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Abstract. A variety of microRNAs (miRNAs) have been 
reported to be significantly be involved in the regulation of 
vascular smooth muscle cell (VSMC) proliferation, which is 
an essential process for the formation of atherosclerotic plaque. 
The objective of the present study was to explore the role of 
microRNA-155 (miR‑155) in the regulation of VSMC growth 
and migration. A total of 12 atherosclerotic plaque samples 
and 9  control samples were collected, and the expression 
levels of miR‑155/endothelial nitric oxide synthase (eNOS) 
were determined in those samples by RT-qPCR and western 
blot analysis. The results revealed that the relative expression 
levels of miR‑155 in the atherosclerotic plaque samples were 
significantly upregulated compared with those in the normal 
control samples. We further found eNOS to be an effective 
target of miR‑155 in the VSMCs by luciferase assay, which 
was confirmed by the observation that VSMCs transfected 
with miR‑155 mimics exhibited a significantly lower protein 
expression level of eNOS. We also demonstrated that the exog-
enous overexpression of miR‑155 significantly enhanced cell 
proliferation by inhibiting apoptosis in human aortic SMCs 
(HASMCs), and it also promoted the migratory ability of the 
cells. In conclusion, our data demonstrate that miR‑155 is 
significantly upregulated in atherosclerotic plaque, functioning 
to accelerate the proliferation and migration of VSMCs by 
targeting eNOS.

Introduction

Atherosclerosis is a common, complex, chronic disease with 
high morbidity and mortality, and it is characterized by the 
formation of atheromatous plaque in the intimal layer. A 
growing body of evidence indicates that the deregulation 

of cell behavior, such as proliferation and the migration of 
vascular smooth muscle cells (VSMCs) play essential roles 
in the pathogenesis of atherosclerosis (1). The formation of 
atheromatous plaque is believed to be initiated through the 
activation of endothelial cells by various metabolic risk factors, 
such as hyperlipidemia, hypertension or pro-inflammatory 
mediators. The aberrant activation of endothelial cells permits 
circulating monocytes to infiltrate the intima, leading to the 
formation of foam cells by the phagocytosis of low-density 
lipoprotein  (LDL) cholesterol and oxidized phospholipids. 
Subsequently, atherosclerotic plaque is formed by proliferated 
VSMCs, physiologically located in the media of vessel walls, 
migrated to the intima (1-3). Migrated VSMCs in the intima 
can produce extracellular matrix (ECM), which is the major 
component of the fibrous cap of atherosclerotic plaque (4).

MicroRNAs (miRNAs or miRs) are a class of endogenous 
and small (approximately 22 nt) non-coding RNAs that suppress 
gene expression BY binding to the 3'  untranslated region 
(3'UTR) of mRNA transcripts to promote mRNA degradation 
or the translational inhibition of target mRNAs (5). To date, 
approximately 1,000 human miRNAs have been discovered and 
are believed to regulate up to 30% of gene expression, and are 
thereby involved in the regulation of a wide range of biological 
activities, including cell growth, apoptosis and differentiation. 
In recent years, accumulating evidence indicates that miRNAs 
play crucial roles in the control of VSMC function and the 
response to vascular injury by targeting transcriptional factors 
or key factors along certain signaling pathways in VSMC 
proliferation and migration (6,7). Indeed, a group of miRNAs, 
including miR-143/145, miR-221/222, miR-24, miR-26a, miR-1, 
miR‑146a and miR-21, have been found to modulate VSMC 
differentiation, the phenotypic switch and neointimal forma-
tion under variable conditions (8-15).

