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Simvastatin attenuated rat thoracic aorta remodeling
by decreasing ROCK2-mediated CyPA secretion
and CD147-ERK1/2-cyclin pathway
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Abstract. Reactive oxygen species-induced cyclophilin A
(CyPA) release from vascular smooth muscle cells (VSMCs)
may be inhibited by simvastatin in vitro. The present study
aimed to further examine the effect of simvastatin on
serum CyPA levels and the basigin (CD147)-extracellular
signal-regulated kinase (ERK) 1/2-cyclin pathway during
thoracic aorta remodeling. The mechanisms through which
simvastatin may inhibit CyPA secretion from VSMCs were
further investigated. Serum CyPA levels and the expression
kinetics of CyPA-associated signaling pathways were exam-
ined following simvastatin treatment in rat thoracic aortas
during hypertension. Cell lysates were prepared from middle
layer of thoracic aortas at 1, 4, 8 and 12 weeks subsequent
to surgery. ELISA analysis revealed that serum CyPA levels
were gradually increased with the progression of thoracic
aorta remodeling. Western blotting demonstrated that the
expression of CD147, phosphorylated-ERK1/2, cyclin DI,
cyclin A, and cyclin E were increased with the progression of
thoracic aorta remodeling. Simvastatin administration for 4,
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8 and 12 weeks diminished all these changes, as observed in
the hypertensive group. VSMCs from simvastatin-treated rats
secreted a decreased amount of CyPA compared with VSMCs
from hypertensive rats. In addition, pretreatment with gera-
nylgeraniol partly reversed the inhibitory effect of simvastatin
on LY83583-induced CyPA secretion in cultured VSMCs,
whereas GGTI-298 and KDO025 [a selective Rho-associated
protein kinase 2 (ROCK?2) inhibitor] mimicked the inhibitory
effect of simvastatin. The present study demonstrated that
simvastatin alleviated thoracic aorta remodeling by reducing
CyPA secretion and expression of the CD147-ERK1/2-cyclin
signaling pathway. In addition, the results of the present study
demonstrated that the Rho-ROCK2 pathway mediated CyPA
secretion from VSMCs.

Introduction

Abnormal vascular smooth muscle cell (VSMC) growth
contributes to the pathogenesis of vascular remodeling of large
arteries during hypertension. Autocrine and paracrine growth
factors may modulate VSMC growth, partly by promoting
the secretion of growth factors (1), including platelet-derived
growth factor (2,3). Cyclophilin A (CyPA) has been identi-
fied to be a growth factor secreted from VSMCs and has a
direct mitogenic effect on the growth of human aorta smooth
muscle cells (4) and rat VSMCs (5). Additionally, CyPA
mediates vascular remodeling by promoting vascular smooth
muscle cell proliferation and inflammation (6). Previous
studies demonstrated that CyPA levels in rat serum gradually
increased with the development of hypertension (7), and were
positively correlated with systolic and diastolic blood pressure
in untreated patients (8). The extracellular matrix metallopro-
teinase inducer basigin (CD147) was reported to be a surface
receptor for extracellular CyPA (9) and mediates CyPA-specific
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signaling events. CyPA activates extracellular signal-regulated
kinase (ERK) 1/2 via binding with CD147, leading to upregula-
tion of cyclin DI expression in cholangiocarcinoma cells (10).
However, the kinetics of the alterations in serum CyPA and its
downstream signaling cascade (CD147-ERK 1/2-cyclin) during
thoracic aorta remodeling have not been completely elucidated.
Therefore, the present study was performed to further examine
the kinetics of alterations in serum CyPA and its downstream
signaling cascade (CD147-ERK1/2-cyclin), and to clarify the
potential of CyPA to be a biomarker of the extent of thoracic
aorta remodeling.

