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Abstract. – OBJECTIVE: To explore the ef-
fects and mechanism of action of micro ribonu-
cleic acid (miR)-21 on the proliferation and mi-
gration of vascular smooth muscle (VSM) in ath-
erosclerosis (AS). 

MATERIALS AND METHODS: The rats were 
fed with a high-fat diet, and the oil red staining 
was adopted to compare AS between Sprague 
Dawley (SD) rats and miR-21 knockdown rats. 
At the in-vitro level, primary rat VSM cells 
(VSMCs) were selected and divided into miR-NC 
blank control group [miR-normal control (NC) 
group] and miR-21 overexpression group (miR-
21 group) for relevant experimental detection. 
Wound healing assay and transwell assay were 
used to detect the effects of miR-21 on the prolif-
eration and migration of VSMCs. Westernn blot-
ting was applied to examine the changes in the 
levels of Cyclin D, a cell cycle-related protein, 
and the key factors of the Akt/ERK signaling 
pathway, such as phosphorylated-Akt (p-AKT), 
AKT, p-ERK1/2, and ERK1/2. The 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) cell activity assay kit was applied to de-
termine the effects of miR-21 on the prolifera-
tion of VSMCs through regulating the Akt/ERK 
signaling pathway after the ERK signaling path-
way inhibitor PD98059 and AKT inhibitor MK-
2206 were given. 

RESULTS: Compared with that in miR-NC 
group, the level of AS in miR-21 knockdown 
rats were decreased significantly (p < 0.05). In 
the cell-level experiment, the overexpression 
of miR-21 promoted abnormal proliferation of 
VSMCs and activated the Akt/ERK signaling 
pathway (p < 0.05). MTT assay results revealed 
that inhibiting the Akt/ERK pathway could re-
verse the effects of miR-21 promoting prolifera-
tion and migration. 

CONCLUSIONS: MiR-21 promotes the prolifer-
ation and migration of VSMCs by activating the 

Akt/ERK pathway and aggravates AS. Knocking 
down miR-21 or inhibiting the Akt/ERK pathway 
can suppress the activation of VSMCs.
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Introduction

Atherosclerosis (AS) is a chronic inflamma-
tion of the arterial wall caused by unbalanced 
lipid metabolism and inappropriate immune re-
sponses. The formation of lesions increases the 
thickness of the vessel wall, resulting in local 
oxygen exchange restriction1,2. During the pro-
gression of AS, the transformation of vascular 
smooth muscle cells (VSMCs) from static con-
traction phenotype to proliferative migration 
phenotype in plaque areas to form fibrous caps 
is considered to be a basic step in the formation 
of stable plaques3. The two main subtypes of 
VSMCs include fully differentiated cells respon-
sible for vasoconstriction and relaxation, and 
migrating proliferative cells activated during 
growth or injury4. In a mouse model of AS, it is 
found that a single existing smooth muscle cell 
proliferates to cover the top of the plaque, con-
tinues to proliferate and invade the center of the 
plaque, and forms the plaque together with other 
cells (such as foam cells)5. The proliferation of 
activated VSMCs contributes to the repair of 
the vessel wall. However, abnormal regulation 
of arterial VSMCs leads to the de-differentia-
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tion of VSMCs and the increase in plaque ECM 
formation in plaque areas6. The research has 
shown that pathological angiogenesis is involved 
in the formation and development of vulnerable 
plaques. At present, pathological angiogenesis 
is considered as the most powerful independent 
predictor of the plaque rupture7.

In the past decade, micro ribonucleic acids 
(miRNAs) have been found to be involved in 
the regulations on a series of cellular effects and 
molecular pathways in AS. Many studies have 
revealed the importance of miRNAs in key sig-
naling and liposomal homeostasis pathways, and 
it is a potential regulatory factor for carotid ste-
nosis and AS plaques. Although miR-21 is related 
to a series of vascular mechanical injury models, 
its role in the formation of AS remains to be 
determined8. In this work, the effects of miR-21 
on the proliferation of VSMCs in atherosclerotic 
rats were observed through experiments, and its 
mechanism was preliminarily discussed.

Materials and Methods

Laboratory Animals
MiR-21 knockdown rats were purchased from 

Shanghai Genechem Co, Ltd. (Shanghai, China).

