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Peroxisome proliferator-activated receptor 3/0 regulates cerebral
vasospasm after subarachnoid hemorrhage via modulating
vascular smooth muscle cells phenotypic conversion
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Abstract. Cerebral vasospasm (CVS) is a common complica-
tion of subarachnoid hemorrhage (SAH) with high deformity
rates and cerebral vascular smooth muscle cells (VSMCs)
phenotypic switch is considered to be involved in the regula-
tion of CVS. However, to the best of the authors' knowledge,
its underlying molecular mechanism remains to be elucidated.
Peroxisome proliferator-activated receptor /0 (PPAR[/S)
has been demonstrated to be involved in the modulation of
vascular cells proliferation and maintains the autoregulation
function of blood vessels. The present study investigated the
potential effect of PPAR/d on CVS following SAH. A model
of SAH was established by endovascular perforation on male
adult Sprague-Dawley rats, and the adenovirus PPARf/0
(Ad-PPARp/d) was injected via intracerebroventricular
administration prior to SAH. The expression levels of pheno-
typic markers a-smooth muscle actin and embryonic smooth
muscle myosin heavy chain were measured via western
blotting or immunofluorescence staining. The basilar artery
diameter and vessel wall thickness were evaluated under fluo-
rescence microscopy. SAH grade, neurological scores, brain
water content and brain swelling were measured to study the
mechanisms of PPARB/d on vascular smooth muscle pheno-
typic transformation. It was revealed that the expression levels
of synthetic proteins were upregulated in rats with SAH and
this was accompanied by CVS. Activation of PPARp/d using
Ad-PPARp/d markedly upregulated the contractile proteins
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elevation, restrained the synthetic proteins expression and
attenuated SAH-induced CVS by regulating the phenotypic
switch in VSMCs at 72 h following SAH. Furthermore, the
preliminary study demonstrated that PPARB/d downregulated
ERK activity and decreased the expression of phosphorylated
(p-)ETS domain-containing protein Elk-1 and p-p90 ribo-
somal S6 kinase, which have been demonstrated to serve an
important role in VSMC phenotypic change. Additionally,
it was revealed that Ad-PPARP/d could positively improve
CVS by ameliorating the diameter of the basilar artery and
mitigating the thickness of the vascular wall. Furthermore,
subsequent experiments demonstrated that Ad-PPARP/
markedly reduced the brain water content and brain swelling
and improved the neurological outcome. Taken together, the
present study identified PPARP/S as a useful regulator for the
VSMCs phenotypic switch and attenuating CVS following
SAH, thereby providing novel insights into the therapeutic
strategies of delayed cerebral ischemia.

Introduction

In the past few years, cerebral vasospasm (CVS) has been
considered to be one of the complications leading to severe
neurological dysfunction after subarachnoid hemorrhage
(SAH). Numerous studies have explored the mechanisms of
CVS following SAH and have made several discoveries (1-4).
However, the pathophysiological mechanism remains elusive
and no effective treatment for CVS exists at present (5). Previous
studies have revealed that certain pathological processes, such
as smooth muscle cell contraction resulting from spasmogenic
substances generated during the lysis of the subarachnoid
blood wall and endothelial damage, are associated with the
pathogenesis of CVS (6-8). As has been previously reported,
the phenotypic transformation of vascular smooth muscle cells
(VSMCs) occurs in the vessel wall of CVS (9-11) and which is
considered to contribute to the CVS following SAH.

VSMCs retain extraordinary plasticity and possess the
quality of invertible phenotypic transition; they can convert
from the contractile phenotype to the synthetic phenotype
in response to various cellular stimulator substances (12,13).
Synthetic phenotype VSMCs can increase their rates of prolif-
eration and oversynthesis and excretion of extracellular matrix,
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which are the pivotal events of vascular wall thickening and
vascular lumen stenosis, eventually leading to dysfunction of
vascular autoregulation and CVS (14,15). CVS resulting from
phenotypic transformation of VSMCs impairs the cerebral
blood flow distribution (16) and leads to a delayed ischemic
neurological deficit. Notably, the phenotype of VSMCs is
distinguished mainly based on specific proteins; a-smooth
muscle actin (a-SMA) is chiefly expressed in the contractile
phenotype and embryonic smooth muscle myosin heavy chain
(SMemb) is an accurate marker of synthetic VSMCs (13,17).
Peroxisome proliferator-activated receptor /0 (PPARp/S)
has been characterized as anti-inflammatory and antiapoptotic
and can modulate vascular cells proliferation (18). In addi-
tion, it exerts neuroprotective effects on acute and chronic
injury of the central nervous system (19,20). A previous study
reported that activation of PPARP/S can efficiently attenuate
the inflammation of VSMCs and decrease the release of
inflammatory factors (21), which provides a potential line of
inquiry for vascular diseases of the central nervous system.
Phosphorylation of the ERK1/2 signaling pathway induces
the activation of intracellular signals via the phosphorylation
of regulatory targets, including extracellular proteins and
transcription factors (22,23). ETS domain-containing protein
Elk-1 (Elk-1) and p90 ribosomal S6 kinase (p90RSK) are
downstream targets of ERK1/2, which are phosphorylated
by ERK1/2 and associated with gene transcription, protein
synthesis and proliferation (24,25). There is compelling
evidence that subsequent activation of the ERK1/2 signaling
pathway exerts an efficiently effect in modulating VSMC
proliferation and migration (26). However, to the best of the
authors' knowledge, no studies have investigated the function
and possible mechanisms of PPARP/d in VSMCs phenotypic
modulation, which contributes to CVS following SAH.