Among these miRNAs, miR‑155 is one of the most 
commonly studied miRNAs in the development of athero-
sclerosis (16,17), and the downregulation of miR‑155 has been 
reported to be involved in the susceptibility to atheroscle-
rosis (18). Nevertheless, a previous study on miR‑155 focused 
on its role in endothelial cells (19), and one of its target genes is 
endothelial nitric oxide synthase (eNOS); miR‑155 downregu-
lates eNOS expression by decreasing eNOS mRNA stability 
and by binding to its 3'UTR in human umbilical vein endothe-
lial cells (HUVECs), and the knockdown of miR‑155 prevents 
the cytokine-induced downregulation of eNOS expression, the 
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reduction in nitric oxide (NO) production and the impairment 
of endothelium-dependent vascular relaxation (20). A previous 
study demonstrated that eNOS also plays a functional role in 
regulating the biological behaviors of VSMCs (21), which is 
consistent with other previous studies showing that the NO 
signaling pathway is involved in the regulation of the cellular 
activities of VSMCs (22,23).

In the present study, we proved that miR‑155 suppresses the 
expression level of eNOS by binding to the 3'UTR directly in 
VSMCs. Thus, it plays a significant role in the development of 
atherosclerosis.

Materials and methods

Sample collection. Samples were collected from atheroscle-
rotic lesions from patients who received coronary artery bypass 
surgery or carotid endarterectomy (n=12) and reference left 
internal mammary arteries were harvested during coronary 
artery bypass surgery (n=9) at the Fourth Affiliated Hospital 
of China Medical University, Shenyang, China. Subjects with 
other cardiovascular diseases, such as aortic dissection and 
aneurysms were excluded from the study. The study protocol 
was approved by the Ethics Committee of China Medical 
University, and written informed consent was obtained from 
each participant prior to enrollment.

Cell culture. Human aortic SMCs (HASMCs) were cultured 
in SmGM-2 growth medium (both from Lonza, Walkersville, 
MD, USA) in 5%  fetal bovine serum (FBS) following the 
manufacturer's instructions.

Isolation of RNA and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR). Total RNA was isolated 
using the miRNeasy mini kit (Qiagen, Valencia, CA, USA) 
following the manufacturer's instructions. The quantity and 
quality of the RNA were then determined using the NanoDrop 
spectrophotometer (NanoDrop Technologies, Wilmington, 
DE, USA) and agarose electrophoresis. Subsequently, the 
cDNA of the target gene was synthesized using reverse trans
criptase (Invitrogen, Carlsbad, CA, USA) and amplified using 
primer set, 5'-CTGTTAATGCTAATCGTGATAG-3' and 
5'-GCAGGGTCCGAGGT-3' (miR‑155); primer set, 5'-CTC 
GCTTCGGCAGCACA-3' and 5'-AACGCTTCACGAATTT 
GCGT-3'  (U6); primer set, 5'-CCCTTCAGTGGCTGGT 
ACAT-3' and 5'-CACGATGGTGACTTTGGCTA-3' (eNOS). 
The SYBR-Green real-time detection system (from Bio-Rad 
Laboratories, Hercules, CA, USA) was used to quantify the 
signals. U6, an internal control, was used to normalize the 
miR‑155 levels. The samples were all normalized to the 
endogenous control, U6. All fold changes were calculated 
using the ΔΔCt method.

Targeted miRNA overexpression. miR-115 mimics (5'-ttaaugct 
aatcgtgataggggt-3') and anti-eNOS siRNA (5'-tgtggaaagacaa 
ggcagca-3') were purchased from Ambion (Austin, TX, USA), 
and the VSMCs were transfected with high efficiency using 
the transfection Lipofectamine 2000 (Invitrogen). Successful 
transfection (>90% of all cells) was confirmed by visual fluo-
rescent microscopic analysis. The in vitro experiments detailed 
below included a Cy3-labeled control scrambled oligo (nega-

tive control) known to have no effect on any human miRNA to 
minimize the non-specific effect, and cohorts transfected with 
30 or 100 pmol of miR‑155 mimics, 100 pmol of anti-eNOS 
siRNAs or 40 ng pcDNA-eNOS.

Prediction of the target of miR-155. We identified the potential 
target genes of miR-155 by searching the online microRNA 
database, http://targetscan.org/, and narrowed down the candi-
date genes by analyzing the pathological or physiological 
function of the candidate genes.

