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Abstract. The aim of the present study was to investigate the 
effect of miR‑133b on atherosclerosis (AS). A mouse model 
of AS (AS group) was established, and serum levels of total 
cholesterol, triglyceride, high‑density lipoprotein cholesterol 
and low‑density lipoprotein (LDL) cholesterol were detected. 
The thoracic aorta tissues were subjected to hematoxylin 
and eosin staining for pathological examination. Mice were 
intravenously injected with microRNA (miR)‑133b mimics 
(the miR‑133b mimic + AS group) and miR‑133b mimics 
negative control (the miR‑133b NC + AS group). Normal 
mice were named the Sham group. Vascular reconstruction 
parameters, the Collagen/Vascular Area Ratio (CA/CVA) 
and serum inflammatory factors of mice in each group 
were detected. mRNA expression was measured by reverse 
transcription‑quantitative PCR and protein expression was 
determined by western blot analysis. An in vitro model of AS 
was induced in vascular smooth muscle cells (VSMCs) using 
oxidized (ox)‑LDL. CCK‑8 and wound healing assays were 
used to detect cell proliferation and migration. Compared with 
the Sham group, mice of the AS group, the AS + miR‑133b NC 
group and the AS + miR‑133b mimic group had higher intima 
thickness (IT), tumor necrosis factor (TNF)‑α and monocyte 
chemoattractant protein (MCP)‑1 levels, as well as increased 
Notch1 and Jagged1 expression; and they had lower medial 
thickness (MT), CA/CVA ratio and Notch3 expression (all 
P<0.05). In addition, miR‑133b mimic promoted the prolif-
eration and migration, upregulated Notch1 and Jagged1, and 
downregulated Notch3 in ox‑LDL‑induced VSMCs. Taken 
together, miR‑133b aggravates AS by activating the Notch 
signaling pathway, which could serve as a potential target for 
the treatment of AS. 

Introduction

Atherosclerosis (AS) is a chronic inflammatory disease that 
often occurs in the cardiovascular system. Important causes of 
AS include vascular endothelial cell injury, smooth muscle cell 
proliferation, monocyte or macrophage absorption of lipids and 
inflammatory mediator release (1‑4). It has also been confirmed 
that the formation of AS is closely related to excess cholesterol 
and cholesterol esters in foam cells. The major sources of 
foam cells include macrophages, endothelial cells and vascular 
smooth muscle cells (VSMCs) (5,6). Among these sources, 
SMCs can migrate into the vascular intima to form foam cells, 
thereby phagocytizing lipids. A large number of accumulated 
foam cells can form lipid streaks and cholesterol crystals, 
which eventually developed into atherosclerotic plaques under 
the influence of various factors (7). MicroRNAs (miRNAs) 
are a class of endogenous, non‑coding RNAs of approximately 
22 nucleotides in length that participate in numerous biological 
processes in vivo by regulating the expression of eukaryotic 
genes and the activity of important signaling pathways (8‑10). 
Accumulating data have indicated that miRNAs are widely 
involved in the regulation of AS. Brennan et al (11), reported 
that the let‑7 miRNA family exerted a protective effect on 
diabetes‑associated AS via the inhibition of VSMC inflam-
matory responses, which may provide a possible therapeutic 
target for diabetes‑associated AS. Research by Qun et al (12), 
showed that reduced miRNA‑27b expression promoted plaque 
stability in AS by regulating CCL20/CCR6 axis activity by 
targeting N(α)‑acetyltransferase 15, NatA auxiliary subunit. 
de Ronde et al (13), also demonstrated that individuals who 
smoked had higher miR‑124‑3p expression than non‑smokers, 
and this elevated miR‑124‑3p expression was associated with a 
higher risk of advanced AS and subclinical AS. In their paper, 
miR‑124‑3p was also shown to alter the phenotype of mono-
cytes, thereby increasing the risk of AS in smokers. 