Laboratory Instruments
The pipettes were purchased from Dragon 

Laboratory Instruments Ltd. (Beijing, China), 
low-temperature and high-speed centrifuges from 
Thermo Scientific (Waltham, MA, USA), the ul-
tra-pure water plant from Millipore (Billerica, 
MA, USA), the ultra-low temperature refrigerator 
from Haier (China), electronic balance AE-2000 
from Shimizu (Tokyo, Japan), the carbon diox-
ide incubator from Thermo Scientific (Waltham, 
MA, USA), the inverted microscope from Olym-
pus (Tokyo, Japan), and the clean bench from 
Taichang Laboratory Equipment (Jinan, China).

Main Reagents
Dulbecco’s Modified Eagle Medium (DMEM) 

and fetal bovine serum (FBS) were purchased 
from Biological Industries (Kibbutz Beit Hae-
mek, Israel), trypsin from Beyotime (Shanghai, 
China), Lipofectamine 2000 from Invitrogen 
(Carlsbad, CA, USA), acrylamide gel rapid prepa-
ration kit from Sangon (Shanghai, China), and 
radioimmunoprecipitation assay (RIPA) lysate 
and dimethyl sulfoxide (DMSO) from Beyotime 
(Shanghai, China).

Animal Model
Ten clean male healthy Sprague Dawley (SD) 

rats and 10 miR-21 knockdown rats (miR-21-/-), 
aged 8 weeks old and weighing about 250 g, were 
selected. They were fed with a high-fat diet (Re-
search Diets) to induce AS and divided into two 
groups, namely, Control + AS group [normal con-
trol (NC) rats fed with a high-fat diet] and miR-
21-/- + AS group (miR-21 knockdown rats fed with 
a high-fat diet). After 10 weeks of feeding, the 
initial segment of the ascending aorta root was 
taken, about 1 cm in length and stained with oil 
red to observe the AS. This study was approved 
by the Animal Ethics Committee of Liaocheng 
People’s Hospital Animal Center. 

Primary Culture of the VSMCs 
The rats were euthanized by neck remov-

al, soaked in 75% alcohol and disinfected. The 
thoracic/abdominal aorta was quickly removed 
from the biosafety cabinet and washed with phos-
phate-buffered saline (PBS). The inner and outer 
membranes of blood vessels and fat were re-
moved from the aorta. Blood vessels were cut 
into pieces, and primary VMSCs of rats were 
cultured by tissue block adherence method.

Cell experimental grouping: (1) In miR-21 NC 
group and miR-21 group, the effects and mecha-
nism of the miR-21 overexpression on the prolif-
eration and migration of VSMCs were verified. 
(2) PD98059 [extracellular regulated protein ki-
nases (ERK) inhibitor, 25 μmol/L) and MK-2206 
[protein kinase B (Akt) inhibitor, 20 μmol/L) 
were administered to further verify the role of the 
two channels in mediating miR-21.

Oil Red Staining
After the frozen sections of aortic tissues were 

dried, the sections were washed with ethanol 
(50%) slightly and stained with 0.5% oil red solu-
tion (0.5 g O + 100 mL 50% ethanol) for 8 min, 
followed by counterstaining with 5% hematox-
ylin. After dehydration, mounting, observation 
and photographing were conducted. Finally, Im-
age-Pro Plus 6.0 (Silver Springs, MD, USA) was 
used to quantify the AS Area.

Wound Healing Assay
The back of the 6-well plate was scribed at 

equal intervals using a marker pen and a ruler, 
with 5 lines/well and about 5 × 105 cells/well, and 
the cells were incubated overnight. The next day, 
the cells were scratched out with a 10 μL pipette 
tip perpendicular to the back horizontal line 
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of the plate. After the treatment, the cells were 
transferred into an incubator, and the migration 
of cells was observed at 0 h and 24 h. Then, 
EVOS (microscope at the wound site) was applied 
to take photos for the site with evenly distributed 
cells and no large number of deaths.

Transwell Assay
After PBS washing, the adherent cells were 

digested, and the cell suspension was prepared 
with pure DMEM for later use. The transwell 
membrane with the pore size of 8 μm was se-
lected for migration determination. 5×105 cells 
were inoculated in each chamber, and the lower 
chamber was added with 200 μL culture medium 
containing fetal bovine serum for culture for 36 
h. The cells in the chamber were wiped off with 
alcohol cotton swabs. After that, the chamber was 
turned over, fixed and stained with crystal violet, 
followed by observation and photographing. Im-
age-Pro Plus 6.0 was adopted to count the number 
of cells. 

