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Abstract: Metformin is a drug used to treat type 2 diabetes based on its effectiveness as well as cardiovascular safety. Met-
formin has been shown to modulate proliferation and migration of vascular smooth muscle cells (VSMCs), but the underly-
ing mechanisms of the effect of metformin on VSMC function remains unclear. We found that metformin inhibits VSMC 
proliferation and migration and upregulates the expression of nuclear receptor subfamily 4 group A member 1 (Nur77), 
ten-eleven translocation 2 (TET2), and calponin in vitro. In the carotid artery balloon injury model of rats, metformin 
effectively prevented neointimal hyperplasia in the carotid artery, including neointimal thickness, increased neointimal 
area, and the neointimal area/medial area ratio. It also reduced the number of proliferating cell nuclear antigen (PCNA)+ 
cells and increased the expression of Nur77, calponin and alpha-smooth muscle actin (α-SMA). These results show that 
metformin attenuates neointimal hyperplasia in balloon-injured carotid arteries via increased expression of TET2, Nur77 
and calponin, and reduced expression of matrix metallopeptidase 9 (MMP-9).
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INTRODUCTION

Cardiovascular diseases (CVDs) are the most common 
causes of death globally. CVDs are disorders of the heart 
and blood vessels and include coronary heart disease, 
cerebrovascular disease, and rheumatic heart disease 
[1]. VSMCs play an important role in the pathogenesis 
of vascular diseases. Generally, VSMCs are resident in 
the tunica media of the vascular wall and remain in a 
quiescent state expressing contractile proteins such as 
α-SMA, smooth muscle myosin heavy chain (protein) 
(SMMHC) and calponin, a calcium-binding protein. 
VSMCs become active from the differentiated state to 
a dedifferentiated state in response to inflammatory 
stimulation. This results in hyperproliferation and 
migration of VSMCs accompanied by downregulation 
of contractile proteins. This hyperproliferative and 
migration state of VSMCs significantly contributes to 
the development of vascular diseases [1]. Metformin 
(N,N-dimethylbiguanide) is a first-line drug used to 

treat type 2 diabetes [2]. Metformin inhibits hepatic 
gluconeogenesis and improves glucose uptake in pe-
ripheral tissues to achieve a glucose-lowering effect. 
Metformin also decreases the risk of cardiovascular 
events such as myocardial infarction [3] and stroke 
[4] in patients with diabetes. In the cardiovascular 
system, metformin ameliorates neointimal hyperplasia 
through inhibition of smooth muscle cell proliferation 
and migration [5]; it modulates the proliferation and 
migration of VSMCs through different molecular 
targets [6-9]. Although many molecular targets have 
been identified, the precise molecular mechanism of 
metformin action is not understood.

TET2 is a demethylase enzyme that catalyzes the 
oxidation of DNA 5-methylcytosine to 5-hydroxy-
methylcytosine resulting in DNA methylation and 
altered gene expression [10]. Expression of TET2 
is downregulated in atherosclerotic plaques [11]. 
TET2 alleviates endothelial cell function and inhibits 
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inflammation [12-14]. TET2 is also found to reduce 
proliferation and migration of VSMCs, and to regulate 
VSMC phenotypic transmission [15]. However, it is 
unclear if TET2 is involved in metformin-mediated 
VSMC function.

Nur77 (NR4A1) is an immediate-early gene in-
duced by growth factors and cytokines, including 
angiotensin-II [16], platelet-derived growth factor 
[17] and tumor necrosis factor [18]. Nur77 plays an 
important role in cellular processes such as prolifera-
tion, migration and apoptosis [19], and it may also 
have cardiovascular protective effects [20]. Nur77 
controls endothelial cell proliferation and angiogenesis 
and reduces atherosclerotic plaque formation [21]. In 
VSMCs, overexpression of Nur77 inhibited VSMC 
proliferation and migration, and prevented neointimal 
hyperplasia in injured carotid arteries of mice [22,23]. 
Whether metformin affects Nur77 in VSMCs is unclear.

