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Atorvastatin ameliorates early brain injury after subarachnoid
hemorrhage via inhibition of AQP4 expression in rabbits

JUN-HUI CHEN'", LI-KUN YANG'*, LEI CHEN', YU-HAI WANG', YUN WU?,
BING-JIE JIANG', JIE ZHU' and PEI-PEILI'

1Department of Neurosurgery, 101st Hospital of PLA (Wuxi Taihu Hospital),
Clinical Medical School of Anhui Medical University, Wuxi, Jiangsu 214044; 2Department of Anesthesia,
The First Affiliated Hospital of Gannan Medical College, Jiangxi 341000, P.R. China

Received August 12,2015; Accepted February 11, 2016

DOI: 10.3892/ijmm.2016.2506

Abstract. The therapeutic effects of atorvastatin on early
brain injury (EBI), cerebral edema and its association with
aquaporin 4 (AQP4) were studied in rabbits after subarachnoid
hemorrhage (SAH) using western blot analysis and the dry-wet
method. Seventy-two healthy male New Zealand rabbits
weighing between 2.5 and 3.2 kg were randomly divided into
three groups: the SAH group (n=24), sham-operated group
(n=24) and the SAH + atorvastatin group (n=24). A double SAH
model was employed. The sham-operated group were injected
with the same dose of saline solution, the SAH + atorvastatin
group received atorvastatin 20 mg/kg/day after SAH. All rabbit
brain samples were taken at 72 h after the SAH model was
established successfully. Brain edema was detected using the
dry-wet method after experimental SAH was induced; AQP4
and caspase-3 expression was measured by western blot analysis,
and neuronal apoptosis was detected by terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end labelling (TUNEL)
staining at 72 h after SAH. The results indicated that brain
edema and injury appeared soon after SAH, while brain edema
and EBI were ameliorated and increased behavior scores were
noted after prophylactic use of atorvastatin. Compared with
the SAH group, the level of AQP4 and the cerebral content
of water was significantly decreased (P<0.01) by atorvastatin,
and TUNEL staining and studying the expression of caspase-3
showed that the apoptosis of neurons was reduced markedly
both in the hippocampus and brain cortex by atorvastatin. The
results suggest that atorvastatin ameliorated brain edema and
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EBI after SAH, which was related to its inhibition of AQP4
expression. Our findings provide evidence that atorvastatin is
an effective and well-tolerated approach for treating SAH in
various clinical settings.

Introduction

Spontaneous subarachnoid hemorrhage (SAH) is a very
common cerebrovascular condition and affects 9/100,000 in
the Western world. Although it accounts for only 5% of all
strokes, it is a devastating neurological condition with generally
poor outcome and high levels of mortality and morbidity (1-3).
Early brain injury (EBI), acute hydrocephalus, delayed cerebral
vasospasm (CVS) and cerebral infraction play an important
role in poor prognosis after SAH. Even though a large number
of previous studies on SAH have focused mainly on delayed
CVS (7,10,12,13,18,22), Laskowitz et al (4) found that the
functional outcome was not improved even if the angiographic
vasospasm was reversed. MacDonald et al (5) confirmed that
clazosentan, an endothelial receptor antagonist, ameliorated
CVS after SAH significantly, but it did not improve the outcome.

EBI occurs within 72 h after SAH, Sehba et al (6) have
reported that it is more common than CVS in cases with poor
outcomes. The pathophysiological mechanisims of EBI after
SAH include increased intracranial pressure, oxidative stress
leading to inflammation, blood-brain barrier (BBB) disruption
and cerebral ischemia. All of these factors lead to neuronal
cell death and brain edema, and brain edema also increases
intracranial pressure and aggravates EBI (7-9). Certain studies
have shown that EBI, which manifests as early cortical feed-
back depolarization waves, cortical spreading depression and
impaired neurovascular coupling, plays a crucial important
role in neurological deterioration after SAH (10-12).