Boyden chamber chemotaxis assays. To evaluate the migra-
tory capability of the VSMCs, a modified Boyden chamber 
assay was conducted, as previously described (24). Briefly, 
6-well Transwell migration chambers with 8  µm pores 
(Becton‑Dickinson, Franklin Lakes, NJ, USA) were used, and 
6x104 HASMCs transfected with miR‑155 mimics, anti-eNOS 
siRNA, pcDNA-eNOS or the control were serum-starved for 
24 h and then placed in the upper chamber in 1 ml of medium. 
A total of 2 ml of SmGM-2 medium were added to the lower 
chamber, and 24 h later, the migrated cells were fixed, stained 
with trypan blue and counted.

Proliferation and cell survival assays. A modified 3-[4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was 
performed to examine the HASMC viability, as previously 
described (25). Briefly, the HASMCs transfected with miR‑155 
mimics, anti-eNOS siRNAs or pcDNA-eNOS were cultured in 
96-well plates for 24 h and then 10 µl of MTT AB solution 
(Millipore, Billerica, MA, USA) were added, followed by incuba-
tion for 4 h. The absorbance was determined at 570 nm (reference 
wavelength, 630 nm).

Apoptosis assays. Programmed cell death rates were 
assessed using a commercially available apoptosis assay kit 
(Becton‑Dickinson). The differentially transfected HASMCs 
were treated with 10% H2O2 in serum-free medium for 6 h. 
Subsequently, 1x105 cells were harvested and stained with 
10 µl FITC Annexin V and 10 µl propidium iodide and FACS 
sorted within 1 h [BD FACSCalibur, 530 nm (FL1) and >575 
nm (FL3); Becton-Dickinson].

Western blot analysis. The differentially treated HASMCs 
were harvested and lysed, and the cell lysates were subjected 
to 10%  polyacrylamide gel electrophoresis (PAGE). The 
separated proteins were transferred onto a polyvinylidene diflu-
oride (PVDF) membrane which was blocked with 5% non-fat 
milk solution under room temperature for 1 h. Subsequently, 
the PVDF membrane was incubated with primary antibodies 
directed against human eNOS (1:500; ab66127) and β-actin 
(1:1,000; ab6276) (Abcam, Cambridge, MA, USA), and an 
HRP-conjugated goat-anti-rabbit secondary antibody (1:2,000) 
(Cell Signaling Technology, Danvers, MA, USA). Exposed 
films were scanned and fluorescence signals were detected 
using the ECL kit (Applygen, Beijing, China) and integrated 
band densities were densitometrically analyzed with the back-
ground subtracted.

Luciferase assay. The full-length of human eNOS 3'UTR was 
PCR-amplified from the genomic DNA sample. The PCR product 
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was then cloned using the TA cloning kit (Invitrogen), and the 
accuracy of the insert was confirmed by Sanger sequencing. 
Subsequently, the QuickChange XL site-directed mutagenesis 
kit (Stratagene, La Jolla, CA, USA) was used to introduce the 
variant. Finally, the 3'UTR of Renilla luciferase in the vector 
pRL-SV40 (Promega, Madison, WI, USA) was substituted with 
the generated wild-type and mutant 3'UTR of eNOS. Luciferase 
assay was performed using the HASMCs, and the cells were 
seeded at 1x105 cells/well in 24-well plates. After 12 h, the cells 
were transfected with miR‑155 mimics together with pRL-SV40 
containing the wild-type or mutant 3'UTR of eNOS using 
Lipofectamine 2000 (Invitrogen) according to manufacturer's 
instructions. Twenty-four hours after transfection, the cells were 
harvested by the addition of passive lysis buffer. Luciferase activ-
ities in the cell lysate were determined using the Dual‑Luciferase 
assay system (Promega) on a TD-20/20 luminometer (Turner 
BioSystems, Sunnyvale, CA, USA).