Materials and methods

Animals and SAH model establishment. The experiments
were performed as shown in the schematic (Fig. 1). All experi-
mental procedures were approved by the Animal Experiments
Ethic Committee at The First Affiliated Hospital of Soochow
University (Suzhou, China; approval no. 2018-094) and
were performed in accordance with the Laboratory Animal
Guidelines for ethical review of animal welfare (standard
no.GB/T 35892-2018) (27). A total of 192 male Sprague-Dawley
(SD) rats purchased from the Animal Experiment Center of
Soochow University (age, 6-8 weeks; weight, 300-350 g) were
used in the present study and the endovascular perforation
model of SAH was performed as reported previously (28).
Briefly, anesthesia was induced with 5% isoflurane using a
facemask and maintained with 1.5% isoflurane. Subsequently,
the rats were fixed in the supine position. The internal carotid
artery (ICA) and external carotid artery (ECA) were carefully
separated. Afterwards, a sharpened 4-0 monofilament nylon
suture was inserted into the middle cerebral artery through the
ICA and gently pushed forward to pierce the vessel. The thread
was drawn out to restore blood supply. Sham operated rats
received the same procedure except for perforation. Following
surgery, the animals were kept in an incubator heated at 36°C
for 1 h. The rats were housed under controlled environmental
conditions (12-h light/dark cycle; 23+1°C, 55+5% relative

humidity) with free access to water and food. Body weight
and body temperature was determined daily as a sensitive
indicator for their well-being. Likewise, neurological deficits
were assessed on a daily basis using the previously described
modified Garcia scale (29). In the present study, rats clearly in
pain, showing signs of severe and enduring distress, or char-
acterized as moribund were humanely sacrificed rather than
allowed to survive to the end of the scheduled study (at 72 h
after SAH). Animals were euthanized at 72 h after SAH when
a loss of more than 20% baseline body weight occurred or the
following qualitative humane endpoint criteria were observed
during inspection: Paralysis with absence of spontaneous
movement, severe ataxia or loss of postural reflexes, epileptic
seizures, coma, reduction of general health status with reduced
grooming or refusal of food intake. Rats were euthanized at
72 h after SAH by deep (5%) isoflurane followed by cardiac
perfusion with 30 ml phosphate-buffered saline, decapitation
was implemented under deep anesthesia after cardiac perfu-
sion and the brains were rapidly removed.

The basal cistern was divided into six segments and scored
from 0-3 points by a blinded observer according to the amount
of subarachnoid blood. Each segment was allotted a grade
between 0 and 3 depending on the amount of subarachnoid
blood clot in the segment as follows: i) Grade 0, no subarach-
noid blood; ii) 1, minimal subarachnoid blood; iii) 2, moderate
blood clot with recognizable arteries; and iv) 3, blood clot
obliterating all arteries within the segment. The total score
from all six segments represented the severity of the SAH (29).
Rats who received a score <7 were excluded from the present
study. As in previous studies, modified Garcia scale (score,
3-18; Table I) (29) and beam balance (score, 0-4) (30) were
used to assess neurological impairment.

Adenoviruses administration. A total of 36 rats were randomly
divided into six groups with six rats in each group as follows:
1) Sham; ii) 6 h after SAH; iii) 12 h after SAH; iv) 24 h after
SAH; v) 72 h after SAH; and vi) 5 days after SAH. Western
blotting was used to detect the expression of a-SMA and
SMemb in the cerebral vessels of each group at different time
points.

