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Background: Endothelial injury is the early pathological change of cerebral aneurysm (CA) formation. In addition to its lipid-
lowering activity, atorvastatin (ATR) also reportedly promotes vascular repair via mobilizing endothelial progen-
itor cells (EPC). Here, we investigated the influence of ATR on vascular worsening after CA induction in rats.

Material/Methods: Adult male Sprague-Dawley rats were randomly assigned to 3 groups: a control (CTR) group, a CA group, and a
CA+ATR treatment group. Circulating EPC level and hematological and lipid profiles were measured 3 months
after CA induction. Verhoeff-Van Gieson staining and transmission electron microscopy were performed to as-
sess pathological changes in the artery wall. RT-PCR was also performed to evaluate the expression of inflam-
mation-related genes in the aneurysmal wall.

Results: ATR significantly restored the impaired level of circulating EPC without changing hematological and lipid pro-
files 3 months after CA induction. ATR markedly inhibited endothelial injury, media thinning, and CA enlarge-
ment, accompanied by reduced vascular inflammation.

Conclusions: Our preliminary results demonstrate that the mobilization of EPC and improvement of endothelial function by
ATR contribute to the prevention of cerebral aneurysm. Further studies are warranted to investigate the de-
tailed mechanism.
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Background

The incidence of aneurysmal subarachnoid hemorrhage (SAH) is
approximately 10 to 21 in 100 000 individuals per year [1]. The
initial mortality within a few days of aneurysmal hemorrhage
is 28-40% and the overall mortality and morbidity is greater
than 50% [2]. Currently, surgical clipping and endovascular
embolization are the main methods used to prevent the rup-
ture of unruptured cerebral aneurysm (CA). However, because
many factors (e.g., natural history, patient age, asymptomatic
or not, CA size, and CA location) can influence clinical out-
comes, the management of unruptured CA is controversial [3].

Histopathologically, the degenerative changes of the CA ves-
sel wall are characterized by endothelial damage, degradation
of internal elastic layer (IEL), media thinning caused by exces-
sive apoptosis and phenotypic transition of smooth muscle
cells (SMC), inflammatory cells infiltration, and activation of
matrix metalloproteinases (MMPs) [4]. Endothelial dysfunction
or damage, the earliest pathological change in CA formation,
triggers devastating aneurysmal degeneration with the help
of abnormal hemodynamic stresses [5]. The level of circulating
endothelial progenitor cells (EPC) correlate with endothelial
function [6] and EPC can maintain vascular homeostasis and
function through neovascularization and re-endothelializa-
tion of the injured vessel [7]. Our previous study suggested
that decreased level of circulating EPC in CA patients and rats
was closely related to the development of CA [8,9]. We fur-
ther found that EPC transfusion improved endothelial func-
tion and attenuated aneurysmal degeneration in a rat model
of CA [10]. Evidence indicates that in cardiovascular events,
part of the vasculoprotective action of atorvastatin (ATR) is
mediated by an improvement in EPC mobilization [11,12]. In
the present study we examined the effect of ATR on the level
of circulating EPC and its effect on aneurysmal degeneration
in rats undergoing CA induction.

Material and Methods

Experimental design and CA induction

All animal work was performed according to US National
Institutes of Health’s Guide for the Care and Use of Laboratory
Animals and was certified by the Institutional Animal Care and
Use Committee of the Tianjin Medical University (Ethics ap-
proval no. 20160912). We obtained 7-week-old healthy male
Sprague-Dawley rats from the Military Medical Academy of
China. Induction CA was prepared as formerly described [13].
After rats were deeply anesthetized by 10% chloral hydrate
(0.3 ml/0.1 kg, i.p.), we ligated the left common carotid artery
and posterior branches of left and right renal arteries. A high-
salt diet (8% sodium chloride) was administered starting at
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24 h after surgery and continued for 1 month, at which time
the experimental CA formed. The surgery and high-salt diet
cause and maintain abnormal hemodynamic insults to vascular
bifurcations [9].

