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Abstract. Atherosclerosis (AS) is a systemic disease associated 
with lipid metabolic disorders and abnormal proliferation 
of smooth muscle cells. Baicalin is a flavonoid compound 
isolated from the dry roots of Scutellaria baicalensis Georgi 
and exerts anti‑proliferative effects in various types of cells. 
However, the effect of baicalin on AS remains unclear. In the 
present study, serum samples were collected from patients 
with AS and an in vitro model of AS was established using 
oxidized low‑density lipoprotein (ox‑LDL)‑treated human 
aorta vascular smooth muscle cells (HA‑VSMCs). The siRNA 
transfection and overexpression efficiency of endogenous 
maternally expressed gene 3 (MEG3) and the expression level 
of MEG3 were analyzed by reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). The effects of 
alterations in expression levels of MEG3 were assessed 
by MTT assay, bromodeoxyuridine incorporation assay, 
5‑ethynyl‑2'‑deoxyuridine staining, wound healing assay, 
immunofluorescence and western blotting in HA‑VSMCs. 
qPCR indicated that the expression of MEG3 was reduced 
in serum samples from patients with AS and ox‑LDL‑treated 
HA‑VSMCs, compared with serum samples from healthy 
patients and untreated HA‑VSMCs, respectively. Further 
experiments indicated that ox‑LDL‑induced decrease of 
MEG3 expression was reversed by treatment with baicalin in 
a concentration‑dependent manner. Following treatment with 
ox‑LDL, decreased expression of MEG3 promoted proliferation 

and migration, and suppressed apoptosis in HA‑VSMCs. 
Furthermore, treatment with baicalin reversed these effects 
on proliferation and apoptosis in ox‑LDL‑treated HA‑VSMCs. 
The current study indicated that downregulated expression 
of MEG3 increased cell cycle‑associated protein expression. 
However, treatment with baicalin inhibited the expression 
of cell‑cycle associated proteins in HA‑VSMCs with MEG3 
knockdown. In addition, baicalin activated the p53 signaling 
pathway and promoted the expression and transport of p53 
from the cytoplasm to nucleus following MEG3 knockdown in 
ox‑LDL‑treated HA‑VSMCs. Baicalin inhibited proliferation 
and promoted apoptosis by regulating the expression of 
MEG3/p53, indicating that baicalin may serve a role in AS by 
activating the MEG3/p53 signaling pathway. The present study 
suggested a potential mechanism underlying the protective 
role of baicalin in the in vitro model of AS, and these results 
may be used to develop novel therapeutic approaches for the 
affected patients.

Introduction

Atherosclerosis (AS) is a common and detrimental disease 
characterized by lipid deposition in arterial intima, abnormal 
proliferation of vascular smooth muscle cells (VSMCs) and 
connective tissue hyperplasia, leading to intimal focal fibrous 
thickening and atherosclerotic plaque formation. Hardening 
and narrowing of the arteries are frequently observed among 
patients with AS. AS may lead to cardiovascular, cerebro-
vascular and thromboembolic diseases. Proliferation and 
angiogenesis of VSMCs are important biological processes 
in the development of AS. Therefore, inhibition of excessive 
proliferation and induction of apoptosis of VSMCs could be 
an effective method for the treatment and control of AS (1). 
Although there were a number of studies investigating the 
etiology of AS  (2‑4), the exact mechanism remains to be 
elucidated.

Long noncoding (lnc)RNAs are a group of RNA molecules 
that lack protein‑coding function and are >200 nucleotides in 
length (5). It has been demonstrated that lncRNAs are involved 
in the regulation of various biological processes in cells, 
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including proliferation, migration, apoptosis and differentia-
tion (6). Although the function and mechanism of lncRNAs 
remain to be completely elucidated, previously published 
studies indicated that lncRNAs are closely associated with AS 
and development of other cardiovascular diseases. LncRNAs 
associated with AS have been studied by researchers due to 
their regulatory roles in lipid metabolism, proliferation, migra-
tion, apoptosis, adhesion and inflammatory response (7). It 
has been previously demonstrated that the expression levels 
of long intergenic noncoding (linc)RNA‑p21 decreased in 
AS‑prone apolipoprotein E (ApoE)‑deficient atherosclerotic 
plaques and lincRNA‑p21 repressed cell proliferation and 
induced apoptosis of VSMCs by enhancing transcriptional 
activity of p53 (2). Smooth muscle induced lncRNA, enhancer 
of proliferation and metastasis associated lung adenocar-
cinoma transcript  1 have been reported to be involved in 
controlling vascular cell proliferation (8), endothelial cell (EC) 
sprouting (9) and phenotypic transition (10). Long intergenic 
non‑protein coding RNA 599 silencing contributed to EC 
and VSMC dysfunction, and aggravated AS (11). Maternally 
expressed gene 3 (MEG3) is an imprinted gene with a length 
of ~1.6 kb, and its transcriptional deficiency may induce the 
occurrence and development of multiple tumors, including 
non‑small cell lung cancer (12), gastric cancer (13) and liver 
cancer (14). Our recent study indicated that the expression of 
MEG3 was decreased in pulmonary arteries of patients with 
pulmonary hypertension resulting in increased human pulmo-
nary artery smooth muscle cell proliferation and migration 
through the p53 signaling pathway (15). However, the function 
and mechanism of MEG3 in AS remain to be elucidated, and, 
therefore, it is necessary to further investigate the molecular 
mechanism of MEG3 in the development of AS.