Adenoviruses PPARPB/d (Ad-PPARp/d) and adenovi-
ruses green fluorescent protein (Ad-GFP; as a control for
Ad-PPARP/9) (Shanghai GeneChem Co., Ltd.) were diluted
to 1.3x10" pfu/ml in enhanced transfection solution (Shanghai
GeneChem Co., Ltd.) before use. According to a previous
report (31), a small hole was drilled on the skull according to
the coordinates of 1.0 mm posterior of bregma and 2.0 mm
lateral of sagittal suture. A total of 10 ul diluted Ad-PPARP/d
or Ad-GFP were slowly injected into the lateral ventricle on
the 6th days before SAH (32) through the hole, at a depth of
4.0 mm. At 72 h after SAH, the rats were randomly divided
into the following four groups: i) Sham; ii) SAH + Ad-GFP;
iii) SAH + Ad-PPAR/9; and iv) SAH.

Brain water content. Rats were euthanized at 72 h after
SAH by deep (5%) isoflurane followed by cardiac perfusion
with 30 ml phosphate-buffered saline, decapitation was
implemented under deep anesthesia after cardiac perfusion
and the brains were removed rapidly. Brain water content
was measured using the wet/dry method (33). Briefly, brains
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Figure 1. Schematic demonstration of overall experimental process. SAH, subarachnoid hemorrhage; PPARf/9, peroxisome proliferator-activated receptor [3/9;

Ad, adenovirus; GFP, green fluorescent protein.

were removed from rats at 72 h after SAH and divided into
four parts: i) Right hemisphere; ii) left hemisphere; iii) brain
stem; and iv) cerebellum. Each part was weighed (wet weight)
immediately on a precise electronic scale and then placed
into the oven for drying for 48 h at 105°C (dry weight) and the
percentage of brain water content was calculated as follows:
[(wet weight-dry weight)/wet weight] x100%.

Brain volume and cerebral blood volume. Rats were eutha-
nized at 72 h after SAH by deep (5%) isoflurane followed
by cardiac perfusion with 30 ml phosphate-buffered saline,
decapitation was implemented under deep anesthesia after
cardiac perfusion and the brains were removed rapidly. Brain
volume was measured as following previously described (33).
Briefly, plastic 10 ml vials containing 5.0 ml of saline were
marked equally to the level of liquid by using ultrathin marker.
After meticulous clot removal, the brain was put into the vial

and the increased level of liquid was marked and the brain
volume was measured by titrated saline infusion within
marked levels. Vertical position of vials upon measurements
was maintained. Cerebral blood volume was measured as
previously described (33,34). The brain was then extracted
and phosphate-buffered saline (PBS) was added to it to reach
a total volume of 3 ml. This solution was homogenized for
30 sec. After homogenization, ultrasound (20 KHz, ice bath)
was applied for 1 min to lyse erythrocytic membranes and then
centrifuged for 30 min (11,000 x g, 4°C). Several (minimum
of three) samples of the 100 pl supernatant were added to
400 ul Drabkins reagent (Sigma-Aldrich; Merck KGaA) and
allowed to stand for 15 min at room temperature. Finally,
optical density was measured and recorded at 540 nm with a
spectrophotometer. Then, additional hemispheric brain tissue
was obtained from normal rats subjected to complete cardiac
perfusion. Incremental volumes (0, 2, 4, 8, 16 and 32 ul) of
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Table I. Neurological evaluation of animals at 72 h after SAH.

Score

Test 0

1

2 3

Spontaneous activity No movement

(in cage for 5 min)

Spontaneous movements No movement

Barely moves position

Slight movement of

Moves and
approaches at least
three sides of cage
Move all limbs same

Moves but does not
approach at least three
sides of cage

Moves all limbs

of all limbs limbs but slowly as pre-SAH
Movements of forelimbs No outreaching Slight outreaching Outreach is limited and ~ Outreach same
(outstretching while held less than pre-SAH as pre-SAH

by tail)

Climbing wall of wire cage N/A Fails to climb Climbs weakly Normal climbing
Reaction to touch on both N/A No response Weak response Normal response
side of trunk

Response to vibrissae touch ~ N/A No response Weak response Normal response

The maximum attainable score was 18. SAH, subarachnoid hemorrhage; N/A, not applicable.

homologous blood which were obtained from a cardiac punc-
ture after deep (5%) isoflurane anesthesia were added to each
hemispheric sample with PBS to reach a total volume of 3 ml
and then the above procedures completed. These procedures
yielded a linear relationship between hemoglobin concentra-
tions in brain tissue and blood volume. Using the equation of
the best-fitting linear regression line from these data, the blood
volume of SAH rats was determined based on absorbance
readings.