Western Blotting Analysis
RIPA was used to lyse the cells. The adherent 

cells were scraped off with a spatula, sonicated 
for 3 times, and centrifuged at 1,3500 rpm/20 min 
to obtain the protein. Electrophoresis was car-
ried out on 10% SDS-polyacrylamide gel (San-
gon, Shanghai, China) with a loading volume of 
40 μg/well, and β-actin (Proteintech, Rosemont, 
IL, USA) was taken as the internal reference. 
Phosphorylated-Akt (p-Akt), Akt, p-ERK1/2, 
ERK1/2, and Cyclin D antibodies were purchased 
from Abcam (Cambridge, MA, USA). Immunore-
activity was detected using the Odyssey imaging 
system (Biosciences, Franklin Lakes, NJ, USA), 
and Image-Pro Plus 6.0 software was adopted to 
quantify Western blotting bands. 

Detection of Cell Proliferation Via 
3-(4,5)-Dimethylthiazol(-z-y1)-
3,5-Diphenyltetrazolium Bromide (MTT)

VSMCs at an appropriate concentration were 
placed in a 96-well plate, added with medicine 
and then treated at 24 h, 48 h, and 72 h. Then, 
the medium was discarded, MTT solution (200 
μL/well) (Sigma-Aldrich, St. Louis, MO, USA) 
was added in the dark for incubation at 37°C for 
4 h. 100 μL DMSO was added to each well and 
shaken in the dark after the supernatant was dis-
carded. Subsequently, the ELx808™ enzyme la-
beling instrument (BioTek, Biotek Winooski, VT, 
USA) was applied for detection, and the optical 

density (OD) value at 570 nm was recorded. The 
average value of OD of multiple pores indicated 
the change in the proliferation ability of the cor-
responding groups of cells.

Statistical Analysis
All the test data were expressed by (x– ± SEM) 

and subjected to one-way analysis of variance. 
The t-test was adopted for the comparison be-
tween two groups. p < 0.05 represented that the 
difference was statistically significant.

Results

Detection of the AS Level in Rats
According to the comparison of the oil red 

staining in ascending aortas between Control + 
AS group (NC rats fed with a high-fat diet) and 
miR-21-/- + AS group (miR-21 knockdown rats fed 
with a high-fat diet), the lipid in the AS area was 
bright red. It was found that knocking down miR-
21 reduced the plaque on the inner wall of blood 
vessels caused by high-fat feeding and lowered 
the level of AS, displaying statistical significance 
(Figure 1). 

MiR-21 Promoted the Proliferation and 
Migration of VSMCs in Rats

MiR-21 was overexpressed in primary rat 
VSMCs. As shown in Figure 2 (left), wound 
healing assay revealed that the proliferation 
and migration of VSMCs were increased in 
miR-21 overexpression group. As shown in Fig-
ure 2 (right), transwell assay and its statistical 
graphs manifested that miR-21 promoted the 
migration level of VSMCs. New vessels were 
involved in the formation and development of 
vulnerable plaques. Therefore, the high expres-
sion of miR-21 could promote the development 
of AS lesions.

Effects of MiR-21 on the Akt/ERK 
Signaling Pathway

In order to clarify the mechanism of action of 
miR-21, Western blotting was adopted to detect 
the expressions of key proteins of the Akt/ERK 
signaling pathway and Cyclin D (a cell cycle-re-
lated protein). According to the results, the levels 
of p-Akt and p-ERK1/2 proteins were significant-
ly increased after the overexpression of miR-21, 
indicating that miR-21 activates the Akt/ERK 
pathway and promotes the Cyclin D expression 
(Figure 3).



Role of MiR-21 in atherosclerosis

2219

Cell Activity Test Via MTT
As shown in Figure 4, in MTT cell activity 

assay, the cell activity in the group given with 
the ERK signaling pathway inhibitor PD98059 
and the Akt inhibitor MK-2206 on the basis of 
miR- 21 was markedly reduced, and the simul-
taneous administration of the two inhibitors had 
synergistic effects on the inhibition of the pro-
liferation of VSMCs. The above results suggest 
that the effects of miR-21 on the proliferation and 
migration of VSMCs are mediated by the Akt/
ERK signaling pathway. 