Geranylgeranyl pyrophosphate (GGPP) and farnesyl
pyrophosphate (FPP) are essential for the geranylgeranylation
and farnesylation of Rho and Ras family small G proteins,
respectively (11). The downstream effectors of Rho include
the Rho kinase family members, consisting of Rho-associated
kinase 1 (ROCK1) and ROCK2, which are serine-threonine
kinases that are activated by Rho GTPases (12), and recent
studies have demonstrated that ROCK2 regulates the secretion
of proinflammatory cytokines (13). It has been demonstrated
that 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors (statins) prevent the conversion of
HMG-CoA to mevalonate, and thereby inhibit the synthesis
of the other products of the mevalonate pathway, including
GGPP and FPP. By inhibiting the synthesis of GGPP, statins
prevent the activation of Rho GTPases and Rho-associated
kinases (11). Simvastatin has been observed to decrease reac-
tive oxygen species (ROS) -mediated CyPA release in cultured
VSMCs, and the pan ROCK inhibitor Y27632 has exhibited
similar effects to simvastatin (14); however, it remains unclear
whether ROCK1 or ROCK?2 regulates the secretion of CyPA.
In addition, it is uncertain whether simvastatin-inhibited
CyPA secretion is mediated by the Rho-Rho kinase pathway.
These uncertainties provided a basis for further investigation
of whether ROCK1 or ROCK2 is involved in CyPA secretion
from VSMCs. Previous studies have demonstrated that CyPA
levels in rat serum gradually increase with the development
of hypertension (7) and contribute to vascular remodeling (6).
Atorvastatin was reported to improve thoracic aortic remod-
eling in spontaneously hypertensive rats (15). However, the
novel underlying mechanisms have not been completely
elucidated. Available data about the effect of simvastatin on
thoracic aorta remodeling during hypertension are limited.
The above previous studies led to the question of whether
simvastatin may improve thoracic aorta remodeling by regu-
lating serum CyPA levels, and whether the Rho-Rho kinase
signaling pathway mediates simvastatin-inhibited CyPA secre-
tion. In addition, the present study aimed to examine whether
ROCKI1 or ROCK2 regulates the secretion of CyPA.

The present study investigated whether simvastatin was
able to affect serum CyPA levels in hypertensive rats and
downstream signaling cascades in the remodeled thoracic
aorta. The mechanism underlying simvastatin-inhibited CyPA
secretion was additionally examined. The results of the present
study demonstrated that treatment with simvastatin diminished
the time-dependent upregulation of serum CyPA levels and
CDI147-ERK1/2-cyclin signaling pathway in the remodeled
thoracic aorta. The secretion of CyPA is ROCK2-dependent.
Additionally, simvastatin-inhibited CyPA release was medi-
ated by the Rho-Rho kinase pathway in VSMCs.
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Materials and methods

Reagents and cell culture. Simvastatin and LY83583 were
purchased from Calbiochem (Merck KGaA, Darmstadt,
Germany). Geranylgeraniol (GGOL) was purchased from
Sigma-Aldrich (Merck KGaA). Geranylgeranyltransferase
inhibitor (GGTI) 298 and KDO025 were purchased from
Cayman Chemical Company (Ann Arbor, MI, USA). The
above reagents were dissolved in dimethyl sulfoxide (DMSO)
and stored at -20°C. The final concentration of DMSO in the
culture medium was <0.1%. VSMCs were isolated from the
thoracic aorta media of male Sprague-Dawley rats (80-100 g)
and maintained in Dulbecco's modified Eagle's medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmo-
sphere of 5% CO,/95% air. VSMCs were confirmed by positive
staining with a-smooth muscle actin antibody, as described
previously (16).

