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Ursodeoxycholic acid inhibits intimal hyperplasia, vascular smooth muscle cell
excessive proliferation, migration via blocking miR-21/PTEN/AKT/mTOR
signaling pathway
Rong Huang*, Yi Huang*, Guang Zeng, Mengfan Li, and Yongzhi Jin

Department of General Surgery, Putuo Hospital Shanghai University of Traditional Chinese Medicine, Shanghai, China

ABSTRACT
Excessive migration and proliferation of vascular smooth muscle cells (VSMCs) are critical cellular
events that lead to intimal hyperplasia in atherosclerosis and restenosis. In this study, we
investigated the protective effects of ursodeoxycholic acid (UDCA) on intimal hyperplasia and
VSMC proliferation and migration, and the underlying mechanisms by which these events occur.
A rat unilateral carotid artery was ligated to induce vascular injury and the microRNA (miRNA)
expression profiles were determined using miRNA microarray analysis. We observed that UDCA
significantly reduced the degree of intimal hyperplasia and induced miR-21 dysregulation.
Restoration of miR-21 by agomir-miR-21 reversed the protective effects of UDCA on intimal
hyperplasia and proliferation in vivo. In vitro, UDCA suppressed PDGF-BB-induced VSMC prolifera-
tion, invasion and migration in a dose-dependent manner, whereas the suppressive effect of
UDCA was abrogated by overexpression of miR-21 in PDGF-BB-incubated VSMCs. Furthermore, we
identified that miR-21 in VSMCs targeted the phosphatase and tensin homolog (PTEN), a tumor
suppressor gene, negatively modulated the AKT/mTOR pathway. More importantly, we observed
that that UDCA suppressed AKT/mTOR signaling pathway in the carotid artery injury model,
whereas this pathway was reactivated by overexpression of miR-21. Taken together, our findings
indicated that UDCA inhibited intimal hyperplasia and VSMCs excessive migration and prolifera-
tion via blocking miR-21/PTEN/AKT/mTOR signaling pathway, which suggests that UDCA may be
a promising candidate for the therapy of atherosclerosis.
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Introduction

The abnormal proliferation and migration of vascular
smoothmuscle cells (VSMCs) contribute to the devel-
opment of intimal hyperplasia in many vascular
pathologies, including atherosclerosis and restenosis
after angioplasty [1,2]. In normal blood vessel, VSMCs
reside within the media and remain quiescent. After
stimulation with atherogenic factors, VSMCs prolifer-
ate and migrate from the media to the intima, which
ultimately results in intimal hyperplasia and vascular
stenosis [3]. Thus, therapeutic strategies against
VSMC proliferation and migration may be beneficial
for treating VSMC-related pathological conditions. In
response to vascular injury, activatedVSMCs, platelets
and inflammatory cells release the growth factors,
especially platelet derived growth factor (PDGF),
thereby cause a change of VSMCs from a contractile
phenotype to a synthetic phenotype [4,5]. PDGF-BB is

considered to be the most potent stimulants for
VSMC proliferation and migration [6]; therefore,
PDGF-BB was used in this study to induce these
VSMC reactions.

Ursodeoxycholic acid (UDCA) is a naturally
occurring hydrophilic bile acid that has been exten-
sively used for the treatment of certain cholestatic
liver diseases including chronic viral hepatitis and
primary biliary cirrhosis [7,8]. UDCA has cytopro-
tective activity, such as anti-apoptotic and anti–
inflammatory effects, but these effects have pre-
viously been described only in hepatocytes.
Recently, Taurin-conjugated ursodeoxycholic acid
(TUDCA), a taurine-conjugate derivative of UDCA,
has been reported to attenuate neointimal hyperpla-
sia by inhibiting proliferation and inducing apoptosis
in the VSMCs of rats subjected to carotid artery
balloon injury [9]. Although both UDCA and
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TUDCA, two naturally occurring bile acids, have
been already approved for clinical use for treatment
of several cholestatic diseases, there are still some
distinct effects of them since the difference in their
hydrophility and affinity to cell receptors [10,11]. As
compared to TUDCA, UDCA exerts anti-
atherogenic effect on disturbed flow-induced athero-
sclerosis by repressing inflammatory response and
endoplasmic reticulum stress [12]; however, whether
UDCA might act similarly of TUDCA on intimal
hyperplasia and the underlying mechanisms by
which these events occur remains unclear.