To investigate the influence of ATR on the progression of preex-
isting CA, rats were randomly assigned to 3 groups (Figure 1A)
as follows: (1) control (CTR) group (n=16): normal rats did
not undergo surgery and were fed only a normal chow diet
throughout the course of the experiment; (2) CA group (n=16):
rats undergoing surgery were fed a high-salt diet from 24 h
to 1 month post-surgery and then were given a normal chow
diet for 2 additional months; (3) CA+ATR group (n=16): af-
ter 1 month of normal chow diet, CA rats received intragas-
tric administration of ATR (3 mg/kg/day; Pfizer, Ann Arbor, Ml,
USA) in drinking water every day with a normal diet for 2 ex-
tra months. The angiogenesis-promoting effect of this dose
of ATR has been proved by a previous study [14]. Without any
anesthesia, blood pressure of rats was measured via tail-cuff
method (Kent Scientific Corporation, Torrington, USA) at 1, 2,
and 3 months after CA induction surgery.

Measurement of circulating EPC level and hematological
and lipid profiles

At 3 months after CA induction, peripheral blood samples
were collected from the retro-orbital venous plexus. Following
Ficoll gradient centrifugation, the obtained mononuclear
cells (MNCs) were washed twice in phosphate-buffered sa-
line (PBS) and incubated in blocking buffer for 30 min at 4°C.
Then, MNCs were labelled with PE-combined CD34 antibody
(Santa Cruz Biotechnology, Santa Cruz, Shanghai, China) and
FITC-combined CD133 antibody [15] (Abcam, Cambridge, MA,
USA) for 30 min at room temperature. The circulating EPC was
defined as CD133- and CD34-positive MNCs and detected by
flow cytometry (BD FACS ArisTM, Beckman-Dickinson, San
Jose, CA, USA) (Figure 1B-1E). Blood cell count and lipid level
were measured using a Sysmex XT-1800i hematology analyzer
(Sysmex Corporation, Kobe, Japan) and a high-performance
liquid chromatography (Polymer 285 Technology System, Inc,
Indianapolis, IN), respectively.

Verhoeff-Van Gieson staining

At 3 months post CA induction, the right anterior cerebral ar-
tery and olfactory artery (OA/ACA) bifurcations were stripped
from euthanized rats (Figure 2A). We performed Verhoeff-
Van Gieson staining to evaluate aneurysmal degeneration in
the bifurcations (Figure 2B-2D). According to the evaluation
system, IEL scores were classified as score 0 (IEL continuous),
score 1 (IEL fragmented), and score 3 (IEL completely disap-
peared) [16]. The media thickness was determined by calcu-
lating the percentage of the minimal thickness in the media of
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Figure 1. The time course of the experiment (A). A sample illustration of gates setting of CD34/CD133-positive EPC using flow
cytometry (B, C). Representative photographs of EPC detection in CA group (D) and CA+ATR group (E).
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Figure 2. The representative image showing cerebral arteries branches (A). Representative photographs showing the aneurysmal
structure change in the right OA/ACA bifurcations 3 months after CA induction surgery (B-D). Arrow shows CA formation at
the right anterior cerebral artery/olfactory artery (OA/ACA) bifurcation. MCA — middle cerebral artery. The asterisk indicates

aneurysmal lumen (under 10x40 objective lens). Bar=30 pm.

an aneurysm to the media thickness in the surrounding nor-
mal arterial walls. Aneurysm size was expressed as a mean of
the maximal longitudinal and transverse diameter.

Transmission electron microscopic observation

We observed the ultrastructure of the aneurysm vascular wall
at the right OA/ACA bifurcations at 3 months after CA induc-
tion using transmission electron microscopy (TEM). Briefly, dis-
sected right OA/ACA bifurcations were quickly fixed in 3% glu-
taraldehyde in 0.1 mol/L cacodylic acid buffer (pH 7.2) for 2 h
and then post-fixed in 1% osmic acid for 2 h. After dehydra-
tion in an ethanol series, tissues were soaked in the mixed li-
quor of acetone and epoxy resin. Then, tissues were embedded
in paraffin and cut into semi-thin (1 pm) sections. Toluidine
blue staining was performed to locate the aneurysmal degen-
eration of right OA/ACA bifurcations. After positioning, tissues
were cut into 100-nm sections using a Leica EM UC7 ultrami-
crotome (Leica Microsystems, Bannockburn, IL), installed on

copper grids, and stained with uranyl acetate and lead citrate.
Specimens were observed with a Hitachi H-7650 transmission
electron microscope (TEM; H-7650, Hitachi, Ltd., Tokyo, Japan).

