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Objective: The present study aimed to assess the effect of curcumin (Cur) on carotid artery
restenosis following carotid endarterectomy (CEA) and its associated mechanism in vivo and
in vitro.

Methods: Ang II was used to induce excessive proliferation of rabbit aortic smooth muscle
cells (CCC-SMC-1) in order to establish a hemadostenosis cell model. Similarly, the animal
model of carotid artery restenosis was established by carotid artery gas drying injury
combined with high-fat feed prior to CEA. CCC-SMC-1 cells and animals were treated by
Cur and its effects on neointimal hyperplasia, inflammation and oxidative stress were
detected and observed. The proteins that were associated with the Raf/MEK/ERK pathway
were detected in cells and rabbit carotid artery tissues.

Results: Cur inhibited the proliferation of smooth muscle cells and neointimal formation and
reduced the inflammation and oxidative stress indices. Concomitantly, Cur reduced the
phosphorylation of the Raf/MEK/ERK pathway proteins.

Conclusion: Cur could inhibit carotid restenosis following CEA by inhibiting the activation
of the Raf/MEK/ERK pathway.

Keywords: curcumin, carotid endarterectomy, restenosis, vascular smooth muscle cells, Raf/
MEK/ERK

Introduction
Stroke is one of the major causes of adult mortality and disability worldwide." Carotid
atherosclerosis combined with stenosis is one of the most common causes of ischemic
stroke, which is accompanied by high morbidity, high mortality, disability and recur-
rence rate.> At present, carotid endarterectomy (CEA) has become a safe and effective
method to treat severe and symptomatic moderate carotid artery stenosis.” However,
carotid restenosis following CEA is one of the most important complications affecting
the curative effect of surgery. Previous studies have shown that approximately 5-15%
of patients with carotid artery stenosis experience restenosis following CEA.*?
Although the detailed mechanisms are yet to be determined, it is generally believed
that the pathological proliferation and inflammatory responses of vascular smooth
muscle cells (VSMCs) can potentially contribute to atherosclerosis and arterial
restenosis.®’ Therefore, the inhibition of the proliferation of VSMCs and the reduction
of the occurrence of restenosis following CEA has become a major research focus.
Curcumin (Cur) is a natural phenolic substance extracted from the rhizome of
the plant Curcuma longa. Turmeric is commonly present in ordinary diets and its

submit your manuscript

Dove n

http:

in 3

Drug Design, Development and Therapy 2020:14 855-866 855

© 2020 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

T php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-3702-1393
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Zhang et al

Dove

traditional use for the treatment of various diseases in
China originates from several eons ago.® Extensive inves-
tigations indicate that Cur has diverse pharmacological
effects, such as antiinflammatory, antioxidant, antiproli-
ferative and anticarcinogenic, whereas it also protects
against the development of cerebrovascular diseases.”'’
Cur provides these beneficial effects due to its ability to
regulate certain molecular targets, including adhesion
molecules, growth factors, transcription factors, and fac-
tors involved in proliferation and apoptosis that are asso-
ciated with several different cell types.'"'? Certain studies
have shown that Cur can inhibit the proliferation of
VSMCs

angioplasty.'>"'* However, the anti-restenosis effect of

and prevent stent restenosis following
Cur and its molecular mechanism following CEA are
still unclear. The present study aimed to investigate the
effect of Cur on the formation of vascular restenosis fol-
lowing CEA and its mechanism of action by specific in

vitro and in vivo experiments.

Materials and Methods

Materials and Animals

Cur (purity over 98%) was purchased from Sigma (St
Louis, MO, USA), whereas the rabbit aortic smooth muscle
cell CCC-SMC-1 was purchased from ATCC (Manassas,
VA, USA). 40 healthy male New Zealand rabbits aged 3
months, weighing 2.0-2.5 kg were purchased from the
Guangdong Medical Laboratory Animal Center and were
fed high-fat or normal diets.