miR‑133b is a specific miRNA that plays an important 
role in neuron and embryonic heart development, adipocyte 
differentiation and tumorigenesis (14‑17). Previous studies 
have confirmed that miR‑133b is involved in the pathogen-
esis of a number of diseases, including various cancers (18), 
Parkinson's disease (19), chronic Chagas disease (20), atrial 
dilatation  (21), cerebral ischemia  (22) and AS  (23). It has 
also been demonstrated that miR‑133b acts as a tumor 
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suppressor by targeting matrix metallopeptidase 9  (24), 
fascin actin‑bundling protein 1 (25), peroxisome proliferator 
activated receptor γ (26), homeobox A9 (27) and epidermal 
growth factor receptor (28). An miRNA profiling showed that 
miR‑133b‑3p is upregulated in diabetic AS in rats (29). In addi-
tion, Zheng et al (23) demonstrated that the downregulation 
of miR‑133b inhibits the immune responses of macrophages, 
and attenuates the vulnerable plaque formation and vascular 
remodeling in AS mice via the mastermind‑like transcriptional 
coactivator 1‑mediated Notch‑signaling pathway. However, the 
specific regulatory role of miR‑133b in AS and its underlying 
mechanisms are not known.

The Notch pathway is involved in many physiological 
processes, such as embryo development, tumorigenesis, 
immunological function, and cardiac and vascular devel-
opment  (30,31). Importantly, Notch signaling is involved 
in the occurrence, progression and prognosis of AS  (32). 
Liu et al (33), reported that the Notch pathway is activated 
in AS plaques, resulting in endothelial inflammation and 
senescence. Davis‑Knowlton et al (34), showed that the Notch 
signaling pathway is activated in the progression of AS, and 
plays a receptor‑specific regulatory role in smooth muscle 
cells. However, it remains unclear whether the regulatory effect 
of miR‑133b in AS is related to the Notch signaling pathway.

In the present study, the specific regulatory role of miR‑133b 
in AS and its related‑mechanism involving the Notch signaling 
pathway were analyzed. These results may provide a new 
experimental basis for the treatment of AS.

Materials and methods

Establishment of mouse AS model. A total of 60 healthy male 
apolipoprotein E‑/‑ mice (6 weeks old, weighing 18‑22 g) 
were purchased from the College of Pharmaceutical Sciences, 
Peking University. Among them, 20 mice (the Sham group) 
were randomly selected and fed with a normal diet, while the 
remaining 40 mice (the AS group) were fed with a high‑fat 
diet (21% fat and 0.5% cholesterol). Mice were maintained in a 
controlled environment, at 23‑25˚C and 50‑60% humidity, with 
a 12‑h light/dark cycle and free access to food and water. All 
the mouse feeds were provided by Keao Xieli Experimental 
Animal Feed Co., Ltd. 

Measurement of serum total cholesterol (TC), triglyceride 
(TG), high density lipoprotein cholesterol (HDL‑C) and low 
density lipoprotein cholesterol (LDL‑C). After 13 weeks of 
feeding, all mice were starved for 12 h and anesthetized by 
intraperitoneal injection of diazepam (5 mg/kg) and ketamine 
(50 mg/kg) to collect cardiac venous blood. The collected 
blood was centrifuged at 1,800 x g for 15 min at 4˚C to obtain 
serum. TC, TG, HDL‑C and LDL‑C levels in serum were 
detected using OLYMPUS AU2700 automatic blood lipid 
analyzer (Olympus Corporation). 

Haematoxylin and eosin (H&E) staining. At the 13th week, 
mice in the Sham group (n=10) and the AS group (n=10) were 
randomly selected and anesthetized by intraperitoneal injec-
tion of diazepam (5 mg/kg) and ketamine (50 mg/kg), and 
then sacrificed by cervical dislocation. After immersion into 
75% ethanol for 5 min, the mice were subjected to thoracotomy 

to obtain the thoracic aorta tissues. Pre‑cooled PBS was used 
to remove residual blood from the thoracic aorta. Excess extra 
vascular tissues were removed. Subsequently, the thoracic aorta 
was fixed in 4% paraformaldehyde for 24 h at 25˚C, embedded 
in paraffin and sliced into 4‑µm sections for H&E staining. 
Briefly, these sections were de‑waxed three times with toluene 
for 5 min each time, then dehydrated with gradient alcohol 
and washed with pure water. The sections were stained with 
hematoxylin for 2 min and with eosin for 2 min, both at 25˚C. 
After being dehydrated by gradient alcohol and xylene, all 
sections were sealed with neutral resin and observed under a 
light microscope (magnification, x200). 