Therefore, in the present study we investigated 
whether TET2 and Nur77 are involved in the vascular 
protective role of metformin. We found that metfor-
min effectively prevented neointimal hyperplasia by 
upregulating the expression of Nur77 and TET2. The 
present findings provide novel insight into the mecha-
nisms underlying proliferative arrest and migratory 
inhibition of VSMCs mediated by metformin.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (mean weight 250 ± 20 
g) were purchased from the Shanghai Experimen-
tal Animal Research Center (Shanghai, China) and 
housed in a room at a temperature of 25°C±2. All 
experimental procedures involving rats were carried 
out in accordance with the Animal Management Rules 
of China (55, 2001, Ministry of Health, China) and the 
Guidelines for Care and Use of Laboratory Animals 
(Ethics code SCXK Shanghai 2019-0006)

Rats were randomly assigned to the following ex-
perimental groups: Control group, model group (group 
II), and the metformin group (group IIM). Rats were 
intragastrically administered metformin once daily 
at 300 mg/kg for 21 days. Normal phosphate buffered 
saline (PBS) was intragastrically administrated to the 

control and model group II. Rats were anesthetized 
with isoflurane.

The carotid artery balloon injury model in rats was 
established as previously described [24]. A midline neck 
incision was made to expose the left external, internal 
and common carotid arteries. A balloon was inserted 
from the external carotid cut into the common carotid 
artery and inflated with water. The common carotid 
artery was injured three times with rotation, and the 
external carotid artery was ligated. In each group, the 
common carotid artery was harvested 21 d after injury.

VSMC culture

VSMCs were obtained from the rat thoracic aorta by 
the explant method as previously described [25]. The 
purity of VSMCs was confirmed by immunofluores-
cence of α-SMA (Proteintech, Rosemont, IL, USA). 
VSMCs were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% FBS and 
1% pen/strep (Thermo Fisher, Waltham, MA, USA) in 
a 37°C, 5% CO2 incubator (Thermo Fisher, Waltham, 
MA, USA). All experiments were performed using 
cells after 3-7 passages.

Lentivirus packaging and infection

The pLent-U6-GFP-puro lentiviral vectors containing 
TET2- or Nur77-specific small hairpin RNA (shRNAs) 
were constructed by Vigene Bioscience Technology (Ji-
nan China). The pLent-U6-GFP-puro lentiviral vector 
was used as a negative control. A lentiviral vector and 
packaging plasmid mix were transfected into HEK293T 
cells following the manufacturer’s instructions (Geno-
meditech, China). The medium was replaced after 6 h. 
Fresh medium was collected 72 h post-transfection and 
passed through a 0.45-μm filter. VSMCs were transduced 
with filtered lentiviral supernatants supplemented with 8 
μg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA). 
Transfected cells were selected by the addition of 2.5 μg/
mL puromycin to the culture medium.

CCK-8 assay

A total of 100 μL of VSMC cell suspension (0.5 x 103 
cells) was seeded in 96-well plates, and cells were cul-
tured in fetal bovine serum (FBS)-free DMEM for 24 
h. Cells were then treated with a vehicle control, 10% 
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FBS DMEM or 10% FBS DMEM containing metformin 
at different concentrations for indicated times. Then 
10 μL CCK8 solution (MedChemExpress, USA) was 
added to cells for 1 h. The absorbance at 450 nm was 
measured with a microplate reader (BioTek, Winooski, 
VT, USA) to determine the proliferation rate of VSMCs.

Wound healing assay

Cells were plated in 6-well plates at a density of 1.5 x 
105 cells/well. When confluent, the cells were cultured 
in serum-free medium for 24 h. A scratch was then 
made with a sterile 200-μL pipette tip. Cells were then 
treated with vehicle, 10% FBS DMEM or 10% FBS 
DMEM with metformin at different concentrations 
for the indicated times. Images of scratches were cap-
tured at 0 h and at the indicated times with an inverted 
microscope (BX71; Olympus Corporation, Japan).

