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 Background: As one of the crucial causes leading to cardiovascular disease, atherosclerosis (AS) develops in association with 
the dysfunction of vascular smooth muscle cells (VSMCs). However, the associated mechanism of the prolifer-
ation and migration in VSMCs requires further elucidation.

 Material/Methods: Human VSMCs and ApoE-knockout (ApoE–/–) mice were used to establish AS cell and animal models, respec-
tively. Expression levels of miR-188-3p and fibroblast growth factor 1 (FGF1) mRNA were detected using quan-
titative reverse transcription-polymerase chain reaction (qRT-PCR). Western blot was used to assess FGF1 pro-
tein expression. The proliferation, migration, and apoptosis of the cells were determined using MTT, BrdU, and 
Transwell assays, as well as flow cytometry analysis. The interaction between miR-188-3p and FGF1 was vali-
dated using dual-luciferase reporter gene assay, qRT-PCR, and Western blot analysis.

 Results: MiR-188-3p was found to be significantly decreased in the serum of AS patients and ApoE–/– mice as well as 
VSMCs of ApoE–/– mice and human VSMCs treated with oxidized low-density lipoprotein. MiR-188-3p repressed 
the proliferation and migration of VSMCs but promoted apoptosis of VSMCs. The binding site between miR-
188-3p and 3’ untranslated region (3’-UTR) of FGF1 was identified, and FGF1 was verified as a target gene of 
miR-188-3p. Restoration of FGF1 reversed the effects of miR-188-3p on VSMCs.

 Conclusions: MiR-188-3p suppresses the proliferation and migration of VSMCs and induces their apoptosis through target-
ing FGF1.
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Background

Cardiovascular disease (CVD) is recognized as a common cause 
of death worldwide, with coronary artery disease induced by 
atherosclerosis (AS) accounting for 45.1% of deaths [1]. During 
the past decade, the number of deaths caused by AS have in-
creased by 117.2% in East Asia [2]. At present, early diagnosis 
of AS is still difficult to achieve [1,3,4]. Therefore, it is critical 
to further explore the molecular mechanisms of AS develop-
ment to obtain clues for the diagnosis and treatment of AS.

Vascular smooth muscle cells (VSMCs) located in the arterial 
medial are essential cells in maintaining the integrity of the 
arterial wall and exhibit critical effects at all stages of AS de-
velopment [5]. In the early stage of AS, factors such as the re-
lease of inflammatory factors elicited by intimal layer damage 
can induce VSMCs to transform from a contractile phenotype 
to a synthetic phenotype, migrate to the intima, and then un-
dergo aberrant proliferation to form AS plaques; in the late 
stage of AS, the apoptosis of VSMCs can trigger the instabili-
ty of AS plaques [6,7].

Known as small noncoding RNAs, microRNAs (miRNAs) are ap-
proximately 22 nucleotides in length. An increasing number of 
studies have elucidated that miRNAs exert a regulatory effect 
on the development of AS. For instance, in oxidized low-densi-
ty lipoprotein (ox-LDL)-stimulated macrophages, miR-497 pro-
motes the accumulation of lipids, which suggests the poten-
tial to promote AS [8]. MiR-188-3p has been reported to have 
critical functions in cancer progression, myocardial infarction, 
and other diseases in recent years. In cancer biology, miR-
188-3p often acts as a tumor suppressor [9,10]. For example, 
in pancreatic cancer, miR-188-3p represses the colony-form-
ing ability of cancer cells by specific inhibition of BRD4 [9]. In 
addition, after miR-188-3p mimics were injected into ApoE-
knockout (ApoE–/–) mice, the lipid accumulation, macrophage 
recruitment, and levels of inflammatory factors in the aorta 
of the mice were significantly ameliorated [11]. This outcome 
suggests that miR-188-3p has potential inhibitory effects on 
the development of AS. However, whether miR-188-3p can at-
tenuate the dysfunction of VSMCs is still unknown.