Transfection in vivo. The miRNA delivery method used in 
this study was performed in accordance with previous proto-
cols (35‑37). This method may be used in the evaluation of the 
regulatory effects of miR‑133b overexpression on AS. A total 
of 20 mice randomly selected from the AS group were divided 
into two groups, which were named the miR‑133b mimic + AS 
group and the miR‑133b negative control (NC) + AS group. 
According to the instructions of EntransterTM‑in vivo reagent 
(Engreen Biosystem Co., Ltd.), the mice in both groups were 
intravenously injected with 10 mg/kg miR‑133b mimic (forward, 
5'‑UUUGGUCCCCUUCAACCAGCUA‑3' and reverse, 
5'‑GCUGGUUGAAGGGGACCAAAUU‑3') and miR‑133b 
NC (forward, 5'‑ UUCUCCGAACGUGUCACGUTT‑3' and 
reverse, 5'‑ ACGUGACACGUUCGGAGAATT‑3') via the 
tail vein, respectively. The injection was administered every 
week and lasted for 4 weeks. Before injection, the tail vein 
was wiped with 75% alcohol so it was fully congested and 
expanded. miR‑133b mimic and miR‑133b NC were synthe-
sized by Shanghai Jima Pharmaceutical Technology Co., 
Ltd. The subsequent experiments were performed following 
4 weeks of transfection. 

Detection of inflammatory factors. Thoracic aorta tissues were 
homogenated. The levels of tumor necrosis factor (TNF)‑α 
(cat. no. KRC3011C) and monocyte chemoattractant protein 
(MCP)‑1 (cat. no. BMS6005TEN) in the tissues were detected 
using ELISA kits (Thermo Fisher Scientific, Inc.), according to 
the manufacturers' protocols.

Vascular reconstruction parameters and Collagen/Vascular 
Area Ratio (CA/CVA) determination. The thoracic aorta 
tissues of mice in each group were obtained 3 days after 
transfection according to the acquisition method described 
above. Thoracic aorta tissues were fixed in 4% paraformal-
dehyde at 25˚C for 24 h. After being embedded in paraffin, 
these vascular tissues were cut into 4‑µm thick sections and 
stained with Masson staining for 10 min at 25˚C, then washed 
with 0.2% aqueous acetic acid for 1 min and soaked with 
1% phosphotungstic acid for 4 min (Sigma‑Aldrich; Merck 
KGaA). Before staining with a bright green dye solution 
(Sigma‑Aldrich; Merck KGaA) for 30 sec at 25˚C, all the 
sections were washed again with 0.2% aqueous acetic acid 
for 1 min. Gradient alcohol and xylene were then used to 
dehydrate all sections. Lastly, these sections were sealed with 
neutral gum and observed under a light microscope (magni-
fication, x200). Intima thickness (IT), medial thickness (MT) 
and collagen area (CA) were detected using Image‑Pro Plus 
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5.1 Pathology Image Analysis System (Media Cybernetics, 
Inc.). The ratio of CA/CVA (%) was calculated using the 
following equation: (CA/CAV) x 100. 