Scutellaria baicalensis Georgi is a commonly used herbal 
medicine, which exhibits a variety of therapeutic effects in 
traditional Chinese Medicine formulations  (16). Baicalin 
(Fig.  1)  (17), the main active component of Scutellaria 
baicalensis Georgi, is a flavonoid compound extracted from the 
dry roots exhibiting biological activity (18). Previous studies 
indicated that baicalin may induce numerous pharmacological 
effects, including anti‑oxidative  (19), antitumor  (20), 
anti‑inflammatory (21) and antiproliferative (17) functions. 
Baicalin inhibited the activation of nuclear factor‑κB, 
decreased the expression of pro‑inflammatory mediators 
and prevented renal dysfunction in ApoE knock out mice on 
high‑cholesterol diets, which served an important role in the 
prevention of AS (22,23). A number of studies reported that p53 
serves an important role in the pathogenesis of AS (2,24,25). 
Furthermore, p53 regulates cell cycle and apoptosis (15,25). 
Wu et al (2) hypothesized that lincRNA‑p21 may regulate 
vascular smooth muscle cell proliferation and apoptosis by 
enhancing the activity of p53 in AS (2). Our previous studies 
suggested that MEG3 may increase the activity of p53 in 
pulmonary artery smooth muscle cells (15). The current results 
indicated that the expression levels of MEG3 decreased in 
serum samples from patients with AS and oxidized low‑density 
lipoprotein (ox‑LDL)‑stimulated human aorta vascular 
smooth muscle cells (HA‑VSMCs) compared with the control 
samples. Treatment with baicalin promoted the expression 
of MEG3 and inhibited the proliferation of HA‑VSMCs 

induced by MEG3 knockdown. MEG3 knockdown increased 
the expression of proliferating cell nuclear antigen (PCNA), 
cyclin A and E. However, following treatment of HA‑VSMCs 
with different concentrations baicalin, expression of PCNA, 
cyclin A and E was inhibited in cells with MEG3 knockdown. 
The p53 signaling pathway components are expressed in 
the nucleus under normal conditions (26); the expression of 
p53 was detected in the cytoplasm after MEG3 knockdown. 
When HA‑VSMCs were treated with different concentrations 
of baicalin, p53 expression was detected in the nucleus. 
In addition, the protein expression level of p53 decreased 
compared with the NC  group after MEG3 knockdown. 
Baicalin could increase p53 protein expression after MEG3 
knockdown in ox‑LDL‑treated HA‑VSMCs. In conclusion, 
the current study aimed to further investigate the underlying 
roles and molecular basics of baicalin and MEG3/p53 in the 
progression to AS, implicating the potential values of baicalin 
and MEG3 in AS therapy.

Materials and methods

Reagents and antibodies. Baicalin (purity, >99.0%; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) was 
dissolved in dimethylsulfoxide. The antibodies against PCNA 
(cat. no. 10205‑2‑AP; 1:1,000), cyclin A (cat. no. 13295‑1‑AP; 
1:2,000), cyclin E (cat. no. 11554‑1‑AP; 1:2,000) and β‑actin 
(cat. no. 60008‑1‑1g; 1:5,000) were purchased from ProteinTech 
Group, Inc. (Chicago, IL, USA). CycleTEST™ PLUS DNA 
Reagent kit was obtained from BD Biosciences (Franklin 
Lakes, NJ, USA). The bromodeoxyuridine (BrdU) prolifera-
tion kit was purchased from EMD Millipore (Billerica, MA, 
USA). Ox‑LDL, VicFemto enhanced chemiluminesence 
(ECL) kit and PBS were purchased from Nanjing KeyGen 
Biotech Co., Ltd. (Nanjing, China).

Clinical samples. The present study was approved by the 
Ethics Committee for the use of human samples of the First 
People's Hospital of Lianyungang, which was in accordance 
with the code of ethics of the Declaration of Helsinki 
developed by the World Medical Association. Each individual 
provided written informed consent prior to their participation. 
Serum samples were collected from 40 patients with AS (age, 
60±10 years; 18 male and 22 female) and 40 healthy volunteers 
(age, 58±9 years; 21 male and 19 female) from the Department 
of Cardiovascular Medicine, the First People's Hospital of 
Lianyungang (Lianyungang, China) between January 2015 
and January 2016.

Clinical inclusion and exclusion criteria. The AS  group 
included patients with >80%  coronary artery stenosis 
confirmed by coronary angiogram. The control group included 
patients without clinically significant coronary artery occlu-
sion diagnosed by coronary angiogram. Patients with vascular 
diseases, including hypertension and type I/II diabetes were 
excluded. Total RNA was extracted from peripheral blood 
monocytes of patients and controls.

Cell culture. HA‑VSMCs were obtained from American 
Type Culture Collection (Manassas, VA, USA) and cultured 
in F‑12K medium (American Type Culture Collection) 
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containing 10% heat‑inactivated fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Other nutrients added to the HA‑VSMC culture were based on 
previously published literature (27). Cells were incubated at 
37˚C with 5% CO2.