MicroRNAs (miRNAs) are endogenous small non-
coding RNA molecules of 22–25 nucleotides that
modulates post-transcriptional regulation of target
genes through repressing translation or promoting
RNA degradation [13,14]. It has been widely reported
that miRNAs are involved in a variety of biological
and pathological processes, including cellular apopto-
sis, proliferation, migration and carcinogenesis
[13,15,16]. One recent study has demonstrated that
the expression of at least 20–30% of human protein-
coding genes is regulated by miRNAs [17]. Another
study has revealed that miRNAs are highly expressed
in the cardiovascular system and some miRNAs are
dysregulated in diseased vessels [18]. miRNAs have
been documented to function as essential regulators
of atherosclerosis by regulating crucial factors or key
pathways [19]. A recent study reported that UDCA
improves rat liver regeneration by modulating miR-
21 levels after partial hepatectomy [20]. Castro et al.
have also confirmed that UDCA modulated the dis-
ease severity in human nonalcoholic fatty liver disease
via inhibiting miR-34a/SIRT1/p53 signaling pathway
[21]. Inspired by these studies, we speculated that
UDCA might exert anti–intimal hyperplasia effect
on atherosclerosis through regulating miRNA
expression.

In the present study, we established a rat model of
intimal hyperplasia induced by vascular injury to the
rat carotid artery and evaluated how UDCA protects
against intimal hyperplasia.

Materials and methods

Animals

Male Sprague-Dawley rats were used in our
experiments. All experimental protocols approved

by the Experimental Animal Care and Use
Committee of the Shanghai University of
Traditional Chinese Medicine and conformed to
the Guide for the Care and Use of Laboratory
Animal published by the US National Institutes
of Health (NIH publication, 8th edition, 2011).
The rats were housed on 12:12-h light–dark cycle
in a temperature controlled (24 ± 2°C) and humid-
ity-controlled room, with free access to standard
chow and tap water.

Animal model of vascular injury

The unilateral carotid artery ligation was used to
induce vascular injury in 8-week-old rats as pre-
vious reports [22,23]. In short, rats were anaesthe-
tized with sodium pentobarbital (50 mg/kg, i.p.).
The adequacy of anesthesia was determined by the
absence of corneal reflexes and paw withdrawal
response to a noxious pinch and surgical manip-
ulation. A midline incision was made in the ven-
tral surface of the neck. Bilateral carotid arteries
were isolated. The left common carotid arteries
were ligated with a 6.0 silk suture that was prox-
imal to the carotid bifurcation for 8 weeks, and the
uninjured right carotid arteries served as control.

Experimental design

Experiment 1: Effect of UDCA on animal model of
vascular injury. Rats were randomly divided into
four groups: injury group (n = 10 each group),
where the rats subjected to unilateral carotid artery
ligation. Injury + UDCA group, where the rats
were injected intraperitoneally with UDCA
(100 mg/kg/d body weight) at 3 d after vascular
injury. Injury + vehicle group, where the rats were
injected intraperitoneally with 10% cyclodextrin
buffer in saline daily for 6 weeks. Sham group,
where the rats underwent vascular injury, and the
uninjured right carotid arteries were harvested and
served as control. This dose of UDCA was selected
according to previous studies [24] and our preli-
minary studies. At the end of experiments, the rats
were sacrificed by overdose of pentobarbital
sodium (150 mg/kg, iv), and carotid arteries were
collected for hematoxylin and eosin (HE) or
immunohistochemical staining and molecular bio-
logical analyse [25,26].
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Experiment 2: miR-21 agomir (agomir-miR-21)
experiments. The rats were randomly divided into
two groups: Injury + UDCA + agomir-miR-21/
agomir-NC group (n = 10 each group), the vascu-
lar injury rats were injected intraperitoneally with
UDCA (100 mg/kg/d body weight), and then
injected with agomir-miR-21/agomir-NC (8 mg/
kg) via tail vein in 0.2 ml saline. Agomir-miR-21/
agomir-NC were designed and synthesized by
RiboBio (Guangzhou, China). The carotid arteries
were snap-frozen and stored at −80°C until use.

MiR-21 agomiR and antagomiR were synthe-
sized by Ribobio Co. (Guangzhou,China). The
sequences of miR-21 agomiR are as follows: 5′-
CAACAGCAGUC GAUGGGCUGUC-3′. The
antagomiR is a single stranded RNA analogue
complementary to the mature miR-21, which was
chemically modified and cholesterol conjugated
from a hydoxyprolinol linked cholesterol solid
support and 2′-Ome phosphoramidites.

Cell culture

VSMCs were harvested from the media of normal
thoracic aorta of Sprague–Dawley rats (180 ± 30 g,
Laboratory Animal Central of the Academy of
Military Medical Sciences, Beijing, China), and
were cultured in DMEM (Gibco BRL, Grand
Island, NY) with 10% fetal bovine serum (Gibco
BRL, Grand Island, NY), 100 U/ml penicillin, and
100 mg/ml streptomycin (Sigma, St. Louis, MO) at
37°C in a 5% CO2 humidified incubator. Cells in
the 2 to 6 passages were used, and cells at 80–90%
confluence were growth arrested by incubating
them in serum-deprived DMEM for 24 h before
stimulation.