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
in thoracic aorta tissues was collected using TRIzol® reagent 
(Thermo Fisher Scientific, Inc.), according to the manu-
facturer's protocol. A total of 300 ng RNA was synthesized 
into cDNA templates with the PrimeScript RT reagent kit 
(Takara Bio, Inc.) at 42˚C for 45 min. These cDNA templates 
were amplified through RT‑qPCR with a SYBR® Green kit 
(Takara Bio, Inc.) on an ABI PRISM 7500 Sequence Detection 
System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The following thermocycling conditions were used: 
95˚C for 3 min; and 40 cycles of 95˚C for 15 sec and 60˚C 
for 30 sec. U6 was set as the internal control for miRNAs, 
and GAPDH served as the internal control for other genes. 
Primer sequences involved in this study were as follows: 
miR‑133b forward, 5'‑TTTGGTCCCCTTCAACCAGCTA‑3' 
and reverse, 5'‑GTGCAGGGTCCGAGGT‑3'; Notch1 
forward, 5'‑TCGCCGCAAGAGGCTTGAGATGCT‑3' 
and reverse, 5'‑TCCGCTGCAGCACAGGCTTCA‑3'; 
Notch3 forward, 5'‑TCGCAACTGCCGAAGCGACA‑3' 
and reverse, 5'‑GCGCAGGGCAGTATGGGGTTTT‑3'; 
Jaggedl forward, 5'‑CAGCGCACGCCGACAAAAC‑3' and 
reverse, 5'‑TATGGCGGCACGCACTGTCT‑3'; U6 forward, 
5'‑CTCGCTTCGGCAGCACATATACT‑3' and reverse, 
5'‑ACGCTTCACGAATTTGCGTGTC‑3'; GAPDH forward, 
5'‑CCACCCATGGCAAATTCCATGGCA‑3' and reverse, 
5'‑TCTAGACCGCAGGTCAGGTCCACC‑3'. The relative 
expression of genes was determined by the 2‑ΔΔCq method (38). 

Western blot analysis. The thoracic aorta tissues were ground 
in liquid nitrogen and lysed with RIPA lysis buffer (cat. no. 
P0013C; Beyotime Institute of Biotechnology). Total protein 
was quantified by the BCA method and transferred to a PVDF 
membrane after separation by 10% SDS‑PAGE (30 µg/lane). 
Subsequently, the membrane was blocked with 5% skimmed 
milk at 4˚C for 1 h. Primary antibodies used in this research 
were rabbit anti‑Notch1 (cat. no. ab194123; Abcam; 1:5,000), 
anti‑Notch3 (cat. no.  ab23426; Abcam; 1:5,000) and 
anti‑Jagged1 antibodies (cat. no. ab7771; Abcam; 1:5,000). 
The PVDF membrane was incubated with primary antibodies 
at 4˚C for 12 h. Then, the membrane was washed with TBS 
with 0.1% Tween 20 (TBST) for 15 min and incubated with a 
horseradish peroxidase‑labeled goat anti‑rabbit IgG secondary 
antibody (cat. no. ab6721; Abcam; 1:5,000) for 2 h at 25˚C. The 
membrane was then washed with TBST for 15 min. Enhanced 
Chemiluminescence system (GE Healthcare) was used to 
visualize proteins. Lab Works 4.5 software (UVP, LLC) was 
selected to analyze the integrated optical density. β‑actin was 
used as an internal reference. 

Cell culture and treatment. Mouse VSMCs (CRL‑2797) were 
purchased from the American Type Culture Collection. Cells 
were cultured with DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS and 1% penicillin/streptomycin. 
VSMCs were treated with different concentrations of oxidized 
low‑density lipoprotein (ox‑LDL; 0, 25, 50 and 75 µg/ml) for 
24 h, or with 50 µg/ml ox‑LDL for different times (0, 12, 24 

and 48 h), both at 25˚C. VSMCs without treatment were the 
control. Subsequently, VSMCs were transfected with 100 nM 
miR‑133b mimic (Control + mimic) and 100 nM miR‑133b 
NC (Control + NC) for 24 h. ox‑LDL induced‑VSMCs (24 h, 
50 µg/ml) were transfected with 100 nM miR‑133b mimic 
(ox‑LDL + mimic) and 100 nM miR‑133b NC (ox‑LDL + NC) 
for 24 h. Cell transfection was performed using Lipofectamine® 
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
following the manufacturer's protocols. The subsequent 
experiments were performed at 24 h post‑transfection.

CCK‑8 assay. Cell proliferation was detected by a CCK‑8 
Assay Kit (Beyotime Institute of Biotechnology), according 
to the manufacturer's protocol. Simply, cells were seeded 
into a 96‑well plate and 50 µl CCK‑8 solution was added into 
each well. After 3 h of incubation, the optical density (OD) 
at 450 nm was detected by a microplate reader (Molecular 
Devices). 

