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Effects of simvastatin and taurine on delayed cerebral
vasospasm following subarachnoid hemorrhage in rabbits
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Abstract. The aim of the current study was to observe
the effects of simvastatin and taurine on delayed cerebral
vasospasm (DCVS) following experimental subarachnoid
hemorrhage (SAH) in rabbits. A total of 48 New Zealand
white rabbits were allocated at random into four groups
(control, SAH, SAH + simvastatin and SAH + taurine groups;
n=12 each). The rabbit model of DCVS was established using
a double hemorrhage method, which involved injecting autolo-
gous arterial blood into the cisterna magna in the SAH groups.
The SAH + simvastatin group was administered oral simvas-
tatin (5 mg/kg) daily between days 0-6. The SAH + taurine
group was administered oral taurine (50 mg/kg) daily
between days 0-6. Starch (50 mg/kg) was administered orally
to the animals in the other two groups (control and SAH
groups). The control group were not subjected to any other
injections or treatment. The internal diameter and internal
diameter/wall thickness of the basilar artery (BA) were
measured. The expression levels of tumor necrosis factor
(TNF)-a, interleukin (IL)-1p and IL-6 were determined using
immunohistochemical and quantitative polymerase chain
reaction methods following the sacrifice of all animals on
day 7. The activity of nuclear factor (NF)-xB in the BA was
also measured using an electrophoretic mobility shift assay.
The BA walls in the SAH + simvastatin and SAH + taurine
groups exhibited reduced narrowing and corrugation of the
tunica elastica interna compared with the SAH group. At the
protein and cDNA levels, it was found that cerebral vasospasm
of the BA in the SAH + simvastatin and SAH + taurine groups
was alleviated, as indicated by the reduced expression of
TNF-a, IL-1p, IL-6 and NF-xB compared with the SAH group
(P<0.05). In conclusion, simvastatin and taurine reduced
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DCYVS following SAH in rabbits, which suggests that these
compounds may exert anti-inflammatory effects.

Introduction

Subarachnoid hemorrhage (SAH) is a severe, life-threatening
type of stroke caused by bleeding into the space surrounding
the brain. Up to 50% of all cases of SAH are fatal and 10-15%
of stroke victims succumb to the condition prior to hospital
admission. Patients that survive often exhibit neurological
or cognitive impairment. A common and severe complica-
tion following aneurysmal SAH is delayed cerebral ischemia
(DCI), which occurs in ~30% of patients surviving the ictus
of the hemorrhage. DCI may be reversible, but in certain
cases progresses to a cerebral infarction, which is associated
with an increased risk of severe disability and mortality (1-3).
Therefore, delayed cerebral vasospasm (DCVS) is a common
and potentially fatal complication in patients that have
survived an SAH (4-6). Cerebral vasospasm is the prolonged,
intense vasoconstriction of the larger conducting arteries in
the subarachnoid space, which is initially surrounded by a
clot. During the first few days following aneurysmal rupture,
significant narrowing of the cerebral vasculature develops
gradually. This spasm usually reaches its maximum level
within 1 week of the hemorrhagic event. Vasospasm is among
the leading causes of mortality following an aneurysmal
rupture, along with the effect of the initial hemorrhage and
subsequent bleeding (7,8).

It has been reported that an inflammatory response may be
crucial to the development of DCVS (9). Cerebral vasospasm
following an aneurysmal SAH, which is considered to be
caused by sustained contraction of smooth muscle cells of the
major cerebral arteries, induces cerebral ischemia and affects
subsequent mortality and morbidity (10). Currently, the most
common drug in use for reducing the incidence of DCI and
the poor outcome following an SAH is nimodipine (11). As
the effects of nimodipine are relatively modest, considerable
research efforts have focused on investigating and developing
novel drugs for the prevention and treatment of this complica-
tion. Among the suggested therapeutic options is treatment
with statins. Numerous intracellular signalling transduction
pathways are considered to be implicated in the sustained
contraction of smooth muscle cells during cerebral vaso-
spasm. The critical event in this response is the recruitment
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of circulating leukocytes into the inflammatory site (12-14).
Genes associated with inflammation, particularly certain cyto-
kines, are highly expressed in spastic arteries, which suggests
that the inflammatory response may cause sustained contrac-
tion of the cerebral arteries (4).