Cell Grouping

CCC-SMC-1 cells were incubated in DMEA containing
10% fetal bovine serum (FBS) in a humidified atmosphere
of 5% CO, at 37°C. The cells that were from the 4t
passage or from a higher passage number were used for
the experiments. The cells were divided into the following
groups: control group, Ang II group, Cur (10, 20 and
40 pmol/l) groups and GW5074 (Raf-1 inhibitor) group.
The control group was incubated in DMEA containing 3%
FBS, whereas the Ang II group was incubated in DMEA
containing 10’mol/l Ang II and 3% FBS. The Cur groups
were incubated with different concentrations of Cur (10,
20 and 40 pmol/l) in DMEA containing 10"mol/l Ang II
and 3% FBS, whereas the GW5074 (inhibitor of Raf)
group was incubated with 10 uyM GWS5074 in DMEA
containing 10'mol/l Ang II and 3% FBS.

MTT Assay-Detection of Cell Viability
The cells were seeded in 96-well plates (1x10* cells/well)
and allowed to adapt overnight. Following an additional
24 h of serum starvation, the cells were incubated with
different concentrations of Cur (0, 10, 20 and 40 pmol/l) in
DMEA containing 3% FBS, or incubated according to the
aforementioned experimental groups. A total of 20 pL
MTT stock solution (5 mg/mL) was added to the wells at
48 h and incubated for 4 h at 37°C. A total of 200 pL
DMSO was added to the medium to solubilize the crystals.
The optical density (OD) value was measured using a
microplate reader (Bio-Rad, USA) at a wavelength of
490 nm. The cell viability (%) was estimated as follows
= (experimental group OD)/(control group OD) x 100%.

Cell Apoptosis and Cell Cycle Detection
by Flow Cytometry

The cells were seeded in 96-well plates (1x10° cells/well)
and allowed to grow overnight. Following an additional
24 h of serum starvation, the cells were incubated accord-
ing to the above experimental groups. The cells were left
to grow for another 48 h and were collected by centrifuga-
tion. The induction of cell apoptosis and the cell cycle
distribution were measured by flow cytometry (FCM).

Determination of Cellular Inflammation

and Oxidative Stress Indices

The contents of cellular monocyte chemotactic protein 1
(MCP-1) and interleukin 6 (IL-6) were determined by an
ELISA kit (Beijing Solarbio science-technology, China).
The content of malondialdehyde (MDA) and the activity
of superoxide dismutase (SOD) in the cell culture medium
were determined by a biochemical method. All operations
were carried out in strict accordance with the operating
instructions of the kit.

Animal Grouping and Treatment

A total of 40 New Zealand rabbits were fed in the room at a
constant temperature of 22 to 25°C and divided into the
control group, the model group (100 mg/kg Cur) and the
Cur group (200 mg/kg Cur). A total of 10 animals were used
in each group. The control group was fed with standard rabbit
diet and the other groups were fed with a high-fat diet (2%
cholesterol, 6% peanut oil and 92% standard rabbit diet). The
model group and Cur groups had their carotid atherosclerotic
stenosis surgically established by gas drying injury combined
with high fat diet supplementation for 4 weeks. CEA was
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performed subsequently. The 100 mg/kg Cur and 200 mg/kg
Cur groups were provided Cur at 100 or 200 mg/kg/d by
intragastric administration following CEA, while the model
group was administered normal saline of the same volume.
All animals were allowed free access to water.

Animal Model of Carotid Atherosclerotic Stenosis
The model and Cur groups were fed with standard rabbit diet
for one week and subsequently fed with a high-fat diet (2%
cholesterol, 6% peanut oil and 92% standard rabbit diet) for 1
week. Subsequently, carotid artery gas drying injury was
carried out as follows: The animals were restricted to water
access for 6 h and 30 mg/kg pentobarbital sodium was
injected along the ear margin vein for anesthesia. A vertical
incision was made on the anterior-middle line of the carotid
artery. The skin, superficial fascia, superficial cervical fascia
and superficial organ fascia were successively incised. The
right common carotid artery was dissociated horizontally
along with the thyroid cartilage and subsequently the blood
flow was blocked with an arterial clip at the two ends. The
scalp was punctured with a needle parallel to the longitudinal
axis of the blood vessel following rinsing with saline. The
blood flow was then connected and remained continuous at a
rate of 150 mL/min for 10 min in order to cause vascular
intimal damage. The area was rinsed with saline and the clip
was released to restore blood flow and to suture the wound.
The animals were subcutaneously injected with heparin (150
U/kg/d) postoperatively for 7 days and intramuscularly by
penicillin sodium (100,000 U/kg/d) for 3 days.