Determination of the concentration of NO and cyclic guano-
sine monophosphate (cGMP) in HASMCs. The concentrations 
of NO and cGMP were determined in the HASMCs trans-
fected with miR‑155 mimics or anti-eNOS siRNA using the 
nitric oxide assay kit (Abcam) and the cGMP assay kit (Cell 
Signaling Technology).

Overexpression of eNOS. The coding sequence of eNOS was 
amplified using the following primers: 5'-ATAAGAATGCG 
GCCGCATGGGCAACTTGAAGAGCGTGGC-3' and 5'-GGT 
CTAGATCAGGGGCTGTTGGTGTCTGAGCC-3'. The PCR 
product was purified and inserted into the NotI and XbaI restric-
tive sites in pcDNA3.1. The accuracy of the insert was verified 
using direct Sanger sequencing. The plasmid containing eNOS 
was transfected into the HASMCs using Lipofectamine 2000.

Statistical analysis. Data are presented as the means ± SD. All 
in vitro experiments included at least triple replicates per group. 
Data were subjected to the Kolmogorov-Smirnov test to deter-
mine distribution. Groups were compared using the two-tailed 
Student's t-test for parametric data (two groups comparison) 
or one-way ANOVA (multiple groups comparison). A value 
of P<0.05 was considered to indicate a statistically significant 
difference. Data analysis was performed using SPSS 20.0 soft-
ware (SPSS Inc., Chicago, IL, USA).

Results

Comparison of miR‑155 between atherosclerotic lesions and 
normal control samples. Twelve samples from atherosclerotic 
lesions and 9  normal control samples were collected and 
the demographic parameters and clinical characteristics are 
presented in Table I. No difference was noted regarding the age, 
gender, body mass index (BMI), and blood pressure and blood 
glucose levels. The expression levels of miR-145, miR-221, 
miR-26a, miR-1, miR-146a, miR-21 and miR‑155 were deter-
mined and compared between the 2 groups by RT-qPCR, and 
no difference was noted regarding the expression levels of these 
miRs (data not shown) except for miR‑155. The relative expres-
sion of miR‑155 in the atherosclerotic plaque samples was 
significantly upregulated to approximately 500% compared 
with normal controls (Fig. 1A).

eNOS is a direct target of miR‑155 in VSMCs. Based on the 
computational analysis using an online target predicting tool 
(www.targetscan.org), we identified that miR‑155 was able to 
bind to the 3'UTR of eNOS mRNA, indicating that this gene 
may be a potential molecular target of miR‑155 (Fig. 2A). To 

Figure 1. Expression levels of (A) miR‑155, and (B) protein and (C) mRNA expression levels of endothelial nitric oxide synthase (eNOS) were determined in 
12 sample tissues collected from atherosclerotic lesions from patients who received coronary artery bypass surgery or carotid endarterectomy and 9 control 
samples by RT-qPCR and western blot analysis.

Table I. Demographic parameters and clinical characteristics 
of the cases and controls enrolled in this study.

	 Controls	 Cases
Variables	 (n=9)	 (n=12)	 P-value

Age (years)	 61.4±6.3	 62.1±6.7	 0.811
Gender (M/F)	 6/3	 9/3	 0.677
Blood pressure (mmHg)
  Systolic BP	 142±11.6	 151±17.2	 0.192
  Diastolic BP	 92±10.2	 96±11.4	 0.416
Glucose (mg/dl)	 138±14.8	 146±15.1	 0.241
Body mass index (kg/m2)	 27.3±4.7	 28.5±4.8	 0.574
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determine whether miR‑155 regulates the expression of eNOS 
by directly interacting with the 3'UTR of the gene in VSMCs, we 
subcloned the eNOS 3'UTR into a luciferase reporter plasmid 
and performed luciferase assay using the HASMCs. The results 
revealed that co-transfection of the miR‑155 mimics with the 
eNOS 3'UTR reporter resulted in the inhibition of luciferase 
activity (Fig. 2B). However, miR‑155 failed to suppress the 
activity of the mutant eNOS 3'UTR reporter (Fig. 2B). In agree-
ment with the reporter assays, the overexpression of miR‑155 
following transfection with miR‑155 mimics suppressed eNOS 
protein expression in a dose-dependent manner (Fig. 3A). These 
data indicate that eNOS is a direct target of miR‑155.