Cell transfection and treatment. The sequences of siRNA 
targeting lncRNA MEG3 and scrambled negative control 
siRNA (si‑NC) were designed and synthesized by GenePharma 
(Shanghai GenePharma Co., Ltd., Shanghai, China) according 
to the previously published protocol (15). pcDNA‑MEG3 and 
empty vector (pcDNA) were synthesized by GenePharma 
(Shanghai GenePharma Co., Ltd.). At 60%  confluence, 
HA‑VSMCs were cultured in Dulbecco's modified Eagle's 
medium (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 
5% CO2 for 24 h. HA‑VSMCs were transfected with si‑NC, 
si‑MEG3 at a final concentration of 20 nmol/l in accordance 
with the manufacturer's protocol. Furthermore, HA‑VSMCs 
were transfected with pcDNA‑MEG3 at a final concentration 
of 2 mg/l using. The following sequences were used: si‑lncRNA 
MEG3, 5'‑GGGCTTCTGGAATGAGCAT‑3'; si‑NC, 5'‑UUC 
UCCGAACGUGUCACGUTT‑3'  (15). HA‑VSMCs were 
transfected using Lipofectamine®  2000 on 6‑well plates 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. Cells were harvested for the subse-
quent experiments 24 h after transfection.

DNA BrdU incorporation assay. Cell proliferation analysis 
was performed with BrdU. Transfected and untransfected cells 
were seeded into 96‑well plates at a density of 1x104 cells/well 
and treated with control (no treatment) and different concen-
trations of ox‑LDL (25, 50 or 75 µg/ml) and baicalin (5, 10 
or 20 µmol/l) in DMEM containing 2% FBS at 37˚C with 
5% CO2 and BrdU was added to the proliferating cells 2‑24 h 
before the end of the test reagent incubation. The following 
steps were performed according to the manufacturer's protocol 
and as previously described (28). Finally, the absorbance was 
measured at a dual wavelength of 450/550 nm.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated from serum samples and 
HA‑VSMCs using the TRIzol reagent according to the manu-
facturer's protocol (Thermo Fisher Scientific, Inc.). RT reaction 
and qPCR were performed as previously described (15). cDNA 
was reverse transcribed from 100 ng of total RNA using 4 µl 
of miScript HiSpec buffer, 2  µl of Nucleics Mix, 2  µl of 
miScript Reverse Transcriptase mix (Qiagen GmbH, Hilden, 

Germany) and sterilized distilled water up to a total volume of 
20 µl. The RT reaction was performed at 37˚C for 60 min 
followed by heat inactivation at 95˚C for 5 min. The qPCR 
reactions were performed in triplicate using 7500  Fast 
Real‑Time PCR System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Reaction mixtures had a total volume of 25 µl, 
including 2 µl of cDNA, 12.5 µl of QuantiTect SYBR‑Green 
PCR master mix (Qiagen GmbH), 2.5 µl of universal primers 
(Qiagen GmbH), 2.5 µl of MEG3 or GAPDH‑specific primers 
and 5.5 µl of nuclease‑free water. Reactions were incubated in 
96‑well optical plates (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using the following thermocycling conditions: 
Initial denaturation at 95˚C for 10 min; 40 cycles of 95˚C for 
10 sec and 60˚C for 30 sec. At the end of the PCR cycles, 
melting curve analysis was performed to validate the specific 
generation of the expected PCR products. Primers were 
designed using Applied Biosystems Primer Express  3.0 
(Applied Biosystems; Thermo Fisher Scientific, Inc). GAPDH 
was used as internal reference and the 2‑ΔΔCq method was used 
to calculate the expression of lncRNA MEG3 in samples from 
serum and cells (29). The following primer sequences were 
used for the qPCR: MEG3: 5'‑CTGCCCATCTACACCTC 
ACG‑3' (forward) and 5'‑CTCTCCGCCGTCTGCGCTAGG 
GGCT‑3' (reverse); GAPDH: 5'‑GAAGGTGAAGGTCGG 
AGTC‑3' (forward) and 5'‑GAAGATGGTGATGGGATTTC‑3' 
(reverse).

Western blotting. A total of 24  h after transfection, 
cells were washed 3  times with PBS and incubated 
with radioimmunoprecipitation assay lysis buffer (cat. 
no.  KGP702‑100; Nanjing KeyGen Biotech Co., Ltd.) for 
30 min on ice. After 30 min of cell lysis, cell lysates were 
sonicated with 20  KHz frequency on ice for 1  min and 
centrifuged at 14,000 x g for 15 min at 4˚C, and the protein 
concentration was quantified using bicinchoninic acid protein 
concentration kit (Nanjing KeyGen Biotech Co., Ltd.). 
Samples containing 20 µg total protein were analyzed using 
SDS‑PAGE (10% gel) using an electrophoresis instrument 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA), and western 
blotting was performed according to the previously published 
protocol (28). Antibodies against PCNA, cyclin A and E, p53 
and β‑actin were used overnight at 4˚C and washed 6 times 
with tris buffered saline with Tween‑20 (TBST) at room 
temperature (5 min/wash). Subsequently, the membrane was 
treated with horseradish peroxidase labeled goat‑anti‑rabbit 
immunoglobulin G (IgG) secondary antibody (cat. no. VA002; 
1:5,000; Xuzhou VICMED Biological Technology Co., 
Ltd., Xuzhou, China; www.vicmed.cn) or goat‑anti‑mouse 
IgG secondary antibody (cat. no. VA001; 1:5,000; Xuzhou 
VICMED Biological Technology Co., Ltd.), shaken and 
incubated at room temperature for 1 h. Following washing 
with TBST 6 times at room temperature (5 min/wash), the 
membranes were incubated with ECL solution for 5 min. 
Bands were imaged using VersaDoc™ MP 4000 (Bio‑Rad 
Laboratories, Inc.) and analyzed by using PDQuest Advanced 
2D analysis software (version 8.0, Bio‑Rad Laboratories, Inc.).