Immunofluorescence. Immunofluorescence staining was
performed using fixed frozen sections. At 72 h after SAH,
deep anesthesia of rats was induced and maintained with 5%
isoflurane, followed by cardiac perfusion with 30 ml phos-
phate-buffered saline. Decapitation was implemented under
deep anesthesia after cardiac perfusion and the brains were
rapidly removed. All fixed frozen sections were incubated at
4°C overnight with primary antibodies: Mouse anti-a-SMA
(Abcam; 1:200; cat. no. ab7817) and rabbit anti-SMemb
(Abcam; 1:200; cat. no. ab230823) antibodies followed by
incubation with secondary antibodies (Abbkine Scientific Co.,
Ltd.; 1:200; cat. nos. A22110 and A24421) for 2 h at room
temperature. Fluorescence images were effectively captured
using a fluorescence microscope (Leica Microsystems GmbH).
As reported previously (35,36), Image-Pro Plus v.6.0 software
(Media Cybernetics, Inc.) was used to measure the thickness
of the basilar artery and lumen diameter.

Western blotting. Rats were euthanized at 72 h after SAH
by deep (5%) isoflurane, decapitation was implemented
under deep anesthesia and the brains were rapidly removed.
With the aid of a microscope, the basilar arteries and circle
of Willis arteries were separated out of each brain, cleared
of connective tissue and snap frozen in liquid nitrogen
until homogenization in RIPA buffer (Beyotime Institute
of Biotechnology) containing protease and phosphatase
inhibitors. The total protein concentration was measured

using a BCA Protein Assay Reagent (Beyotime Institute of
Biotechnology). The proteins (25 ug) were separated via 10%
SDS-PAGE (Beyotime Institute of Biotechnology), and then
transferred onto a PVDF membrane (Bio-Rad Laboratories,
Inc.). The membranes were then blocked with 5% skimmed
milk in Tris-buffered saline containing 0.1% Tween-20
(Beijing Solarbio Science & Technology Co., Ltd.) for 1 h
at room temperature, and incubated overnight at 4°C with
primary antibodies against a-SMA (Abcam; 1:200; cat.
no. ab7817), SMemb (Abcam; 1:200; cat. no. ab230823),
p-ERK (Cell Signaling Technology, Inc.; 1:2,000; cat.
no.4370), ERK (Cell Signaling Technology, Inc.; 1:1,000; cat.
no. 9102), p-Elk-1 (Cell Signaling Technology, Inc.; 1:1,000;
cat.no. 9186), Elk-1 (Cell Signaling Technology, Inc.; 1:1,000;
cat. no. 9182), p-p90RSK (Cell Signaling Technology, Inc.;
1:1,000; cat. no. 11989), p90RSK (Cell Signaling Technology,
Inc.; 1:1,000; cat. no. 9355) and GAPDH (ProteinTech
Group, Inc.; 1:2,000; cat. no. 60004-1-Ig). The membranes
were subsequently incubated with relative horseradish
peroxidase-conjugated IgG (1:1,000; Beyotime Institute of
Biotechnology; cat. no. A0216) for 1 h at 37°C and visualized
by using an ECL kit (Beyotime Institute of Biotechnology;
cat. no. POOI8FS) through X-ray film. Optical densities of
these bands were quantified using Quantity One Software
(v4.6.2; Bio-Rad Laboratories, Inc.). GAPDH was used as an
internal reference.

Statistical analysis. All experiments were repeated at least
three times. All data are presented as the mean + standard
deviation (SD) and were analyzed using SPSS 19.0 software
(IBM Corp.). Fisher's exact test was used to compare the
mortality rates among groups. Significance of differences
in neurologic scores was analyzed by Kruskal-Wallis test
followed by Dunn's post hoc test. Mean group values were
assessed using one-way analysis of variance followed by
Tukey's post hoc test for multiple comparisons. P<0.05 was
considered to indicate a statistically significant difference.
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Results

Mortality and SAH severity. A total of 192 SD rats were
used in this work and 28 animals succumbed due to severe
SAH reactions within 24 h following surgery; in the end, 164
rats were effectively applied to subsequent experiments. The
overall mortality of SAH in the present study was 14.58%
(28 out of 192 rats). A similar death rate is reported in a
previous study (37). The average SAH grading score was not
significantly different among the 6, 12, 24 and 72 h groups
after SAH. The average SAH grading declined to some extent
at 5 days following SAH compared with 6 h after SAH (Fig. 2).