Western blot analysis

Cells were lysed in radioimmunoprecipitation assay 
(RIPA) buffer (Beyotime Biotechnology, China) con-
taining a cocktail of protease inhibitors. Proteins were 
quantified using the bicinchoninic acid (BCA) assay 
(Beyotime Biotechnology, China) and separated by 
10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). Proteins were transferred to a 
nitrocellulose membrane and blocked with 5% non-fat 
milk in tris-buffered saline (TBS) and Polysorbate 20 
(Tween 20) (TBST) for 1 h. Then the membranes were 
incubated with the corresponding primary antibodies 
at 4°C overnight. The primary antibodies used in this 
study were Nur77 (1:1000, Proteintech, Rosemont, IL, 
USA), TET2 (1:1000, Abcam, UK), calponin (1:2000, 
Proteintech, Rosemont, IL, USA), MMP-9 (1:2000, 
Proteintech, Rosemont, IL, USA), α-SMA (1:1000, 
Proteintech, Rosemont, IL, USA) and α-tubulin (1:2000, 
Proteintech, Rosemont, IL, USA). The membranes 
were washed and incubated with the corresponding 
horseradish peroxidase (HRP)-conjugated goat anti-
mouse (1:10000) or goat anti-rabbit secondary antibody 
(1: 10000, Proteintech, Rosemont, IL, USA) for 1 h 
at room temperature. Enhanced chemiluminescence 
reagent (Absin Bioscience, China) was added to the 
membranes, and chemiluminescent signals were de-
tected using an image analyzer (Tanon Science, China). 
ImageJ software (NIH, Bethesda, MD, USA) was used 
for densitometric analysis of the resultant images.

Quantitative real-time PCR

Total RNA was extracted from cells using TRIzol 
Reagent (Invitrogen, Carlsbad, CA, USA), and cDNA 
was generated using the PrimeScript RT kit (Takara, 
Japan) according to manufacturer’s instructions. qPCR 
was performed with 2xSGExcel UltraSYBR mix with 
ROX (Sangon Biotech, China) using a Quant Studio 
6 Flex PCR machine (ThermoFisher, Waltham, MA, 
USA). The relative gene expression was calculated 
using the 2-ΔΔCq method. The primer sequences used 
in this study were as follows: GAPDH, 5'-AGC TTC 
CCA TTC TCA GCC TTG ACT-3' (forward) and 
5'-ACA AGA TGG TGA AGG TCG GTG TGA-3' 
(reverse); Nur77, 5'-GCG GCT TTG GTG ACT GGA 
T-3' (forward) and 5'-GGC CAT GTC GAT CAG TGA 
TGA G-3' (reverse); MMP-9, 5'-GGA TGT TTT TGA 
TGC CAT TGC TG-3' (forward) and 5'-CCA CGT 
GCG GGC AAT AAG AAA G-3' (reverse).

Histopathological and immunohistochemical 
analysis

Carotid arteries were excised and fixed with 4% para-
formaldehyde and embedded in paraffin. Hematoxylin 
and eosin (H&E) staining was performed on 4-μm sec-
tions. Images of sections were taken using an inverted 
microscope (BX71; Olympus Corporation, Japan). The 
intimal area and media area were determined by the 
lumen, internal elastic lamina, and the external elastic 
lamina was measured using ImageJ software.

Immunohistochemical staining was performed 
to detect PCNA (Proteintech, Rosemont, IL, USA), 
Nur77, calponin and α-SMA. Antigen retrieval was 
performed using 0.1 M citric acid buffer at 100°C for 
20 min. Slides were then treated with 3% hydrogen 
peroxide for 30 min at room temperature to block 
endogenous peroxidase activity. Specimens were 
incubated with primary antibodies overnight at 4°C. 
Subsequently, the specimens were washed with PBS 
and covered with polyperoxidase-anti-mouse/rabbit 
IgG for 30 min at 37°C. DAB (3,3’-diaminobenzidine) 
was used to visualize protein expression, and specimens 
were counterstained with hematoxylin. ImageJ analysis 
software was used to analyze the average integrated 
optical density (IOD).
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Statistical analysis

The obtained data were statistically analyzed using 
GraphPad Prism 7.0 software. Data are expressed as 
the mean±standard deviation (mean±SD). Student’s 
t-test was used to compare the means of at least two 
independent samples. P<0.05 was considered statisti-
cally significant.