CEA

High-fat feeding continued for 4 weeks following modeling
and subsequently the animals were administered CEA. The
animals were restricted access to water for 6 h and 30 mg/kg
pentobarbital sodium was injected along the ear margin vein
for anesthesia. The tissue layer was reopened following the
previous incision and the right common carotid artery was
separated and blocked at the same place. The sheath of the
artery was cut open to separate the carotid artery from the
vagus nerve under the microscope. The wall of the diseased
artery was visible and was subsequently dissociated and
clipped with an arterial clip. The longitudinal incision was
made and the boundary between the atherosclerotic plaque and
the vascular medium was separated by fiber tweezers. Finally,
the whole plaque was separated and stripped. The lumen of the
surgical area was irrigated and the carotid artery incision was
sutured. The artery clip was opened in order to restore the
blood flow and suture the incision following hemostasis.

Postoperative continuous intramuscular injection of penicillin
sodium (100,000 U/kg/d) was performed for 3 days.

Determination of Blood Lipid, Inflammation,

and Oxidative Stress Indices

A total of 2 mL of periauricular vein blood was collected 4
weeks following CEA and the serum was centrifuged at 3000
rpm for 15 min and frozen at —80°C. The levels of total
cholesterol (TC), high-density lipoprotein (HDL), low-den-
sity lipoprotein (LDL) and triglycerides (TGs) were mea-
sured by an automatic biochemical analyzer (Beckman
Coulter, USA). The contents of MCP-1 and IL-6 were deter-
mined by an ELISA kit, whereas the content of serum MDA
was determined by the thiobarbituric acid method and the
activity of serum SOD was measured by the xanthine oxidase
method. All operations were carried out in strict accordance
with the operating instructions of the kit.

Morphological Changes of the Carotid
Artery by Hematoxylin and Eosin (H&E)
Staining

The rabbits in each group were sacrificed by excessive anesthe-
sia at 4 weeks following CEA. The tested carotid artery was
fixed in 10% formaldehyde solution for 48 h. Following par-
affin embedding, the carotid arteries were sectioned continu-
ously by a slicer (4 um). Subsequently, they were dewaxed,
hydrated by gradient alcohol, stained with hematoxylin solu-
tion for 15 min, restained with eosin solution for 5 min,
dehydrated by gradient alcohol and sealed in a transparent
slide. Optical microscopy (Leica, DM3000, Germany) was
used to observe the changes of the neointima. The Image-Pro
Plus (Media Cybernetics, Silver Spring, MD, USA) was used
to measure the area of the neointima and of the medium and to
calculate the neointima-to-media area ratio.

Western Blot Analysis

The total protein derived from each group of cells and from
the rabbit carotid artery tissues was extracted by a protein
extraction kit (Beijing solarbio science & technology,
China). The process was conducted according to the kit
instructions. The BCA (Bi Yuntian, China) protein assay
kit was used to determine the protein concentration. A total
of 40 ug protein samples were separated by polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluor-
ide (PVDF) membranes. The membranes were blocked at
room temperature with skimmed milk powder for 2 h and

subsequently incubated with p-Raf-1, p-MEK, p-ERK1/2,
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Raf-1, MEK and ERK1/2 antibodies (Abcam, UK) at 4°C
overnight. Subsequently, the membranes were incubated
with the corresponding secondary antibody IgG (1:2000)
for 1 h at room temperature.

Statistical Analysis

Numerical data were presented as mean + standard deviation
(x£s). The differences among multiple groups were analyzed
by one-way ANOVA followed by the Tukey Post Hoc tests
for multiple comparisons. A P value lower than 0.05 (P<0.05)
was considered for significant differences. All statistical ana-
lyses were performed using the SPSS19.0 software.