Immunohistochemistry staining

The paraffin-embedded vascular sections were
rehydrated and immersed in 3% hydrogen perox-
ide for 15 min to quench the endogenous perox-
idase. The sections were blocked in 10% goat
serum for 1 h at room temperature and then
incubated overnight at 4°C with primary antibody:
PCNA (Proteintech Group, Wuhan, China).
Subsequently, the sections were incubated with
secondary antibodies (anti-rabbit IgG antibodies).
Finally, the immunoreactivity was visualized by

staining with diaminobenzidine (DAB) for 5 min,
covered with a cover-slip, and analyzed under
a light microscope.

miRNA microarray analysis

miRNAmicroarray analysis was used to compared the
miRNA expression profiles between the uninjured
carotid arteries from 2 rats of sham group and injured
carotid arteries from 2 rats of injury group. Total
RNAs were extracted using TRIzol reagent
(Molecular Research Center, Inc., Cincinnati, OH,
USA), and the miRNA fraction was further purified
by a mirVana miRNA isolation kit (Ambion, Austin,
TX) according to the manufacturer’s recommenda-
tion. The isolated miRNAs were labeled with Hy3
using the miRCURY array labeling kit (Exiqon,
Vedbaek, Denmark) and hybridized with miRCURY
locked nucleic acid (LNA) microRNA arrays (v8.0;
Exiqon). Microarray images were taken with
a Genepix 4000B scanner (Axon Instruments, Foster
City, CA, USA) and analyzed with Genepix Pro 6.0
software (Axon Instruments).

Quantitative real-time RT-PCR

Total RNA from carotid arteries tissues was iso-
lated with TRIzol (Invitrogen, CA) according to
manufacturer’s instructions. cDNA synthesis was
performed with 500 ng of total RNA using a RT
First Strand Kit (SA Biosciences, Frederick, MD).
cDNA was used as a template for reverse tran-
scription polymerase chain reaction analysis (RT-
PCR) amplification (Mastercycler Gradient,
Eppendorf, Germany) to observe the miRNAs
expression by using the miRNAs-specific primers
for miR-495, miR-221 and miR-21 (Ribobio,
Guangzhou, China). The primers used to amplify
U6 were 5ʹ-CTC GCT TCG GCA GCA CA-3ʹ
(forward) and 5ʹ-AA CGC TTC ACG AAT TTG
CGT-3ʹ (reverse). All reactions were performed in
triplicate. The relative expression of miRNAs was
normalized to U6. Data were analyzed using the
2−ΔΔCt method.

Cell counting Kit-8 assay

The proliferation of VSMCs was detected using
the Cell Counting Kit-8 (CCK-8) assay according
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to the manufacturer’s instructions. The VSMCs
(5 × 104 cells/well) were seeded in 96-well plate
with 100 μl DMEM medium supplemented with
10% FBS. After 48 h incubation, CCK-8 reagent
(10 μl) was added to each well and continuously
cultured for 1 h in 5% CO2 (Thermo). The absor-
bance rate at 450 nm were measured by
Microplate Reader (Bio-Rad, USA). All experi-
ments were repeated three times in triplicate.

Immunofluorescence staining

After fixed with 4% paraformaldehyde for 30 min,
the stimulated VSMCs were permeabilized with
0.1% Triton X-100 in PBS for 15 min. Cells were
blocked with 5% BSA for 1 h at room temperature,
and then incubated with indicated primary anti-
body (PCNA, 1:200) at 4°C overnight. After three
washes with PBS, the cells were incubated with
secondary antibodies (anti-rabbit IgG antibodies).
Images were photographed using a fluorescence
microscope (DX51; Olympus, Tokyo, Japan).

VSMC migration analysis

VSMC migration was evaluated by wound healing
assay [27]. VSMCs were seeded into six-well plates
and the near-confluent VSMCs in six-well plates
were wounded by scraping with a standard 1 ml
pipette tip to make a gap across the diameter of
the wells. The migration status was determined by
measuring the movement of cells into a scraped area
created by a micropipette pipette tip. Images were
taken at different points of time following wound-
ing. The wound area was measured and the percen-
tage of closure of denuded area was calculated by
Image J software (NIH, Bethesda, MD, USA).

VSMC invasion analysis

Cell invasion assays were performed by 24-well
transwell chambers with 8.0 μm pore size polycar-
bonate membrane (Corning Incorporated, Corning,
NY, USA). The VSMCs were seeded on the top side
of the membrane precoated with Matrigel (BD,
Franklin Lakes, NJ, USA). After 48 h of incubation,
non-invading cells on the upper surface were care-
fully removed and invading cells on the lower sur-
face of the membrane were fixed with methanol

and stained with crystal violet (Sigma-Aldrich).
The cell numbers were counted from six random
fields in each well at 200 ×. Experiments were
performed in triplicate.