RESULTS

Metformin inhibits VSMC proliferation and 
migration

Metformin inhibited VSMC migration as revealed 
by reduced healing of the VSMC monolayer wound 
after metformin treatment (Fig. 1A, B). The limita-
tion of VSMC migration by metformin depended on 
concentration and time. The optimal condition for 
metformin to inhibit VSMC migration was 10 mM for 
24 h (Fig. 1A, B). Metformin can also inhibit VSMC 
proliferation. The CCK-8 assay showed that metformin 

suppressed VSMC proliferation in a dose-dependent 
manner. The minimum dose for metformin to display 
the inhibitive effect was 1 mM for 24 h, and the inhibi-
tion effect of metformin on VSMC proliferation was 
enhanced as the metformin concentration increased 
(Fig. 1C).

Metformin upregulates Nur77, TET2 and 
calponin expression in VSMCs

We studied the expression of Nur77, TET2 and calponin. 
The expression of Nur77 was significantly increased in 
VSMCs at the levels of protein (Fig. 2A, B) and mRNA 
(Fig. 2C) after treatment with 10 mM metformin. The 
protein levels of Nur77 reached a peak at 6 h and began 
to decline at 12 h after metformin treatment (Fig. 3A, 
B). The mRNA expression level of Nur77 peaked at 2 
h and then gradually decreased after metformin treat-
ment (Fig. 3C). Metformin treatment also increased 
the protein levels of TET2 (Fig. 3D) and calponin (Fig. 
3E). These results indicated that metformin stimulated 
the upregulation and expression of Nur77, TET2 and 
calponin in VSMCs.

Fig. 1. Metformin inhibits vascular smooth muscle cell (VSMC) proliferation and migration. A – Attenuation of VSMC wound closure 
by metformin. VSMC wounds were treated with metformin at the indicated doses and measured at the indicated time points. B – Quan-
titation of the percent of distance of VSMC migrated toward the centerline of the monolayer wound (%). n=4; * P<0.05, ** P<0.01 vs 0 h. 
C – VSMC proliferation detected by the CCK-8 assay at the indicated time points after treatment with metformin at the indicated doses. 
n=3. * P<0.05, ***P<0.005, **** P<0.001 vs 0 mM metformin treatment.
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Nur77 modulates the expression of 
MMP-9 and TET2 modulates the 
expression of Nur77

Metformin stimulates upregulation of 
Nur77, TET2 and calponin expression 
in VSMCs, and Nur77 and TET2 may be 
involved in VSMC proliferation. The level 
of MMP-9 mRNA expression was signifi-
cantly increased after silencing Nur77 by 
shRNA (Fig. 4A, B). After silencing TET2 
by shRNA, Nur77 protein expression 
was significantly reduced (Fig. 4C, D). 
This suggested that TET2 modulates the 
expression of Nur77, which subsequently 
regulates MMP-9 expression in VSMCs.Fig. 2. Metformin upregulated Nur77 expression at the levels of mRNA and protein 

in VSMCs. A – Upregulation of Nur77 protein expression in VMSCs treated with 
metformin (Met);  〈-tubulin was used as the loading control. B – Quantitation 
of the expression of Nur77 protein. n=4. * P<0.05 vs VSMCs treated with serum 
without metformin (Met). C – Quantitation of the expression of Nur77 mRNA 
in VMSCs treated with metformin (Met) by qRT-PCR. The results represent the 
fold change of Nur77 mRNA expression. n=3. * P<0.05 vs VSMCs treated with 
serum without metformin (Met).

Fig. 3. Metformin upregulates the expression of Nur77, TET2, and calponin in VMSCs. A – Representative images showing the protein 
levels of Nur77, TET2 and calponin at the indicated time points in VMSCs treated with metformin (10 mM) B – Quantitation of the 
expression of Nur77 protein at the indicated time points in VMSCs treated with metformin (10 mM). n=4. * P<0.05, ** P<0.01, **** 
P<0.001 vs VSMCs without metformin treatment. C – Quantitation of Nur 77 mRNA at the indicated time points in VMSCs treated with 
metformin (10 mM). n=4. * P<0.05, ** P<0.01, *** P<0.005 vs VSMCs without metformin treatment. D – Quantitation of the expression 
of TET2 protein at the indicated time points in VMSCs treated with metformin (10 mM). n=4. * P<0.05, ** P<0.01 vs VSMCs without 
metformin treatment. E – Quantitation of the expression of calponin protein at the indicated time points in VMSCs treated with met-
formin (10 mM). * P<0.05, ** P<0.01, *** P<0.005, ****P <0.005 vs VSMCs without metformin treatment.
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Metformin reduces balloon injury-
induced neointimal hyperplasia