RT-PCR detection

At 3 months after CA induction, total RNAs from the whole Willis
ring tissue were extracted by Trizol reagent (Life Technologies,
Grand Island, NY, USA) in accordance with the manufac-
turer’s instructions. RT-PCR was performed using a Takara
PrimeScript® RT reagent Kit (Takara, Dalian, China) and SYBR
Green Realtime PCR Kit (QIAGEN, Hilden, Germany). Primer
sequences were: forward 5’-ACGATCTGTTTCCCCTCATC-3’,
reverse 5-TGCTTCTCTCCCCAGGAATA-3’ for NF-xB (nu-
clear factor kB); 5-TTCAGGTATGCGGTATTTGG-3’ and
5’-GTTGGAAGTGTAGCGTTTCG-3’ for iNOS (inducible ni-
tric oxide synthase); 5’-AGCCGGGACTTCATCAATCAG-3’ and
5’-GCCCAAACACCAGCTCACTCTC-3’ for eNOS (endothelial nitric
oxide synthase); forward 5’-CTGATAACCTGGATGCAGTCGT-3’,
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Table 1. Hemodynamic and lipid profiles in this study.
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CTR (n=8) CA (n=8) CA+ATR (n=8) P-value
RBC (x10'%/L) 8.39+0.90 8.28+0.38 8.12+0.23 0.338
Haemoglobin (g/L) 153.00+7.23 155.50+4.65 154.5042.12 0.136
WBC (x10°/L) 12.60+5.76 12.03+2.26 11.80+1.10 0.825
Platelets (x10%/L) 949.25+98.34 828.50+138.11 895.50+140.74 0.701
TC (mg/dl) 70.15.6 73.142.3 69.1+3.5 0.120
TG (mg/dl) 74.3+5.1 76.846.2 78.2+4.3 0.487
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Figure 3. The systemic blood pressure in rats with or without ATR treatment (A). The level of circulating EPC 3 months post CA
induction surgery (B). Data are presented as mean +SD (n=6). ** P<0.01 vs. CA group.

reverse 5-CCAGCCAGTCCGATTTGA-3’ for MMP-2 (matrix me-
talloproteinase-2); forward 5’-TTCAAGGACGGTCGGTATT-3’, re-
verse 5-CTCGAGCCTAGACCCAACTTA-3’ for MMP-9 (matrix me-
talloproteinase-9); forward 5’-AAGAAGGTGGTGAAGCAGGC-3’,
reverse 5’-TCCACCACCCTGTT GCTGTA-3’ for GAPDH (internal
control). The mRNA content was normalized to GAPDH mRNA
level and expressed as fold change relative to control levels.
All reactions were performed in triplicate.

Statistical analysis

The IEL score was expressed as 95% Cl for the median and was
analyzed using the Siegel-Tukey test. For analysis of the other
values (mean +SD), one-way analysis of variance followed via
Bonferroni correction was used for multiple comparisons and
the t test was used for comparisons between 2 groups. P<0.05
was set as the level of statistical significance.

Results

Influence of ATR on physiological parameters

There was no significant difference in red blood cell (RBC),
hemoglobin, white blood cell (WBC), platelets, total cholesterol
(TC), and triglyceride (TG) among CTR, CA, and CA+ATR groups
(Table 1). Compared with the CTR group, systemic blood pres-
sure of rats in the CA and CA+ATR groups was significantly
higher at 1 month after CA induction (n=8; P<0.01; Figure 3A)
and returned to the baseline level of the CTR group 3 months
after CA induction. No difference was found in blood pres-
sure between CA and CA+ATR groups throughout the course
of the experiment.