Western blot analysis

Total protein from VSMCs and rat carotid arteries
tissues was isolated using RIPA buffer with protease
inhibitor Cocktail (Pierce, Rockford, IL, USA).
Protein content was measured with a BCA Protein
Assay Kit (Cwbiotech, Beijing, China). The equal
amounts of proteins were resolved by 10% SDS-
PAGE (Sigma Aldrich, St. Louis, MO) and then
transferred onto polyvinylidene difluoride (PVDF)
membranes (BD Pharmingen, San Diego, CA).
After blocking with 5% nonfat milk at room tem-
perature for 1 h, the PVDF membranes were incu-
bated primary antibodies against PCNA (Proteintech
Group, Wuhan, China), PTEN, p-AKT, AKT,
p-mTOR, mTOR and β-actin (Santa Cruz, CA,
USA) at 4°C overnight. All primary antibodies
diluted 1:1000. The goat anti-mouse IgG horseradish
peroxidase secondary antibody (diluted 1:5000) was
purchased from Santa Cruz Biotechnology, Inc.
Subsequently, the protein bands were scanned on
the X-ray film using the enhanced chemilumines-
cence detection system (PerkinElmer Life and
Analytical Sciences, Boston, MA). The alpha Imager
software (Alpha InnotechCorporation, San Leandro,
CA) was used to measure relative intensity of each
band on western blots. The measurements were con-
ducted independently for at least three times with
similar results.

Luciferase reporter assay

The potential binding site between PTEN andmiR-21
was searched in TargetScan (http://www.targetscan.
org). The miR-21 mimics/inhibitor and correspond-
ing NC were designed and synthesized by RiboBio
(Guangzhou, China). The fragment of the 3ʹ-UTR of
PTEN [wild-type (wt) or mutant (mut), respectively]
was amplified and cloned into the pMIR-REPORT
luciferase vector (Ambion, Thermo Fisher Scientific,
USA). Site-directed mutagenesis of the PTEN 3ʹ-UTR
at the putative miR-21 binding site was performed by
a QuikChange Kit (Qiagen). Subsequently, VSMCs at
a density of 2 × 105 per well were seeded into 24-well
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plates and co-transfected with 0.8 μg of pMIR-PTEN
-3ʹ-UTRor pMIR-PTEN-mut-3ʹ-UTR, 50nMmiR-21
mimic/inhibitor or corresponding NC using
Lipofectamine 2000 reagent (Invitrogen). The relative
firefly luciferase activity normalized with Renilla luci-
ferase was measured 48 h after transfection by using
the Dual-Light luminescent reporter gene assay
(Applied Biosystems). All experiments were repeated
three times in triplicate. The sequences of miR-21
mimics and miR-21 inhibitor were as follows: miR-
21 mimics 5′-UAGCUUAUCAGACUGAUGUUGA
-3ʹ; miR-21 inhibitor 5′-UCAACAUCAGUCUGA
UAAGCUA-3′.

Statistical analysis

All statistical analyses were performed using SPSS
14.0 software (Chicago, IL). Each experiment was
repeated at least 3 times. Numerical data are pre-
sented as the mean ± SEM. A one-way analysis of
variance (ANOVA) followed by post-hoc tests
were used to verify statistically differences among
the groups. P value of < 0.05 was considered sig-
nificant and < 0.01 was considered very significant.

Results

UDCA attenuates intimal hyperplasia in the
carotid artery injury model

To evaluate the effects of UDCA on the rat model of
vascular injury, the neointimal area was was inflicted.
As shown in Figure 1(a), the intimal hyperplasia was
observed in injury group and injury + vehicle group
compared that in the sham group (P < 0.01).
Injection of UDCA remarkably reduced neointimal
area and the ratio of neointimal area to media area
in injured carotid arteries (Figure 1(a); P < 0.01).
Furthermore, immunohistochemistry (IHC) staining
showed that UDCA mitigated the protein expression
of PCNA, a cellular proliferation marker, in injured
carotid arteries compared with that in injury group
(Figure 1(b,c); P < 0.01). These results indicated that
UDCA exhibited protective effects against the for-
mation of neointima hyperplasia.

UDCA regulates miRNA expression in injured
carotid arteries

Recent studies reported that miRNA expressions,
especially those of miR-132 [28], miR-34 c [29],

miR-221 and miR-222 [30], were dysregulated in
a rat carotid artery injury model, which attenuated
neointimal hyperplasia. Previous studies revealed
that various types of drugs, such as Tongxinluo
[31] and Emodin [32], inhibited neointimal hyper-
plasia in animal model of vascular injury by regulat-
ing miRNAs expression. Inspired by these studies,
we hypothesized whether UDCA improved neointi-
mal hyperplasia by regulating microRNA. First, we
conducted a microarray analysis to measure the
miRNA expression profiles in rat carotid arteries
tissues. As shown in Figure 2(a), compared with
sham group, a large set of miRNAs were ectopic
expressions in injured carotid arteries. Interestingly,
miR-21, miR-221, miR-let-7a, and miR-495 screened
from our microarray analyses have been previously
reported to modulate VSMC proliferation and
migration and increase neointima hyperplasia in an
animal model of vascular injury [30,33–36]. To
further explore whether UDCA inhibited neointimal
hyperplasia via modulating these miRNAs expres-
sion, we used qRT-PCR to determine the miR-495,
miR-221, miR-21 and miR-495 level in the rat car-
otid arterial injury model after UDCA treatment. We
observed that UDCA markedly inhibited miR-21
expression in injury + UDCA group compared
with that in injury group (Figure 2(b); P < 0.01);
whereas, the levels of miR-495, miR-221, and miR-
495 level did not change. These data suggested that
UDCA might attenuate intimal hyperplasia in the
carotid artery injury model through modulating
miR-21 expression.