Flow cytometry analysis of cell cycle. The transfected 
HA‑VSMCs were cultured in 6‑well plates. To perform cell 
cycle analysis, the cells were digested with trypsin and fixed 

Figure 1. Chemical structure of baicalin.
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with 70% ethanol for 24 h at 4˚C. The cells were stained 
according to the manufacturer's protocol of CycleTEST 
PLUS DNA Reagent kit (BD Biosciences). The fixed cells 
were washed 3 times with PBS and centrifuged at 300 x g for 
5 min in room temperature. The supernatant was subsequently 
discarded. Cells were incubated with propidium iodide (PI) 
stain buffer for 10 min and subsequently treated with 200 µl 
of PBS, 200 µl of RNase A and 200 µl of PI for 10 min at 4˚C 
in the dark. Finally, the cells were screened by 400‑mesh 
sieves and analyzed by flow cytometry (FACSCanto II; BD 
Biosciences). The results obtained were analyzed using the 
ModFit software (version 4.1; Verity Software House, Inc., 
Topsham, ME, USA).

Wound healing assay. For the wound healing assay, the 
following groups of HA‑VSMCs were cultured in 6‑wellplates 
until 60% confluence: control, si‑NC, si‑lncRNA MEG3, 
si‑lncRNA MEG3  +  baicalin (5  µmol/l), si‑lncRNA 
MEG3 + baicalin (10 µmol/l), si‑lncRNA MEG3 + baicalin 
(20 µmol/l). Cells were scratched with pipette tips and washed 
three times with PBS  (15). Images of scratch areas were 
captured at 0 and 24 h. Each experiment was repeated five 
times independently.

Mitochondrial depolarization assay. The potential of mito-
chondrial membrane was analyzed as previously described 
using JC‑1 staining  (30). Mitochondrial depolarization is 
demonstrated by increased green/red fluorescence intensity 
ratio. When mitochondrial membrane potential level is low, 
green fluorescence is primarily observed. When the mitochon-
drial membrane potential increases, a polymer is formed and 
red fluorescence is observed (31). Mitochondrial membrane 
potentials were detected using a fluorescent microscope with 
488 nm excitation wavelength.

5‑Ethynyl‑2'‑deoxyuridine (EdU) staining. Cell proliferation 
was analyzed using kFluor647 Click‑iT EdU kit (Nanjing 
KeyGen Biotech Co., Ltd.) according to the manufacturer's 
protocol. HA‑VSMCs were seeded into 96‑well cell culture 
plates at a density of 1x104 cells/well. Following transfection 
and treatment with baicalin, HA‑VSMCs were incubated with 
10 µmol/l EdU for 4 h at 37˚C. Cells were permeabilized for 
20 min with 0.5% Triton X‑100 after fixing with 4% formalde-
hyde for 30 min at room temperature. Cells in each well were 
washed three times with 0.1 ml 3% bovine serum albumin 
(cat. no. VIC018; Xuzhou VICMED Biological Technology 
Co., Ltd.) in PBS and subsequently incubated with 1X Click‑iT 
EdU reaction buffer at room temperature for 30 min in the 
dark. HA‑VSMC nuclei stained by Hoechst were used to count 
cells and visualization was performed using a fluorescence 
microscope as described below (Nikon Corporation, Tokyo, 
Japan).

Hoechst staining. Treated HA‑VSMCs were cultured on 
24‑well cell culture plates. Subsequently, 1 µl of Hoechst 
33342 (5 mg/ml; Sigma‑Aldrich; Merck KGaA) in 200 µl of 
PBS was added to HA‑VSMCs and incubated for 20 min in 
room temperature. The stained cells were washed three times 
with PBS, and cell morphology was observed under a fluores-
cence microscope.

Immunofluorescence. HA‑VSMCs were fixed with 4% para-
formaldehyde for 15 min at room temperature, and washed in 
cold PBS 3 times for 5 min. Permeabilization was performed in 
0.4% Triton X‑100 (Sigma‑Aldrich; Merck KGaA) for 10 min 
at room temperature. For immunofluorescence staining, the 
experiment was conducted as previously described (15).

Cell viability assay. Cell viability was assayed by the MTT 
assay, as previously described (28). HA‑VSMCs were cultured 
in 96‑well microtitration plates and then the cells were 
subjected to growth arrest in DMEM without serum for 24 h. 
Following transfection and treatment, HA‑VSMCs were incu-
bated for 4 h in a medium containing 0.5% MTT. Thereafter, the 
supernatant was removed, and dimethylsulfoxide (150 µl/well) 
was added. The plates were then agitated on a plate shaker for 
10 min at room temperature. The absorbance was measured at 
a wavelength of 490 nm in a spectrophotometer.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean. Comparisons between two groups were 
performed using unpaired Student's t‑test and three or more 
groups were compared using one‑way analysis of variance, 
followed by Dunnett's test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Expression level of MEG3 decreases in serum samples from 
patients with AS and ox‑LDL‑treated HA‑VSMCs, and baicalin 
increases the expression levels of MEG3 in ox‑LDL‑treated 
HA‑VSMCs. The current study determined the expression 
levels of MEG3 in serum samples from patients with AS and 
HA‑VSMCs treated with ox‑LDL. RT‑qPCR assay indicated 
that the expression level of MEG3 significantly decreased in 
patients with AS compared with healthy controls (Fig. 2A). A 
previous study reported that ox‑LDL serves an important role 
in the progression of AS (32). Ox‑LDL promotes osteogenic 
differentiation and proliferation of VSMCs (33), and has been 
widely used to induce a model of AS (27,32,33). Consistent 
with these results, the current study indicated that ox‑LDL 
promoted cell proliferation in a concentration dependent 
manner (Fig. 2B and C). In addition, the expression levels 
of MEG3 were detected in HA‑VSMCs after treatment with 
ox‑LDL. The expression of MEG3 decreased following stimu-
lation with ox‑LDL. The results indicated that the expression 
level of MEG3 decreased in a concentration‑dependent 
manner. The greatest inhibition of MEG3 expression was 
achieved using a dose of 75 µg/ml ox‑LDL, and, therefore, 
this dose was used in subsequent experiments (Fig.  2D). 
These results indicated that MEG3 may be a mediator in 
AS progression. HA‑VSMCs treated with ox‑LDL were used 
as an in vitro model of AS and subsequently treated with 
baicalin. The present study aimed to determine whether 
different concentrations of baicalin affected the expression 
of MEG3. Data indicated that different concentrations of 
baicalin did not affect the expression of MEG3 in the absence 
of oxLDL treatment (Fig. 2E), suggesting that this drug did 
not affect the expression of MEG3 in normal cells. However, 
in ox‑LDL‑treated HA‑VSMCs, incubation with ox‑LDL 
resulted in a significant decrease in MEG3 expression 
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compared with the control. Baicalin reversed this effect in a 
dose‑dependent manner (Fig. 2F).