Wound healing assay. Cell migration was detected by the 
wound healing test. Briefly, cells were seeded into a 6‑well 
plate and cultured until 90% confluence, and then cultured 
in FBS‑free DMEM overnight. A sterile pipette tip was used 
to draw a vertical line on the cell surface. Cells were subse-
quently cultured in FBS‑free DMEM for 24 h, with the scratch 
width measured at 0 and 24 h. Cells were observed under a 
light microscope (magnification, x100). The migration rate (%) 
was calculated as: (1 ‑ scratch width at 24 h/ scratch width at 
0 h) x 100. 

Statistical analysis. Experimental data were expressed 
as mean ± SD. SPSS 19.0 (IBM Corp.) was used for data 
processing. Two‑tailed Student's t‑test was used to compare 
the differences between two groups and one‑way ANOVA was 
selected to compare the differences among multiple groups, 
followed by a Tukey's post hoc test. P<0.05 was considered to 
be statistically significant and all experiments were performed 
three times. 

Results

Successful establishment of AS mouse model. Serum TC, TG 
and LDL‑C levels of mice in the AS group were significantly 
higher than those in the Sham group (P<0.01) at the 13th week. 
By contrast, the serum level of HDL‑C in the AS group was 
found to be significantly lower than the Sham group (P<0.01; 
Fig. 1A‑D). The thoracic aorta vessels of mice in each group 
were stained with H&E stain (Fig. 1E). In the Sham group, 
thoracic aorta vessels had smooth intima, intact endothelial 
cells and uniform blood vessel thickness. Smooth muscle 
cell proliferation and inflammatory cell infiltration were not 
observed. However, typical AS plaques protruding to the 
vascular lumen was found in the thoracic aorta vessels of the 
AS group. The subendothelial space was widened, and migra-
tion of smooth muscle cells and foam cells were observed. 
Mesangial smooth muscle cells showed obvious hyperplasia. 
There were a large number of newly added smooth muscle 
cells near the outer membrane. Inflammatory cell infiltration 
was easily detected. This showed the successful construction 
of mice AS models. 
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Successful transfection in mice. After 3 days of transfection 
in vivo, the expression of miR‑133b in the mouse thoracic 
aorta was determined by RT‑qPCR. As shown in Fig. 2, the 
expression of relative miR‑133b in the thoracic aorta of the AS 
group, the AS + miR‑133b NC group and the AS + miR‑133b 
mimic group were all significantly higher than that of the 
Sham group (P<0.05). In addition, the relative expression 
of miR‑133b in thoracic aorta of the AS + miR‑133b mimic 
group was significantly higher than that of the AS group and 
the AS + miR‑133b NC group (P<0.05). No significant differ-
ence in relative miR‑133b expression was found in the thoracic 

aorta between the AS group and the AS + miR‑133b NC group. 
Therefore, miR‑133b expression in the thoracic aorta was 
successfully upregulated by transfection in vivo. 

Overexpression of miR‑133b aggravates AS. Compared with 
the Sham group, IT increased in the thoracic aorta of the AS 
group, the AS + miR‑133b NC group and the AS + miR‑133b 
mimic group, whereas MT and the ratio of CA/CVA decreased 
in the thoracic aorta of these groups (P<0.05). Furthermore, 
these same results were also found in the thoracic aorta of 
the AS + miR‑133b mimic group when compared to the AS 
group and the AS + miR‑133b NC group (P<0.05). There was 
no obvious difference in IT, MT and the ratio of CA/CVA 
between the AS group and the AS + miR‑133b NC group 
(Fig. 3A‑C). All these results indicated that overexpression of 
miR‑133b aggravated AS. 

Overexpression of miR‑133b increases inflammatory factor 
levels. TNF‑α and MCP‑1 are two important inflammatory 
factors (39). In the present study levels of TNF‑α and MCP‑1 
were significantly upregulated in thoracic aorta tissues in 
mice of the AS group, the AS + miR‑133b NC group and the 
AS + miR‑133b mimic group when compared with the Sham 
group (P<0.05). This was also detected in thoracic aorta 
tissues of the AS + miR‑133b mimic group when compared 
with the AS group and the AS + miR‑133b NC group (P<0.05; 
Fig. 4A and B). Overexpression of miR‑133b increased the 
inflammatory factor levels of AS mice, thereby worsening AS. 

