following formula: CWC (%)=(Wet weight-dry weight)/wet
weight x100.

Quantitative analysis of blood-brain barrier (BBB) perme-
ability. BBB leakage was assessed as previously described
with a slight modification (18). Briefly, all experimental mice
received 100 ul of a 5% solution of Evans blue (cat. no. E2129;
Sigma-Aldrich; Merck KGaA) in simvastatin or saline
administered intravenously with the final dose of simvastatin
or vehicle at 10 days following intracerebral hemorrhage. At
2 h following Evans blue injection, cardiac perfusion was
performed under deep anesthesia with 200 ml saline to clear
the cerebral circulation of the Evans blue. Following sacrifice,
the brain was isolated, embedded in paraffin and cut into
20-pum-thick cryosections. The two hemispheres were homog-
enized in 750 pl N, N-dimethylformamide (cat. no. D4551;
Sigma-Aldrich; Merck KGaA). The samples obtained were
incubated in a 50°C water bath for 48 h and subsequently
centrifuged at 12,000 x g for 30 min at 25°C. The resultant
supernatant was spectrophotometrically quantified for the
extravasated Evans blue dye at 620 nm.

NF-kB activity. Neuronal cells in experimental mice were
isolated as described above. A total of 1x10° cells were cultured
in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) and
incubated at 37°C for 12 h. Neuronal cells were transfected
with plentivirus (p)-NF-kB-Lucreporter plasmid using the
VigoFect Transfection reagent (Vigorous Biotechnology,
Beijing, China). A total of 24 h following transfection, cells
were lysed and the NF-«B luciferase activity was determined
using the Dual-Luciferase Reporter Assay system (Promega
Corporation, Madison, WI, USA) according to the manufac-
turer's protocol.
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Figure 1. Simvastatin improved the CWC and BBB disruption in intracerebral hemorrhage animals. Simvastatin treatment (A) decreased the CWC and
(B) improved the BBB disruption as observed by the increase of the Evans blue content in the intracerebral hemorrhage animals, as compared with the
vehicle-treated model mice. ““P<0.01. CWC, cerebral water content; BBB, blood-brain barrier.
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Figure 2. Simvastatin decreased the intracerebral hemorrhage-induced neuronal cell death. (A) Simvastatin treatment significantly reduced the cell death in
the injured hemispheres. (B) Simvastatin markedly improved the motor function of the intracerebral hemorrhage animals compared with the vehicle-treated
model animals, as observed by the increase in mNSS values. “P<0.01. mNSS, modified neurological severity score.

NF-xB overexpression. Neuronal cells (1x10°) were cultured
in 6-well culture plates until 85% confluence, when the
media was removed and the plates were washed three times
with PBS. Neuronal cells were transfected with pNF-xB
using Lipofectamine® 2000 (Sigma-Aldrich; Merck KGaA)
according to manufacturer's protocol. Cells with NF-kB over-
expression were treated with simvastatin (200 xM) for further
analysis.

Behavioral assessments. Animal behavioral assessment was
performed on postoperative day 10. The assessment param-
eters, including the left limb movement and coordination of
movement, were evaluated using the modified neurological
severity score (mNSS) as previously described (19). Each
animal in the present study was analyzed using mNSS scores.
The total possible score was 15, mNSS scores of =10 indicated
normal behavior, scores =5 indicated behavioral difficulties
and mNSS scores <5 indicated dysfunctional behavior.

Statistical analysis. Data are presented as the mean + standard
deviation of triplicate experiments. All data were analyzed by
SPSS version 13.0 software (SPSS, Inc., Chicago, IL, USA).
Comparisons between the groups were assessed by Student's
t-test or one-way analysis of variance. A P-value of <0.05 was
considered to indicate a statistically significant result.