Fibroblast growth factor 1 (FGF1) serves as an important in-
flammatory factor in a majority of CVDs, such as myocardial 
ischemia-reperfusion injury, hypertension, and myocardial in-
farction [12–14]. FGF1 also plays a role in the development of 
AS. For example, in mouse VSMCs and monocytes, overexpres-
sion of FGF1 can bolster inflammatory responses and the pro-
liferation of cells [13]. In human VSMCs treated with ox-LDL, 
FGF1 expression is abnormally increased, and overexpression 
of FGF1 significantly accelerates the proliferation and migra-
tion of VSMCs [15].

In our study, we used bioinformatics analysis and found that 
miR-188-3p was aberrantly expressed in multiple AS-related 
miRNA expression profile datasets. We also noted a poten-
tial binding site between miR-88-3p and the 3’ untranslated 
region (3’-UTR) of FGF1. Therefore, we hypothesized that the 
miR-188-3p/FGF1 axis plays a role in the development of AS 
by regulating the phenotypes of VSMCs. This study evaluated 
the role of miR-188-3p/FGF1 in VSMCs and offers a theoretical 
foundation for the molecular mechanism in AS development.

Material and Methods

Bioinformatics analysis

In GSE34647, female ApoE–/– mice were fed a high-fat diet 
for 3 or 10 months. Afterward, expression of miRNAs in AS 
plaque was measured. In the GSE89858 dataset, double-
knockout Apobtm2Sgy/Ldltm1Her mice had been fed with ei-
ther high-fat or normal chow diet. Mice were euthanized after 
0, 6, 18, and 30 weeks, and expression of miRNAs in ascend-
ing aortas with AS lesions was measured. After matrix datas-
et downloading, miRNAs with P value <0.05 and |log2FC| >1.5 
were selected for heatmap building. All miRNAs were select-
ed to build volcano plot.

Clinical samples

Fifty-four patients who underwent coronary angiography be-
tween March 2016 and July 2017 were randomly enrolled in 
this study. All patients had ³50% arteriostenosis of no less 
than one main coronary artery. None of the patients had val-
vular heart disease, liver disease, renal failure, autoimmune 
diseases, or other inflammatory diseases. Serum samples from 
these patients were collected. For the control group, serum 
samples were also collected from 54 healthy volunteers who 
had undergone health examinations in Yantai Yuhuangding 
Hospital. The serum samples were stored at –80 °C immediate-
ly after collection. All subjects gave informed written consent. 
This study was approved by the Research Ethics Committee of 
Yuhuangding Hospital.

Cell culture and transfection

Human VSMCs were obtained from the Cell Center of the 
Chinese Academy of Medical Sciences (Shanghai, China), cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, 
Logan, UT, USA) supplemented with 10% fetal bovine serum 
(FBS, HyClone), 100 U/mL penicillin, and 100 μg/mL strep-
tomycin (Sigma, St. Louis, MO, USA) at 37°C in 5% CO2. The 
cells in the logarithmic growth phase were used for follow-
up experiments.
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We purchased pcDNA3.1-control, pcDNA3.1-FGF1, miRNA 
mimics control (mimics-NC), miRNA inhibitors control (inhibi-
tors-NC), miR-188-3p mimics, and miR-188-3p inhibitors from 
GenePharma Co., Ltd. (Shanghai, China). VSMCs were har-
vested and seeded into a 24-well plate at a density of 3×105 
cells/well, and cell transfection was performed after 24 h of 
culture. VSMCs were transfected using Lipofectamine 3000 
(Invitrogen, Carlsbad, CA, USA) conforming to the protocols.

Establishment of in vitro AS cell model

VSMCs were treated with 0, 25, 50, and 100 mg/L ox-LDL for 
24 or 48 h to establish in vitro AS cell models for subsequent 
experiments.