Cerebral vasospasm is among the most common and severe
complications of SAH, and exhibits a complex pathogenesis.
The initial processes that occur in SAH involve the activa-
tion of genes associated with angiogenesis, inflammation and
extracellular matrix remodeling (15-17). Tumor necrosis
factor (TNF)-a, interleukin (IL)-1f, IL-6 and nuclear factor
(NF)-«xB are the primary contributors to the inflammatory
response (18-20). TNF-a (also known as cachexin or cachectin)
is an adipokine that is involved in systemic inflammation, and
is a member of a group of cytokines that stimulate the acute
phase reaction. TNF-a is produced primarily by activated
macrophages, as well as by a number of other cell types, such
as CD4* lymphocytes, natural killer cells and neurons.

The primary role of TNF-a is the regulation of immune
cells. TNF-a is an endogenous pyrogen, which can induce
fever, cachexia, apoptotic cell death and inflammation. In
addition, it can inhibit tumorigenesis and viral replication,
and respond to sepsis via IL-1B- and IL-6-producing cells.
Furthermore, TNF-a is able to promote the activation of
NF-«kB, a heterodimeric transcription factor that translo-
cates to the nucleus and mediates the transcription of a vast
array of proteins involved in cell survival and proliferation,
anti-apoptotic factors and inflammatory responses (21-23).
These processes increase in the presence of proangiogenic
factors and the expression of proinflammatory genes. In addi-
tion, multiple factors and mechanisms are considered to be
active in the inflammatory response. Recently, simvastatin and
taurine have been demonstrated to exert anti-inflammatory
effects. The anti-inflammatory effects of simvastatin have
been demonstrated in patients with chronic heart failure (24),
while those of taurine have been shown in a rat model of
stroke (25). In the current study, simvastatin was administered
in a rabbit model of SAH to prevent DCVS, and the underlying
molecular biological mechanisms were investigated with the
aim of identifying a potential method for preventing DCVS.

Materials and methods

Animal treatment. In total, 48 New Zealand male white rabbits
(weight range, 1.8-2.2 kg; mean age, 2 months) were randomly
assigned to four groups (n=12 per group), as follows: SAH,
SAH + simvastatin, SAH + taurin and control groups. In the
SAH groups, a DCVS model was established using the double
hemorrhage method by injecting autologous arterial blood
into the cisterna magna (12). The SAH + simvastatin group
was administered oral simvastatin (5 mg/kg) daily between
days 0-6. The SAH + taurine group was administered oral
taurine (50 mg/kg) daily between days 0-6. Starch (50 mg/kg)
was administered orally to the animals in the other two groups
(control and SAH groups). The control group mice were not
subjected to any other injections or treatment.

Observation of structure using histochemistry. The rabbits
were anesthetized by intramuscular injection of xylazine sail-
aqin (ml/kg; Jilin Huamu Animal Health Products Co., Ltd,
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Changchun, China), then rapidly sacrificed. The spastic
vertebrobasilar arteries were rapidly removed for hematoxylin
and eosin staining (Sigma-Aldrich, St. Louis, MO, USA). The
internal diameter and internal diameter / wall thickness of the
basilar artery (BA) were measured.