miR‑155 downregulates endogeneous eNOS expression in 
VSMCs by destabilizing eNOS mRNA. To further determine 
whether miR‑155 suppresses eNOS expression in the VSMCs, 
we then examined the effects of miR‑155 overexpression on 
the endogenous eNOS levels in the HASMCs transfected with 
miR‑155 mimics. The overexpression of miR‑155 for 48 h 
reduced the mRNA and protein expression levels of eNOS in 
the HASMCs in a dose dependent manner (Fig. 3). Importantly, 
the downregulation of eNOS expression correlated with 
the decrease in cGMP activity and NO production in the 
HASMCs (Fig. 4). The results revealed that the overexpression 
of miR‑155 in the HASMCs significantly downregulated both 
the mRNA and protein expression levels of eNOS by promoting 
the degradation of eNOS mRNA.

Effects of miR‑155 overexpression on VSMC proliferation. 
MTT assay was used to evaluate the proliferation of HASMCs, 
and HASMCs were transfected with either miR‑155 mimics or 
the control prior to MTT assay. The results revealed that the 
exogenous expression of miR‑155 significantly suppressed the 

expression level of eNOS (Fig. 3A), and substantially promoted 
the proliferation of the HASMCs (Fig. 5A). Following incubation 
for 48 h, a significantly enhanced effect on the proliferation of 
the transfected cells was observed compared with the controls, 
and the promoting rates were 250% (P<0.01) for transfec-
tion with 100 pmol miR‑155 mimics and 220% (P<0.01) for 
transfection with 100 pmol anti-eNOS siRNAs, respectively, 
indicating that the overexpression of miR‑155 promoted 
the proliferation of the HASMCs in vitro, and its effect was 
stronger than that of anti-eNOS siRNA. The ectopic over-
expression of eNOS significantly reverse the increase in cell 
viability induced by transfection with miR‑155 mimics and 
anti-eNOS siRNA (Fig. 5A).

Increased expression of miR‑155 protects HASMCs against 
apoptosis. As eNOS functions as a pro-apoptotic protein and 
the exogenous expression of miR‑155 causes a reduction in 
the enzyme, we then examined the effects of miR‑155 on the 
apoptosis of HASMCs by flow cytometry. In the HASMCs, 
we found that transfection with miR‑155 mimics and anti-
eNOS siRNA similarly caused a reduction in the proportion 
of apoptotic and  live cells  (Fig.  5B-E). The ectopic over-
expression of eNOS significantly reversed the decrease in 
apoptosis caused by transfection with miR‑155 mimics and 
anti-eNOS siRNA (Fig. 5B-E).

Effects of miR‑155 overexpression on VSMC proliferation and 
migration. To evaluate the role of miR‑155 in the regulation 
of VSMC migration, we performed a Transwell migration 
assay. The results revealed that the exogenous expression 
of miR‑155 significantly enhanced the migratory ability of 
the HCASMCs  (Fig. 6A). Following incubation for 48 h, a 
significantly enhanced effect on the migratory ability of the 
transfected cells was observed compared with the controls, and 
the promoting rates were 350% (P<0.01) for transfection with 
100 pmol miR‑155 mimics and 210% (P<0.01) for transfection 

Figure 2. (A) Comparison between miR‑155 and wild-type/mutant endothelial 
nitric oxide synthase (eNOS) 3' untranslated region (3'UTR). (B) The results 
of luciferase assay revealed that the luciferase activity in the cells transfected 
with miR‑155 and wild-type eNOS 3'UTR was much lower than that of the 
cells transfected with miR‑155 and mutant 3'UTR of eNOS.