Animal models

The animal experimental protocol was approved by the Animal 
Ethics Committee of Yuhuangding Hospital. Eight-week-old 
C56BL/6J mice were available from the Animal Center of Qilu 
Hospital (Jinan, China). Five mice were ApoE–/– mice, which 
were fed high-fat diets to establish the AS models, and 5 
mice were wild-type (WT) mice, which were fed normal diets. 
All mice were maintained at room temperature (18–22°C) at 
a relative humidity of 50–60%.

Quantitative reverse transcription–polymerase chain 
reaction (qRT-PCR)

Total RNAs were extracted from serum samples using se-
rum microRNA rapid extraction kit (Bioteke, Beijing, China) 
and total RNAs in VSMCs were extracted using TRIzol reagent 
(Invitrogen). The concentration and purity of the extracted 
RNAs were measured using Thermo NanoDrop 2000. All prim-
ers in the study shown in Table 1 were designed and synthe-
sized by TaKaRa (Dalian, China). The extracted RNA was re-
verse-transcribed into cDNAs with Reverse Transcription Kit 
(Takara). PCR amplification was performed according to the 
instructions of SYBR Premix Ex Taq™ II (Takara). The relative 

expression of miR-188-3p and FGF1 mRNA was calculated us-
ing 2–DDCT method.

Western blot analysis

Total protein was extracted from VSMCs using RIPA lysis buffer 
(Beyotime Biotechnology, Shanghai, China), and the concentra-
tion of the extracted protein was detected using the Bradford 
method. After being denatured, the protein samples were sub-
jected to SDS-PAGE. Subsequently, the protein in the gel was 
transferred to nitrocellulose membranes (Millipore, Bedford, 
MA, USA). After being blocked with 5% skimmed milk at room 
temperature for 1 h, the membranes were incubated with pri-
mary anti-FGF1 polyclonal antibody (Abcam, Shanghai, China, 
ab9588, diluted 1: 500) overnight at 4°C. Following that, the 
membranes were washed using TBST for 20 min and then in-
cubated with secondary antibody (Abcam, ab205718, diluted 
1: 3000) for 1 h at room temperature. After membranes were 
again rinsed with TBST, the protein bands were visualized and 
imaged using ECL chemiluminescence solution (Amersham 
Pharmacia Biotech, Little Chalfont, UK).

MTT assay

VSMCs in the logarithmic growth phase were harvested. The 
cell density of the obtained cell suspension was modulated 
to 4×104/mL using complete medium, and then 100 μL of the 
cell suspension was added to each well on a 96-well culture 
plate. After 24 h of culture, most cells adhered to the bottom 
of the wells, and the original medium was replaced with medi-
um supplemented with 0.5% FBS. Twenty-four hours later, the 
above medium was removed, and 10 μL of 5 mg/mL MTT solu-
tion (Beyotime Biotechnology) was added to each well. Notably, 
6 replicate wells were used for each group. After 4 h of incu-
bation at 37°C in 5% CO2, the solution of each well was dis-
carded, 150 μL of dimethyl sulfoxide (Beyotime Biotechnology) 
was added to each well, and the incubation was maintained 
for another 10 min on a shaker. After the precipitate was com-
pletely dissolved, the optical density value was measured at a 
wavelength of 490 nm using a microplate reader.

BrdU assay

VSMCs in the logarithmic growth phase were harvested to 
make single-cell suspensions, and 1×105 cells/well were seed-
ed into 24-well plates. After the cells adhered to the bottom of 
the wells, BrdU labeling reagent (WuHan AmyJet Scientific Inc., 
Wuhan, China) was added to each well according to instruc-
tions, and the plates were maintained in 5% CO2 at 37°C. After 
8 h of culture, the medium was discarded, and the cells were 
fixed with 4% paraformaldehyde. Then 2 mol/L HCl was added 
to denature the DNA of the cells. The cells were then washed 
with PBS, and anti-BrdU antibody (Beyotime Biotechnology) 

Name Primer sequences

MiR-188-3p
Forward: 5’-ATTATTGGCTCCCACATGCAG-3’