Immunohistochemistry. Paraffin-embedded artery specimens
were cut into 4-ym sections and baked at 65°C for 30 min.
The sections were deparaffinized with xylene, rehydrated,
submerged in ethylenediaminetetraacetic acid (EDTA;
pH 8.0), autoclaved for antigen retrieval, treated with 3%
hydrogen peroxide, and then incubated with 1% fetal bovine
serum. Primary goat anti-mouse polyclonal antibodies against
TNF-a (sc-1349; 1:200), IL-1p (sc-1251; 1:500), IL-6 (sc-1265;
1:200; Santa Cruz Biotechnology, Inc., La Jolla, CA, USA)
and mouse monoclonal NF-kB (N8523; 1:500; Sigma-Aldrich)
were added and the sections were incubated overnight at 4°C.
Next, a horseradish peroxidase-labeled secondary antibody
was applied, and the sections were incubated for 30 min at
room temperature, and then for 5 min at room temperature
with diaminobenzidine. The sections were then counterstained
with hematoxylin and eosin, and mounted with Permount
mounting medium (Yansheng Biotechnology Company,
Shanghai, China). Subsequently, the sections were visualized
and photographed using a light microscope. The degree of
immunostaining was scored separately by two independent
investigators and the scores were determined based on the
proportion of positively stained cells (17). The scores from
the two investigators were averaged for further comparison of
expression.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) analysis. TRIzol was purchased from
Invitrogen Life Technologies (Carlsbad, CA, USA). Primers
were designed using Premier Primer 5, modified by Oligo 6
(Premier Biosoft International, Palo Alto, CA, USA) and
synthesized by Invitrogen (Beijing, China). The PrimeScript
RT-PCR kit, and SYBR Premix ExTaq (Perfect Real-Time)
were purchased from Fermentas (Thermo Fisher Scientific,
Waltham, MA, USA). The Stratagene Mx3000P qPCR system
(Agilent Technologies, La Jolla, CA, USA) was used for qPCR,
in order to analyze the TNF-a, IL-1f3, IL-6, NF-xB and (3-actin
expression levels. Cerebral vasospasm scores of the BA were
collected, and then total RNA was extracted using the TRIzol
reagent and reverse-transcribed into cDNA according to the
instructions provided with the PrimeScript RT-PCR kit. The
primers used were as follows: B-actin forward, 5'-ATCGTG
CGGGACATCAA-3', and reverse, 5'-~AGGAAGGAGGGC
TGGAA-3"; TNF-a forward, 5'-"AAACCCGCAAGTGGAG-3,
and reverse, 5" AGAACCTGGGAGTAGATGAG-3"; IL-1p
forward, 5-GCAGGGTAGGTTTATCGTCTTT-3', and
reverse, 5'-GCAGGGTAGGTTTATCGTCTTT-3"; IL-6
forward, 5'-CTGGCGGAAGTCAATCTG-3', and reverse,
5'-ATAGTGTCCTAACGCTCATC-3"; and NF-xB forward,
5'-CCCAGCCATTTGCACACCTCAC-3, and reverse, 5-TTC
AGAATTGCCCGACCAGTTTTT-3". The qPCR reaction was
performed using a ROXII kit (Takara Bio, Dalian, China), in
a 25-pul reaction mixture containing the following: Master
mix (12.5 ul); ROXII dye (5 yM; 0.5 pul each), forward and
reverse primers (10 nmol; 0.5 ul each); sample cDNA (1 ul);
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and MilliQ H,O (10 ul). The amplification conditions were as
follows: For 3-actin, 95°C for 5 min, then 40 cycles at 95°C for
30 sec, 56.9°C for 40 sec, and 72°C for 30 sec; for TNF-a, 95°C
for 5 min, then 40 cycles at 95°C for 30 sec, 55°C for 40 sec,
and 72°C for 30 sec; for IL-1f, 95°C for 5 min, then 40 cycles
at 95°C for 35 sec, 55°C for 40 sec, and 72°C for 35 sec; for
IL-6, 95°C for 5 min, then 40 cycles at 95°C for 40 sec, 53°C
for 40 sec, and 72°C for 40 sec; and for NF-xB, 95°C for 5 min,
then 40 cycles at 95°C for 30 sec, 55°C for 40 sec, and 72°C
for 30 sec. The automatic dissociation curve conditions were
added for all the samples. The relative mRNA expression
levels of the genes were calculated from the cycle threshold
value using the 2-4% threshold method for quantification.