Agomir-miR-21 attenuates the effects of UDCA
on neointimal hyperplasia

To further investigate whether UDCA improves
intimal hyperplasia via regulating miR-21, the vas-
cular injury rats were injected with agomir-miR-21
after UDCA treatment (injury + UDCA + agomir-
miR-21 group), and levels of neointimal hyperpla-
sia and PCNA protein expression were evaluated
using HE and immunohistochemical staining. As
shown in Figure 3(a), compared with that in injury
group, UDCA treatment dramatically decreased
the neointimal area and ratio of neointimal area
to media area in injury + UDCA group (P < 0.01);
however, miR-21 restoration using agomir-miR-21
significantly increased the neointimal area and
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ratio of neointimal area to media area (Figure 3(a);
P < 0.01). Moreover, IHC staining showed that
UDCA inhibited increases in PCNA levels in the
injury group; whereas, agomir-miR-21 reversed
the reduction of PCNA resulting from UDCA
treatment (Figure 3(b,c); P < 0.01). These results
indicated that UDCA exerts the inhibitory effect
on neointimal hyperplasia in injured carotid
arteries by repressing miR-21 expression.

UDCA inhibits PDGF-BB-induced VSMC
proliferation and metastasis

To test whether UDCA affects PDGF-BB-induced
VSMC proliferation and metastasis, VSMCs were
pretreated with 10, 50, or 200 μM UDCA for 6 h
followed by stimulation with PDGF-BB for 24 h. The
results showed that treatment of VSMCswith PDGF-
BB markedly increased VSMC proliferation; how-
ever, UDCA treatment inhibited this PDGF BB–
induced proliferation in a dose-dependent manner,
as evidenced by CCK-8 assay (Figure 4(a); P < 0.01).

PCNA, a cellular proliferation marker, is considered
to be involved in VSMC proliferation and migration
[37,38]. Pretreatment with UDCA concentration-
relatedly mitigated the protein levels of upregulated
PCNA in PDGF-BB-incubated VSMCs (Figure 4(b)
and C; P < 0.01). In addition, UDCA treatment dose-
dependently suppressed PDGF-BB-induced invasion
and migration of VSMCs, as evidenced by cell inva-
sion and wound healing assay (Figure 4(d–g);
P < 0.01). These data suggested that UDCA has
a suppressive effect on proliferation and metastasis
of VSMCs incubated with PDGF-BB-.

Overexpression of miR-21 ameliorates the
suppressive effects of UDCA on PDGF-BB-induced
VSMC proliferation and metastasis

To investigate whether miR-21 regulated the inhi-
bitory effects of UDCA on PDGF-BB-induced
VSMC proliferation and metastasis, VSMCs were
treated with 50 μM of UDCA for 6 h followed by
stimulation with PDGF-BB for 24 h after

Figure 1. The effects of UDCA on rat model of vascular injury. (a) Hematoxylin and eosin (HE) staining was used to evaluate the
neointimal area in the vascular injury rat model. (b) PCNA protein expression was detected by immunohistochemistry staining in
injured carotid arteries. (c) The mRNA level of PCNA was determined using qPCR analysis in injured carotid arteries. Data are
presented as means ± SD of three individual experiments. (**P < 0.01 vs. sham group, ##P < 0.01 vs. injury group).
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transfection with miR-21 mimics or mimics NC.
As shown in Figure 5(a), miR-21 was significantly
upregulated in VSMCs after transfection with
miR-21 mimics compared with that in VSMC
transfected mimics NC (P < 0.01). In addition,
our results showed that UDCA inhibited PDGF
BB–induced VSMC proliferation, while the sup-
pressive effect of UDCA was partly alleviated by
miR-21 mimics (Figure 5(b); P < 0.01). Western
blot analysis further confirmed that the suppres-
sive effect of UDCA on PCNA level was rescued
by overexpression of miR-21 in DGF-BB-treated
VSMC cells (Figure 5(c); P < 0.01), and the cell
invasion and wound healing assay further con-
firmed that the overexpression of miR-21 abro-
gated the inhibitory effects of UDCA on PDGF
BB – induced VSMC proliferation and migration
(Figure 5(d,e); P < 0.01). These data indicated that
miR-21 attenuates the inhibitory effects of UDCA
on PDGF-BB-induced VSMC proliferation and
metastasis.