Expression profile of marker proteins of phenotypic change
of VSMCs. Our previous study revealed that the hemoglobin
could induce a cerebral VSMCs switch from the contractile to
synthetic phenotype in vitro (38). The present study first investi-
gated whether cerebral VSMCs would respond to SAH in vivo.
As expected, the western blotting results demonstrated that the
o-SMA expression decreased as early as at 6 h and was signifi-
cantly decreased at 72 h, whereas it exhibited no significant
difference at 5 days compared with Sham group (Fig. 3A and B).
In addition, SMemb expression variations occurred as early as at
6 h and it was significantly increased at 72 h (Fig. 3C) compared
with the expression levels in the Sham group. This coincided
with the time of CVS. According to this preliminary data, the
time point of 72 h (time of maximal SMemb expression) was
selected to perform the subsequent experiments.

To further confirm the changes of the expression profile and
morphology of cerebral vessels, double immunofluorescence
was performed to analyze a-SMA and SMemb expression
and localization in the basilar artery. As expected, the results
demonstrated that the SMemb fluorescence intensity was
increased on the wall of the basilar artery at 72 h after SAH,
whereas the a-SMA fluorescence intensity was decreased at
72 h after SAH (Fig. 3D).

Overexpression of PPAR[/0 protein induced by Ad-PPAR[/0
improves neurological deficits and attenuates CVS at 72 h
after SAH. To further ascertain whether PPARB/6 could
attenuate the VSMCs phenotypic transformation following
SAH in vivo, additional experiments were conducted in which
PPARp/S protein was overexpressed using intracerebroven-
tricular injection of Ad-PPARf/0 at day 6 before SAH.
Consistent with the results in Fig. 3D, immunofluorescence
analysis (Fig. 4A) of the basilar artery revealed that a-SMA
immunoreactivity decreased at 72 h and this was accompanied
by an increase in SMemb immunoreactivity. However, the
change in immunoreactivity could be reversed by Ad-PPARf/d.
With the use of Ad-PPAR[/d, the immunoreactivity of a-SMA
was notably enhanced in the SAH + Ad-PPARP/S group. As
shown in Fig. 4B, rats in the SAH and SAH + Ad-GFP groups
exhibited severe neurological impairments compared with rats
in the sham and SAH + Ad-PPARp/d groups. Furthermore,
the histopathological alterations, including the thickness of the
vascular wall and lumen stenosis in the basilar artery, were
significantly ameliorated by Ad-PPARp/S (Fig. 4C).

ERK signaling pathway is involved in PPARB/S suppression
of phenotypic modulation of VSMCs and CVS in rats at 72 h
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Figure 2. SAH grading of rats in each group. The average SAH grading score
was not significantly different among the 6, 12, 24 and 72 h groups. The
average SAH grading declined to some extent at 5 days after SAH. n=6 rats
per group. 'P=0.026 vs. 6 h. SAH, subarachnoid hemorrhage.

after SAH. It was hypothesized that the effect of PPARP/0
on the phenotypic switch of VSMCs was regulated by the
ERK signaling pathway. Therefore, the levels of p-ERK was
first detected using western blotting at 72 h after SAH. As
shown in Fig. 5A, activation of the ERK signaling pathway
was demonstrated by increased levels of p-ERK following
SAH. Furthermore, prior injection of Ad-PPARp/d similarly
administered into cerebral ventricles significantly increased
PPARP/d and a-SMA expression, while decreasing the levels
of p-ERK and SMemb following SAH (Fig. SA-E) and this
was accompanied by an improvement in neurological func-
tions (Fig. 5F). Combined, these data revealed that the ERK
signaling pathway served a role in PPARB/0 modulating
phenotypic transformation of VSMCs and attenuating CVS
following SAH.

PPARf/ inhibits cerebral VSMCs phenotypic switch and
attenuates CVS via suppression of p-Elk-1 and p-p90RSK
expression. Elk-1 and p90RSK are downstream targets of
ERK and can be activated by phosphorylation of ERK1/2 and
JNK MAPKSs, which are essential for gene regulation, cell
migration and proliferation, and protein synthesis (24-26).