Figure 3. Protein expression level of endothelial nitric oxide synthase (eNOS) 
in the cells transfected with negative control (lane 1), 30 pmol miR‑155 
mimics (lane 2), 100 pmol miR‑155 mimics (lane 3), 100 pmol anti-eNOS 
siRNA (lane 4) or 30 pmol miR‑155 mimics + pcDNA-eNOS (lane 5) using 
(A) western blot analysis and corresponding densitometric analysis.
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with 100 pmol anti-eNOS siRNAs, respectively, indicating 
that the overexpression of miR‑155 promotes the migratory 
ability of HASMCs in vitro, and that its effect was stronger 
than that of anti-eNOS siRNA. The ectopic overexpression 
of eNOS significantly reversed the increase in the migratory 
ability caused by transfection with miR‑155 mimics and anti-
eNOS siRNA (Fig. 6B-E).

Discussion

The proliferation and migration of VSMCs during the develop-
ment of intimal hyperplasia are critical for the development 
of atherosclerotic lesions. In spite of rapid progress in our 
understanding of the role of miRNAs in VSMC biology (7), 
the molecular mechanism(s) underlying VSMC proliferation, 
migration, and proliferative vascular disease remain largely 
unknown. The present study identified miR‑155 as a novel 
regulator of human VSMC proliferation and migration. We 
demonstrated that miR‑155 is substantially upregulated in 

Figure 6. Comparison of the migratory abilities of (A) the human aortic SMCs 
(HASMCs) transfected with (B) negative control, (C) 100 pmol miR‑155 
mimics, (D) 100 pmol anti-endothelial nitric oxide synthase (eNOS) siRNA or 
(E) 100 pmol miR‑155 mimics + pcDNA-eNOS.

Figure 4. The production of (A) nitric oxide (NO) and (B) cyclic guanosine monophosphate (cGMP) in the human aortic SMCs (HASMCs) transfected with 
negative control and miR‑155 mimics.

Figure 5. (A) Comparison of the proliferation of the human aortic SMCs 
(HASMCs) transfected with the negative control, 100  pmol miR‑155 
mimics, 100 pmol anti-endothelial nitric oxide synthase (eNOS) siRNA 
or 100 pmol miR‑155 mimics + pcDNA-eNOS. Apoptosis was also evalu-
ated in the HASMCs transfected with (B) negative control, (C) 100 pmol 
miR‑155 mimics, (D) 100 pmol anti-eNOS siRNA or (E) 100 pmol miR‑155 
mimics + pcDNA-eNOS.
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human atherosclerotic lesions and that the introduction of 
miR‑155 significantly promoted the proliferation of VSMCs by 
inhibiting apoptosis. Additionally, the introduction of miR‑155 
promoted the migratory capability of the VSMCs. Furthermore, 
the ectopic overexpression of eNOS significantly reversed the 
increase in proliferation and in the migration of VSMCs caused 
by transfection with miR‑155 mimics or anti-eNOS siRNAs. 
Thus, this study provides evidence implicating miR‑155 as a 
novel key regulator in human VSMC biology.