The in vivo experiment revealed that the 
balloon injury induced significant neointi-
mal formation in the carotid artery (Fig. 
5A). Administration of metformin effec-
tively prevented neointima hyperplasia 
induced by balloon injury in the carotid 
artery (Fig. 5A), including neointimal 
thickness, the neointimal area and the 
neointimal area/medial area ratio (Fig. 
5B-D)

Metformin reduces PCNA expression 
but enhances Nur77, calponin and 
α-SMA expression in vivo

We investigated the expression of PCNA 
in vivo. After intragastrical metfor-
min administration, the percentage of 
PCNA-positive cells was significantly 
reduced in balloon-injured carotid ar-
teries in rats treated with metformin 
(23.83±7.53%) as compared to the con-
trol group (88.71±1.42%) (Fig. 6A-C). 
Similar to the results from the in vitro 
experiment, the expression of Nur77 and 
calponin was significantly increased in 
balloon-injured carotid arteries of rats 
treated with metformin compared to 
control rats (Fig. 6D-I). The expression 
of α-SMA was also significantly increased 
in balloon-injured carotid arteries of 
rats treated with metformin compared 
to control rats (Fig. 6J-L).

DISCUSSION

Metformin, a long-standing and widely-
used glucose-lowering drug, is also effec-
tive for prevention of cardiac and vascular 
diseases [26]. We demonstrated that met-
formin effectively prevented neointimal 
hyperplasia induced by balloon injury 
in the carotid arteries of rats by inhibit-
ing the proliferation and migration of 
VSMCs. We also showed that metformin 

Fig. 4. Nur77 modulates the expression of MMP-9, while TET2 modulates the 
expression of Nur77. A – Reduced expression of Nur77 mRNA after Nur77-shRNA 
treatment in VMSCs. n=4, ** P<0.01 vs control. B – Reduced expression of MMP-9 
mRNA in VMSCs with silenced Nur77. n=4, *** P<0.005 vs control. C – Represen-
tative images showing the protein levels of Nur77, TET2 and α-tubulin in VMCSs 
with TET2-shRNA; α-tubulin was the loading control. D – Reduced expression of 
Nur77 protein in VMSCs with TET2-shRNA. n=4, ** P<0.01 vs control.

Fig. 5. Metformin reduces balloon injury-induced neointimal hyperplasia in the 
carotid artery.

A – Representative images showing reduced balloon injury-induced neointimal 
hyperplasia in the carotid artery after metformin treatment. H&E staining, Scale 
bar: left, 100 µm, right, 20 µm. B – Quantitation of reduced intima-medial thickness 
(µm) in the carotid artery after metformin treatment. n=4, ##P<0.01 vs control; 
**P<0.01 vs group II. C – Quantitation of reduced intima-media area (μm2) in the 
carotid artery after metformin treatment. n=4. ###P<0.005 vs control; *** P<0.01 vs 
group II. D – Quantitation of the reduced degree of damage (intima area/medial 
area) in the carotid artery after metformin treatment. n=4. *** P<0.01 vs group II.
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upregulated the expression of Nur77, TET2 and calponin 
in VSMCs. Silenced TET2 reduced the expression of 
Nur77, while silenced Nur77 upregulated MMP-9 
expression. These results suggested that metformin 
inhibited VSMC proliferation by activating TET2 and 
Nur77, which subsequently downregulated MMP-9.