ATR mobilized EPC

Compared with the CTR group, EPC level was markedly
decreased 3 months after CA induction in the CA group
(34.3+10.8/2x10° MNCs vs. 59.3+7.3/2x10° MNCs, n=6; P<0.01;
Figure 3B). ATR treatment after CA induction significantly
raised the level of circulating EPC compared with the CA group
(95.7+11.1/2x10° MNCs vs. 59.3+7.3/2x10° MNCs, n=6; P<0.01).
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Figure 4. ATR treatment inhibited aneurysmal degeneration. Graphs showing IEL score (A; n=6), media thickness (B; n=6), and CA size
(C; n=6). IEL scores are expressed as 95% Cl for the median and other values are shown as mean +SD, # P<0.05 vs. CA group,

# P<0.01 vs. CA group.

ATR protected against vascular degeneration after CA
induction

To investigate the effect of ATR on aneurysmal degeneration,
we performed Verhoeff-Van Gieson staining. The IEL score,
media thickness, and CA size were evaluated by indepen-
dent blinded investigators. Compared with the CA rats, ATR-
treated CA rats had lower IEL score [(1.25-2.00) vs. (0.43-1.33),
95% Cl for the median; n=6; P<0.01; Figure 4A], thicker me-
dial layer (0.48+0.09 vs. 0.65+0.09, n=6; P<0.05; Figure 4B),
and smaller CA size (123.5+28.4 ym vs. 74.7.9+22.8 ym, n=6;
P<0.01; Figure 4C) 3 months after CA induction.

We further used TEM to observe the ultrastructure alteration
of the aneurysmal wall in rats with or without ATR treatment.
TEM observation showed that the normal ultrastructure of the
cerebral artery wall (n=5; Figure 5A1, 5A2) was replaced by a
severely degenerated vascular wall 3 months after CA induc-
tion, characterized by complete disappearance of endotheli-
al cells (ECs) and IEL, damaged SMC in irregular arrangement,
and degraded adventitial tissue (n=>5; Figure 5B1, 5B2). In ATR-
treated rats, ECs with nucleus and irregular IEL could be seen
at the luminal surface of cerebral artery, but it was not con-
tinuous. SMC was partly preserved and arranged more regu-
larly than that in the CA group. SMC could be distinguished
from adventitial tissue (n=5; Figure 5C1, 5C2).

Effect of ATR on the expression of NF-kB, iNOS, eNOS, and
MMP-2/9 gene in aneurysmal wall

We evaluated the expression profile of pathogenesis-related
genes of CA using RT-PCR (Figure 6). Fi Quantification analysis
showed that the expression of NF-kB (n=5; P<0.01), iNOS (n=5;
P<0.01), MMP-2 (n=5; P<0.01), and MMP-9 (n=>5; P<0.01) mRNAs
were significantly upregulated, while the expression of eNOS

(n=5; P<0.01) mRNA was notably downregulated 3 months after
CA induction. Compared with the CA group, ATR treatment fol-
lowing CA induction reversed the expression pattern of NF-xB
(n=5; P<0.01), iNOS (n=5; P<0.01), eNOS (n=5; P<0.01), MMP-2
(n=5; P<0.01), and MMP-9 (n=5; P<0.01) mRNAs.

Discussion

Aneurysmal rupture is a major problem in CA patients, and
surgical clipping and endovascular therapy are recommended
in the standard guidelines for management of unruptured
CA [17]. Because these invasive procedures potentially cause
serious complications [18], it is necessary to search for a non-
invasive prevention strategy for high-risk CA patients. The
present study demonstrated that endothelial damage induced
by artery ligation operation and high-salt diet was protected
by enhancement of EPC mobilization following ATR adminis-
tration. Further, the degradation and thinning of media, and
wall protrusion were inhibited by ATR. The histopathological
improvement suggests a vasculoprotective role of ATR in the
process of vascular remodeling after CA induction, which did
not rely on the modulation of blood lipids and systemic blood
pressure by ATR.

There are also some advantages of the use of statins in pa-
tients with ruptured cerebral aneurysms. The administration
of ATR significantly protected against aneurysmal subarach-
noid hemorrhage (SAH) by decreasing the occurrence of vaso-
spasm [19]. Moreover, the administration of simvastatin can
reduce post-SAH cognitive dysfunction [20]. Above all, investi-
gations show the clear efficacy of statins in the management
of patients with unruptured or ruptured cerebral aneurysm.
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Figure 5. Transverse section of CA under light and transmission electron microscopy. Schematic representation of normal wall
structure of cerebral artery, consisting of endothelial cells (ECs), continuous internal elastic lamina (IEL), regularly arranged
smooth muscle cells (SMC), and adventitia (A1, A2). The ultrastructure of the aneurysmal wall in rat without ATR treatment
3 months after CA induction surgery. The degenerated and thinning wall was composed mainly of severely damaged SMC
(black asterisk) and degraded adventitia, and ECs completely disappeared (B1 ,B2). Schematic representation of preserved
vascular wall by ATR treatment (C1,C2). ECs with nucleus (white arrowhead), irregular IEL (black arrowhead), and SMC (white
asterisk) were partly preserved and can be seen. Scale bar=5 ym.
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Figure 6. (A-E) Effect of ATR treatment on the gene expression of NF-xB, iNOS, eNOS, MMP-2, and MMP-9 in tissue of aneurysmal
wall. Data were normalized to GAPDH mRNA levels and expressed as fold change relative to control levels. Values are shown
as mean +SD of 5 independent experiments. ** P<0.01 vs. CA group.