Statins, inhibitors of the 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, are widely used in cardio-
vascular medicine as cholesterol-lowering drugs and it has also
been suggested to exert pleiotropic effects, including exerting
anti-inflammatory (13), anti-oxidative stress (14), and anti-CVS
effects (7,15), as well as inhibiting platelet aggregation (16,17).
However, the full effect and specific pathophysiological mecha-
nisms of statins on EBI after SAH remain not fully understood.
Atorvastatin has been shown to act as a potent statin and


https://www.spandidos-publications.com/10.3892/ijmm.2016.2506
https://www.spandidos-publications.com/10.3892/ijmm.2016.2506

1060

inhibitor of HMG-CoA, and Cheng et al (7) have reported that
atorvastatin exerted neuroprotective- and anti-CVS effects in
experimental rat models of SAH.

The aim of the present study was to evaluate the effect of
atorvastatin on SAH-induced EBI, and then to demonstrate that
atorvastatin attenuates EBI and brain edema in experimentally
induced SAH via the inhibition of aquaporin 4 (AQP4) expres-
sion.

Materials and methods

Animals and drugs. The animals used and the care protocols
were approved by the Animal Care and Use Committee of
Anhui Medical University (Wuxi, China) and all experiments
conformed to the Guide for the Care and Use of Laboratory
Animals by the National Institute of Health. All 72 New
Zealand white rabbits used in the present study were purchased
from the Animal Central of Taihu Hospital (Wuxi, China).
They were raised in a comfortable room with normal levels
of atmospheric moisture and fed with a standard diet at the
Animal Center of Taihu Hospital (Wuxi, China) for 10 days
before the experiments. The temperature of the feeding room
and operation room was maintained at approximately 22°C.
We chose a dosage of 20 mg/kg/day atorvastatin. Atorvastatin
was orally administered by gastric gavage once daily for 3 days
before and also at 22 h after SAH to maintain drug levels. We
assessed the neurologic deficits at 24 h after SAH and rabbits
were sacrificed immediately after the neurological evaluation.
Atorvastatin was obtained from Pfizer (Jiangsu, China).

Experimental design. All adult male New Zealand white rabbits
weighing between 2.5 and 3.2 kg were assigned randomly to
three groups: i) Sham-operated group (n=24), ii) SAH group
(n=24), and the SAH + atorvastatin group (n=24). For the
rabbits in the SAH + atorvastatin group (n=24), atorvastatin
(20 mg/kg/day) (7) was administered immediately after the
first blood injection and was continued every 24 for 72 h.
The sham-operated rabbits underwent the same operation to
induce SAH as the SAH group, but the sham-operated group
was injected with saline solution. All rabbits were sacrificed
on day 3. Eight rabbits in each group were sacrificed using the
perfusion-fixation method. The hippocampus was collected for
terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling (TUNEL) staining. Eight rabbits were sacrificed in
order to evaluate the brain water content. The other eight rabbits
were exsanguinated and decollated in each group. The brain
tissue was removed and frozen in a deep cryogenic refrigerator
for biochemical studies. Before rabbits were sacrificed, serums
were sampled in two copies to detect endothelin-1 (ET-1).

SAH model. Experimental SAH was induced according to
the two-hemorrhage model, as previously described, using
rabbits (7). The rabbits were anesthetized via auricular
marginal vein injection of 10% chloral hydrate (2.5 ml/kg).
Life signs were maintained at a stable level, and we inserted
a 23-gauge butterfly needle into the cisterna magna. After
1 ml cerebrospinal fluid (CSF) was released, then 2 ml
non-heparinized fresh autologous auricular artery blood was
injected into the cisterna magna for 1 min under strict aseptic
conditions. To make blood flow easily from the cisterna magna
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Table I. Behavior scores.

Category Behavior Score

Finished meal
Left meal unfinished
Scarcely ate

Appetite

(=1 S =)

Activity Active, squeaking or standing
Lying down, will stand and walk
with some stimulation

Almost always lying down

1
2
No deficits 0
Unable to walk due to ataxia or paresis 1
Impossible to walk and stand

due to ataxia and paresis 2

Deficits

to the basilar cistern, all rabbits were kept in a 30° head-down
position for 30 min. They were returned to the feeding room
after recovering from anesthesia. The second injection was
administered after 48 h in the same manner as the first.

Behavior scoring. All rabbits behavior scores were recorded
by the same independent observer who was blinded to the
study. We used a previously modified scoring table (Table I)
to evaluate the neurological function every day, as previously
described (18).