Baicalin inhibits MEG3 silencing‑induced proliferation of 
ox‑LDL‑ treated HA‑VSMCs. To verify the function of MEG3 
in the progression of AS, the current study determined the 
effects of MEG3 silencing on proliferation of ox‑LDL‑treated 
HA‑VSMCs. HA‑VSMCs treated with 75  µg/ml ox‑LDL 
were transfected with si‑MEG3 and treated with different 
concentration of baicalin (5, 10 and 20 µmol/l), followed by 
measurement of cell proliferative ability. The knockdown 
of MEG3 was confirmed by qPCR (Fig. 3A). BrdU assay 
indicated that downregulation of MEG3 caused a significant 
increase in cell proliferation compared with the si‑NC group in 
ox‑LDL‑treated HA‑VSMCs. However, cell proliferation was 
inhibited following treatment with different concentrations 

of baicalin (Fig. 3B). To determine whether baicalin affected 
cell cycle progression by increasing MEG3 expression in the 
presence of ox‑LDL, flow cytometry was used to detect the 
number of cells at different stages of the cell cycle. MEG3 
knockdown increased the percentage of cells at the G2/M+S 
phase compared with the si‑NC group. Baicalin inhibited cell 
cycle progression and increased the number of HA‑VSMCs 
at the G0/G1 phase (Fig. 3C and D). EdU staining analysis 
indicated that the number of proliferating cells increased 
following knockdown of MEG3 compared with the si‑NC 
group (Fig. 3E and F). This effect was reversed in the presence 
of baicalin at a concentration of 10 or 20 µmol/l. MEG3 is a 
tumor suppressor gene, and its ectopic expression inhibited cell 
proliferation and promoted cell apoptosis in human glioma cell 
line (34). Our previous study indicated that MEG3 knockdown 
may trigger human pulmonary artery smooth muscle cell 

Figure 2. Expression of MEG3 in serum samples and ox‑LDL‑treated HA‑VSMCs, and the effect of treatment with baicalin. (A) The expression of MEG3 
in serum samples from patients and controls. n=40. *P<0.05, as indicated. (B) MTT assay was performed to determine the HA‑VSMC viability following 
treatment with different concentrations of ox‑LDL (0, 25, 50 and 75 µg/ml). *P<0.05 vs. the control group. n=6. (C) BrdU assay was performed to determine 
DNA synthesis following treatment with different concentrations of ox‑LDL (0, 25, 50 and 75 µg/ml). n=6. *P<0.05 vs. the control group. (D) HA‑VSMCs were 
treated with different concentrations of ox‑LDL (0, 25, 50 and 75 µg/ml) for 24 h, followed by the detection of MEG3 expression. n=6. *P<0.05 vs. the control 
group. (E) Effect of baicalin on MEG3 expression. (F) Effect of baicalin on MEG3 expression in cells treated with ox‑LDL. n=6. **P<0.01 and ***P<0.001, as 
indicated. MEG3, maternally expressed gene 3; B, baicalin; ox‑LDL, oxidized low‑density lipoprotein; HA‑VSMC, human aorta vascular smooth muscle cell; 
BrdU, bromodeoxyuridine.
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proliferation and migration (15). In the present study, MEG3 
knockdown promoted the proliferation of HA‑VSMCs in the 
absence of ox‑LDL, compared with the si‑NC group. However, 
compared with the MEG3 knockdown group untreated with 
ox‑LDL, proliferation increased in cells transfected with 
si‑lncRNA MEG3 and treated with ox‑LDL  (Fig.  4A). In 
the absence of ox‑LDL, baicalin inhibited the proliferation 
of HA‑VSMCs transfected with si‑lncRNA (Fig. 4B). The 
above results indicated that baicalin inhibited the proliferation 
induced by MEG3 knockdown and stimulation with ox‑LDL. 

Furthermore, RT‑qPCR analysis of MEG3 expression was 
performed following transfection with pCDNA‑MEG‑3. 
Compared with the pCDNA group, the expression level of 
MEG3 increased by 1.59‑fold in the pCDNA‑MEG3 group 
(Fig. 5A). Furthermore, overexpression of MEG3 suppressed 
the viability and proliferation in ox‑LDL‑treated HA‑VSMCs 
compared with the ox‑LDL + pCDNA group (Fig. 5B and C).