Reverse: 5’-ATCCAGTGCAGGGTCCGAGG-3’

U6
Forward: 5’-CTCGCTTCGGCAGCACA-3’

Reverse: 5’-AACGCTTCACGAATTTGCGT-3’

FGF1
Forward: 5’-AATGGGAGCTGCAAACGCGGTCC-3’

Reverse: 5’-TCAACCAGGTGAGGACCCCTCGA-3’

GAPDH
Forward: 5’-CCAGGTGGTCTCCTCTGA-3’

Reverse: 5’ -GCTGTAGCCAAATCGTTGT-3’

Table 1. Primer sequences used for PCR.
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was added prior to incubation of the cells at 4°C for 12 h. Next, 
DAPI solution (Beyotime Biotechnology) was added to stain 
the nuclei for 30 min. Under the fluorescence microscope, 3 
fields were randomly selected and the number of the cells in 
each field was counted. The cell proliferation was calculat-
ed as follows: cell proliferation rate=number of BrdU-positive 
cells/number of DAPI-positive cells. The mean value of the cell 
proliferation rates in 3 fields was adopted as the proliferation 
rate for the cells in each group.

Transwell assay

Twenty-four hours after transfection, the cells in each group 
were trypsinized, and resuspended using serum-free DMEM to 

modulate the cell concentration to 1×105 cells/mL. Subsequently, 
200 μL of cell suspension was added to the upper chamber of 
the Transwell system (8 μM, Corning, Beijing, China), and 500 μL 
of DMEM containing 10% FBS was added to the bottom cham-
ber. The culture was sustained at 37°C in 5% CO2 for 48 h. 
Subsequently, the upper chamber was removed and the cells 
that had migrated to the bottom were processed as follows: fixed 
using 4% paraformaldehyde for 15 min, stained using 0.1% crys-
tal violet solution for 15 min, and washed with PBS to remove 
residual crystal violet. Additionally, the cells that failed to pass 
through the membrane were carefully wiped off using a cotton 
swab. Ultimately, the cells were observed under a microscope, 5 
fields were randomly selected, the number of migrating cells in 
each field was counted, and the average number was calculated.
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Figure 1.  Expression of miR-188-3p in the Gene Chip dataset. (A, B) miR-188-3p was found to be significantly decreased in AS plaques 
derived from mice fed a high-fat diet for 10 months compared with mice fed a high-fat diet for 3 months based on the 
dataset GSE34647. (C, D) miR-188-3p was found to be significantly reduced in the ascending aorta of mice fed a high-fat diet 
based on the dataset GSE89858.
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Apoptosis assay

After the cells were treated with different factors, the cells 
were trypsinized and harvested using centrifugation (1500 
rpm, 3 min). Cell apoptosis was detected using the Apoptosis 
Detection Kit (Yeasen Biotech Co., Ltd., Shanghai, China) as fol-
lows: after 2×105 cells were washed twice using PBS, 100 μL 
of binding buffer was added, followed by 10 μL of AnnexinV-
FITC solution and 5 μL of PI solution, respectively. After incuba-
tion at 4°C in the dark for 30 min, the prepared cells were im-
mediately subjected to flow cytometry, and the percentage of 
apoptotic cells was calculated after the associated data were 
processed using software.

Dual-luciferase reporter gene assay

The specific binding relationship between miR-188-3p and the 
3’-UTR of FGF1 was validated using dual-luciferase reporter 
gene assay. The reporter gene vector pmirGLO-FGF1-WT was 
constructed with FGF1 WT 3’-UTR fragment, which contained 
the binding site, and was cloned into the pmirGLO dual-lucif-
erase gene vector (Promega Corp., Madison, WI, USA). GeneArt 

Site-Directed Mutagenesis PLUS System (cat. No. A14604; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to 
mutate the putative binding site of FGF1. The mutant (MUT) 
FGF1 3’-UTR fragment was cloned into the pmirGLO vector to 
establish the pmirGLO-FGF1-MUT. pmirGLO-FGF1-WT or pmir-
GLO-FGF1-MUT and miR-188-3p mimics or mimics-NC were 
co-transfected into VSMCs, respectively, using Lipofectamine 
3000 (Invitrogen), and subsequently, the cells were cultured 
for another 48 h. Following that, luciferase activity of each 
group was detected using the Dual-Luciferase Reporter Assay 
System (Promega, Madison, WI, USA).