Measuring brain water content. The entire brain was removed
at 72 h and weighed immediately (wet weight) and again after
being dried in an oven at 100°C for 24 h (dry weight). The
percentage of brain water content was calculated as follows:
(wet weight-dry weight)/wet weight x 100%. The number of
rabbits used for this in each group was SAH + atorvastatin
group (n=8), SAH group (n=8) and sham-operated group (n==8).

Perfusion-fixation. Eight rabbits in each group scheduled for
sacrifice were anesthetized with an injection of 10% chloral
hydrate (4 ml/kg) to the uricular marginal veins. The chests of
the rabbits were quickly opened for intubation with a cannula
in the left ventricle, and the right atrium was opened. Perfusion
began with 1,500 ml physiological phosphate buffer solution
(0.01 M = PBS, pH 7.3) at 37°C, and was then followed by
1,000 ml 10% buffered formaldehyde under 120 cm H,O perfu-
sion pressure. After perfusion, the whole brain and the brain
tissue were removed and stored in formalin.

TUNEL staining and cell counting. A TUNEL staining kit
(Roche Inc.,Basel, Switzerland) was used to stain brain sections;
the TUNEL-positive cells were indicated by fluorescein-dUTP
with dNTP or peroxidase (POD) with 3-3' diaminobenzidine
(DAB). This was undertaken according to the manufacturer's
instructions for the in situ Apoptosis Detection kit (Roche Inc.,
Mannheim, Germany) as previously described (18). The nega-
tive control was similarly performed but TUNEL reaction
mixture was omitted. Cells exhibiting nuclear condensation/
fragmentation and apoptotic bodies in the absence of cyto-
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plasmic TUNEL reactivity and brown staining of nuclei were
considered apoptotic cells. Apoptotic cells were confirmed with
the help of a pathologist blinded to the grouping. The number
of TUNEL-positive cells in each region was counted in a high-
powered field (x400) by an investigator who was blinded to the
studies, and expressed as number/mm?. The number of animals
used in each group was as follows: SAH + atorvastatin (n=8),
SAH (n=8), and sham-operated (n=8).

Enzyme-linked immunosorbent assay (ELISA). At day 3 after
surgical intervention, blood samples were collected from anes-
thetized animals, and analyzed for ET-1 expression levels using
an ELISA kit (Abcam, Cambridge, UK) specific for rabbits.
To collect the plasma, the homogenates were centrifuged at
3,000 g/min for 15 min, and the supernatant was assayed for the
protein concentration of ET-1 (Abcam), in accordance with the
manufacturer's instructions. The concentrations (pg/ml) were
determined based on a standard curve, prepared using a known
set of serial dilutions of standard proteins by BCA assay. The
number of animals used in the ELISA and histological study
are as follows: sham-operated group (n=8), SAH group (n==8),
and SAH + atorvastatin group (n=S8).

Western blot analysis. The method of western blot analysis
for evaluating AQP4 and caspase-3 has been described previ-
ously (19). The samples (20 ug total protein) were separated
by sodium dodecyl sulfate polyacrylamide gel for electropho-
resis with 10% polyacrylamide gel. The following primary
antibodies were used: rabbit anti-AQP4 (1:2,000; ab46182)
and anti-caspase-3 (1:500; ab2171) antibody (Abcam). The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (diluted
in 1:6,000; Sigma-Aldrich, Inc., St. Louis, MO, USA) was used
as a loading control. After incubation with the primary anti-
bodies, the nitrocellulose membranes were washed with 0.01 M
TBST dilution and incubated with appropriate horseradish
peroxidase-labeled secondary antibodies (1:1,000; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) using 1% non-fat
milk in TBST for 1 h at room temperature. After two rinses and
four washes with TBST, the membranes were incubated in ECL
(Amersham, Little Chalfont, UK) reagent for HRP (60 sec) and
exposed to autoradiography film for visualization of the bands.
The results were quantified using Quantity One Software (Bio-
Rad Laboratories, Hercules, CA, USA). The number of animals
used in each group was SAH + atorvastatin (n=8), SAH (n=8)
and Sham (n=S8).