Discussion

AS is a chronic inflammatory disease of the 
arterial wall caused by endothelial injury and 

accumulation of subcutaneous lipoproteins9, and 
it is the main cause of peripheral vascular diseas-
es10. Immune system activation and inflammation 
are intricately involved in AS, and its pathogen-
esis involves a multi-stage process of immune 
and non-immune cells on the vascular wall11. The 
research in the past 30 years has revealed the key 
signaling and molecular regulatory pathways in-
volved in the occurrence and development of AS 
plaques12. In recent years, the emergence of miR-
NA, an important regulatory factor in pathophys-
iological processes, such as cell adhesion13, prolif-
eration14, lipid uptake15, and inflammatory medi-
ators16, as well as the production of inflammatory 
mediators, has provided new molecular insights 
into the effects of miRNAs on these pathways in 
AS and may be identified as a new therapeutic 
target17. In addition, the detectability of miRNAs 

Figure 1. Determination of the level of AS in rats detected by oil red staining and statistical graphs (Magnification: 10×). *p < 0.05.

Figure 2. Migration and invasion levels of VSMCs verified via wound healing assay (left) and transwell assay (right) 
(Magnification: 40×). *p < 0.001.
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in cells and blood circulation improves their po-
tential as biomarkers for diagnosis/prognosis or 
response to cardiovascular therapy.

As a key mediator in inflammation, studies 
have shown that neutralizing miR-21 can reduce 
mechanical balloon injury in response to inti-
mal injury, and miR-21 may promote the prolif-
eration because it can target phosphatases and 
tensin homologues in VSMCs and indirectly in-
crease anti-apoptosis gene Bcl-218. In regulating 
VSMC contraction and relaxation phenotypes, 
the miR-21 expression is significantly increased 
in dedifferentiated VSMCs compared with that 
in de-differentiated VSMCs. Consistent with the 
expression of miR-21 in rodent vascular injury, 
the delivery of miR-21-resistant coated stents 
to balloon-injured human mammary arteries 
also displays a protective effect on the forma-
tion of neointimal injury19. Investigations have 
verified that inhibiting miR-21-5p can suppress 
the proliferation and angiogenesis of human ret-
inal microvascular endothelial cells induced by 
high glucose through regulating the Akt/ERK 
pathway20. Therefore, further research is still 
needed to verify whether inhibiting the prolif-
eration-promoting effect of miR-21 can reduce 
the progression of AS in non-mechanically in-
jured blood vessels and its specific mechanism 
of action.

Previous researches18,19 have found that miR-
21 is up-regulated in AS and peripheral vascular 
diseases. In this study, rats fed with a high-fat 
diet were used to induce the AS model, and the 

Figure 3. Effects of the miR-21 overexpression on the protein levels of Cyclin D, p-Akt, Akt, p-ERK1/2, and ERK1/2 
detected via Western blotting. *p < 0.05.

Figure 4. Activity of VSMCs in rats detected via MTT 
assay. *p < 0.05.
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situation of thoracic aorta plaques was observed 
via oil red staining. The results showed that 
there was an evident AS plaque formation on 
the aorta wall of NC rats, and there was a large 
amount of lipid infiltration, indicating that the 
rat model of AS is successfully established. 
However, aortic plaques in miR-21 knockdown 
rats were remarkably decreased, and lipid infil-
tration was reduced, indicating that inhibiting 
miR-21 can prevent the occurrence and develop-
ment of AS.

At the cellular level, it was found through 
wound healing and transwell assays that miR-
21 promoted angiogenesis and plaque forma-
tion by stimulating the proliferation and mi-
gration of vascular fibroblasts in AS, which 
might aggravate the instability of AS plaques, 
and the uncontrolled proliferation of smooth 
muscle cells might lead to vascular stenosis or 
even blood supply obstruction and thrombosis. 
In the rescue experiment, it was observed that 
blocking the Akt/ERK pathway activated by 
miR-21 is expected to alleviate the hyperpro-
liferative reaction of smooth muscle cells in 
arterial vascular diseases and maintain plaque 
stability. It also fully indicates that miR-21 may 
be a predictor of AS and may become a bio-
chemical indicator for the early identification 
of AS and peripheral vascular diseases. With 
the progress of molecular medicine research, 
miR-21 may become a potential therapeutic 
target for AS.

Conclusions

We found that miR-21 promotes the prolifer-
ation and migration of VSMCs by activating the 
Akt/ERK pathway and aggravates AS. Knocking 
down miR-21 or inhibiting the Akt/ERK pathway 
can suppress the activation of VSMCs.
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