Statistical analysis

SPSS 22.0 statistical software (SPSS Inc., Chicago, IL, USA) 
was used for statistical analysis. Measurement data were ex-
pressed as mean±variance (x±s). Independent sample t-test 
and rank test were used to compare the difference between 
every 2 groups. Statistical differences were considered signif-
icant at P<0.05.
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Figure 2.  Expression of miR-188-3p in AS patients, mice, and ox-LDL-treated VSMCs. (A) Expression level of miR-188-3p in serum of AS 
patients and healthy controls. (B, C) miR-188-3p expression in mouse serum and carotid smooth muscle cells. (D) Expression 
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treatment.
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Results

Discovery of miR-188-3p

Based on the public microarray database GSE34647, miR-188-
3p expression level was observed to be remarkably reduced in 
AS plaques derived from mice fed a high-fat diets for 10 months 
compared with mice fed a high-fat diet for 3 months after the 
AS model was established using ApoE–/– mice (Figure 1A, 1B). 
In GSE89858, similarly, it was found that in an animal model 
of AS established by Apobtm2Sgy/Ldltm1Her double-knock-
out mice, the miR-188-3p expression level was remarkably 

reduced in the ascending aorta of mice fed a high-fat diets for 
30 weeks compared with mice fed a normal diet for 30 weeks 
(Figure 1C, 1D). Therefore, we speculated that the dysregula-
tion of miR-188-3p may play a role in AS progression.

Abnormal expression of miR-188-3p during AS 
development

To detect miR-188-3p expression during AS development, we 
examined its expression level using qRT-PCR. miR-188-3p ex-
pression was observed to be markedly reduced in serum derived 
from AS patients compared with healthy volunteers (Figure 2A). 
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In serum and carotid smooth muscle cells derived from mouse 
models of AS, we observed similar results (Figure 2B, 2C). We 
further found that ox-LDL markedly downregulated miR-188-
3p expression in ox-LDL-treated VSMCs, which showed time-
dependent and concentration-dependent effects (Figure 2D). 
All of these data supported that miR-188-3p was abnormally 
downregulated during AS development.

miR-188-3p affected the proliferation, migration, and 
apoptosis of VSMCs

The effect of ox-LDL was assessed on the proliferation of VSMCs 
at different concentrations and treatment durations using 
MTT. We noted that the viability of VSMCs was the highest at 
100 mg/L for 48 h (Figure 3A), and the miR-188-3p expression 
levels were the lowest under the same condition (Figure 2D). 

3

2

1

0

Re
lat

ive
 m

igr
at

ion
 ra

te

Mimics
(NC)

miR-188-3p
mimics

Inhibitors
(NC)

miR-188-3p
inhibitors

***

***

15

10

5

0

Pe
rce

nt
ag

e o
f a

po
pt

ot
ic 

ce
lls

Mimics
(NC)

miR-188-3p
mimics

Inhibitors
(NC)

miR-188-3p
inhibitors

***

***

100

105

104

103

102

101

100

101 102

FITC
mimics (NC)

PI

103 104 105

Q3
2.16%

Q2
3.07%

Q4
94.0%

Q1
0.80%

100

105

104

103

102

101

100

101 102

FITC
miR-188-3p mimics

PI

103 104 105

Q3
4.58%

Q2
5.95%

Q4
88.4%

Q1
1.08%

100

105

104

103

102

101

100

101 102

FITC
inhibitors (NC)