MMP-9 belongs to the family of matrix metal-
loproteinases (MMPs). MMPs, including MMP-1, 
MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-12 
and MT1-MMP, are stimulated and activated by vari-
ous stimuli in vascular tissues. Once activated, MMPs 
degrade extracellular matrix (ECM) proteins or other 
related signal molecules to promote the recruitment 
of stem/progenitor cells and facilitate migration and 

invasion of endothelial cells and VSMCs. Vascular cell 
proliferation and apoptosis can also be regulated by 
MMPs via proteolytical cleavage and modulation of 
bioactive molecules and relevant signaling pathways 
[27]. MMP-9 is produced by different cells, including 
VSMCs [28]. MMP-9 overexpression enhances vascular 
smooth muscle cell migration and alters remodeling 
in the injured rat carotid artery [29]. Targeted disrup-
tion of the MMP-9 gene impairs smooth muscle cell 
migration and geometrical arterial remodeling [30]. 
The expression of MMP-9 is regulated by TET2 [31,32], 
and our study revealed that metformin inhibited VMCS 
proliferation by upregulation of TET2, which leads to 
downregulation of MMP-9 expression.

Fig. 6. Metformin reduces PCNA expression but enhances Nur77, α-SMA, and calponin expression in the carotid artery. A – Reduced PCNA 
expression in the carotid artery after metformin treatment. Immunohistochemistry (IHC) staining, scale bar=20 µm. B – Quantitation of 
the percentage of PCNA+ cells (%). n=4. **P<0.01 vs group II. C – Quantitation of the percentage of PCNA+ cell area in the intima-medial 
area (%). n=4. * P<0.05 vs II group. D – Increased Nur77 expression in the carotid artery after metformin treatment. IHC staining, scale 
bar=20 µm. E – Quantitation of the percentage of Nur77+ cells (%). n=4. *** P<0.005 vs group II. F – Quantitation of the percentage of 
Nur77+ cell area in the intima-medial area (%). n=4. ** P<0.01 vs group II. G – Increased calponin expression in the carotid artery after 
metformin treatment. IHC staining, scale bar=20 µm. H – Quantitation of the percentage of calponin+ cells (%). n=4. *** P<0.005 vs group 
II. I – Quantitation of the percentage of calponin+ cell area in the intima-medial area (%). n=4. ** P<0.01 vs group II. J – Increased α-SMA 
expression in the carotid artery after metformin treatment. K – Quantitation of the percentage of α-SMA+ cells (%). n=4. **** P<0.001 vs 
group II. L – Quantitation of the percentage of the α-SMA+ cell area in the intima-medial area (%). n=4. * P<0.05 vs group II.
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TET proteins are 5-methylcytosine oxidases. There 
are three mammalian TET proteins, namely TET1, 
TET2 and TET3, which are Fe2+- and 2-oxoglutarate-
dependent dioxygenases [33]. TET2 regulates gene ex-
pression to control various cellular processes, including 
cell death [34]. TET2 is downregulated in atherosclerotic 
plaques and plays a role in the pathogenesis of athero-
sclerosis [10,11]. TET2 can also ameliorate vascular 
endothelial cell dysfunction, inhibit inflammation 
10,11] and modulate VSMC phenotypic transmission 
[15]. Loss of TET2 inhibited contractile phenotypic 
marker expression and prevented rapamycin-induced 
VSMC differentiation, while overexpression of TET2 
promoted a contractile phenotype [15]. TET2 muta-
tion was associated with human pulmonary arterial 
hypertension [35]. Expression of TET2 can be regu-
lated by many factors, including CD137, ox-LDL and 
microRNAs [36,37]. In this study, we showed that 
metformin stimulated VSMCs to upregulate TET2 
expression, which in turn induced the expression of 
the critical cardioprotective transcription factor, Nur77.