PTEN is a target gene of miR-21 in VSMCs

To investigate the molecular mechanism by
which miR-21 regulates the effects of UDCA on
PDGF-BB-induced VSMC development, we used
the TargetScan to predict target genes for miR-21;
PTEN was observed to be one of the best candi-
dates (Figure 6(a)). To verify this bioinformatic
predication, we constructed luciferase reporter
plasmids containing the wt or mut 3ʹ-UTR seg-
ments of PTEN (Figure 6(a)). The reporters were
co-transfected with either miR-21 mimics/inhibi-
tor or corresponding NC to VSMCs, and the
luciferase activity was measured. These experi-
ments showed that miR-21 mimics significantly
decreased the relative luciferase activity compared
with mimic NC, while miR-21 inhibitor resulted
in an opposite effect in the presence of the wild-
type 3ʹ-UTR (P < 0.01; Figure 6(b)). Expectedly,
miR-21 mimics/inhibitor failed to modulate the
relative luciferase activity of vector containing

Figure 2. UDCA modulates miRNA expression in injured carotid arteries. (a) The microarray analysis was performed to measure the
miRNA expression profiles in injured carotid arteries (n = 2). Red or green color separately indicates high or low expression in the
heatmap. (b) The relative expression of selected microRNAs including miR-495, miR-221, miR-21 and miR-495 were measured using
qPCR analysis in a rat carotid arterial injury model after treatment with UDCA (n = 5). Data are presented as means ± SD of three
individual experiments. (**P < 0.01 vs. injury group).
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mut PTEN-3ʹ-UTR in the miR-21-binding site
(Figure 6(b)). Western blot analysis further con-
firmed that overexpression or inhibition of miR-
21 obviously ether downregulated or upregulated,
respectively, the PTEN protein level in VSMCs
transfected with either miR-21 mimics/inhibitor
or corresponding NC (Figure 6(c)). To further
determine whether the PTEN level is modulated
by UDCA in PDGF-BB-incubated VSMCs, the
VSMCs were pretreated with 10 μM, 50 μM,
200 μM UDCA for 6 h followed by stimulation
with PDGF-BB for 24 h, and the PTEN level was
measured using Western blot analysis. We
observed that treatment of VSMCs with PDGF-
BB dramatically reduced the PTEN, whereas
UDCA treatment increased PDGF-BB-induced
PTEN downregulation in VSMCs in a dose-
dependent manner (P < 0.01; Figure 6(d)).
These results demonstrated that miR-21 inhibited

PTEN expression by directly targeting its 3ʹ-UTR
in PDGF-BB-incubated VSMCs.

UDCA suppresses miR-21/PTEN/AKT/mTOR
signaling pathway in the carotid artery injury
model

AKT/mTOR signaling is a key pathway in cellular
proliferation, cell survival, tumor growth and neointi-
mal hyperplasia [39–42]. PTEN, a tumor suppressor
gene, negatively modulated the PI3 K/AKT pathway,
which plays an important role in various diseases
through modulating cell proliferation, apoptosis,
invasion and metabolism [43]. To explore whether
UDCA modulated the PTEN/AKT/mTOR signaling
pathway via inhibiting miR-21 in injured carotid
arteries, we assessed the levels of PTEN, p-AKT,
total AKT, p-mTOR and total mTOR in UDCA-
treated carotid arteries after administration with

Figure 3. Agomir-miR-21 attenuates the protective effects of UDCA on neointimal hyperplasia. The vascular injury rats were injected
with agomir-miR-21 after injection with UDCA. (a) HE staining was used to evaluate the neointimal area in the vascular injury rat
model (n = 5). (b) PCNA protein expression was detected by immunohistochemistry staining in injured carotid arteries (n = 5). (c)
The mRNA level was determined using qPCR analysis in injured carotid arteries. Data are presented as means ± SD of three
individual experiments. (*P < 0.05, **P < 0.01 vs. sham group, ##P < 0.01 vs. injury group).
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agomir-miR-21. Our results showed that the PTEN
was significantly downregulated and p-AKT and
p-mTOR were obviously upregulated in injure
group compared with those in sham group
(P < 0.01; Figure 7(a,b)), while injection of UDCA

remarkably resulted in PTEN upregulation and
p-AKT and p-mTOR downregulation in injure +
UDCA group (P < 0.01; Figure 7(a,b)). Conversely,
restoration of miR-21 by agomir-miR-21 reversed the
UDCA-induced effects on PTEN, p-AKT and

Figure 4. The effect of UDCA on PDGF-BB-induced VSMC proliferation and invasion. VSMCs were pretreated with different doses of
UDCA (10 μM, 50 μM, 200 μM) for 6 h followed by stimulation with PDGF-BB for 24 h. (a) The Cell Counting Kit-8 (CCK-8) assay was
used to measure the cell proliferation. (b) Bar graph showing the relative protein expressions of PCNA. (c) The PCNA level was
detected using immunofluorescence staining. (d) Cell invasion assay was performed to determine cell invasion. (e) Cell migration
was measured by wound healing assay. (f) Bar graph showing PDGF-BB-induced invasion of VSMCs. (g) Bar graph showing PDGF-BB-
induced migration of VSMCs. Data are presented as means ± SD of three individual experiments. (*P < 0.05, **P < 0.01 vs. control
group; #P < 0.05, ##P < 0.01 vs. PDGF-BB group).
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p-mTOR in injure + UDCA + agomir-miR-21 group
(P < 0.01; Figure 7(a,b)). Collectively, our results
suggested that UDCA attenuated intimal hyperplasia
through blocking miR-21/PTEN/AKT/mTOR signal-
ing pathway in injured carotid arteries.