Baicalin inhibits MEG3 knockdown‑induced migration 
in ox‑LDL‑ treated HA‑VSMCs. It has been reported that 

Figure 3. Baicalin reverses MEG3 knockdown‑induced proliferation in ox‑LDL‑treated HA‑VSMCs. (A) Reverse transcription‑quantitative polymerase chain 
reaction verified MEG3 knockdown efficiency. (B) BrdU analysis of DNA synthesis. (C) Flow cytometry plots. (D) Quantitative analysis of flow cytometry 
results on cell cycle progression. (E) EdU staining to study cell proliferation. (F) Quantitative analysis of EdU staining results. n=6. **P<0.01 and ***P<0.001, as 
indicated. si, small interfering; lnc, long noncoding; MEG3, maternally expressed gene 3; B, baicalin; ox‑LDL, oxidized low‑density lipoprotein; HA‑VSMC, 
human aorta vascular smooth muscle cell; BrdU, bromodeoxyuridine; NC, negative control; 5, 10 and 20 refer to the concentration of baicalin in µmol/l; EdU, 
5‑ethynyl‑2'‑deoxyuridine.
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migration of HA‑VSMCs contributed to vascular remodeling 
in AS (35). The current study examined the effect of baicalin 
on MEG3 silencing‑induced migration of HA‑VSMCs using 
a wound healing assay. Ox‑LDL‑ treated HA‑VSMCs were 
treated with control, si‑NC, si‑lncRNA MEG3, si‑lncRNA 
MEG3 + baicalin (5 µmol/l), si‑lncRNA MEG3 + baicalin 
(10 µmol/l) and si‑lncRNA MEG3 + baicalin (20 µmol/l). A 
scratch was made using a pipette tip and images were captured 
at 0 and 24 h to analyze the degree of migration in different 

treatment groups. The results indicated that knockdown of 
MEG3 increased the migration of HA‑VSMCs, compared with 
the si‑NC group; however, treatment with baicalin at a dose of 
10 and 20 µmol/l significantly reversed the effect of MEG3 
knockdown (Fig. 6A and B).

Baicalin reverses the effect of MEG3 silencing on cell 
proliferation and promotes apoptosis in ox‑LDL‑induced 
HA‑VSMCs. In order to further investigate whether baicalin 

Figure 4. Effect of MEG3 silencing on cell proliferation. (A) BrdU assay was used to analyze the effect of MEG3 knockdown in the proliferation of HA‑VSMCs 
in the absence and presence of ox‑LDL. (B) BrdU assay was used to analyze the effect of baicalin on the proliferation of HA‑VSMCs in the absence of ox‑LDL. 
**P<0.01 and ***P<0.001, as indicated. n=6. BrdU, bromodeoxyuridine; si, small interfering; lnc, long noncoding; MEG3, maternally expressed gene 3; B, 
baicalin; ox‑LDL, oxidized low‑density lipoprotein; HA‑VSMC, human aorta vascular smooth muscle cell; NC, negative control; 5, 10 and 20 refer to the 
concentration of baicalin in µmol/l.

Figure 5. Effect of MEG3 overexpression on ox‑LDL‑treated HA‑VSMCs. (A) MEG3 expression levels following transfection with pCDNA or pCDNA‑MEG3. 
(B) MTT assay was performed to determine the viability cells following overexpression of MEG3 and treatment with ox‑LDL in HA‑VSMCs. (C) BrdU 
assay was performed to determine DNA synthesis following overexpression of MEG3 and treatment with ox‑LDL in HA‑VSMCs. *P<0.05 and ***P<0.001, as 
indicated. n=6. MEG3, maternally expressed gene 3; ox‑LDL, oxidized low‑density lipoprotein; HA‑VSMC, human aorta vascular smooth muscle cell; BrdU, 
bromodeoxyuridine.
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could promote apoptosis in AS in vitro, the expression of 
MEG3 was decreased in HA‑VSMCs through pre‑treatment 

with ox‑LDL. Alterations in mitochondrial function were 
initially investigated. According to previous studies, disruption 

Figure 6. Effect of baicalin on MEG3 knockdown‑induced migration in ox‑LDL‑ treated human aorta vascular smooth muscle cells. (A) Wound healing assay. 
(B) Quantitative analysis of cell migration. n=6. **P<0.01 and ***P<0.001, as indicated. NC, negative control; si, small interfering; lnc, long noncoding; MEG3, 
maternally expressed gene 3; B, baicalin; 5, 10 and 20 refer to the concentration of baicalin in µmol/l.

Figure 7. Baicalin reverses the effect of MEG3 silencing on proliferation and promotes apoptosis in ox‑LDL‑induced HA‑VSMCs. (A) JC‑1 staining was used 
to detect apoptosis of human aorta vascular smooth muscle cells. (B) Quantitative analysis of JC‑1 staining. (C) Hoechst staining was used to detect human 
aorta vascular smooth muscle cell apoptosis following treatment with si‑lncMEG3 and different concentrations of baicalin. (C‑a) A cell with normal nuclear 
morphology. (C‑b) A cell with a crenated nucleus. (C‑c) A cell exhibiting nuclear condensation. (C‑d) A cell exhibiting nuclear fragmentation. White arrows 
indicate different cell morphologies. C‑a, C‑b, C‑c and C‑d were captured at a magnification of x40. n=6. ***P<0.001, as indicated. NC, negative control; si, 
small interfering; lnc, long noncoding; MEG3, maternally expressed gene 3; B, baicalin; 5, 10 and 20 refer to the concentration of baicalin in µmol/l.
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of mitochondrial membrane potential is an early event of apop-
tosis (31,36,37). The alterations of mitochondrial membrane 
potential were verified by JC‑1 staining. Following MEG3 
knockdown the green/red fluorescence ratio was reduced 
compared with the si‑NC group, suggesting an increase in 
mitochondrial membrane potential. By contrast, the mito-
chondrial membrane potential decreased following treatment 
with baicalin, as evidenced by increased ratio of green to red 
fluorescence (Fig. 7A and B). Furthermore, chromatin conden-
sation and cell nuclear morphology were observed by staining 
with Hoechst 33342. The MEG3 knockdown group exhibited 
the same complete nuclear morphology as the NC group in 
cells, while treatment with baicalin resulted in alterations in 
chromatin morphology including crenation, condensation and 
fragmentation (Fig. 7C).