PI

103 104 105

Q3
2.27%

Q2
3.33%

Q4
93.6%

Q1
0.78%

100

105

104

103

102

101

100

101 102

FITC
miR-188-3p inhibitors

PI

103 104 105

Q3
0.93%

Q2
1.42%

Q4
97.2%

Q1
0.49%

F

E

Figure 3.  Effect of miR-188-3p on VSMCs. (A) The effects of ox-LDL with different treatment durations and concentrations on the 
viability of VSMCs were detected using the MTT assay. (B) The establishment of miR-188-3p overexpression and low-
expression cell models was validated using qRT-PCR. (C) The effect of miR-188-3p on VSMCs proliferation was examined 
using the MTT assay. (D) The effect of miR-188-3p on the proliferation of VSMCs was examined using the BrdU assay. 
(E) The effect of miR-188-3p on the migration of VSMCs was examined using the Transwell assay. (F) The effect of miR-188-
3p on apoptosis of VSMCs was examined using flow cytometry. ** P<0.01, and *** P<0.001. In A, ** P<0.01, and *** P<0.001, 
compared with the 0 mg/L group after 24 h of ox-LDL treatment; & P<0.05, and &&& P<0.001, respectively, compared with the 
0 mg/L group after 48 h of ox-LDL treatment.
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Figure 4.  Interaction between miR-188-3p and FGF1. (A) Binding site between miR-188-3p and the 3’UTR of FGF1 was predicted using 
TargetScan database. (B) Binding site between miR-188-3p and the 3’UTR of FGF1 was verified using dual-luciferase reporter 
gene assay. (C) The effect of miR-188-3p on FGF1 expression was examined using qRT-PCR. (D) The effect of miR-188-3p 
on FGF1 mRNA expression was examined using Western blot analysis. (E) The effect of ox-LDL treatment on FGF1 mRNA 
expression in VSMCs was examined using qRT-PCR. (F) The effect of ox-LDL treatment on FGF1 expression levels in VSMCs 
was examined by Western blot analysis. (G) FGF1 mRNA expression in carotid smooth muscle cells from WT and AS mice was 
measured using qRT-PCR. (H) FGF1 expression in carotid smooth muscle cells from WT and AS mice was measured using qRT-
PCR. (I) Expression of FGF1 in ox-LDL-treated VSMCs. * P<0.05, ** P<0.01, and *** P<0.001. In I, ** P<0.01, and *** P<0.001, 
compared with the 0 mg/L group after 24 h of ox-LDL treatment; &&& P<0.001, compared with the 0 mg/L group after 48 h of 
ox-LDL treatment.
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Therefore, we used 100 mg/L ox-LDL to treat VSMCs for 48 
h to perform the following experiments. We transfected miR-
188-3p mimics and inhibitors into VSMCs to establish cell 
models of miR-188-3p overexpression and low expression, 
respectively (Figure 3B). The results of the MTT and BrdU as-
says supported that miR-188-3p overexpression markedly min-
imized the viability of VSMCs, while the opposite result was 
observed when the expression of miR-188-3p was inhibited 
(Figure 3C, 3D). In the Transwell assay, the migration of cells in 
the miR-188-3p mimics group was markedly suppressed com-
pared with the control group, and the transfection of miR-188-
3p inhibitors significantly promoted the migration of VSMCs 
(Figure 3E). The results of flow cytometry analysis further sug-
gested that miR-188-3p had a role in promoting apoptosis of 
VSMCs (Figure 3F). Our results indicated that miR-188-3p al-
leviated the dysfunction of VSMCs.