Overexpression of miR‑133b aggravates AS by activating the 
Notch signaling pathway. The Notch signaling pathway plays 
an important regulatory role in a variety of diseases  (40). 
Therefore, the effects of miR‑133b on the Notch signaling 
pathway in this paper were studied. It was found that the rela-

Figure 1. AS mouse models were successfully constructed. Levels of (A) TC, (B) TG, (C) HDL‑C and (D) LDL‑C in serum from mice. (E) Hematoxylin and 
eosin staining of thoracic aorta vessels. **P<0.01 vs. Sham group. Magnification, x50. AS, atherosclerosis; TC, total cholesterol; TG, triglyceride; HDL‑C, high 
density lipoprotein‑cholesterol; LDL‑C, low density lipoprotein‑cholesterol.

Figure 2. Mice were successfully transfected in vivo. Levels of miR‑133b in 
each group were measured to confirm successful transfection. *P<0.05 vs. 
Sham group; #P<0.05 vs. AS group; &P<0.05 vs. AS + miR‑133b NC group. 
AS, atheroscelorsis; NC, negative control; miR, microRNA.
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tive expression of Notch1 and Jagged1 in the AS + miR‑133b 
group was significantly higher than that in the AS group and 
AS + miR‑133b NC group when compared with the Sham group 
(P<0.05). In addition, the relative expression of the Notch1 and 
Jagged1 in the thoracic aorta in the AS + miR‑133b mimic 

group was significantly upregulated compared to the AS 
group and the AS + miR‑133b NC group (P<0.05). However, 
the Notch3 relative expression level, was much lower in the 
AS + miR‑133b mimic group than that in the AS group and the 
AS + miR‑133b NC group (P<0.05; Fig. 5A‑D). These results 

Figure 3. Overexpression of miR‑133b aggravated AS. Measurement of (A) IT, (B) MT and (C) CA/CVA ratio of the thoracic aorta. *P<0.05 vs. Sham group; 
#P<0.05 vs. AS group; &P<0.05 vs. AS + miR‑133b NC group. IT, intima thickness; MT, medial thickness; CA/CVA, collagen/vascular area ratio; miR, 
microRNA; AS, atherosclerosis; NC, negative control.

Figure 4. Overexpression of miR‑133b increased the levels of inflammatory factors in thoracic aorta tissues of AS mice. (A) TNF‑α and (B) MCP‑1 levels 
detected by ELISA. *P<0.05 vs. Sham group; #P<0.05 vs. AS group; &P<0.05 vs. AS + miR‑133b NC group. miR, microRNA; AS, atherosclerosis; TNF‑α, 
tumor necrosis factor α; MCP‑1, monocyte chemoattractant protein 1; NC, negative control.
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suggested that overexpression of miR‑133b may aggravate AS 
by activating the Notch signaling pathway. 

Overexpression of miR‑133b promotes cell proliferation 
and migration, and activates Notch signaling pathway in 
ox‑LDL‑induced VSMCs. An in vitro AS model was induced in 
VSMCs by the treatment of ox‑LDL. As shown in Fig. 6A and B, 
ox‑LDL treatment significantly increased the expression of 
miR‑133b in a dose‑ and time‑dependent manner (P<0.05). The 
24 h ox‑LDL treatment at a concentration of 50 µg/ml was used 
for subsequent experiments. The CCK‑8 and wound healing 
assay showed that the OD450 value and the migration rate of 
ox‑LDL‑induced VSMCs were significantly higher than those 
in the control group (P<0.01; Fig. 6D and E). Western blotting 
showed that the expression of Notch1 and Jagged1 significantly 
increased, and the expression of Notch3 significantly decreased 
in ox‑LDL‑induced VSMCs (P<0.01; Fig. 6F). To identify the 
regulatory role of miR‑133b in AS, miR‑133b was overex-
pressed in VSMCs by the transfection of miR‑133b mimics. 
RT‑qPCR showed that the expression of miR‑133b was signifi-
cantly increased in miR‑133b mimics‑transfected VSMCs and 
ox‑LDL‑induced VSMCs (P<0.01; Fig. 6C). The transfection of 
miR‑133b mimics significantly increased the OD450 value and 
migration rate, upregulated Notch1 and Jagged1, and downreg-
ulated Notch3 in ox‑LDL‑induced VSMCs (P<0.01; Fig. 6D‑F). 
These results indicated that the miR‑133b overexpression 
promoted the proliferation and migration of ox‑LDL‑induced 
VSMCs, and activated the Notch signaling pathway.