Discussion

Dysregulated VSMCs in arterial walls function
as a critical contributing factor in

atherosclerosis, hypertension and vascular rest-
enosis [44]. In this study, our results demon-
strated that UDCA ameliorated intimal
hyperplasia and the excessive proliferation and
invasion of VSMCs in the rat carotid artery
injury model. In addition, our results identified
that UDCA suppressed the formation of hyper-
plastic neointima in injured carotid arteries via
inhibiting miR-21 expression. More impor-
tantly, our findings indicated that UDCA

Figure 5. Overexpression of miR-21 weakens the suppressive effects of UDCA on PDGF-BB-induced VSMC proliferation and invasion. After
transfectionwithmiR-21mimics ormimics NC, VSMCswere treatedwith 50 μMof UDCA for 6 h followed by stimulationwith PDGF-BB for 24 h.
(a) Overexpression efficiency ofmiR-21 level wasmeasured using qPCR analysis. (**P<0.01 vs. control group). (b) The Cell Counting Kit-8 (CCK-
8) assay was used to measure the cell proliferation. (c) The PCNA level was detected using Western blot analysis. (d) Cell transwell assay was
used to determine cell invasion. (e) Cell migration was determined by wound healing assay. Data are presented as means ± SD of three
individual experiments. (*P < 0.05, **P < 0.01 vs. PDGF-BB group; ##P < 0.01 vs. PDGF-BB + UDCA group).
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exerted the inhibitory effects on intimal hyper-
plasia both in vitro and in vivo via blocking
miR-21/PTEN/AKT/mTOR signaling pathway.

UDCA, a tertiary bile acid, is the most widely used
therapeutic agent for the treatment of hepatopathies,
including primary biliary cirrhosis [45]. It has also
been reported that UDCA might be beneficial in
atherosclerotic vascular disease. For example, Von
Haehling et al. have demonstrated that UDCA
improves endothelial function, as evaluated by flow
mediated vasodilation in patients with chronic heart
failure [46]. UDCA was also identified to inhibit
inflammatory response and endoplasmic reticulum
stress in disturbed flow-induced atherosclerosis [12].
In this study, we established a rat model of vascular
injury used by unilateral carotid artery ligation and
investigated the effects of UDCA on the formation of

hyperplastic neointima. Our results showed that
UDCA dramatically decreased neointimal area and
the ratio of neointimal area to media area in injured
carotid arteries. In addition, injection of UDCA
resulted in the downregulation of PCNA, a cellular
proliferation marker, downregulation. These results
indicated that UDCA attenuate intimal hyperplasia
and cell proliferation in injured carotid arteries.

miRNAs act as critical regulators of gene
expression that exert their activity by regulating
target mRNA stability or translation efficiency
[47]. A recent study has demonstrated that
UDCA improves rat liver regeneration after partial
hepatectomy by regulating miRNAs expression
[20]. Moreover, UDCA has been reported to reg-
ulate the severity of human nonalcoholic fatty liver
disease by inhibiting miR-34a/SIRT1/p53 signaling