Results
Effect of Cur on Cell Viability of CCC-
SMC-I Cells

The MTT results indicated no significant difference in the
cell viability of CCC-SMC-1 cells treated with different
concentrations of Cur, suggesting that 0-40 pmol/l Cur
exhibited no significant effects on cell viability of VSMCs
(P<0.05, Figure 1A). The cell viability of CCC-SMC-1
cells in the Ang II group was significantly higher than that
of the control group (P<0.05, Figure 1B), suggesting that
Ang II could promote the viability of these cells. The cell
viability of the Cur groups was significantly reduced com-
pared with that of the Ang II group (P<0.05, Figure 1B),
indicating that Cur could inhibit the cell viability of CCC-
SMC-1 cells in a similar way as GW5074.
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Effect of Cur on Apoptosis and Cell Cycle
of CCC-SMC-1 Cells

FCM was used to detect the induction of apoptosis and the
cell cycle arrest of the cells treated with Cur. The results
indicated no significant difference in the apoptotic rate
between the control and the Ang II groups (P>0.05,
Figure 2A and B). However, the apoptotic rate of the
Cur group was increased gradually following the increase
of the dose compared with that of the Ang II group
(P<0.05, Figure 2A and B), suggesting that Cur could
promote the induction of apoptosis in CCC-SMC-1 cells.
The proportion of GO/G1 phase cells in the Ang II group
was significantly lower than that of the control group,
while the proportion of S and G2/M phase cells was
significantly higher than that of the control group
(P<0.05, Figure 2C), indicating that Ang II could affect
the distribution of the cell cycle. The proportion of G0/G1
phase cells in the Cur group was significantly higher than
that of the Ang II group, while the proportion of S and G2/
M phase cells was significantly lower than that of the Ang
IT group (P<0.05, Figure 2C).

Effect of Cur on Inflammation and
Oxidative Stress of CCC-SMC-1 Cells
The contents of MCP-1, IL-6, and MDA in the Ang II
group were significantly higher than those of the control
group, whereas the activity of SOD was significantly
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Figure | Effect of Cur on the cell viability of CCC-SMC-1 cells. Cell viability was determined by MTT assay. (A) CCC-SMC-I| cells were incubated with different
concentrations of Cur (0, 10, 20, 40 umol/L) in DMEA containing 3% FBS for 48h. (B) CCC-SMC-1 cells incubated with different concentrations of Cur (10, 20 and
40 pmol/L) or/and GW5074 in DMEA containing 10"mol/L Ang Il and 3% FBS for 48h. The data are represented as meanzs.d. *P<0.05, compared with the control group,
#p<0.05, compared with the Ang Il group. All experiments were repeated at least 3 times.
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Figure 2 Effect of Cur on the cell apoptosis and cell cycle distribution of CCC-SMC-1| cells. (A) cells were incubated with Cur for 48h, followed by staining with Annexin
VIPI. (B) apoptosis rate of CCC-SMC-| cells (C) Data are presented as cell cycle histograms. The data are represented as meanzs.d. ¥P<0.05, compared with the control
group, #P<0.05, compared with the Ang Il group. All experiments were repeated at least 3 times.

lower than that of the control group (P<0.05). The con-
tents of MCP-1, IL-6, and MDA in the Cur group were
significantly lower than those of the Ang II group,
whereas the activity of SOD was significantly higher
than that of the Ang II group. (P<0.05, Table 1). These
effects were noted in a dose-dependent manner. The
results suggested that Cur could inhibit the cellular
inflammation and oxidative stress response induced by
Ang II.

Effect of Cur on the Raf-MEK-ERK

Signaling Pathway in vitro

Western blot analysis indicated that the expression levels
of p-Raf-1, p-MEK, and p-ERK1/2 in the Ang II group
were significantly higher than those of the control group
(P<0.05), while the expression levels of p-Raf-1, p-MEK

and p-ERK1/2 in the Cur group were significantly lower
than those of the Ang II group (P<0.05, Figure 3), indicat-
ing that Cur could inhibit the activation of the Raf-MEK-
ERK signaling pathway.

