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Abstract

Simvastatin is cholesterol lowering agent and also a modulator of cytokine in the nervous system. The functional significance and
neuroprotectiove mechanism of simvastatins in ischemic brain injury is controversial. The purpose of study is to evaluate the effect of
simvastatin on ischemic brain injury and to investigate the perfusion capability of brain microvessels in the ischemic injury. This study included
two series of experiments. In the first series, we studied if simvastatin is neuroprotective in an embolic model of stroke. The treatments began
2 weeks before middle cerebral artery (MCA) occlusion. Infarct volume was measured at 48 h post stroke. Neurological deficits were assessed
at2 h, 24 h and 48 h post stroke. Results showed that infarct volume in rats which received saline and simvastatin was 32.5 £ 9.3% (mean + SD)
and 18.7 + 6.5%, respectively. The infarct volume in the simvastatin group was significantly smaller than in the controls (P < 0.002). Treatment
with simvastatin also improved neurological deficits and reduced brain edema significantly (P < 0.05). In the second series, we studied if
simvastatin can improve microvascular reperfusions after ischemia. Perfusion deficits were detected at 8 h post stroke using Evens blue dye.
Neurological deficits were assessed at 2 h and 8 h post stroke. Results showed that perfusion deficit in saline and simvastatin-treated groups were
58.7+8.7% and 23.4 + 7.5%, respectively. The perfusion deficit in simvastatin-treated group was decreased 61% (P <0.01). These studies thus
suggest that simvastatin is a protective agent in ischemic brain injury and this protective effect may be partially due to its action in the
improvement of microvascular reperfusion.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In patients with ischemic brain injury, the occluded artery
often reopens over time. This reopening may result through a
natural dissolution of the occluding material and fragments of
the material may moved down stream to obstruct distal arte-
ries. Thrombolysis results in an improvement in clinical out-
come were used in patients and experimental models of focal
cerebral ischemia. Later, it was reported that tissue plasmi-
nogen activator was effective in opening coronary arteries, its
usefulness in restoring cerebral blood flow was tested. Now-
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adays, research showed that simvastatin may be effective like
tissue plasminogen activator (t-PA) for treatment of ischemic
brain injury. Simvastatin, 3 hydroxy-3 methylglutharyl coen-
zyme A reductase inhibitor, is the most widely used as choles-
terol-lowering drug [2,10]. Simvastatin is also a cytokines
modulator and Na'/K" pump current modulator [11,14],
upregulator of endothelial NO synthase (eNOS), which may
correspond to a mechanism against cerebrovascular injury
[2,23]. However, data accumulated indicate that the func-
tional significance of neuroprotective effect of simvastatin in
stroke is controversial [1,7]. In 1990s, it was reported that
simvastatin acts as a mediator of central nervous system
(CNS) cell death [13]. These observations were confirmed
later by Crick et al. [5] and Parsanna et al. [15]. In the present
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Fig. 1. Representative TTC-stained brain sections from different groups.
(A) A rat from simvastatin group, and (B) a rat from control group.

study, we examined the neuroprotective effects of simvastatin
in ischemic brain injury using a clinical relevant model of
stroke in rats. Furthermore, we also examined the effects of
simvastatin on perfusion deficits in ischemic brain injury.

2. Materials and methods

Male Sprague—Dawley rats with weighting 250-300 g
were used. Animal care and the general protocols for
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Fig. 2. Infarct volume changes in different groups. Infarct volumes were
measured at 48 h after MCA occlusion. Compared with the control
group, treatment with simvastatin reduced infarct volume significantly
(P < 0.002).

Table 1

Neurological deficits in experiment 1*

Group 2h 24 h 48 h
Saline 3 (2-3.25) 3 (2-4) 3 (2-4)
Simvastatin 3 (3-4) 25 (2-3)" 2 (2-3)°

? The neurological deficits scores are expressed as median and interquartile
ranges, the 25—75th percentile are shown in the parenthesis.
® Denotes significantly different from control group.

animal use were approved by the Animal Ethics Commit-
tee of the University of Alberta. There were two series of
experiments in this study. In the first series, the effect of
simvastatin on infarct volume and functional recovery
were examined. Animals were randomly assigned into
control group (n = 10) or simvastatin (n = 10) treatment
group. In the control group, animals received saline and in
the second group, the rats were treated with simvastatin,
100 mg/kg, once per day. The treatments began 2 weeks
before middle cerebral artery (MCA) occlusion. In the
second series of experiments, the effects of simvastatin on
perfusion deficits were studied in the ischemic injured
brain. The treatment was the same as in the first
experiment, that is, rats received either saline or simvas-
tatin. All of drugs were administered by intraperitoneal
injection.