Figure 6. PTEN is a target gene of miR-21 in VSMCs. (a) The PTEN 3ʹ-UTR region containing the wild (wt) or mutant (mut) binding
site for miR-21. (b) The VSMCs were co-transfected with either pMIR-PTEN-3ʹ-UTR or pMIR-PTEN-mut-3ʹ-UTR, and miR-21 mimic/
inhibitor or corresponding NC and the relative luciferase activity were measured (**P < 0.01 vs. mimic NC group; ##P < 0.01 vs.
inhibitor NC group). (c) The VSMCs transfected with the miR-21 mimic/inhibitor or corresponding NC, and the PTEN expression was
detected by Western blot analysis. β-actin was used as an internal control for protein loading. (d) The VSMCs were pretreated with
different doses of UDCA (10 μM, 50 μM, 200 μM) for 6 h followed by stimulation with PDGF-BB for 24 h, and then PTEN level was
measured using Western blot analysis. Data are presented as means ± SD of three individual experiments. (**P < 0.01 vs. control
group; #P < 0.05, ##P < 0.01 vs. PDGF-BB group).
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pathway [21]; therefore, we hypothesized that
UDCA exerts the suppressive effect on intimal
hyperplasia by modulating miRNAs expression.
In this study, miRNA microarray analysis showed
that a large set of miRNAs was differently
expressed in injured carotid arteries using micro-
array assay. Among these aberrant miRNAs, miR-
495, miR-221 and miR-21 were upregulated, and
let-7a was downregulated in rat carotid arteries
tissues, indicating the reliability of our microarray.
A previous study reported that inhibition of miR-
495 has beneficial effects on lesion formation, inti-
mal hyperplasia and plasma cholesterol levels in
experimental restenosis model [36]. Liu et al.
found that knockdown of miR-221 in rat carotid
arteries suppressed VSMC proliferation in vivo
and neointimal lesion formation after angioplasty
[30]. Cao et al. proved that upregulation of let-7a
inhibits VSMCs proliferation in vitro and in vein
graft intimal hyperplasia in rats model [48]. To
validate whether UDCA inhibits intimal hyperpla-
sia by modulating these miRNAs, miR-21, miR-
221, miR-let-7a and miR-495 were assessed in rat
carotid arteries tissues. We observed that UDCA
significantly inhibited the upregulation of injury-
induced miR-21; whereas miR-495, miR-221 and
miR-495 levels did not change in rat carotid
arteries tissues. Moreover, our results revealed
that restoration of miR-21 by agomir-miR-21
reversed the protective effects of UDCA in vivo
on hyperplastic neointima. These data indicated

that UDCA repressed intimal hyperplasia in the
carotid artery injury model via inhibiting miR-21
expression.

In response to injured stimuli, VSMCs changed
from contractile phenotype to highly proliferative
and migratory synthetic phenotype [45]. This phe-
notypic change increased VSMC proliferation and
migration, which is one of the critical cellular events
in the development of atherosclerosis [45,49]. To
investigate the UDCA effect in VSMCs, we estab-
lished the VSMC model and induced proliferation
and invasion using PDGF-BB. We observed that
UDCA treatment ameliorated PDGF-BB-induced
proliferation, invasion and migration of VSMCs in
a dose-dependent manner. Conversely, miR-21
overexpression reversed the inhibitory effects of
UDCA on PDGF-BB-induced VSMC proliferation
and metastasis. These results of our investigation of
the effects of PDGF-BB on VSMCs suggested that
UDCA exerts the suppressive effects on PDGF-BB-
induced VSMC proliferation and metastasis by
blocking miR-21 level; however, the molecular
mechanism by which UDCA inhibits proliferation
andmetastasis in vitro and in vivo are not completely
understood.

PTEN, a tumor suppressor, has been shown to
modulate diverse cellular processes including apop-
tosis, proliferation and inflammation [50–53].
Datta et al. [54] have demonstrated that the AKT/
mTOR signaling pathway is an important onco-
genic pathway to promote cell growth and survival,

Figure 7. UDCA suppresses miR-21/PTEN/AKT/mTOR signaling pathway in the carotid artery injury model. (a) The vascular injury rats
were administrated with agomir-miR-21 after injection with UDCA, and the PTEN, p-AKT, total AKT, p-mTOR and total mTOR were
detected using Western blot analysis in injured carotid arteries. β-actin was used as an internal control for protein loading. (b) Bar
graph showing the PTEN, p-AKT and p-mTOR protein expression in injured carotid arteries. The expression of PTEN was normalized
to β-actin, and p-AKT and p-mTOR was normalized to total AKT and total mTOR, respectively. Data are presented as means ± SD of
three individual experiments. (*P < 0.05, **P < 0.01 vs. sham group; ##P < 0.01 vs. injury group; &&P < 0.01 vs. injury + UDCA group).
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which is negatively modulated by PTEN [55].
A recent study mTOR has identified mTOR as
a regulator of VSMC proliferation and migration
through its downstream target P70S6 K signaling
[42]. It is well reported that miR-21 inhibited the
PTEN by directly targeting its 3ʹ-UTR in various
types of cancer including breast cancer, hepatocel-
lular cancer, lung cancer and gastric cancer [56–59].
Another recent study has demonstrated that miR-
21 is upregulated in the vascular wall after balloon
injury and mediates cell proliferation and apoptosis
by downregulating PTEN and Bcl-2 [59]. The
results of our current study further confirmed that
miR-21 suppresses the PTEN by directly targeting
its 3ʹ-UTR in VSMCs. More importantly, our data
validated that UDCA suppressed PTEN/AKT/
mTOR signaling pathway in vivo by repressing
miR-21 level. Taken together, our findings indi-
cated that UDCA suppressed intimal hyperplasia
in vivo by blocking miR-21/PTEN/AKT/mTOR sig-
naling pathway.

In conclusion, our results demonstrated that
UDCA inhibits intimal hyperplasia by blocking miR-
21/PTEN/AKT/mTOR signaling pathway (Figure 8).
Our findings suggest that UDCA may serve as
a therapeutic agent for treatment of atherosclerosis.
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