Effects of Cur on Neointimal Formation
in Rabbits Following CEA

4 weeks after CEA, the carotid artery was taken for HE
staining (Figure 4). Those results showed that the neoin-
timal area and the neointima-to-media area ratio of the
model group were more significantly larger than the
control group, while that was decreased to various
degrees in two Cur groups (P<0.05, Figure 5). The
neointimal area and the neointima-to-media area ratio
of in the Cur groups were significantly lower than the
model group (P<0.05, Figure 5), suggesting that Cur

Table | Effect of Cur on Cellular Inflammation and Oxidative Stress (X *s)

Groups MCP-1 (ng/L) IL-6 (ng/L) MDA (nmol/mL) SOD (U/mL)
Control group 84.38+2.53 14.38%1.53 16.7520.31 22.46+7.8|
Angll group 194.05+8.21* 23.05+3.07* 7.04+1.95% 66.87+4.05*
10umol/L Cur group 178.25+7.62* 20.05+1.7 1% 9.91+1.43% 54.78+4.38""
20pmol/L Cur group 144.57+6.77"% 17.57+1.57% 12.63+1.57% 46.18+5.24°%
40pmol/L Cur group 108.01+5.88"% 12.01+1.28"% 14.31+1.57% 37.63+3.57%
GWS5074 group 132.1146.95 19.34x1.74% 10.53%1.12°% 50.91+3.99%

Notes: Compared with the control group, *P<0.05; Compared with the AngII group, *P<0.05

Abbreviation: Cur, curcumin.
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Figure 3 Effect of Cur on phosphorylation level of Raf-1, MEK and ERK1/2 of CCC-SMC-1 cells. (A) Western blot analysis the p-Raf-1/Raf-I, p-ERK/ERK, p-MEK/MEK in
CCC-SMC-1 cells treated with Cur for 48h. (B-D) Densitometry analysis of the phosphorylation protein normalized to total protein levels. The data are represented as
meanzs.d.*P<0.05, compared with the control group, "P<0.05, compared with the AngIl group. All experiments were repeated at least 3 times.

intervention can effectively inhibit the carotid neointi-

mal formation and vascular restenosis.

Effect of Cur on Blood Lipid of Restenosis

Rabbits

The levels of TC, LDL and TG in the model group were
significantly higher than those of the control group, while
the HDL levels were significantly lower than those of the
control group (P<0.05). The levels of TC, LDL and TG in
the Cur groups were significantly lower than those of the
model group (P<0.05, Table 2), suggesting that Cur could
regulate blood lipid levels in atherosclerosis.

Effect of Cur on Inflammation and
Oxidative Stress in Restenosis-Induced

Rabbits

The serum levels of MCP-1, IL-6, and MDA in the model
group were significantly higher, while the activity of SOD
was significantly lower compared with those of the control
group (P<0.05, Table 3). The serum levels of MCP-1,
IL-6, and MDA in the Cur groups were significantly
lower, while the activity of SOD was significantly higher
(P<0.05) compared with those of the model group, sug-
gesting that Cur could reduce inflammation and oxidative

stress in carotid restenosis.
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Control

Cur
100mg/kg

Figure 4 Observation of rabbit carotid vessel by HE staining (100xand 400x).
Abbreviations: IN, intima; M, medium.

Effect of Cur on the Raf-MEK-ERK
Signaling Pathway

Western blot results indicated that the expression levels of
p-Raf-1, p-MEK and p-ERK1/2 in the model group were
significantly higher than those of the control group, while
the expression levels of p-Raf-1, p-MEK1/2, and p-ERK1/
2 in the Cur groups were significantly lower than those of
the model group (P<0.05, Figure 6). The data indicated

that
involved in the mechanism of restenosis following CEA

the Raf-MEK-ERK signaling pathway may be

and that the effect of Cur on restenosis may be associated
with this signaling pathway.

Discussion
CEA has been recognized as an effective treatment for
extracranial ischemic stroke. However, the problem of
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Figure 5 Statistical analysis of data on neointimal area and the neointima-to-media area ratio of carotid artery in each group. The data are represented as meanzs.d.