Discussion

AS is the core pathological cause of acute cerebral infarction, 
which can lead to carotid stenosis and reduce blood supply to 
the brain (41). When stenosis is continuously increased or the 
important cerebral artery is blocked due to detached plaques, 
acute cerebral blood supply blockage and ischemic hypoxia 
injury of the nervous system is more likely to occur, thereby 
posing a great threat to the health and life of patients (42,43). 
Early diagnosis and effective treatment are important strate-
gies to improve the prognosis of patients with AS. miR‑133b 
has been reported to be involved in the development of a 
variety of tumors, such as gastric cancer, ovarian cancer and 
non‑small cell lung cancer  (15,24,26,44,45). However, the 
regulatory effect of miR‑133b on AS development and related 
action mechanism remains unclear. In the present study, mice 
AS models were successfully constructed, and miR‑133b was 
shown to aggravate AS by activating the Notch signaling 
pathway. 

AS is a chronic inflammation and immune response to the 
injury and stimulation of the arterial wall (46). In the early 
stages of AS formation, monocytes that accumulate at the 
injury site pass through the vascular endothelium, thereby 
activating and differentiating into macrophages (47‑50). The 
foam cells formed by the lipidation of macrophages are the 
initiating factors of AS (51). VSMCs, which are abundant in 
the vascular media, migrate into the intima of vascular and 
phagocytose the lipid to form muscle‑derived foam cells, 

Figure 5. Overexpression of miR‑133b aggravated AS by activating the Notch signaling pathway. Reverse transcription‑quantitative PCR determined mRNA 
expression of (A) Notch1, (B) Notch3 and (C) Jagged1 in the thoracic aorta. (D) Western blot image showing the protein expression of Notch1, Notch3 and 
Jagged1 in the thoracic aorta. *P<0.05 vs. Sham group; #P<0.05 vs. AS group; &P<0.05 vs. AS + miR‑133b NC group. miR, microRNA; AS, atherosclerosis; 
NC, negative control.
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and eventually form fibrous plaques (52,53). In the present 
study, it was observed that overexpression of miR‑133b 
induced increased IT and decreased MT, which may be 
caused by the migration of a large number of VSMCs into 
the intima. In addition, the ratio of CA/CVA decreased 
as a result of miR‑133b overexpression. This is important 
because collagen is the main component of vascular remod-
eling (54), it has been shown that if collagen is reduced the 
original vascular lumen cannot be maintained (55,56). Thus 
leading to the loss of the compensatory mechanism where 
the vascular wall can expand, therefore leading to luminal 
stenosis and aggravated AS (57‑59). Inflammatory responses 
are also important factors that trigger and exacerbate 
AS (60). TNF‑α and MCP‑1 are two important pro‑inflam-
matory factors  (61). TNF‑α, which is mainly secreted 
by activated monocytes/macrophages, is a cytokine with 
multiple functions and an important mediator of inflamma-
tory responses (62). Tay et al (63), found that B2 lymphocytes 
promote cell death and inflammation by increasing TNF‑α 

production, which is a key mechanism for promoting athero-
genesis. Voloshyna et al (64), also reported that TNF‑α could 
result in an atherogenic state by decreasing the expression of 
ATP binding cassette transporters A1 as a pro‑inflammatory 
atherogenic cytokine. Gandhirajan et al  (65), discovered 
that TNF‑α could induce proliferation and migration 
of human VSMCs. In the present study it was found that 
overexpression of miR‑133b increased TNF‑α level, which 
might further aggravate AS by promoting the prolifera-
tion and migration of VSMCs. MCP‑1 has been considered 
as an important factor in the formation of AS, and some 
scholars have proposed to detect the degree of AS and 
predict the risk of long‑term cerebral infarction by detecting 
the level of MCP‑1 (66). MCP‑1 is capable of chemotaxis 
of monocyte macrophages. It can induce the production of 
various pro‑inflammatory factors, promote the expression 
of adhesion molecules and accelerate the formation of 
foam cells  (67). In the present research, elevated MCP‑1 
levels induced by overexpression of miR‑133b exacerbated 