Animal model and primary culture of VSMCs. The present
study was approved by the Animal Care and Use Committee
of Guangzhou Medical University (Guangzhou, China). All
animal experimental procedures were performed in line
with the Guide for the Care and Use of Laboratory Animals
issued by the Ministry of Science and Technology of China.
A total of 96 male adult rats were used for these experiments.
Two-kidney, two clip renovascular hypertensive rats were
induced as described by our previous studies (7,16). U-shaped
silver clips with an internal diameter of 0.3 mm were placed
around the right and left renal arteries of 8 to 10-week old
healthy normotensive male Sprague-Dawley rats (80-100 g),
after anaesthetized by 10% chloral hydrate (300 mg/kg;
intraperitoneal injection). The criterion for hypertension was
a systolic blood pressure of =150 mmHg. Following 3 days
of adaptation, rats were randomly allocated to sham, hyper-
tension (Htn) or simvastatin groups (Sim; hypertensive rats
treated with simvastatin). Hypertension was induced using
U-shaped silver clips, as described above. The Sim group
received simvastatin by daily gavage (10 mg/kg/day) from the
second day post-clipping. The sham-operated rats were treated
in the same manner without the placement of silver clips, and
served as the control. All groups were investigated for 1, 4, 8
and 12 weeks following surgery. The rats were injected with
penicillin G (25,000 U intramuscular) prior to surgery to miti-
gate the risk of infection. Systolic blood pressure was detected
preoperatively and every 3 days post-surgery under a conscious
state using the indirect tail-cuff method (Powerlab 4/30; AD
Instruments, Sydney, New South Wales, Australia), subsequent
to warming of the rats at 35°C for 5 min under mild restraint.
The average of three pressure readings was recorded for each
measurement. Animals were supplied by the Experimental
Animal Center of Sun Yat-Sen University (Guangzhou, China).
All rats were maintained in pathogen-free facilities with a 12-h
light/dark cycle at 23-25°C, with a relative humidity of 55-60%
and ad libitum access to food and water.

To investigate whether CyPA secretion from VSMCs was
influenced by treatment with simvastatin in rats, VSMCs of the
thoracic aorta from sham, Htn and Sim rats at the 12-week point
were isolated and cultured in DMEM containing 10% FBS in
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an incubator with 95% O, and 5% CO, at 37°C, as previously
described (17). CyPA in conditioned medium was detected by
western blotting as previously reported (14).

Histological analysis of thoracic aorta specimens, and hema-
toxylin and eosin (H&E) staining. Following anesthetization at
1,4, 8 and 12 weeks with 10% chloral hydrate, the thorax was
opened, perfusion commenced at a pressure of 55+5 mmHg,
and the right atrium incised to allow drainage of blood and
perfusate. The same pressure was used in all animals so that
all aortas would be fixed under uniform tension. Perfusion
with 0.1 mol/I phosphate buffer containing heparin (100 U/kg)
for 5 min was followed by 4°C fixative solution containing 4%
freshly depolymerized paraformaldehyde in 0.1 mol/l phos-
phate buffer for 15 min. At a defined distance from the aortic
arch (1 cm), a segment of the thoracic aorta was dissected
free of perivascular tissue, cleaned and immersed in 4% fresh
paraformaldehyde for an additional 3-4 h at 4°C. Following
fixation, each thoracic aorta was cut transversely into 5-6 rings
of 2-3-mm thickness, which were subsequently embedded in
paraffin. Sections (4-um thick) of paraffin-embedded thoracic
aortas that included the entire circumference of each ring were
sectioned from five different blocks in each animal. Sections
were stained with H&E for ~2 min at room temperature for
general morphology and quantitative morphometric analysis.
Thoracic aortas without perfusion were rapidly frozen at -80°C
for subsequent western blot analysis.

Image acquisition, methods of measurement and calculation
of vascular remodeling parameters. All stained histological
sections of thoracic aortas were visualized under light
microscopy (Eclipse-80i; Nikon Corporation, Tokyo, Japan),
and digital images of thoracic aortas were captures using
the imaging software NIS-Elements F v4.00.00 (Nikon
Corporation) at magnification, x40 and x400, marked with a
micrometer scale. Integrated Performance Primitives software
(version 6.0; Intel Corporation, Santa Clara, CA, USA) was used
to measure the perimeter of the lumen (C) and media (without
adventitia) of sections from each thoracic aorta at magnifica-
tion, x40. The diameter of lumen (the internal diameter, Di)
and external diameter (De) were calculated using the formula:
D=C/m, according to a previously-published method with minor
modifications (18,19). The media thickness was calculated
by subtraction of Di/2 from De/2. The cross-sectional area
occupied by the lumen was calculated from its mean diameter
(mD*/4). Medial area was calculated by subtraction of the inner
outlined area from the outer outlined area according to the
formula: Media CSA=n(De*-Di%)/4. Remodeling was assessed
by media thickness and media area in paraffin-embedded tissue
sections of thoracic aortas with H&E staining.