2.1. Cerebral focal ischemia model

Focal cerebral ischemia was induced by embolizing a
preformed clot into the MCA, as reported previously
[17,20,21]. In brief, the rats were initially anesthetized
with 3.0% halothane and then maintained with 1.5%
halothane in a mix of O, and NO, during surgery. Body
temperature was maintained at 37 °C with a heating pad
for the duration of surgery and immediate post-operation
period until the animal recovered fully from anesthesia. A
longitudinal incision of 1.5 cm in length was made in the
midline of the ventral cervical skin. The right common
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Fig. 3. Effects of saline or simvastatin on brain swelling. Brain swellings

were measured at 48 h after MCA occlusion. Compared with the control

group, treatment with simvastatin improved brain swelling significantly
(P <0.001).
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Fig. 4. Figure shows the borderline between perfused area (black zone) and
perfusion deficits area (red zone). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

carotid artery (CCA), right internal carotid artery (ICA)
and right external carotid artery (ECA) were exposed. The
distal portion of the ECA was ligated and cut. A modified
PE-10 catheter, filled with bovine thrombin (Thermostat,
TM Warner-Lambert Co., Scarborough, Canada), was
introduced into the lumen of the right ECA via a small
puncture. Ten microliters of blood were withdrawn into the
catheter and retained for 15 min to allow formation of a
clot. Once the clot formed, the catheter was advanced 17
mm in the ICA until its tip was 1-2 mm away from the
origin of the MCA. The preformed clot in the catheter was
then injected and the catheter was removed. The wound
was closed and the animal returned to its cage. The
dynamic changes of the microvessel occlusion in this
model have been characterized [22].

2.2. Quantification of brain infarct volume

The quantification of infarct volume has been detailed
previously [21]. Briefly, 48 h after MCA occlusion,
anesthetized rats were decapitated and the brains were
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Fig. 5. Effects of saline or simvastatin on the perfusion deficits of brain at
8 h after embolization. Compared with the group received saline treat-
ment, the deficits were significantly lower in simvastatin-treated group
(P < 0.01).

removed. For morphometric study, 2-mm-thick coronal
sections were cut using a rat brain matrix. A total of 8
coronal sections were collected and the sections were
stained using a 2% 2, 3, S-triphenyltetrazolium chloride
(TTC) solution. The stained brain sections were scanned
with color flatbed scanner. The images were analyzed by a
person who was unaware of the treatments, using a
commercial image processing software-program, Photo-
Shop. The total volume of each hemisphere and infarction
was determined by integration of the areas from the eight
sections. The infarct volume was calculated with following
formula: infarct volume = [the volume of the left hemi-
sphere — (the volume of the right hemisphere — measured
infarct volume)] / the volume of the left hemisphere [18].
The infarction volume was expressed in percentage.

2.3. Quantification of perfusion deficits

Perfusion deficits of microvessels were determined using
Evans blue dye, as described previously with modification
[22,24]. 2% Evans blue solution, 0.2 ml/100 g of body
weight, was injected to tail vein before MCA occlusion.
Eight hours after embolization, saline was administrated to
the left ventricle in the rate of 120 ml/min to wash out Evans
blue dye in the blood circulation system, and Evans blue dye
in the regions where the feeding vessels occluded still
remained. The animals were decapitated and their brain
removed and stored at —70 °C until sectioning. The brains
were sectioned at 10 um in thickness with a cryostat
beginning 3.7 mm rostral to the bregma. For each brain, 9
consecutive sections, with 1 mm interval, were collected. As
described in the study from Zhang et al. [24] and our own
study [22], individual blood vessel in the perfusion deficits
was detected by red fluorescence.

2.4. Behavioral test

Neurological deficits and seizure activities were recorded
at 2, 24 and 48 h after embolization in the first series of
experiments and at 2 and 8 h in the second series.
Neurological deficits were determined using a modified
Bederson’s scoring system [3]. 0: no observable deficit; 1:
forelimb flexion; 2: forelimb flexion plus decreased
resistance to lateral push; 3: unidirectional circling; 4:
unidirectional circling plus decreased level of conscious-
ness. Seizure activities were evaluated by Racine’s scoring
method [16].