Figure 6. Overexpression of miR‑133b promoted cell proliferation and migration, and activated Notch signaling pathway in ox‑LDL‑induced VSMCs. 
Expression of miR‑133b in VSMCs treated with ox‑LDL for (A) different concentrations and (B) times was detected by RT‑qPCR; *P<0.05, **P<0.01 vs. 0 µg/ml 
or 0 h; #P<0.05, ##P<0.01 vs. 25 µg/ml or 12 h. (C) Expression of miR‑133b in VSMCs/ox‑LDL‑induced VSMCs transfected with miR‑133b mimic/NC was 
detected by RT‑qPCR. (D) Proliferation of VSMCs was detected by CCK‑8 assay (OD 450). (E) Migration of VSMCs was detected by wound healing assay 
(magnification, x400). (F) Protein expression of Notch1, Notch3 and Jagged1 was detected by western blotting. **P<0.01, ***P<0.001 vs. Control group; #P<0.05, 
##P<0.01 vs. ox‑LDL group; $P<0.05, $$P<0.01 vs. ox‑LDL + NC group. miR, microRNA; ox‑LDL, oxidized low density lipoprotein; VSMCs, vascular smooth 
muscle cells; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control; OD, optical density.
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the development of AS. Notch signaling pathway has been 
shown to have an important role in regulating the survival, 
migration and phenotype of VSMCs (68). Beaten and Lilly 
(69) demonstrated that the Notch signaling pathway was 
involved in the vascular development by influencing angio-
genesis, vessel patterning, arterial/venous specification and 
VSMC differentiation.Sweeney et al (70), demonstrated that 
the apoptosis of rat VSMCs significantly increased after 
the Notch signaling pathway was inhibited using RPMS‑1 
or brefeldin A. Previously, researchers revealed that in AS, 
the Notch signaling pathway was activated in aged human 
endothelial cells, and several important inf lammatory 
factors were significantly upregulated in endothelial cells 
when the Notch signaling pathway was activated (71). Thus, 
the Notch signaling pathway was proposed to be a potential 
target for the treatment of AS. In the present study it was 
discovered that the Notch signaling pathway was activated 
by the upregulation of miR‑133b, which further led wors-
ened AS. These findings indicated that miR‑133b is involved 
in the development of AS, which is consistent with previous 
studies (23,29). However, the specific role of miR‑133b in 
AS is contrary to that in tumors, where it has been shown 
to have a tumor inhibiting effect (24‑28). This conflict may 
attribute to the different functions of miR‑133b in different 
diseases. 

This study exhibited some limitations. First, the upstream 
and downstream genes that regulate miR‑133b were not 
investigated in relation to AS progression, so they are still 
unclear. Second, the regulatory role of the Notch pathway 
in AS was not evaluated. Third, the regulatory relationship 
between miR‑133b and other important signaling pathways, 
such as PI3K and MAPK signaling were not evaluated in the 
AS model. Fourth, the effects of miR‑133b downregulation in 
AS was not analyzed. Lastly, the effect of statin therapy on 
miR‑133b expression in AS was not analyzed. Further studies 
exploring these mechanisms are needed.

To conclude, miR‑133b was upregulated in the mouse 
model of AS and ox‑LDL‑induced VSMCs. The overex-
pression of miR‑133b promoted vascular remodeling and 
inflammation in AS mice, and the proliferation and migration 
of ox‑LDL‑induced VSMCs in vitro. The regulatory role of 
miR‑133b in AS was closely associated with the activation of 
the Notch signaling pathway. It is hypothesized that miR‑133b 
downregulation may inhibit vascular remodeling and inflam-
mation, as well as the proliferation and migration of VSMCs 
by blocking the Notch signaling pathway. Thus, miR‑133b may 
serve as a potential therapeutic target for the treatment of AS. 
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