Electrophoretic mobility shift assay (EMSA). NF-xB promoter
was additionally analyzed using an EMSA kit (Pierce
Biotechnology, Inc., Rockford, IL, USA), following a standard
laboratory procedure (19). Briefly, end-labeled double-stranded
oligonucleotide probes for the EMSA were prepared using
T4 polynucleotide kinase and adenosine triphosphate y-32P
(Board of Radiation and Isotope Technology, Hyderabad,
India). The DNA-protein binding was conducted in a 25-ul
reaction mixture using 4 ug tissue extract in a binding buffer
containing 20 mM HEPES (pH 7.5), 60 mM KCI, 0.2 mM
EDTA, 10% glycerol, 1 mM DTT and 0.25 ul protease inhibi-
tion cocktail (all from Sigma-Aldrich). The nuclear extract
from tissues was mixed with all the components, with the
exception of an appropriate end-labeled probe, and incubated
for 10 min. For competition experiments, a 50-fold excess of
identical unlabeled probe was added 15 min prior to the addi-
tion of the end-labeled probe. In order to analyze the supershift,
a mouse monoclonal anti-NF-kB antibody (1:500; N8523;
Sigma-Aldrich) was added 15 min prior to the addition of the
end-labeled probe. Subsequently, 50 fM end-labeled probe
was added and incubated for 20 min. All incubation steps
were performed on ice. Following incubation, DNA-protein
complexes were resolved on a 5% non-denaturing polyacryl-
amide gel in 0.5X Tris-boric acid-EDTA buffer at 4°C and
30 mA. The oligo sequences for the NF-«xB promoter used
in the EMSA were 5-AGTTGAGGGGACTTTCCCAGG
C-3' (forward) and 5"TGAACTCCCCTGAAAGGGTCCG-3'
(reverse). A double-stranded probe was constructed by mixing
an equal quantity of two oligos in Tris-HCI-EDTA (pH 8.0),
followed by heating at 65°C for 10 min. The mixture was then
gradually cooled to room temperature over 30 min.

Statistical analysis. Statistical analysis was performed using
the SPSS software, version 20.0 (IBM SPSS, Armonk, NY,
USA) for t-tests. For immunohistochemical analysis, an
Automatic Analytic System, version 2.0 was used to record
the percentage of positive cells and the Alpha Imager 1220
documentation and analysis system, version 5.50 (both from
Emerald Green Biotech Co., Ltd., Hangzhou, China) was used
to measure the integral optical density of NF-kB. P<0.01 was
considered to indicate a statistically significant difference.

Results

Histochemistry. The results of histochemical analysis are
presented in Table I and Fig. 1. The basilar artery (BA) walls
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Table I. Internal diameter and internal D/T of the basilar artery
on day 7 after SAH.

Vessel
Group diameter (#m) D/T
SAH 413.8+452 10.73+4.85
SAH + simvastatin 534.6+54.0 18.75+4.72
SAH + taurine 523.6+48.0 17.58+4.56
Control 588.9+58.0 25.37+6.46

D/T, diameter/wall thickness; SAH, subarachnoid hemorrhage.
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Figure 1. Representative histological structural differences in the arte-
rial wall of the basilar artery (magnification, 100x stain, hematoxylin and
eosin). (A) Control group. (B) Subarachnoid haemorrhage (SAH) group.
(C) SAH + simvastatin group. (D) SAH + taurine group.

in the SAH + simvastatin and SAH + taurine groups exhib-
ited reduced narrowing and corrugation of the tunica elastica
interna compared with the SAH group (P<0.05).

Immunohistochemistry. The expression of TNF-a, IL-1f
and IL-6 was detected using immunohistochemistry after all
animals were sacrificed on day 7. The immunohistochemistry
results revealed that cerebral vasospasm of the BA in the
SAH + simvastatin and SAH + taurine groups was allevi-
ated, with reduced expression of TNF-a, IL-18, IL-6 and
NF-kB, compared with the SAH group (P<0.05; Table II).
Furthermore, there was no statistically significant difference
between the SAH + simvastatin and SAH + taurine groups
(P>0.05; Fig. 2).

RT-gPCR. The expression levels of TNF-a, IL-1p and IL-6
mRNA were detected using RT-qPCR after all animals were
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Table II. Protein expression on day 7 after SAH as determined using immunohistochemistry.