FGF1 was specifically regulated by miR-188-3p

To explore how miR-188-3p exerted its effects in VSMCs, the 
downstream target genes of miR-188-3p were predicted using 
TargetScan, miRWalk, and miRmap, and we found that FGF1, 
which is closely related to the proliferation and migration of 
VSMCs [14], was one of the downstream target genes of miR-
188-3p (Figure 4A). Through dual-luciferase reporter gene as-
say, miR-188-3p mimics were observed to remarkably inhib-
it the luciferase activity of the pmirGLO-FGF1-WT group, but 
no substantial change was noted in the pmirGLO-FGF1-MUT 
group (Figure 4B). The results of qRT-PCR and Western blot 
analysis suggested that miR-188-3p remarkably downregulated 

the expression of FGF1 at both the mRNA and protein levels 
(Figure 4C, 4D). In addition, we detected the expression of 
FGF1 at both the mRNA and protein levels in ox-LDL-treated 
VSMCs and found that FGF1 expression was remarkably in-
creased compared with control group, in contrast to changes 
in miR-188-3p expression (Figure 4F–4G). Additionally, com-
pared with the control group, the expression of FGF1 in VSMCs 
derived from ApoE–/– mice fed a high-fat diet was also signif-
icantly inhibited (Figure 4E–4H). In addition, FGF1 expression 
in VSMCs induced by ox-LDL was significantly increased in a 
dose-dependent and time-dependent manner, which was con-
trary to miR-188-3p (Figure 4I). The above results confirmed 
that miR-188-3p could specifically inhibit FGF1 expression.

FGF1 enhanced the dysfunction of VSMCs

Next, we co-transfected miR-188-3p and pcDNA3.1-FGF1 into 
ox-LDL-treated VSMCs and found that FGF1 supplementation 
showed no obvious effect on the expression of miR-188-3p, 
but interfered with the expression of FGF1 at both the mRNA 
and protein levels (Figure 5A–5C), suggesting that the way miR-
188-3p regulated the expression of FGF1 was unidirectional. 
Based on the functional experiments in VSMCs, FGF1 overex-
pression was found to significantly attenuate the inhibitory ef-
fects of miR-188-3p on the proliferation of VSMCs, and the mi-
gration of VSMCs was also remarkably improved (Figure 5D–5F). 
Further, it was confirmed with flow cytometry that the apop-
tosis rate of the cells in miR-188-3p mimics+pcDNA3.1-FGF1 
group was obviously lower than that of the miR-188-3p mim-
ics group (Figure 5G). The above results demonstrate that FGF1 
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Figure 5.  The reversal effect of FGF1 on miR-188-3p function. (A) The effect of co-transfection of miR-188-3p and pcDNA3.1-FGF1 on 
miR-188-3p expression was examined using qRT-PCR. (B) The effect of co-transfection of miR-188-3p and pcDNA3.1-FGF1 
on FGF1 mRNA expression was examined using qRT-PCR. (C) The effect of co-transfection of miR-188-3p and pcDNA3.1-FGF1 
on FGF1 expression was examined using Western blot analysis. (D) The proliferation of VSMCs was examined using the MTT 
assay. (E) The proliferation of VSMCs was examined using the BrdU assay. (F) The migration of VSMCs was examined by the 
Transwell assay. (G) The apoptosis of VSMCs was examined using flow cytometry. * P<0.05, ** P<0.01, and *** P<0.001.

overexpression inhibited the effect of miR-188-3p, and they 
further validate that regulatory relationship existed between 
miR-188-3p and FGF1.

Discussion

Increasingly, miRNAs have been found to affect AS progres-
sion. For example, in ox-LDL-stimulated human aortic smooth 
muscle cells, miR-647 expression is significantly increased, and 
miR-647 promotes cell proliferation and migration by inacti-
vating the PTEN/PI3K/AKT signaling pathway, which acceler-
ates AS progression [16]. In addition, miR-377 expression in 
serum derived from hypertriglyceridemic patients was sig-
nificantly lower than that in serum from healthy people, and 