ELISA for measurement of rat serum CyPA. Rat serum
CyPA was assayed as our previous experiment (7), using a
rat cyclophilin A ELISA kit (cat. no. CSB-E14928r; Cusabio,
Wuhan, China). A total of 3-5 ml blood was collected with
a serum vacuumed blood collection tube, clotted overnight
at 4°C, and centrifuged for 15 min at 1,000 x g at 4°C. The
separated serum was stored in fresh tubes in aliquots at
-80°C. Fresh samples were used for the ELISA, according to
the manufacturer's protocol. The optical density of each well
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was read at 450 nm using a Multiskan GO 1.00.38 microplate
reader (Thermo Fisher Scientific, Inc.). A standard curve was
produced and the CyPA concentration of each sample was
calculated.

Western blot analysis of the expression of CyPA, CDI47,
phosphorylated-ERK1/2 and cyclins. Western blot analysis
was performed as described previously (20). Total proteins
were extracted from the media of rat thoracic aortas. Equal
amounts of total protein (20-30 ug) were loaded on an 8-12%
SDS-PAGE gel and transferred to nitrocellulose membranes
(EMD Millipore, Billerica, MA, USA). Membranes were
blocked at room temperature for 1 hin 5% non-fat milk in TBST
buffer [10 mM Tris (pH 7.5), 150 mM NacCl, 0.1% Tween-20],
incubated overnight at 4°C with the following primary anti-
bodies: Phospho (p)-ERK1/2 (cat. no. 4370; 1:1,000), ERK1/2
(cat. no. 9102; 1:1,000), cyclin D1 (cat. no. 2978; 1:500), CyPA
(cat. no. 2175; 1:1,000), B-actin (cat. no. 8457; 1:2,000; all from
Cell Signaling Technology, Inc., Danvers, MA, USA), CD147
(cat no. SAB4502896; 1:500; Sigma-Algrich; Merck KGaA),
cyclin A (cat. no. sc-239; 1:500) and cyclin E (cat. no. sc-247,
1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). They
were subsequently incubated for 1 h at room temperature with
the appropriate anti-rabbit (cat. no. 7074) and anti-mouse (cat.
no. 7076) secondary horseradish peroxidase-conjugated anti-
bodies (1:2,000; Cell Signaling Technology, Inc.). Blots were
incubated with chemiluminescence substrates (cat. no. 34079;
Pierce; Thermo Fisher Scientific, Inc.) and were visualized
using a gel image system. The integrated optical density of
target bands was determined using Gel-Pro analyzer software
v6.3 (Media Cybernetics, Inc., Rockville, MD, USA). (3-actin
was used as an internal control to guarantee equal loading and
transfer of protein.

Assay of medium CyPA concentration. CyPA in the medium
was assayed as previously reported (14). Following pretreat-
ment with simvastatin (5 uM), GGOL (10 xM), GGTI 298
(10 uM) and KDO025 (10 uM) for 30 min at 37°C, VSMCs
were exposed to 1 pmol/l LY83583 for 2 h at 37°C in a CO,
incubator. Conditioned medium (CM) from VSMCs in each
group was collected and centrifuged at 4°C for 10 min at
800 x g to remove cell debris. The medium was subsequently
concentrated 100-fold using a Centricon Plus-20 filter (EMD
Millipore). CyPA in CM and total cell lysate were detected
using western blot analysis, as aforementioned.

Statistical analysis. Quantitative results were expressed as the
mean + standard deviation of at least 3 independent experi-
ments. Statistical significance of differences between means
was assessed by one-way analysis of variance using SPSS 19.0
software (IBM Corp., Armonk, NY, USA), and post hoc
multiple comparisons were analyzed using Bonferroni testing.
P<0.05 was considered to indicate a statistically significant
difference.