Statistical analysis. All data are presented as the means + SD.
SPSS 14.0 (Anhui Medical University, SPSS Inc., Anhui,
China) was used for statistical analysis of the data. Differences
between the two groups were analyzed using a two-tailed
unpaired Student's t-test. The differences among multiple
groups were assessed using one-way analysis of variance (one
way ANOVA). Ranked data between the two groups were
evaluated using the rank sum test. A P-value <0.05 was consid-
ered to indicate a statistically significant difference.

Results

General observations. In the interval and by the end of the
experiment, there was no obvious difference in blood pres-
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Figure 1. Graphs showing the behavior scores of the groups (n=24). Bar graphs
represent average values of behavior scores, and data are represented as the
means + SD. Sham-operated group vs. subarachnoid hemorrhage (SAH)
group and SAH + atorvastatin group, 'P<0.01 and "P<0.01; SAH + atorvas-
tatin group vs. SAH group, “P<0.05.

sure, injected arterial blood gas data, body weight and blood
pressure. The mortality of the SAH group was 33.3% (8/24),
20.8% (5/24) in the SAH + atorvastatin treated group and
none in the sham-operated group (0/24). The mortality of
SAH + atorvastatin treated group was significantly lower than
in the SAH group (P<0.05). In the process of constructing the
model, we removed the rabbits which died, or the rabbits which
dif not meet the requirements, and added new rabbits randomly
to ensure the number of animals was maintained in each group
(all data not shown).

Behavior scoring. The behavior scores of rabbits in the SAH
group and SAH + atorvastatin group were both significantly
higher than the sham-operated group (P<0.01; according to
ANOVA), but the behavior scores in the SAH + atorvastatin
group was significantly lower (P<0.05; ANOVA) (Fig. 1) than
that in the SAH group after 72 h. Thus, our results showed
that atorvastatin improves neurological functional after SAH
in experimental rabbits.

Brain water content. The brain water content of the SAH + ator-
vastatin group and SAH group all significantly increased
(80.130.60 vs. 79.080.36, P<0.05; 82.160.41 vs. 79.080.36,
P<0.05) compared to the sham-operated group at 72 h after
SAH. Brain water content was decreased significantly by
atorvastatin treatment as compared with that of the SAH group
(80.130.60 vs. 82.160.41, P<0.05) (Fig. 2).

TUNEL staining and cell death assay. There were almost no
TUNEL-positive cells detected in the sham-operated group
animals. TUNEL-positive cells were significantly increased in
the hippocampus of rabbits at 72 h after SAH. TUNEL-positive
cells significantly decreased in the SAH + atorvastatin treat-
ment group (P<0.05) (Fig. 4).

Protein ET-1 expression. In this study, we performed ELISA to
examine the changes in protein expression of the vasoconstrictor
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Figure 2. Water content of the brain tissues of rabbits at 72 h following sub-
arachnoid hemorrhage (SAH). Graph showing the brain water content of the
groups (n=8). Bar graph represents averaged values of the brain water con-
tent; data are represented as the means + SD. Sham-operated group vs. SAH
group and SAH + atorvastatin group, "P<0.01 and “P<0.01; SAH + atorvas-
tatin group vs. SAH group, “P<0.01.

ET-1, to determine the effect of atorvastatin on cerebral edema
after SAH. As is shown in Fig. 3, compared with the sham-oper-
ated group, ET-1 expression was markedly increased in all
SAH rabbits (SAH group, 85.24+6.25 vs. 39.72+4.67 pg/ml,
P<0.01; SAH + atorvastatin, 62.92+7.27 vs. 39.72+4.67 pg/ml,
P<0.01). After atorvastatin treatment, the elevation of plasma
ET-1 concentration was significantly lower than the SAH
group (62.92+7.27 vs. 85.24+6.25 pg/ml, P<0.01) (Fig. 3).

AQP4 protein expression. In the present study, AQP4 protein
expression was evaluated in the brain cortex; the level of
cleaved AQP4 was evaluated by western blot analysis after
SAH (P<0.05 vs. sham-operated group). Atorvastatin clearly
reduced the expression of cleaved AQP4 (P<0.05 vs. SAH
rabbits) after SAH (Fig. 5).

Caspase-3 protein expression. Caspase-3 expression in the
hippocampus was detected by western blot analysis in order to
observe neuronal apoptosis at 72 h after SAH. SAH induced a
marked increase in caspase-3 in the hippocampus, whereas the
level of caspase-3 decreased markedly in the SAH + atorvas-
tatin group (P<0.05) (Fig. 6).