In the present study, the expression of p-Elk-1 was signifi-
cantly increased at 72 h after SAH. However, the expression
p-Elk-1 was significantly downregulated by pretreatment
of rats with Ad-PPARP/d (Fig. 6A and B). As with p-Elk-1,
the expression of p-p90RSK was increased at 72 h after
SAH and these were markedly downregulated by addition
of Ad-PPARP/d (Fig. 6C and D). These results indicated that
PPAR[/d maintained the contractile phenotype of VSMCs and
attenuated CVS by restraining the expression of p-Elk-1 and
p-p90RSK.

Ad-PPARpS/O ameliorates brain swelling and brain edema.
Brain swelling was assessed based on the wet brain weight,
brain volume and cerebral blood volume. To ascertain the
effect of PPAR[/0 on brain swelling, Ad-PPARp/0 was admin-
istrated at 6 days before SAH. In the present study, brain wet
weight and brain volume were significantly increased at 72 h
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Figure 3. Expression profile of a-SMA and SMemb. (A) Temporal profile of a-SMA and SMemb expression in the cerebral vessels (n=6) and western blotting
results showing that (B) a-SMA expression was decreased as early as 6 h. (C) SMemb level variations occurred as early as at 6 h and the expression was
significantly increased at 72 h (n=6). (D) Immunofluorescence analysis of basilar arteries with a-SMA (green), SMemb (red) and DAPI (blue) at 72 h after SAH
(n=4). Scale bar, 50 ym. "P<0.05 vs. Sham. a-SMA, a-smooth muscle actin; SMemb, smooth muscle myosin heavy chain; SAH, subarachnoid hemorrhage.

compared with those of the Sham group (Fig. 7A and B) and
Ad-PPARP/d pretreatment significantly decreased the brain
wet weight and brain volume. Specifically, Ad-PPARp/d
pretreatment markedly decreased the water content in the
bilateral cerebral hemispheres and cerebellum at 72 h, whereas
treatment with Ad-GFP did not have the same effect (Fig. 7C).
Additionally, the cerebral blood volume in the Ad-PPARf/6
pretreatment group at 72 h was significantly lower than that of
the SAH and SAH + Ad-GFP groups (Fig. 7D).

Discussion

VSMCs are highly plastic and their phenotypic switch is consid-
ered to be involved in the process of vessel remodeling (11,39).
The current study demonstrated that the Ad-PPAR[3/0 amelio-
rated CVS and impeded VSMCs phenotypic transformation
partially via suppression of ERK1/2 signaling pathway and was
associated with decreased levels of p-Elk-1 and p-p90RSK.
Furthermore, pre-administration of Ad-PPARf/0 attenuated
the brain volume, brain water content and blood volume at
72 h after SAH. Immunohistochemistry demonstrated that
Ad-PPARP/d markedly increased the lumen diameter in the
basilar arteries at 72 h after SAH and clearly improved the
neurologic deficit. Overall, the findings suggested that the
phenotypic conversion of VSMCs participated in the process
of CVS following SAH and Ad-PPARP/d prevented VSMCs
phenotypic transformation and attenuated CVS following
SAH in rats via the ERK1/2 signaling pathway (Fig. 8).

A number of clinical studies have demonstrated that
angiographically detectable CVS is observed in patients with
SAH and it is hypothesized to be one of the most important
considerations that contribute to the neurological impairment
and lead to the increase of deformity and mortality following
SAH (40,41). Despite some achievements having been made in
CVS research, the precise underlying mechanism remains to
be elucidated. It has been reported that the phenotypic transi-
tion of VSMCs is considered to be one of the pathogenesis
of CVS following SAH (42). VSMCs, which are an essential
component of the cerebral vascular neural network, are
involved in the pathophysiology of SAH, as previously reported
by Zhang et al (16) and subsequent studies have demonstrated
that VSMCs undergoes phenotypic transformation under the
conditions of local vascular inflammation or destruction and
in the presence of toxic metabolites in the blood following
SAH (15,43). After transforming into synthetic cells, prolif-
eration is abnormally increased and these cells exhibit high
extracellular matrix proteins synthesis efficiency, ultimately
leading to a decline in autoregulatory capacity (15,44). The
proliferative synthetic state of VSMCs has been shown to
exert a pivotal role in the impairment of vascular regulation
function and cerebral blood flow distribution (15,44,45).
The VSMC phenotypic switch leads to the loss of arteriolar
autoregulation and influences the integrity of the blood-brain
barrier (46). Due to these characteristics, VSMCs might be
an alternative therapy target for CVS following SAH. In the
present study, it was observed that the existence of VSMC
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Figure 4. Overexpression of PPARP/d protein induced by Ad-PPARf/0 improves the neurological deficits and attenuates cerebral vasospasm.
(A) Immunofluorescence analysis of the BA with a-SMA (green), SMemb (red) and DAPI (blue) at 72 h after SAH (n=6). Scale bar, 50 ym. (B) Rats in the SAH
and SAH + Ad-GFP groups exhibited severe neurological impairments, while Ad-PPARf/d improved neurological impairments (n=6). (C) Histopathological
alterations, including the thickness of the vascular wall and lumen stenosis in BA, were significantly ameliorated by Ad-PPARf/d (n=6). 'P<0.05 vs. Sham;
"P<0.05 vs. SAH + Ad-PPARp/6. PPARP/S, peroxisome proliferator-activated receptor /8; Ad, adenovirus; a-SMA, a-smooth muscle actin; SMemb, smooth
muscle myosin heavy chain; SAH, subarachnoid hemorrhage; GFP, green fluorescent protein; BA, basilar artery.