Results
Simvastatin alleviates hypertension-induced remodeling of

the rat thoracic aorta. The present study evaluated the effect
of simvastatin on hypertension-induced remodeling of the rat
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Figure 1. Simvastatin improves the remodeling of the rat thoracic aorta. (A) Representative images of cross sections of hematoxylin and eosin stained rat thoracic
aortas. Scale bar, 500 ym (whole aorta ring; original magnification, x40) and 50 ym (aorta section; original magnification, x400). The bar graphs indicate the
results of the analysis of the following parameters: (B) Media thickness; (C) media CSA; (D) systolic BP. Data are expressed as the mean + standard deviation
from 8 rats/group. "P<0.05, “P<0.01 vs. sham; “P<0.05, P<0.01 vs. Htn. Htn, hypertension; Sim, simvastatin; CSA, cross-sectional area; BP, blood pressure.

thoracic aorta. Representative images of transverse sections
of H&E-stained thoracic aorta and morphometric analysis of
thoracic aortic remodeling are presented in Fig. 1A-C. The
thoracic aorta media thickness (Fig. 1B), and the media cross
sectional area (Fig. 1C) of hypertensive rats were significantly
increased compared with those of sham controls at 4, 8 and
12 weeks post-clipping. The results of the present study
indicated that the rat thoracic aortas from the Htn group had
undergone remodeling. However, treatment with simvastatin
ameliorated hypertension-induced thoracic aorta remodeling
at 4, 8 and 12 weeks, in a time-dependent manner. Treatment
with simvastatin slightly, although not significantly, decreased
the elevated systolic blood pressure at 4, 8§ and 12 weeks
post-surgery (Fig. 1D). The results of the present study
suggested that treatment with simvastatin attenuated thoracic
aorta remodeling without a significant lowering of blood pres-
sure, indicating that the beneficial effect of simvastatin on
thoracic aorta remodeling involves other mechanisms likely
not associated with blood pressure.

Treatment with simvastatin significantly decreases serum
CyPA and CyPA secretion from primary VSMCs of thoracic
aortas. It has been reported that pretreatment with simvastatin
inhibited CyPA secretion from cultured VSMCs induced by
ROS (14). The present study further examined whether the rat
serum CyPA concentration may be influenced by treatment

with simvastatin. The ELISA results illustrated that serum
CyPA levels were significantly elevated at 4, 8 and 12 weeks
post-surgery, concomitant with the progress of thoracic aorta
remodeling, compared with the sham group (Fig. 2). The
results of the present study indicated that serum CyPA levels
may be an indicator of the degree of thoracic aorta remodeling.
However, serum CyPA was decreased by treatment with simv-
astatin for 4, 8 and 12 weeks, suggesting that simvastatin may
inhibit CyPA secretion in hypertensive rats. In order to confirm
further whether simvastatin may affect CyPA secretion from
VSMCs, VSMCs from the thoracic aortas of sham, Htn and
simvastatin-treated rats at the 12-week point were isolated
and cultured. The level of CyPA in the CM was determined
by western blotting. Notably, the LY83583-induced CyPA
secretion from VSMCs of Htn (12 weeks) rats was increased
compared with that of sham (12 weeks) rats, suggesting that
CyPA secretion from VSMCs increased with the progress of
thoracic aorta remodeling. Additionally, LY83583-induced
CyPA secretion from VSMCs of simvastatin-treated rats
(12 weeks) was decreased compared with that of Htn rats
(12 weeks). These results further demonstrated that treatment
with simvastatin inhibited the secretion of CyPA from VSMCs
during remodeling of the thoracic aorta.

Treatment with simvastatin reduces upregulation of the
CDI47-ERK1/2-cyclin pathway with the extent of thoracic
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Figure 2. Rat serum CyPA and CyPA secretion in primary VSMCs from thoracic aortas is markedly decreased by treatment with simvastatin. (A) Serum CyPA
levels gradually increased during the development of thoracic aorta remodeling, as assayed using a rat CyPA ELISA kit. Treatment with simvastatin for 4, 8
and 12 weeks reduced the serum CyPA concentration. (B) LY83583-induced CyPA secretion from primary VSMCs of simvastatin-treated rats was decreased
compared with that from VSMCs of Htn rats at 12 weeks. Primary VSMCs were isolated from sham, Htn and simvastatin-treated rats at 12 weeks and cultured
in vitro. Primary VSMCs were exposed to 1 #zmol/l LY83583 for 2 h. The CyPA level in the CM and TCL were detected by western blotting. Data are expressed
as mean =+ standard deviation from 3 independent experiments. "P<0.05, “P<0.01 vs. sham; “P<0.05, #P<0.01 vs. Htn. Htn, hypertension; Sim, simvastatin; CM,

conditioned medium; TCL, total cell lysate; CyPA, cyclophilin A.