Discussion

Certain randomized, controlled clinical trials (15,20,21) have
investigated the effects of acute statin post-treatment on SAH,
and mainly noted delayed CVS and outcomes. By contrast,
previous studies (22-24) have found that the beneficial effects
of statins on functional outcomes and delayed CVS are
controversial, or even invalid. Therefore, the effects of acute
statin post-treatment on SAH were questionable. However, a
large number of experiments (7,9,14,15,25,26) have confirmed
that statins prevent delay CVS, ameliorate EBI and improve
the outcome of patients after SAH. However, the mechanism
of EBI remained not fully understood. In the present study,
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ET-1 concentration (pg/mil)

Figure 3. Enzyme-linked immunosorbent assay (ELISA)-based examination
of the effect of atorvastatin on endothelin-1 (ET-1) in the plasma of the rabbits
at 72 h following subarachnoid hemorrhage (SAH). Graph showing the ET-1
protein levels of the groups (n=8). Bar graph represents averaged values of
ET-1 concentration; data are represented as the means + SD. Sham-operated
group vs. SAH group and SAH + atorvastatin group, "‘P<0.01 and “P<0.01;
SAH + atorvastatin group vs. SAH group, “P<0.01.

we demonstrated that atorvastatin ameliorated EBI and brain
edema after experimental SAH. Inhibition of AQP4 was also
observed after treatment with atorvastatin.

EBI is one of the most important causes of delayed cerebral
dysfunction; Broderick et al (27) firstly proposed the concept
of EBI after SAH, and key pathological hallmarks of EBI after
SAH were thought to be neuronal cell death and brain edema.
Claassen et al (28) demonstrated that 8% of patients had brain
edema after bleeding, according to CT examination, and 12%
exhibited brain edema 6 days after bleeding. Cerebral edema
increased intracranial pressure and decreased cerebral blood
flow. The mechanism of brain edema may be related to its
actions: i) high levels of matrix metalloproteinases (MMPs)
play a major role in brain edema. Rosell ef al (29) reported that
MMP-9 was closely related to BBB breakdown during reperfu-
sion injury in cases of human ischemic stroke. Rosenberg and
Navratil (30) suggested that the reason for brain edema was
MMP-2 overexpression. Ramos-Fernandez et al (31) confirmed
that the MMP-9 level was associated with the volume of cerebral
infarction, the severity of stroke, hemorrhagic transformation
and the functional outcome after an acute stroke; ii) another
mechanism was abnormal transformation of water molecules,
and water molecule channel proteins: e.g., aquaporins (AQPs)
play an important role in brain edema. AQP4 is a two-way water
transfer channel protein, and distributes to astrocyte, capillary
endothelial cells, ependymal cells and choroid plexus epithelial
cells. Papadopoulous and Verkman (32) demonstrated that
brain edema in AQP4-null mice was significantly less severe
than that of the wild-type mice. Manley et al (33) also found
that AQP4-null mice survived more easily than wild-type
mice in the experimental model of acute water poisoning.
Yang et al (34) found that glial cell AQP4 overexpression in
transgenic mice accelerated brain edema and brain swelling.
In the present study, we noted that the expression of AQP4 was
higher, and brain edema was more severe in the SAH groups,
and that atorvastatin reduced AQP4 expression and water
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Figure 4. TUNEL staining of basilar artery and basal cortex after subarachnoid hemorrhage (SAH). Few apoptotic cells were observed in sham-operated
group rabbits (al). Increased TUNEL positive staining was observed in SAH rabbits (bl), which was reduced markedly by atorvastatin (c1). Graph showing the
apoptotic cells of the groups (n=8). The bar graph (d1) represents averaged values of the apoptotic cells; data are represented as the means + SD. Sham-operated
group vs. SAH group and SAH + atorvastatin group, 'P<0.01 and “P<0.01; SAH + atorvastatin group vs. SAH group, “P<0.05.

content of the brain tissues. Our results indicated that AQP4
was the key to brain edema, and thus our study provides a new
therapeutic target for brain edema.