Baicalin inhibits the expression of PCNA, cyclin A and E in 
HA‑VSMCs. To further determine the mechanism underlying 
baicalin‑mediated inhibition of MEG3 knockdown‑induced 
proliferation, the expression of PCNA was determined 
by western blotting. The results indicated that MEG3 
knockdown increased the expression of PCNA, which was 
reversed in the presence of different concentration of baicalin 
(Fig. 8A). Cyclin A and E serve roles in cell cycle progres-
sion, and, therefore, expression levels of these proteins were 
determined in ox‑LDL‑stimulated HA‑VSMCs. The results 
indicated that knockdown of MEG3 increased the expression 
of cyclin A and E; however, this effect was reversed by treat-
ment with baicalin (Fig. 8B and C). These results indicated 
that baicalin may serve a role in regulating cell cycle progres-
sion and inhibiting cell proliferation.

Figure 8. Effect of baicalin on the proliferation of ox‑LDL‑treated human aorta vascular smooth muscle cells. Expression levels of (A) PCNA (B) cyclin A and 
(C) cyclin E. β‑actin was used as the loading control. n=4. *P<0.05, **P<0.01 and ***P<0.001, as indicated. NC, negative control; si, small interfering; lnc, long 
noncoding; MEG3, maternally expressed gene 3; B, baicalin; 5, 10 and 20 refer to the concentration of baicalin in µmol/l; PCNA, proliferating cell nuclear 
antigen.
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Baicalin suppresses the ox‑LDL‑stimulated cell growth 
via modulation of the MEG3/p53 pathway in HA‑VSMCs. 
Previous studies demonstrated that the p53 signaling pathway 
serves a role in AS (38,39). To further examine the mechanism 
underling baicalin‑mediated inhibition of cell growth, p53 
immunofluorescence and western blotting were performed 
in ox‑LDL‑treated HA‑VSMCs. Fluorescence data indicated 
that p53 was expressed in the nucleus under normal condi-
tions; however, cytoplasmic expression was detected following 
knockdown of MEG3. Following treatment with different 
concentrations of baicalin, p53 was activated and returned 
to nuclear expression (Fig.  9A). Western blotting further 
indicated that the low expression of p53 following MEG3 
knockdown gradually increased following administration of 
different concentrations of baicalin (Fig. 9B). The above data 
indicated that baicalin inhibited the growth of HA‑VSMCs 
possibly through the p53 signaling pathway.

Discussion

At present, AS is one of the most common cardiovascular 
disorders, even though there have been significant improve-
ments in clinical diagnosis and control of symptoms (2,7,40). 
AS remains a major health concern and exhibits high morbidity 
and mortality rates worldwide (41). A number of studies indi-
cated that lncRNAs serve important roles in the progression 
of AS (2,27,42). The current study demonstrated that lncRNA 
MEG3 may be an important regulator of cell proliferation and 
apoptosis in vitro. MEG3 knockdown promoted the prolifera-
tion of HA‑VSMCs in the absence of ox‑LDL. Furthermore, 
in the presence of ox‑LDL, MEG3 knockdown increased 
the proliferation even further. Ox‑LDL can induce AS via 
multiple mechanisms, including promotion of EC activation 
and dysfunction, VSMC proliferation and migration, and foam 
cell formation (32,43). VSMCs, the major cell type in blood 

Figure 9. Effect of baicalin on the ox‑LDL‑stimulated cell growth via the MEG3/p53 pathway in human aorta vascular smooth muscle cells. 
(A) Immunofluorescence assay of p53 translocation. Red color indicates p53‑positive staining and blue color indicates DAPI staining. (B) Western blot analysis 
of p53 protein expression. β‑actin was used as the loading control. n=4. *P<0.05 and **P<0.01, as indicated. NC, negative control; si, small interfering; lnc, long 
noncoding; MEG3, maternally expressed gene 3; B, baicalin; 5, 10 and 20 refer to the concentration of baicalin in µmol/l.
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vessels, participate in remodeling of the arterial wall in order 
to maintain blood flow in vessels affected by AS (3,44). MEG3 
is a tumor suppressor gene and its ectopic expression inhibited 
cell proliferation and promoted cell apoptosis in human glioma 
cell line(34). Therefore, the present study aimed to investigate 
whether MEG3 was involved in the regulation of AS progres-
sion in ox‑LDL‑stimulated HA‑VSMCs. The results indicated 
that the expression of MEG3 was reduced in serum samples 
from patients with AS and ox‑LDL‑induced HA‑VSMCs, 
compared with normal control samples and cells untreated with 
ox‑LDL, respectively. Further experiments indicated that the 
decrease in MEG3 expression was reversed by treatment with 
baicalin in a concentration‑dependent manner. Knockdown 
of endogenous MEG3 promoted proliferation and migration, 
and inhibited apoptosis in HA‑VSMCs. Baicalin reversed 
the effects of MEG3 knockdown on proliferation, migration 
and apoptosis in ox‑LDL‑treated HA‑VSMCs. We previously 
reported that MEG3 knockdown triggered human pulmonary 
artery smooth muscle cell proliferation and migration (15). 
The current study demonstrated increased expression levels 
of cyclin A and E following MEG3 knockdown. However, 
following treatment of HA‑VSMCs with different concentra-
tions of baicalin, the MEG3 knockdown‑induced effect on 
the expression levels of cyclin A and E was reversed. Baicalin 
inhibited proliferation and facilitated apoptosis through 
activating the MEG3/p53 expression. This result suggests a 
regulatory activity of lncRNA MEG3 in AS and this molecule 
may be a novel therapeutic target for the treatment of human 
cardiovascular disease.