aorta remodeling. In order to determine the association
between the CD147-ERK1/2-cyclin pathway and the progres-
sion of remodeling during hypertension, protein levels of
CD147, phosphorylated-ERK1/2, cyclin DI, cyclin A and
cyclin E in rat thoracic aortas were detected using western blot-
ting. As presented in Fig. 3, CD147, phosphorylated-ERK1/2,
cyclin DI, cyclin A and cyclin E were markedly increased in
thoracic aortas with the progression of remodeling. The results
of the present study indicated that the CD147-ERK1/2-cyclin
pathway was activated and upregulated with the process
of remodeling of the rat thoracic aorta. Treatment with
simvastatin for 4, 8 and 12 weeks significantly diminished
these alterations. The results of the present study implied
that simvastatin may improve remodeling of the rat thoracic
aorta by diminishing the upregulation and activation of the
CD147-ERK1/2-cyclin pathway.

Rho-ROCK?2 pathway mediates the inhibitory action of
simvastatin on CyPA secretion induced by LY83583 in
VSMCs. Previous studies have suggested that the pleiotropic
effects of statins may be mediated through inhibition of the
Rho/Rho kinase pathway (16,21). In order to further demon-
strate whether Rho-ROCK?2 mediates CyPA secretion from
VSMCs, and whether simvastatin inhibits CyPA secretion
by inhibiting the Rho-ROCK?2 kinase pathway. VSMCs were
pretreated with GGOL (to stimulate protein geranylgeranyl-
ation), KD025 (a selective ROCK?2 inhibitor) and GGTI-298
(a geranylgeranyl transferase-I inhibitor) for 30 min prior to
the addition of 1 ymol/l LY83583 for 2 h. Pretreatment with
GGOL partially reversed the inhibitory effect of simvastatin
on CyPA secretion induced by LY83583 (Fig. 4A). KD025 and
GGTI-298 inhibited CyPA secretion, suggesting that Rho and
ROCK2 may mediate CyPA secretion (Fig. 4B). The results
of the present study further elucidated that the Rho-ROCK2
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Figure 3. Upregulation of the CD147-ERK1/2-cyclin pathway with the extent
of thoracic aorta remodeling is attenuated by treatment with simvastatin.
Representative bands are from at least three independent experiments. CD147,
basigin; ERK, extracellular signal-regulated kinase; p-, phosphorylated; Htn,
hypertension; Sim, simvastatin.

pathway may partially mediate the inhibitory effect of simvas-
tatin on CyPA secretion induced by LY83583.

Discussion

The primary findings of the present study were that the admin-
istration of simvastatin significantly decreased the serum levels
of CyPA and ameliorated the remodeling of thoracic aortas
in hypertensive rats. Upregulation of the CD147-ERK-cyclin
signaling pathway in remodeled thoracic aortas was alleviated
by treatment with simvastatin. The Rho-ROCK2 pathway
partly mediated simvastatin-inhibited CyPA release from
cultured VSMCs.

CyPA was previously demonstrated to promote vascular
remodeling by inducing VSMC proliferation (6), and
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Figure 4. The Rho-ROCK2 pathway mediates simvastatin-inhibited CyPA secretion. (A) Growth-arrested VSMCs were pretreated with GGOL for 30 min, and
simvastatin was added for 30 min prior to exposure to 1 gmol/l LY83583 for 2 h. (B) Growth-arrested VSMCs were pretreated with KD025 and GGTI-298 for
30 min prior to exposure to 1 gmol/l LY83583 for 2 h. CyPA in the CM and TCL were detected by western blotting. All the experiments were repeated at least
three times. GGOL, geranylgeraniol; Sim, simvastatin; CM, conditioned medium; TCL, total cell lysate; CyPA, cyclophilin A; GGTI, geranylgeranyltrans-
ferase inhibitor; ROCK?2, Rho-associated protein kinase 2; VSMCs, vascular smooth muscle cells.