BBB plays a vital role in the homeostasis of the special internal
environment in the central nervous system. The tight junctions
of brain microvascular endothelial cells (BMECsS) are important
in terms of the core structure in the BBB (35). The tight junc-
tions have many important physiological functions and proteins,
including occludin, claudins, junction-associated molecules and
zonula occludens (36). Researchers have found that occludin
interacts closely with other tight junction proteins and they
maintain the structure and function of the tight junction complex
through the structural domain. Terry et al (37) confirmed that
occludin was closely related to the barrier function of BMECs.
Huber et al (38) and Persidsky et al (39) confirmed that overex-
pression of occludin reduced the permeability of the blood brain
barrier. Therefore, the tight junction and BMECs maintain the
function and reduce the permeability of BBB, and affect cerebral
edema. Yi er al (40) found that atorvastatin prevented angio-
tensin II (Ang II)-induced hyperpermeability and dysregulation
of ZO-1 by suppressing Rho kinase (ROCK) signaling, and thus
atorvastatin increases the tight junction protein to protect the
BBB. Garrido et al (41) also found that atorvastatin protects the
BBB and ameliorates brain edema by upregulating claudin 5,
tight junction protein 1. Kalayci et al (42) found that long-term
nitric oxide (NOS) inhibition with N omega-nitro-L-arginine
methyl ester (L-NAME) followed by Ang II markedly disrupted
the BBB, which may affect CNS homeostasis, and that treatment

with atorvastatin improved the perturbations in the BBB by
increasing the expression of tight junction proteins.

Atorvastatin inhibits the HMG-CoA reductase (7,40,42).
Several studies (30,43) have confirmed that statins significantly
inhibit the activity of MMP-2 and MMP-9 to maintain the
stability of the BBB. We suggest that atorvastatin ameliorates
early brain injury and improves patient prognosis after SAH.
Chang et al (26) found that pitavastatin exerts its neuroprotec-
tive effect through the dual action of inhibiting cJNK (p46/
p55) activation and reducing cleaved caspase-9a and MMP-9
expression. Zhu et al (44) also demonstrated that simvas-
tatin protected the cerebrum from neuronal excitotoxicity
and cytotoxic edema by downregulating the expression of
phosphorylated-CaMK II and AQP4 in an animal model of
experimental ischemic stroke. Tseng et al (15) first demon-
strated that acute treatment with pravastatin after a SAH was
safe and ameliorated CVS, improved cerebral autoregulation,
and reduced vasospasm-related delayed ischemic deficits;
also, unfavorable outcomes at time of discharge were reduced
primarily after aneurysmal SAH in a phase II randomized
placebo-controlled trial. Chou ef al (20) found that simvastatin
for the prevention of delayed cerebral ischemia was safe and
feasible after SAH using a randomized placebo-controlled trial
containing 39 patients. In the present study, we also observed
brain edema and EBI, and demonstrated that atorvastatin
ameliorated cerebral edema in a rat SAH model, proving its
clinical potential as a treatment strategy to reverse brain edema
and EBI in patients suffering from SAH.
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Figure 5. Representative western blot analysis for the expression of aqua-
porin 4 (AQP4). Graph shows expression levels of AQP4 in the brain cortex
of the groups (n=8). Bar graph represents averaged values of AQP4 levels;
data are represented as the means + SD. Sham-operated group vs. subarach-
noid hemorrhage (SAH) group and SAH + atorvastatin group, "P<0.01 and
"P<0.01; SAH + atorvastatin group vs. SAH group, “P<0.05. Equal protein
loading was confirmed by intracellular GAPDH.

Certain studies have reported contradictory results, where
statins were not found to have a significant impact on brain
edema, delayed cerebral ischemia and brain injury after SAH.
One multicenter randomized, controlled, double-blind clinical
trial (45) confirmed that high-dose simvastatin or lower doses
of simvastatin had no long-term effect on the incidence of
delayed ischemic deficits or on the rate of favorable outcomes
after SAH. Kirkpatrick ez al (23) also reached a similar conclu-
sion: they did not detect any benefit in the use of simvastatin
either for the long-term or short-term outcome in patients with
SAH in an aneurysmal subarachnoid haemorrhage (STASH)
trial.