*P<0.05, compared with the control group;*P<0.05, compared with the model group.

carotid restenosis following CEA remains a major chal-
lenge. Previous studies have shown that approximately
10% of patients develop restenosis at the intimal exfolia-
tion site due to the re-formation of the atherosclerotic
plaques in the blood vessels.'> The main pathological
types of carotid restenosis following CEA include neointi-
mal formation of the wound surface following exfoliation
of the carotid intimal plaque. Atherosclerosis, thrombosis
and lumen stenosis were caused by direct suture of the

carotid artery incision.'®'® Cur is a plant polyphenol with

a wide range of biological activities. Extensive investiga-
tions have shown that Cur exhibits antiproliferative, anti-
migratory, antioxidant and antiinflammatory effects. This
compound has been used for the treatment of idiopathic
inflammatory orbital pseudotumors, chronic anterior uvei-
tis, as well as various types of cancer. However, the effect
and mechanism of Cur on postoperative restenosis of CEA
remain unclear.

Several studies have shown that the mechanism of carotid
restenosis was closely associated with the excessive

Table 2 Comparison of Cur on Serum Lipid Levels of Restenosis Rabbits After CEA (n=10,x *s)

Group TC (mmol/L) LDL (mmol/L) HDL (mmol/L) TG (mmol/L)
Control group 2.350.07 0.65+0.03 12.67%1.11 0.62%0.10
Model group 26.58+5.01* 22.83+4.06* 4.84+0.67* 1.61£0.32*
100 mg/kg Cur group 22.34+4.68% 19.36+3.69% 5.04+1.39% 1.32+0.08%
200 mg/kg Cur group 18.53+3.54 % 17.28+3.31"% 5.08+1.50% 1.14+0.07%

Notes: Compared with the control group, ¥P<0.05;Compared with the model group, *P<0.05.

Abbreviation: Cur, curcumin.

Table 3 The Levels of MCP-1, MDA and SOD and IL-6 in Each Group (n=10,x #s)
Groups MCP-1 IL-6 (ng/L) MDA (nmol/mL) SOD (U/mL)
Control group 34.38+2.53 34.38+2.53 5.75+0.31 122.4617.81
Model group 128.2547.62* 135.05411.71* 17.01x1.43% 64.78+4.38"%
100 mg/kg Cur group 104.57+6.77"% 124.57+10.77% 14.63+0.57 % 84.18+5.24"%
200 mg/kg Cur group 98.01+5.88"% 116.01+8.88 12.31£0.57% 97.63+0.57"

Notes: Compared with the control group, *P<0.05;Compared with the model group, #P<0.05.

Abbreviation: Cur, curcumin.
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Figure 6 Effect of Cur on phosphorylation level of Raf-1, MEK and ERK /2 protein in rabbit carotid artery tissue. (A) Western blot analysis the p-Raf-1/Raf-1, p-ERK/ERK,
p-MEK/MEK in rabbit carotid tissue at 4 weeks after CEA. (B=D) The levels of phosphorylation proteins. The data are represented as meanzs.d.*P<0.05, compared with the

control group; #p<0.05, compared with the model group.

proliferation of VSMCs,'® which was accompanied with apop-
tosis reduction.”® The induction of cell apoptosis can reduce
the number of VSMC:s on the injured arterial wall and retain a
dynamic balance on cell proliferation. Excessive proliferation
and low apoptotic rate can thicken the blood vessel’s intima
and cause hemadostenosis.>' In addition, the apoptotic
endothelial cells can enhance platelet adhesion, promote cell
inflammation and lipid infiltration and induce VSMC prolif-
eration, migration, and thrombosis.”> A previous study has
shown that Cur could inhibit intimal hyperplasia and VSMC
proliferation following vascular injury.”> Moreover, it could
induce VSMC apoptosis by regulating inflammatory-asso-
ciated signaling pathways.> Chen et al demonstrated that
Cur could accelerate reendothelialization and ameliorate inti-
mal hyperplasia of rat carotid artery tissues by promoting
endothelial cell autophagy.>* In addition, a previous study has
shown that inflammatory cells can participate in intimal