Group TNF-o. IL-1p IL-6 NF-«B

SAH 0.4109+0.0934 0.4396+0.0981 0.4020+0.0659 0.4430+0.0623
SAH + simvastatin 0.2531+0.0723 0.2362+0.1139° 0.2769+0.0872 0.2238+0.0953"
SAH + taurine 0.2621+0.0798" 0.2351+0.1142° 0.2745+0.0853" 0.2312+0.0827°
Control 0.2181+0.0870 0.1967+0.1056 0.2842+0.0528 0.2942+0.0645

“P<0.01 vs. SAH group. SAH, subarachnoid hemorrhage; TNF-a, tumor necrosis factor-alpha; IL-1p, interleukin-1f; IL-6, interleukin-6;
NF-kB, nuclear factor-«B.

Table III. mRNA expression levels on day 7 after SAH by RT-qPCR.

Group TNF-a IL-1B IL-6 NF-«B

SAH 0.5431+0.2011 0.6324+0.1762 0.5002:0.1590 0.6542+0.1542
SAH + simvastatin 0.3526+0.1745° 0.3816+0.0908" 0.3224+0.1837° 0.3513+0.1845¢
SAH + taurine 0.4050+0.1296° 0.3125+0.1285° 0.3671+0.1379° 0.3565+0.1388¢
Control 0.3060+0.1672 0.3595+0.1261 0.2876+0.1535 0.2751+0.1452

P<0.01 vs SAH group. SAH, subarachnoid hemorrhage; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; TNF-a,
tumor necrosis factor-alpha; IL-1p, interleukin-1f3; IL-6, interleukin-6; NF-«xB, nuclear factor-xB.

Figure 2. Photomicrographs of immunohistochemical staining for tumor necrosis factor (TNF)-a, interleukin (IL)-1, IL-6 and nuclear factor (NF)-xB. Upper
panel: TNF-a positive results for the (A) control, (B) subarachnoid haemorrhage (SAH) and (C) SAH + simvastatin (5 mg/kg) and (D) SAH + taurine groups.
(E) NF-«B positive results of immunohistochemical stain (magnification, x20 and x40), (F) IL-1f positive results of immunohistochemical stain (magnifica-
tion, x20 and x40), (G) IL-6 positive results of immunohistochemical stain (magnification, x20 and x40).

sacrificed on day 7. The RT-qPCR results indicated that of TNF-a, IL-1f, IL-6 and NF-xB compared with the SAH
cerebral vasospasm of the BA in the SAH + simvastatin and  group (P<0.05; Table III). There was no significant difference
SAH + taurine groups was alleviated, with reduced expression ~ between the SAH + simvastatin and SAH + taurine groups.
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Table I'V. Activity of NF-«xB as determined by EMSA (I0D).

Group NF-«xB

SAH

SAH + simvastatin
SAH + taurine
Control

16,782+4,095
6,689+1,319*
6,796+1,365*
5,927+1,945

‘P<0.01 vs SAH group. NF-«B, nuclear factor-xB; EMSA, electro-
phoretic mobility shift assay; IOD, integral optical density; SAH,
subarachnoid hemorrhage.

These results indicated that simvastatin or taurine exhibited
an anti-inflammatory effect in treatment of SAH, and NF-«xB
was also involved.

EMSA. The results of the EMSA are presented in Table IV.
Following treatment with simvastatin or taurine, the NF-kB
activity was significantly decreased compared with the SAH
group (P<0.01), and the value of NF-xB activity was compa-
rable to that in the control group (P>0.05). These results
suggest that simavastin and/or taurine are able to alleviate the
SAH via the regulation of NF-«xB activity.

Discussion

Vasospasm, in which the blood vessels constrict and restrict
blood flow, is a severe complication of SAH and may result
in ischemic brain injury (referred to as delayed ischemia)
and permanent brain damage due to insufficient oxygen (26).
Vasospasm may be fatal if severe. Delayed ischemia is charac-
terized by new neurological symptoms and may be confirmed
by transcranial Doppler or cerebral angiography. Among all the
patients admitted with SAH, ~33% exhibit delayed ischemia,
and 50% of these patients experience permanent neurological
damage as a result (26-28). It is possible to screen for the
development of vasospasm using a transcranial Doppler every
24-48 h. A blood flow velocity of >120 cm/sec is suggestive
of vasospasm (28). The pathogenesis underlying vasospasm is
complicated. The initial processes that lead to SAH involve the
activation of genes involved in angiogenesis, inflammation and
extracellular matrix remodeling. Modern pharmacology has
demonstrated that taurine has sedating, anti-inflammatory and
antioxidative stress properties (29).