LY83583-induced CyPA secretion was dose-dependently
inhibited by simvastatin in cultured VSMCs (14). It was previ-
ously demonstrated that serum CyPA levels were gradually
increased with the development of hypertension in rats (7),
and that the levels were positively correlated with systolic and
diastolic blood pressure in untreated patients (8). Therefore,
the present study further investigated whether serum CyPA
levels may be influenced by treatment with simvastatin in
hypertensive rats. The results of the present study demon-
strated that CyPA levels were upregulated with the process of
thoracic aorta remodeling, and that treatment with simvastatin
significantly decreased the serum CyPA levels and improved
thoracic aorta remodeling during hypertension. Through
detection of CyPA secretion from primary VSMCs from the
sham, hypertensive and simvastatin group at 12 weeks, in
response to LY83583, it was observed that the CyPA secretion
of primary VSMCs from the simvastatin group was decreased
compared with that from the hypertensive group. This result
illustrated that CyPA secretion from VSMCs was enhanced
by hypertension, while this hypertension-induced CyPA
secretion was inhibited by treatment with simvastatin. Since
CyPA contributes to vascular remodeling (6), it is possible that
simvastatin may improve thoracic aorta remodeling during
hypertension via the inhibition of CyPA release from VSMCs
and the downregulation of serum CyPA levels.

CyPA has been suggested to mediate vascular remodeling
by stimulating ERK1/2, VSMC growth and inflammation (5,6).
Secreted CyPA was recently reported to mediate the G1/S phase
transition of cholangiocarcinoma cells via the CD147-ERK1/2
pathway (10). Therefore, the present study further investigated
alterations to downstream signaling molecules and the influ-
ence of simvastatin in the thoracic aorta. Western blotting
demonstrated that CD147, phosphorylated-ERK1/2 and certain
cyclins (cyclin DI, cyclin E and cyclin A) were time-depend-
ently upregulated with the development of thoracic aorta
remodeling. Treatment with simvastatin decreased the upregu-
lation of CD147, phosphorylated-ERK1/2 and cyclins in the
thoracic aorta, and alleviated thoracic aorta remodeling during
hypertension. VSMC proliferation is controlled by various cell

cycle proteins. In particular, cyclin D1, cyclin E and cyclin A
induce cell cycle progression from the Gl phase to the
S phase (22), and VSMC proliferation following angioplasty
in the rat carotid artery is associated with a temporally- and
spatially-coordinated expression of cyclin E, cyclin A and
proliferating cell nuclear antigen (23). These results indicated
that simvastatin may improve thoracic aorta remodeling
during hypertension in part by impeding the upregulation of
CD147, phosphorylated-ERK1/2 and cyclins in thoracic aortas.

Due to the downregulation of serum CyPA levels by simv-
astatin, the present study examined the underlying mechanisms
through which simvastatin may decreased CyPA release from
VSMCs. GGOL, which promotes Rho geranylgeranylation
and the subsequent activation of Rho kinase, prevented the
inhibitory effect of simvastatin on CyPA secretion. GGTI-298
(a geranylgeranyl transferase-I inhibitor) and KDO025 (a selec-
tive ROCK?2 inhibitor) inhibited CyPA secretion in VSMCs.
The results of the present study demonstrated that activation
of the Rho-ROCK2 pathway promoted CyPA secretion from
VSMCs, while inhibition of the Rho-ROCK2 pathway dimin-
ished CyPA secretion, and that simvastatin decreased CyPA
secretion in VSMCs by inhibiting the Rho-ROCK?2 pathway.

In conclusion, serum CyPA concentration and CD147-
ERKI1/2-cyclins were time-dependently upregulated with the
development of thoracic aorta remodeling, whereas treat-
ment with simvastatin decreased the upregulation of the
CD147-ERK1/2-cyclin pathway in thoracic aortas and CyPA
secretion from VSMCs. The Rho-ROCK?2 pathway mediated
the inhibitory effect of simvastatin on CyPA secretion from
VSMCs.
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