restenosis by secreting inflammatory factors to stimulate the
increase of VSMCs and their migration to the subintima.*> The
proliferation of VSMCs and the carotid artery restenosis fol-
lowing vascular injury are associated with the increase in the
levels of reactive oxygen species (ROS).?° ROS has been
recognized as an important signaling pathway in the prolifera-
tion of VSMCs, which is closely associated with the patho-
physiological processes of atherosclerosis and restenosis.”’=*
The results of the present study indicated that Cur could inhibit
cell viability, inflammatory and oxidative stress responses and
induce apoptosis of CCC-SMC-1 cells treated with Ang II,
which was consistent with previous studies. In addition, Jang
HS et al demonstrated that Cur may be a safer and more
effective method to prevent restenosis in a hypercholesterole-
mic rabbit Iliac artery stent model."* Therefore, in the present
study, rabbits were used to prepare the restenosis model fol-
lowing CEA and the results indicated that Cur could reduce the
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serum levels of MCP-1, IL-6, MDA, the neointimal area and
the neointima-to-media area ratio of the carotid arteries follow-
ing CEA, as well as enhance the activity of SOD in the rest-
enosis rabbit model. The data suggested that Cur could
effectively alleviate the intimal hyperplasia and prevent vas-
cular restenosis following CEA by inhibiting vascular endothe-
lial cell proliferation and alleviating inflammation and
oxidative stress.

The Raf-MEK-ERK signaling pathway is one of the
MAPK signaling pathways, which is closely associated with
the physiological processes of cell growth, development, pro-
liferation, and differentiation.”*° The Raf-MEK-ERK signal-
ing pathway plays an important role in the pathophysiological
process of atherosclerosis stenosis. Zhang et al*! suggested that
the downregulation of the Raf-MEK-ERK signaling pathway
could inhibit the proliferation of endothelial progenitor cells.
Pintus et al reported that activation of the PKC/Raf/MEK/ERK
pathway could regulate blood lipid levels and increase the risk
of atherosclerosis by increasing the expression of native LDL
and E2F-1.%* The activation of ERK1/2 plays an important role
in this pathway>>~* and inhibition of ERK1/2 activation can
inhibit the phosphorylation of MAPK, thereby regulating cell
proliferation and migration. In addition, the activation of
ERK /2 can increase the expression of the downstream nuclear
transcription factor NF-kB and the cell cycle proteins, such as
Cyclin D1, which leads to a change in cell proliferation.>° It
has been shown that the application of ERK1/2 inhibitors or the
induction of ERK1/2 gene knockout can inhibit the prolifera-
tion of VSMCs and the formation of neointima following
injury.’” Certain reports have been performed regarding the
inhibition of Cur on the Raf/MEK/ERK pathway.*® However,
it is not clear whether Cur can inhibit carotid stenosis by
interfering with the Raf-MEK-ERK signaling pathway. In the
present study, the results indicated that Cur could inhibit the
phosphorylation levels of Rafl, MEK and ERK1/2 in CCC-
SMC-1 cells. The effect was noted following treatment of the
cells with the Raf-1 inhibitor GW504. Moreover, the phos-
phorylation levels of Raf-1, MEK and ERK1/2 in the Cur
groups were significantly lower than those in the model
group of the rabbit carotid artery tissue. These results sug-
gested that Cur may inhibit the excessive proliferation of
VSMCs and the neointimal formation by inhibiting the activa-
tion of the Raf-MEK-ERK signaling pathway. It is worth
noting that the change in the expression levels of the prolifera-
tion-associated transcription factors induced by ERK1/2 fol-
lowing its nuclear translocation is still unclear. Therefore,
additional studies should be conducted in the future to examine
these interactions.

In conclusion, Cur can inhibit the excessive proliferation of
VSMCs in the neointima and alleviate the formation of intima
following CEA. The mechanism of action may be associated
with the inhibition of inflammation and oxidative stress, the
induction of cell apoptosis and the inhibition of the activation
of the Raf-MEK-ERK signaling pathway. The present study
may provide a new experimental basis for expanding the
understanding of the effect of Cur intervention on carotid
restenosis.
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