miR-377 was found to inhibit the expression of DNA meth-
yltransferase 1, facilitate the binding between lipoprotein li-
pase and high-density lipoprotein binding protein 1, promote 
triglyceride hydrolysis, and remarkably reduce AS lesions in 
animal models [17]. In the current study, we found that miR-
188-3p expression levels were markedly downregulated in AS 
patients, AS mice, and ox-LDL-stimulated VSMCs. Moreover, 
based on the results of MTT, BrdU, and Transwell assays, as 
well as flow cytometry analysis, we found that miR-188-3p had 
inhibitory effects on the proliferation and migration of VSMCs, 
and promotion effects on apoptosis. MiR-188-3p often plays a 
cancer-suppressing role in cancer. For example, in breast can-
cer, miR-188-3p has been confirmed to be abnormally down-
regulated and to be able to inhibit the proliferation, migra-
tion, and invasion of cancer cells through specifically inhibiting 
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TMED3 [18]. MiR-188-3p expression is significantly upregulat-
ed in sevoflurane-induced spatial cognitive impairment, and 
miR-188-3p can inhibit MDM2 expression, and thus enhance 
the stability of p53 protein, inducing the apoptosis of neural 
cells [19]. The role of miR-188-3p in inhibiting proliferation 
and migration and in promoting apoptosis in the above path-
ological processes is consistent with the results presented in 
this study. Furthermore, in previous studies, miR-188-3p has 
also been found to reduce the inflammatory responses in AS, 
which also suggests that miR-188-3p is a protective factor in 
the development of AS [4,11]. Considering previous reports and 
the results in the present work, we conclude that miR-188-3p 
is a promising target for the prevention and treatment of AS.

FGF1 expression is significantly increased in atherosclerotic 
vascular samples compared with normal arterial tissue, and 
ox-LDL-induced FGF1 release has been confirmed to be one of 
the factors promoting the proliferation of endothelial cells and 
VSMCs, which in turn promote AS progression [15,20,21]. In 
recent years, the upstream mechanism of FGF1 dysregulation 
in VSMCs has been gradually elucidated. For example, in ox-
LDL-treated human aortic smooth muscle cells (HASMCs), the 
overexpression of lncRNA TNK2-AS1 indirectly upregulates the 
expression levels of vascular endothelial growth factor A and 
FGF1 by inhibiting miR-150-5p, and thus enhances the prolif-
eration and migration of HASMCs [22]. In this work, we found 
the expression of FGF1 in ox-LDL-stimulated VSMCs and ca-
rotid smooth muscle derived from ApoE–/– mice fed a high-fat 
diet was remarkably increased. Based on bioinformatics anal-
ysis and the results of dual-luciferase reporter gene assay, we 
further found that FGF1 was negatively regulated by miR-188-
3p. Additionally, we found that the inhibitory effects of miR-
188-3p on the proliferation and migration of VSMCs and its 
promoting effects on apoptosis were counteracted, which was 
achieved through the co-transfection of miR-188-3p mimics 

and pcDNA3.1-FGF1. Our findings are consistent with the re-
ported role of FGF1 in previous studies and further elucidate 
its upstream regulatory mechanisms. However, in the devel-
opment of AS, the downstream regulatory mechanisms of 
FGF1 are not fully understood. It was previously found that 
FGF1 and MAPK signaling pathways can be mutually regulat-
ed, and both p38 and Erk can inhibit FGF1-induced signaling 
transduction [23]. In acute kidney injury, it was reported that 
the mutant of FGF1 can activate GSK-3b/Nrf2 and ASK1/JNK 
signaling pathways by activating PI3K/AKT signaling pathway 
and subsequently exerting anti-inflammatory and antioxida-
tive stress effects [24]. Nonetheless, the mechanism by which 
FGF1 exerts its effects on the dysfunction of VSMCs still re-
quires further investigation.

Conclusions

In summary, we noted that miR-188-3p expression was abnor-
mally reduced during AS development through in vitro and in 
vivo experiments, which exerted inhibitory effects on the pro-
liferation and migration of VSMCs by specifically down-regu-
lating FGF1. Our present research further elucidates the asso-
ciated molecular mechanism of AS development and provides 
a theoretical basis for exploring novel targets for prevention 
and treatment of AS.
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