Abnormal proliferation, apoptosis and migration of 
VSMCs are considered key factors in the development of 
AS (4,45). Previous studies have demonstrated that lncRNAs 
serve important roles in the development of AS (2,27,46). 
Numerous studies demonstrated the potential role of 
lncRNAs in proliferation and migration of smooth muscle 
cells. A recent study suggested that lncRNA‑H19 knockdown 
inhibited proliferation and induced apoptosis of HA‑VSMCs 
by inactivating microRNA‑148b/WNT/β‑catenin signaling 
pathway, suggesting the potential application of H19 in the 
prevention of AS (27), which could be used as a potential 
target for AS. Another study reported that lncRNA antisense 
RNA in the INK4 locus (ANRIL) was closely associated with 
the severity of AS (46). ANRIL increased the proliferation of 
VSMCs by reducing the expression of cyclin dependent kinase 
inhibitor 2A and B (47). LincRNA‑p21, a novel regulatory 
factor, has been revealed to regulate neointima formation, 
proliferation, apoptosis and AS in VSMCs by increasing the 
activity of p53 (2). To the best of our knowledge, the current 
study is the first to identify an interaction between MEG3 
and AS in vitro. In serum samples from patients with AS, the 
expression of MEG3 was significantly reduced compared with 
the normal control group. Furthermore, silencing of MEG3 
significantly accelerated proliferation and migration, and 
inhibited apoptosis of HA‑VSMCs, suggesting that MEG3 
silencing may suppress AS progression.

Baicalin has been reported to induce anti‑inflammatory (21) 
and antiproliferative effects (17). Baicalin is widely used in the 
treatment of inflammatory diseases (21,48) and dysfunction of 
VSMCs and ECs (17,49). Numerous studies have confirmed 
that baicalin serves anti‑atherosclerotic roles by inhibiting 

inflammation (21) and reducing oxidative stress (19). In addi-
tion, baicalin can protect chronic hypoxia‑induced pulmonary 
hypertension and cor pulmonale by reducing the activity of 
the p38 mitogen‑activated protein kinase pathway and matrix 
matalloprotease‑9  (50). In a previous study, baicalin and 
geniposide inhibited the progression of AS by enhancing 
the expression of Wnt family member 1 and attenuating the 
expression of dickkopf‑related protein 1 (51). In a high‑choles-
terol diet, baicalin decreased the expression of monocyte 
chemoattractant protein 1 and interleukin‑6 in the kidneys 
of ApoE knock out mice (23). Although baicalin has been 
demonstrated to exhibit a number of biological functions, the 
underlying mechanism of baicalin‑mediated prevention of AS 
progression by altering lncRNA expression is not well docu-
mented. The present study indicated that baicalin at a dose 
of 10 and 20 µmol/l significantly inhibited the proliferation 
and migration, and promoted apoptosis of HA‑VSMCs treated 
with xo‑LDL. The antiproliferative effect of baicalin was 
associated with cell cycle arrest at the G0/G1 stage. Cell cycle 
progression is regulated by a complex regulatory molecular 
network, including cyclins (52). Cyclin A and E are the main 
mediators during the cell cycle progression from the G0/G1 

to the S phase (53). In the present study, baicalin arrested the 
cell cycle at the G0/G1 phase and decreased the expression 
of cell cycle regulatory proteins PCNA, cyclin A and E in 
ox‑LDL‑treated HA‑VSMCs with MEG3 knockdown. It may 
be hypothesized that baicalin inhibited cell proliferation via 
downregulation of expression of cell cycle regulatory proteins, 
which resulted in cell cycle arrest at the G0/G1 phase.

The p53 signaling pathway has been reported to be 
involved in vascular remodeling and atherosclerotic plaque 
formation (15,54,55). In a previous study, the expression of 
p53 in atherosclerotic plaques was negatively correlated with 
cell proliferation (56). In the rabbit carotid artery, overexpres-
sion of p53 significantly inhibited cell proliferation (57). In 
addition, high expression of p53 may inhibit monocyte/macro-
phage cell division and promote the apoptosis of macrophages, 
thus preventing the development of AS  (25). The current 
study confirmed that baicalin may increase the expression of 
p53 and promote its transport from the cytoplasm to nucleus 
following MEG3 silencing. These results suggest that baicalin 
may ameliorate AS and the MEG3/p53 signaling pathway may 
be involved in this process.

In conclusion, baicalin inhibited proliferation and promoted 
apoptosis in ox‑LDL‑treated HA‑VSMCs by activating the 
expression of MEG3/p53. Baicalin may be used to increase 
the expression of MEG3/p53 and prevent AS. However, in 
future clinical trials, the administration of baicalin to patients 
with AS may provide understanding of disease pathways and 
further clarify the therapeutic potential of baicalin.
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