The mechanism underlying the physiological effects of
atorvastatin on sympathetic nerve activity or reversal of over
activity, irrespective of whether the sympathetic disorder
causes a critical reduction in EBI, can be explained by the relief
of brain edema and improvement of outcome. The molecular
mechanisms underlying atorvastatin may be related to changes
in the expression of two major factors that contribute to brain
edema after SAH, AQP4 and ET-1. ET-1 binds to specific
receptors on smooth muscle cells and causes constriction
of the blood vessels and proliferation of endothelial cells;
it exerts deleterious effects on water homeostasis, cerebral
edema, and BBB integrity (46). Wang et al (47) confirmed that
high levels of ET-1 are closely associated with BBB disruption,
and thus it was suggested that it plays an important role in
the pathogenesis of secondary brain injury after intracerebral
hemorrhage (ICH). Michinaga et al (48) examined the effects
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Figure 6. Representative western blot analysis for caspase-3 expression.
Graph showing the expression levels of caspase-3 in hippocampus of the
groups (n=8). Bar graph represents averaged values of the levels of caspase-3;
data are represented as the means + SD. Sham-operated group vs. sub-
arachnoid hemorrhage (SAH) group and SAH + atorvastatin group, "P<0.01
and "P<0.01. However caspase-3 expression decreased markedly in the
SAH + atorvastatin group vs. SAH group, “P<0.05. Equal protein loading
was confirmed by intracellular GAPDH.

of ETB antagonists on brain edema formation and disruption
of the BBB in a mouse model of cold injury and found that
ETB receptor antagonists are important to the amelioration
of brain edema. Jo et al (49) also found that endothelial ET-1
expression contributes to epilepticus-induced vasogenic
edema formation via BBB disruption in an AQP4/monocyte
chemotactic protein 1 (MCP1)-independent manner.

Certain studies (49-51) indicate that the water channel
protein AQP4 plays an essential role in water homeostasis and is
implicated in the pathogenesis of brain edema. Wang et al (52)
found that increased expression of hypoxia-inducible factor 1-a
(HIF-10) plays a central role in brain edema and BBB disruption
by regulating both AQP4 and MMP-9 following experimental
SAH. Wang et al (53) studied the functional roles of AQP4 in the
different stages of cerebral edema by systematic review; AQP4
may facilitate cerebral edema fluid formation and aggravate the
clinical symptoms in cytotoxic edema. It has been suggested
that AQP4 is involved in the mechanism of water removal from
the interstitial space, ameliorating the level of vasogenic edema
as well as intracranial pressure in models of vasogenic edema,
such as freezing injury and brain tumors (50).

In the present study, we found that atorvastatin significantly
decreased the expression of ET-1 and AQP4 after SAH, possibly
resulting in a molecular cascade favoring water removal. This
discovery suggests that atorvastatin alleviates brain edema
by regulating the plasma concentration of ET-1 and AQP4.
However, the precise mechanisms of atorvastatin action need
to be studied further.
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It has previously been suggested that apoptosis plays an
important role in the long-term morbidity associated with
SAH. In the present study, we performed a TUNEL assay
to identify and quantify the number of positive cells in the
hippocampus of our SAH rabbit model with and without
atorvastatin treatment. In our study, we demonstrated that in
response to atorvastatin, TUNEL-positive cells were signifi-
cantly decreased after SAH.

Caspases are a family of cysteine proteases that play an
essential role in programmed cell death (7,54). Caspase-3 is an
important member of the caspase family and plays a central role
in the execution phase of cell apoptosis. It has previously been
reported that the expression of caspase-3 was increased in brain
neurons after SAH and promoted neuron apoptosis (7). In the
present study, we analyzed the level of caspase-3 in the hippo-
campus after SAH. Our data showed that caspase-3 increased
significantly in the SAH group but decreased markedly in the
SAH + atorvastatin group. This indicates that atorvastatin acti-
vates the anti-apoptotic pathways via the caspase-dependent
apoptosis pathway and thus exerts a neuroprotective effect on
hippocampal neurons (7), in SAH rabbits.

In conclusion, EBI after SAH is a major contributor to
mortality and morbidity. The pathophysiology involves the
development of brain edema. Therapeutic options are still
limited, as the mechanisms are not fully understood. Our
present study provides evidence that atorvastatin may be used
for the treatment of cerebral edema and EBI.
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