The correlation between EPC number and functional activity and
cardiovascular disease is well documented. As an endogenous
repair mechanism, circulating EPC maintains the integrity and
normal function of the endothelium monolayer. Experimental and
clinical studies have demonstrated that the number and func-
tion of EPCs are impaired in vascular disease [8,9,21], which ag-
gravates the ECs injury and vascular degeneration. Sobrino et al.
found that ATR treatment during the acute phase increased the
levels of circulating EPC in patients with ischemic stroke [22].
Vasa et al. demonstrated that ATR increased the level of circu-
lating EPC in patients with stable coronary artery disease (CAD)
as early as 1 week after initiation of ATR treatment, and the EPC
level increased by approximately 3-fold throughout the 4-week
study period [23]. Previous studies have found that EPC derived
from bone marrow are involved in the repair and remolding pro-
cesses, and participate in neointima formation and reendothe-
lialization of aneurysm repair in elastase-induced carotid aneu-
rysm in a rabbit model [24]. Oikonomou et al. showed that ATR
treatment, beyond its lipid-lowering role, restored endothelial
function due to EPC mobilization in patients with ischemic heart
failure [11]. In line with previous studies, our results showed
that ATR enhanced EPC mobilization in CA rats, which occurred
independently of alteration in lipid level.

Endothelial injury is not only a biomarker for prediction of
atherosclerotic disease progression[25], but is also an early
and crucial event in the pathogenesis of CA [23]. The morpho-
logic characteristics of ECs change in response to high shear
stress. ECs elongate and orient to the direction of flow with-
out high spatial shear stress gradient [26]. ECs change from
a fusiform to column shape and gaps between ECs become
wider [27], which may be attributable to decreased expression
of junction proteins (VE-cadherin, occludin, and ZO-1) [28].
Our study provides evidence that ATR limits the destruction
of ECs caused by shear stress. In addition to morphological
changes, ECs exposed to high shear stress also undergo func-
tional transition. The effects of atorvastatin on inflammation-
related gene have been illustrated in human peripheral blood
lymphocytes. A previous investigations showed that the ex-
pression the levels of inflammation-related factors CCL13, IL-8,
PAI-1, and TGF-2 mRNA were significantly decreased by ad-
ministration of atorvastatin [29].Therefore, statins can inhibit
the expressions of inflammation genes and play a role in pre-
venting cardiovascular diseases.

Aoki et al. demonstrated that shear stress induced NF-xB acti-
vation in ECs [5]. As a transcriptional factor, NF-xB participates
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in regulation of the expression of adhesion molecule, monocyte
chemoattracting protein, iNOS, and MMPs. Nitric oxide (NO) and
eNOS play a crucial role in vasorelaxation and inhibition of leu-
kocyte-endothelial adhesion [30]. eNOS is also reported to be re-
quired for statin-induced improvement of EPC mobilization in ex-
perimental myocardial infarction [31]. Recent studies show that
under shear stress, dysfunctional ECs exhibit downregulation of
eNOS and decreased NO bioavailability [23]. All these morpholog-
ical and functional changes of ECs are responsible for the initia-
tion and progression of vascular inflammation and degeneration.
Our present results show that ATR protects against ECs dysfunc-
tion, decreases the upregulation of NF-kB, iNOS, and MMPs, and
upregulates eNOS expression 3 months after CA induction.

In this preliminary study, it should be noted that using this
established CA model we only investigated the effect of ATR

on aneurysmal degeneration 3 months after surgery, at which
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