phenotypic transformation caused stenosis of the basilar artery
and increased the wall thickness in the setting of SAH and this
result was in line with previous studies.

PPARf/d is a member of the PPARs nuclear hormone
receptor superfamily, which also includes PPARa, PPAR[/6
and PPARYy, and is the most widely and highly expressed
isotype in the central nervous system compared with PPARa
and PPARYy (19). PPARf/S is involved in regulating the tran-
scription of numerous target genes, modulating vascular cell
proliferation and the inflammatory process (47,48). However,
the mechanisms of PPARf/6-dependent gene regulation
are complex. A large number of inflammatory cytokines

are released following SAH and may partially contribute
to the decrease of PPAR[/8 expression (49). Additionally,
our previous study demonstrated that PPARfB/d expression
decreases following SAH; however, upregulated expression of
PPARf/d markedly ameliorates the early inflammation reac-
tion (32). A previous study reported that the PPARP/S exerts
positive anti-inflammatory effects during the attenuation of
neointimal hyperplasia by inhibiting VSMC proliferation and
accelerating re-endothelization (50). These results indicate
that the PPAR/8 has the capability to maintain the stability of
vascular. However, to the best of the authors' knowledge, there
is no direct evidence showing that PPAR[3/6 has positive effects
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Figure 5. PPARB/d mediates vascular smooth muscle cell phenotypic changes and ameliorates cerebral vasospasm via ERK1/2 signaling. (A) Representative
image of p-ERK/ERK ratio and a-SMA, SMemb and PPARf/0 expression in cerebral vessels at 72 h after SAH (n=6). (B-E) Expression levels of p-ERK and
SMemb were significantly decreased by the pretreatment with Ad-PPARf/6, while Ad-PPARf/6 administration increased the PPARf/6 and o-SMA expression
in cerebral vessels at 72 h after SAH (n=6). (F) Ad-PPARp/8 improved neurological impairments (n=6). "P<0.05 vs. Sham; “P<0.05 vs. SAH + Ad-PPAR/S.
PPARP/9, peroxisome proliferator-activated receptor (3/0; p-, phosphorylated; a-SMA, a-smooth muscle actin; SMemb, smooth muscle myosin heavy chain;
SAH, subarachnoid hemorrhage; Ad, adenovirus; GFP, green fluorescent protein.

on modulating the VSMC phenotypic switch in the central
nervous system. In the present study morphological exami-
nations revealed that the phenotypic switch occurred in the
vascular wall following SAH. Administration of Ad-PPARP/6
could alleviate the neurological deficit and impeded VSMC
phenotypic transformation and CVS.

It has been documented that the ternary complex formed
by serum response factor (SRF) and its coactivator myocardin
binds with cis-acting elements CArG in the nucleus to regulate
VSMC differentiation and maintain the contractile pheno-
type (51,52). Takata et al (53) report that the PPAR/O exerts
anti-inflammatory effects in rat vascular tissues via suppres-
sion of the ERK1/2 signaling pathway. In addition, PPARP/6
prevents endoplasmic reticulum stress and inflammation in

skeletal muscle cells by suppressing the ERK1/2 signaling
pathway (54). These findings indicate that ERK1/2 signaling
pathway may serve an important role in the regulation of
VSMC phenotype transformation. Elk-1 and p90RSK are
important targets of the MEK/ERK signaling pathway (24,55),
p-Elk-1 competitively displaces myocardin from SRF, leading
to repression of VSMCs contractile genes (56) and p90RSK
takes effect on phenotypic switch, cell differentiation by
binding to signal transduction molecules, gene transcrip-
tion factors (24). In the present study, the expression levels
of p-ERK, p-Elk-1 and p-p90RSK were markedly increased
at 72 h after SAH. However, prior injection of Ad-PPARP/d
into cerebral ventricles significantly decreased the levels of
p-ERK, p-Elk-1 and p-p90RSK and improved the neurological
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functions following SAH. These results revealed that PPARB/d
modulates the phenotypic transformation of VSMCs following
SAH, at least partly, via inhibition of the ERK1/2 signaling
pathway and expression of p-Elk-1 and p-p90RSK.