Results

Simvastatin improves the CWC and BBB disruption in
intracerebral hemorrhage animals. An intracerebral

hemorrhage mouse model was used to analyze the efficacy
of simvastatin treatment. It was observed that simvastatin
treatment significantly decreased the CWC in intracerebral
hemorrhage animals compared with the vehicle-treated
model group (Fig. 1A). The results also revealed that simvas-
tatin treatment improved BBB disruption in the intracerebral
hemorrhage animals compared with the vehicle-treated
model group, as observed by the marked increase in the
Evans blue content of brain tissues (Fig. 1B). These results
suggested that simvastatin treatment significantly improved
the CWC and BBB disruption in intracerebral hemorrhage
animals.

Simvastatin decreases intracerebral hemorrhage-induced
neuronal cell death. The efficacy of simvastatin on neuronal
cell death was investigated in intracerebral hemorrhage mice.
As shown in Fig. 2A, simvastatin treatment significantly
reduced cell death in the injured hemispheres. Furthermore,
it was demonstrated that simvastatin markedly improved
the motor function in intracerebral hemorrhage animals
compared with the vehicle-treated model group, as observed
by the marked increase in mNSS values (Fig. 2B). These
results suggested that simvastatin decreased the intracerebral
hemorrhage-induced neuronal cell death.

Simvastatin decreases the apoptosis of neurons in intra-
cerebral hemorrhage animals. The anti-apoptotic effects
of simvastatin were analyzed in intracerebral hemorrhage
animals, and it was observed that simvastatin treatment
significantly decreased the apoptosis of neuronal cells in
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Figure 3. Simvastatin decreased the apoptosis of neurons in the intracerebral hemorrhage animals. (A) A TUNEL assay and the quantified apoptotic rate
indicated a reduced rate of apoptosis in simvastatin-treated animals. (B) Western blot analysis of the expression levels of AQP4, MMP-9, caspase-3 and
Bcl-2 in neuronal cells in experimental mice. Simvastatin treatment significantly downregulated the expression levels of AQP4, MMP-9 and caspase-3.
Whereas it significantly upregulated the protein expression of Bcl-2. ““P<0.01. AQP4, aquaporin-4; MMP-9, matrix metallopeptidase 9; Bcl-2, B-cell
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Figure 4. Simvastatin reduced cellular apoptosis by suppressing the NF-kB-mediated MyD88/TRIF signaling pathway. (A) Western blot analysis demonstrated
that simvastatin treatment downregulated the NF-xB, MyD88 and TRIF expression levels in neuronal cells in the experimental mice. (B) NF-xB activity
was decreased by simvastatin in neuronal cells in experimental mice. (C) Western blot analysis revealed that NF-kB overexpression abolished the simvas-
tatin-downregulated MyD88 and TRIF expression levels in neurons in the NF-kB-SV group. (D) NF-kB overexpression prevented the simvastatin-inhibited
apoptosis of neuronal cells isolated from the experimental mice. “P<0.01. NF-xB, nuclear factor-«B; MyD88, myeloid differentiation primary response 88;
TRIF, TIR domain-containing adaptor protein inducing interferon-f. NF-kBSV, NF-kB overexpression + simvastatin.

intracerebral hemorrhage animals (Fig. 3A). In addition,
the expression levels of AQP4, MMP-9 and caspase-3 were
downregulated and Bcl-2 were all upregulated by simvastatin
treatment compared with the levels in the vehicle-treated
model group (Fig. 3B). These results suggest that simvastatin
treatment can decrease the apoptosis of neurons in animals
suffering intracerebral hemorrhage.

Simvastatin reduced cellular apoptosis by suppressing
NF-kB-mediated MyDS8S8/TRIF. The potential mechanism
underlying the effect of simvastatin in neurons in the intrace-
rebral hemorrhage animals was also examined in the present
study. Mechanism analysis indicated that simvastatin treat-
ment significantly downregulated the NF-xB, MyD88 and
TRIF expression levels in the neuronal cells in experimental
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mice as compared with the vehicle-treated model mice
(Fig. 4A). Furthermore, the NF-kB activity was also decreased
by simvastatin in the neuronal cells of the experimental mice
(Fig. 4B).