Immune regulation and induction of various inflamma-
tory and growth regulatory genes, including IL-1f3, IL-6,
TNF-a and granulocyte-macrophage colony-stimulating factor
(GM-CSF), require the activation of transcription factors, such
as NF-«kB, activated transcription factor (ATF-2), c-Fos and
cAMP response element-binding protein (CREB) (30). Previous
studies have reported that taurine treatment significantly
reduces the secretion of the aforementioned proinflamma-
tory cytokines and the expression of the IL-1f, IL-6, TNF-a,
GM-CSF, IL-12 and p40 genes (31,32). At concentrations of
2.5, 5 and 10 mg/ml, taurine inhibits the collagen matrix inva-
sion of B16F-10 melanoma cells in a dose-dependent manner.
A previous study demonstrated that taurine is able to inhibit

1359

matrix metalloproteinase production using zymographic
analysis (33). Furthermore, the study revealed that the nuclear
translocation of p65, p50, c-Rel subunits of NF-«B and other
transcription factors, such as ATF-2, c-Fos and CREB, were
inhibited by treatment with taurine (33). TNF-a, IL-1f, IL-6 and
NF-«xB are dominant factors in the regulation of inflammation,
and the cytokines IL-6 and TNF-a are produced by various
cells, including adipose tissue (34) and macrophages (35).
Overexpression of TNF-a occurs in the adipose tissues of obese
animals and humans (36). TNF-a may stimulate plasminogen
activator inhibitor (PAI)-1 secretion in human adipose tissue
fragments, and circulating plasma IL-6 is associated with PAI-1
plasma levels. Statins have been used in the prevention of vaso-
spasm, on the basis of the hypothesis that the actions of statins
may upregulate endothelial nitric oxide synthase (eNOS) (37).
Impairment of eNOS, endothelium-dependent relaxation and
cerebrovascular autoregulation all occur in vasospastic cerebral
arteries following SAH. Statins improve endothelial function
and increase the mRNA and protein expression of eNOS, and
enzymatic activity three-fold. The results of previous animal
models of SAH suggest that statins may ameliorate cerebral
vasospasm (38,39). It has been hypothesized that patients
chronically treated with statins may exhibit a decreased risk
of symptomatic vasospasm after SAH. Rasmussen et al (40)
studied a TNF-a-activated human umbilical vein endothelial
cell model, in which fluvastatin inhibited the activation and
release of the active p50 subunit of NF-kB and inhibited NF-xB
activity. Dysregulation of NF-«kB, phosphorylated-extracellular
signal-regulated kinases and Bax may trigger apoptosis, cell
cycle arrest and oxidative stress in vascular endothelium. Taurine
reduces ischemic brain damage by suppressing the inflamma-
tion associated with poly(ADP-ribose) polymerase (PARP) and
NF-«B in a rat model of stroke, and taurine significantly reduced
the levels of TNF-a, IL-1f, inducible NOS and intracellular
adhesion molecule-1 (25). An inflammatory reaction associated
with the PARP and NF-kB-induced expression of inflammatory
mediators may be a mechanism underlying the effects of taurine
against ischemic stroke. Zelvyte et al (41) reported that pravas-
tatin is able to effectively suppress NF-kB expression in human
monocytes. In addition, numerous studies have indicated that
statins may inhibit the expression of NF-kB (42,43).

In the current study, simvastatin and taurine were adminis-
tered to rabbits in an SAH model to evaluate their preventative
and therapeutic effects against DCVS. Furthermore, the mecha-
nism by which statins reduce DCVS at the molecular level was
investigated in an effort to identify a novel method for the treat-
ment of DCVS. In conclusion, simvastatin and taurine were able
to reduce DCVS following SAH in the rabbit model, which may
be associated with the anti-inflammatory effect of statins.
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