There are PPAR (/0 binding sites on the promoter of
NF-xB and activator protein 1 (AP1) and PPAR (/0 binding
to these promoters contribute to suppressing transcription of
these target genes (57). In addition, it is reported that PPARB/d
prevents TNF-a-induced NF-«kB activation in human HaCaT
cells through AMP-activated protein kinase (AMPK) and
sirtuinl (SIRT1) (58). In addition, it is reported that inacti-
vation of NF-kB or AP1 leads to a decrease in p-ERK (59).
Therefore, it was hypothesized that the PPARP/d suppressed
p-ERK levels in a dual mode by directly binding to promoter
of target gene and by inhibiting other possible potential signal
pathways. However, the expression of NF-kB or AP1 were not
detected, which is a limitation of the present study. Additional
experiments should be conducted to investigate the potential
mechanism of how PPAR[/d regulates the ERK1/2 signaling
pathway.

The PPARY agonists rosiglitazone or troglitazone have been
used to treat clinical diabetes mellitus and to study its effects,
mainly in ischemic stroke, for a number of years. Activation
of PPAR-y in VSMCs by the antidiabetic agent troglitazone
(or rosiglitazone) inhibits VSMC proliferation and migra-
tion (9,60). However, it is unclear whether these agonists can
also activate PPAR/0 and inhibit VSMC phenotypic trans-
formation. Although the PPAR[/d ligand L-165041 induces
cell cycle arrest in VSMCs and inhibits their proliferation and
migration (18), PPARP/d agonists are still in the preclinical
research stage. Further studies are required to account for
the beneficial mechanisms and to examine the effects of

additional PPAR[/d agonists. Nimodipine is the standard and
main treatment of patients with aneurysmal SAH as it has
been demonstrated to have a statistically significant benefi-
cial impact on clinical outcome (61). Nimodipine prevents
increases in intracellular calcium by blocking dihydropyridine
sensitive (L-type) calcium channels (62), but its mechanism of
effect in patients with SAH is unknown. It does not appear
to reduce angiographically detectable CVS. This suggests that
studies should focus more on inhibiting vascular pathological
changes following SAH.

An increasing number of studies have explored the
mechanisms of CVS following SAH, whereas the molecular
mechanism underlying it remains largely speculative.
Both basic and clinical researches focus on inflammation,
disruption of blood-brain barrier, neuronal cell death, apop-
tosis, endothelial injury during in CVS course following
SAH (1,2,63). The cerebral vascular neural network, which
includes VSMCs, is involved in the pathophysiology of
SAH (16). In addition, other studies demonstrate that unbal-
anced contractile/synthetic VSMC phenotype affects the size
of the cerebral arteries and alters brain swelling or cerebral
edema (44.,45,64). To date, however, few studies have directly
addressed the relationship between phenotype conversion of
VSMCs and CVS. The present study focused on the vascular
pathological changes induced by the phenotypic transforma-
tion of VSMCs following SAH due to its association with
CVS. There is more widespread distribution and content of
PPARP/S in the central nervous system (19), however little
is known about the exact function of PPAR/d in central
nervous system disease. Similarly, no direct evidence
indicates that PPAR [3/0 serves an active role in regulating
the phenotypic transformation of VSMCs following SAH.
The present authors have reported that PPARB/0 inhibits
hemoglobin-induced phenotypic transformation of cultured
VSMCs in vitro (38). The present study mainly explored the
mechanism of PPAR[/0 regulating VSMCs transformation
and CVS through in vivo experiments to provide ideas for
future clinical transformation research.

In conclusion, the present study demonstrated that the
phenotypic transformation of VSMC was involved in the
pathophysiology of CVS in experimental SAH, PPARP/d
positively regulated VSMC phenotypic modulation and CVS,
partly via suppression of ERK activation and downregulation
of p-Elk-1 and p-p90RSK expression levels. Further studies
should be implemented to evaluate whether PPARB/d would
increase cerebral blood flow. The results of the present study
may provide new evidence on the treatment of clinical vascular
damage following SAH and clinical translation.
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