The results also demonstrated that NF-kB overexpression
abolished simvastatin-downregulated MyD88 and TRIF expres-
sion in the neurons of the NF-kB + simvastatin group (Fig. 4C).
Simvastatin-inhibited apoptosis was also prevented by the
NF-«B overexpression in neuronal cells (Fig. 4D). These results
suggested that simvastatin treatment reduced cellular apoptosis
by suppressing the NF-kB-mediated MyD88/TRIF signaling
pathway in the neurons of the intracerebral hemorrhage animals.

Discussion

Intracerebral hemorrhage is frequently induced by exer-
tion and emotion, and the majority of patients demonstrate
sudden onset during activity. Previous evidence revealed that
simvastatin exhibits beneficial effects for patients with intra-
cerebral hemorrhage (20). In addition, simvastatin has been
demonstrated to attenuate cerebral vasospasm and improve
the treatment outcomes by upregulation of various signaling
pathways in a rat model of subarachnoid hemorrhage (21). In
the present study, the potential mechanism mediated by simv-
astatin was analyzed in a CD-1 mouse model of intracerebral
hemorrhage. It was demonstrated that simvastatin treatment
significantly improved the CWC and BBB disruption in this
mouse model. The findings also suggested that intracerebral
hemorrhage-induced neuronal cell death was decreased by
the simvastatin treatment. Notably, simvastatin treatment
significantly reduced the Evans blue leakage into the injured
hemispheres and improved the motor function. Mechanism
analysis indicated that simvastatin treatment was able to
reduce cellular apoptosis by suppressing the NF-kB-mediated
MyD88/TRIF signaling pathway subsequent to intracerebral
hemorrhage in mice.

Subarachnoid hemorrhage is one of the most severe cere-
bral hemorrhage types and usually leads to mortality due
to bleeding into the subarachnoid space (22,23). However,
simvastatin treatment was observed to attenuate the cerebral
vasospasm following subarachnoid hemorrhage in rats via
increased phosphorylation of protein kinase B and endothelial
nitric oxide synthase (24). Lin ez al (25) have also demonstrated
the therapeutic effects of simvastatin on delayed cerebral
vasospasm following subarachnoid hemorrhage in rabbits. In
the present study, simvastatin treatment markedly improved
CWC and BBB disruption, which further improved the motor
function in intracerebral hemorrhage animals.

The preventive and therapeutic effects of simvastatin on
secondary inflammatory damage have previously been inves-
tigated in rats with cerebral hemorrhage (26). Another study
observed that NF-«kB activation was closely associated with
cell death and served an important function in secondary brain
damage following intracerebral hemorrhage in patients (27).
Furthermore, Shen et al (28) indicated that NF-xB regulates
the intracerebral hemorrhage-induced neuronal damage via
apoptosis. A further study also indicated that simvastatin
reduces the NF-«xB activity in peripheral mononuclear and
in plaque cells of rabbit atheroma (29). In the current inves-
tigation, it was demonstrated that simvastatin treatment
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downregulated the NF-kB expression, and upregulated the
MyD88 and TRIF expression levels in neuronal cells in the
experimental mice. In addition, NF-kB overexpression abol-
ished the simvastatin-induced downregulation of MyD88 and
TRIF levels in neurons.

In conclusion, the present study reported the therapeutic
effects of simvastatin on experimental mice with intracerebral
hemorrhage. The anti-apoptotic efficacy of simvastatin on
neurons in the progression of intracerebral hemorrhage was also
discussed. The study findings indicated that simvastatin treat-
ment attenuated brain edema and reduced cellular apoptosis
by suppressing the NF-«kB-mediated MyD88/TRIF signaling
pathway following intracerebral hemorrhage in mice. These
data suggest that simvastatin is an efficient drug for intracere-
bral hemorrhage therapy and identified that NF-xB may be a
potential target for the treatment of intracerebral hemorrhage.
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