The expression of miR‑155 has been reported to be 
significantly upregulated in human and mouse atherosclerotic 
lesions, but circulating levels of miR‑155 have been shown to be 
reduced in patients with coronary artery disease (17,26-28). The 
expression of miR‑155 has been identified in VSMCs, endo-
thelial cells and in activated macrophages, and thereby may 
affect most of the cell types involved in atherosclerosis (29-31). 
The majority of previous studies on miR‑155 focused on its 
role in the activation of monocytes or macrophages during 
the development of atherosclerosis. It has been demonstrated 
that miR‑155 is significantly upregulated in monocytes and 
dendritic cells in response to lipopolysaccharide (LPS) stimu-
lation (32,33) and during the pro-inflammatory activation of 
macrophages, a small group of miRNAs, including miR‑155, is 
specifically upregulated (29,34). In endothelial cells, miR‑155 
has been shown to be upregulated in response to a variety of 
stimuli, targeting the angiotensin II type 1 receptor and Ets-1, 
and reducing the pro-inflammatory activity of angiotensin II 
in endothelial cells (29). In VSMCs, the suppression of angio-
tensin II type 1 receptor by miR‑155 may also attenuate the 
effects of angiotensin II on vascular remodeling (35). Data from 
animal experiments studying the effects of miR‑155 on athero-
sclerosis are conflicting. Bone marrow cells are thought to be 
able to contribute to the formation of atherosclerotic plaque by 
relocating to the lesion and differentiating into VSMCs. It has 
been demonstrated that LDL-R-/- mice carrying miR‑155-/- bone 
marrow cells on a high-cholesterol diet developed slightly, 
but significantly more atherosclerosis. Whereas ApoE-/- mice 
harboring miR‑155-/- bone marrow cells had markedly less 
hypercholesterolemia-induced lesions compared with the 
controls (28,36). Therefore, miR-155 may have different effects 
on lesion formation depending on the stage of atherosclerosis. 
In the present study, we confirmed the upregulation of miR‑155 
and the corresponding downregulation of its potential target, 
eNOS, in atherosclerotic lesions. Furthermore, eNOS was 
found to be a target gene of miR‑155 in VSMCs by luciferase 
assay. The exogenous introduction of miR‑155 substantially 
suppressed the expression of eNOS in the HASMCs, which 
could, at least partially, explain the proliferation- and migra-
tion-promoting effects of miR‑155 in HASMCs.

NO produced by enzymatic reaction catalyzed by eNOS 
is an important homeostatic mechanism in the cardiovascular 
system. It has been reported that VSMC progenitor cells are 
recruited to injured arteries and significantly contribute to teh 
pathological neointimal VSMC accumulation in eNOS‑defi-
cient mice, and the same research group also demonstrated 
that eNOS deficiency increases the recruitment of mononuclear 
cells, including monocytes and lymphocytes into the arterial 
wall, and enhanced VSMC-rich neointimal lesion formation in 
a carotidartery ligation (CAL) model (21). These observations, 
together with those of previous studies showing that the NO 

signaling pathway is involved in the induction of the apoptosis 
of VSMCs (22,23), led us to the hypothesis that the proliferation 
of VSMCs is accelerated by the deficiency of eNOS. To examine 
this hypothesis, the present study investigated the effects of 
eNOS deficiency, suppressed by the upregulation of miR‑155, 
on the proliferation and migration of VSMCs, which are both 
critical for the formation of atherosclerotic plaque. Although 
the effects of eNOS/NO in cardiovascular systems have been 
investigated intensively, its role in the regulation of VSMCs in 
the cardiovascular system is only limitedly understood (37,38). 
The formation of neointima seems to result from a combination 
of cellular infiltration and local proliferation, and the accumu-
lation of VSMCs, migrated from the medial layer, at the site 
of atherosclerotic lesions may depend on the balance between 
apoptosis and proliferation. Our data demonstrated that eNOS 
deficiency, surppressed by miR‑155, promoted cell proliferation 
by inhibiting the apoptosis of VSMCs. In addition to its ability 
to recruit circulating progenital cells into the lesion that then 
differentiate into smooth muscle cells, eNOS/NO deficiency 
also transports the VSMCs to the atheromatous lesion, and the 
lack of eNOS is also capable of inhibiting apoptosis and thereby 
accelerating the proliferation of VSMCs in situ. This result 
presented a new aspect of the vascular protective function of 
the eNOS/NO system and should be considered in interven-
tions directed at VSMC accumulation in the neointimal lesion, 
which is a major component in the chain of events, causing the 
formation of atherosclerosis (39).

Taken together, the present study identified miR‑155 as a 
novel regulator of human VSMCs by targeting, at least in part, 
the eNOS pathway. miR‑155 expression was substantially 
upregulated in proliferative human VSMCs and we found that 
the restoration of eNOS expression markedly inhibited both 
VSMC proliferation and migration in response. This study 
provides significant novel insight into the molecular mecha-
nisms associated with VSMC proliferation and migration, and 
suggests a potential therapeutic target for the prevention and 
treatment of human vascular diseases, such as atherosclerosis 
and restenosis.
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