Table 2

Neurological deficits in experiment 2*

Group 2h 8 h
Saline 3(2.75-4) 3(2-4)
Simvastatin 3 (2-3.25) 2 (2-3)°

* The neurological deficits scores are expressed as median and interquartile
ranges, the 25—75th percentile are shown in the parenthesis.
" Denotes significantly different from control group.
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2.5. Statistical analysis

The data were analyzed by stat view. The comparison
of brain infarct volume, and perfusion deficits were
analyzed by independent sample ¢ test. Before using the
above test, the homogeneity of variances and distributions
of data were evaluated. The comparisons of neurological
scores (median) were analyzed with Mann—Whitney U
test and expressed with interquartile range. The compa-
risons of seizure were analyzed with Chi square test. P <
0.05 was considered statistically significant.

3. Results
3.1. Experiment 1

3.1.1. Infarct volume

Infarct volume at 48 h after MCA occlusion is shown in
Fig. 1. In the control group, infarct volume was 32.5 £ 9.3%
(mean + SD). The infarct volume was 18.7 + 6.5% in the
group received treatment with simvastatin. Compare to the
control group, simvastatin reduced infarct volume by 51%
(P <0.002), (Fig. 2). In addition, treatment with simvastatin
also significantly reduced edema in the ischemic injured
brain (Fig. 3).

3.1.2. Behavioral tests

At 2, 24 and 48 h in control group and at 2 h in
simvastatin-treated group after MCA occlusion, all animals
showed significant motor deficits with median score of 3
(Table 1). At 24 and 48 h after MCA occlusion median score
of neurological deficits was 2.3 and 2, respectively in
simvastatin-treated group. Treatment with simvastatin sig-
nificantly improved the neurological deficits (P < 0.05).
Seizure activity was also observed in 3 rats in control group
and 2 rats in the simvastatin group.

3.2. Experiment 2

3.2.1. Perfusion deficits

Perfusion deficits changes at 8 h after MCA occlusion are
shown in Fig. 4. In the control group, perfusion deficits
were 58.7 £ 8.7% (mean + SD). Compared to the control
group (Fig. 5), treatment with simvastatin (23.4 + 7.5%)
reduced perfusion deficits significantly (P < 0.01). Simvas-
tatin treatment reduced perfusion deficit by 61%, compared
with that in the controls.

3.2.2. Behavioral tests

At 2 and 8 h in control group and at 2 h in simvastatin-
treated group after MCA occlusion, all animals showed
significant motor deficits with median score of 3 (Table 2).
At 8 h after MCA occlusion median score of neurological
deficits was 2 in simvastatin-treated group. Treatment with
simvastatin significantly improved the neurological deficits

(P < 0.05). Seizure activity was also observed in 2 rats in
control group and 2 rats in simvastatin treated group.

4. Discussion

In the present studies, we examined if simvastatin
treatment can improve recovery of ischemic brain injury,
and if re-establishment of recirculation in the injured brain
play a role in this recovery. Results from the first series of
experiments showed that treatment with simvastatin sig-
nificantly reduced the infraction in the brain. Treatment with
simvastatin also significantly improved functional recovery,
measured with the changes of neurological deficits. Results
from the second series of experiments showed that treatment
with simvastatin significantly reduced perfusion deficits,
and also improved functional recovery.

The outcomes therefore are in agreement with previous
findings that simvastatin plays a significant role as a
neuroprotective agent after MCA occlusion [7,8,19]. Since
we did not measure intermediate metabolites effects of
simvastatin and cholesterol level, we were unable to
definitely determine if decreases of perfusion deficits,
infarct volume, brain edema and neurological deficits
improvement are due to increasing NOS and antioxidant
activity or reducing cholesterol level. It may also be possible
that simvastatin acts on other system such as cardiovascular
system which in turn causes protective effect on cerebro-
vascular system. The protective actions of treatment with
simvastatin, however, might also be via several other
mechanisms. 1. Anti-inflammatory effects in consequence
of reducing acute phase proteins, including C-reactive
protein, inflammatory cytokines and cell adhesion mole-
cules. Particularly simvastatin’s ability to downregulate
endothelial cell activation induced by different stimuli,
strongly suggests their possible use in pathogenic conditions
[12]. 2. Antioxidant effects because of scavenging of
superoxide and inhibition of isoprenoids (superoxide gene-
rators) [6,11]. 3. tPA-like effects due to a shift in the
fibrinolytic balance towards fibrinolysis and reduced plate-
let aggregation [4,9,12].
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