Nur77 is a member of the Nur nuclear receptor 
family of intracellular transcription factors [38,39]. 
Nur77 is involved in cell cycle mediation, inflamma-
tion and apoptosis [40,41]. Nur77 is highly expressed 
in vascular endothelial cells and plays a role in the 
regulation of cell proliferation and angiogenesis [18]. 
Its overexpression was observed to suppress inflam-
mation, whereas Nur77 deletion increased the de-
velopment of atherosclerosis [42]. In VSMCs, Nur77 
overexpression inhibited VSMC proliferation and 
migration in vitro [43]. Nur77−/− mice showed in-
creased VSMC proliferation as well as elevated aortic 
medial areas and luminal diameters, and severe elastin 
disruption and collagen deposition [22]. Hyperoside 
inhibited VSMC proliferation and neointimal forma-
tion via upregulation of Nur77 [44]. The compound 
6-mercaptopurine prevented and reversed abnormal 
vascular remodeling by activation of Nur77 [45]. In the 
present study, we observed that metformin attenuated 
VSMC proliferation and neointimal hyperplasia in 
balloon-injured carotid arteries but also upregulated 
Nur77 expression in VSMCs. We also demonstrated 
that silencing TET2 reduced the expression of Nur77, 
and silenced Nur77-promoted upregulation of MMP-9 
expression in VSMCs. However, the mechanism and 
signal pathway used by metformin to inhibit VSMC 
proliferation need further study.

As a major component of blood vessels, VSMCs 
play an important role in the pathogenesis of vascular 
diseases [1]. Under pathological conditions, VSMCs 
switch from a contractile phenotype to a synthetic 
phenotype [1]. In the synthetic phenotype, VSMC 
proliferation and migration increases, and the expres-
sion of contractile phenotypic markers decreases [1]. 
PCNA is an essential protein, which mediates DNA 
replication and cell cycle regulation in eukaryotic cells. 
PCNA is often used as a biomarker for cell prolifera-
tion [46,47]. In animal models, the number of PCNA-
positive cells was significantly decreased in response 
to metformin treatment in balloon-injured carotid 
arteries compared with that of the model group. Our 
study revealed that metformin treatment upregulated 
the expression of calponin both in vitro and in vivo. 
Calponin is an actin filament-bound protein that is 
specifically expressed in differentiated VSMCs [48]. 
Calponin plays a role in maintaining VSMCs in a 
contractile phenotype [49]. Deletion of calponin is 
associated with a decrease in the contractile force and 
increased proliferation and migration of VSMCs [50,51]. 
The decrease in calponin switched VSMCs from the 
contractile phenotype to the synthetic phenotype and 
contributed to pathological hypertrophic remodeling 
[52]. Our data indicated that upregulation of calponin 
by metformin may help to transform VSMCs from a 
synthetic to a contractile phenotype, thereby inhibit-
ing the migration and proliferation of VSMCs and 
preventing vascular remodeling.

CONCLUSION

This study showed that metformin significantly inhib-
ited VSMC proliferation, migration and neointimal 
hyperplasia in balloon-injured rat carotid arteries. 
Metformin induced the expression of calponin, Nur77, 
TET2 and calponin in VSMCs, while silencing TET2 
repressed the expression of Nur77. Silencing of Nur77 
increased the expression of MMP-9. The cardioprotec-
tive effects of metformin appear to be mechanistically 
linked to Nur77, TET2 and calponin upregulation as 
well as to MMP9 downregulation. These findings help 
explain the mechanism of metformin when used as a 
treatment for cardiovascular diseases.

Funding: This work was funded by the National Natural Science 
Foundation of China (31570949).



143Arch Biol Sci. 2021;73(1):135-144 

Acknowledgments: The authors thank Tan J. and Xie Y. for their 
valuable assistance.

Author contributions: Conceptualization, Lin H., Yan Z. and Zhang 
J.; Methodology, Lin H., Yan Z.; Investigation, Lin H.; Intellectual 
inputting, Chen S. and Yuan Z.; Writing – original draft, Lin H.; 
Reviewing and editing, Yan Z. and Zhang J.; Supervision, Zhang J.

Conflict of interest disclosure: The authors declare no conflict 
of interest.

REFERENCES

1.  Pant R, Marok R, Klein LW. Pathophysiology of coronary vas-
cular remodeling: relationship with traditional risk factors for 
coronary artery disease. Cardiol Rev. 2014;22(1):13-16.

2.  Zucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini 
E, Nauck M, Peters AL, Tsapas A, Wender R, Matthews DR. 
Management of hyperglycaemia in type 2 diabetes, 2015: a 
patient-centred approach. Update to a position statement of 
the American Diabetes Association and the European Associ-
ation for the Study of Diabetes. Diabetologia. 2015;58(3):429-
42.

3.  Whittington HJ, Hall AR, McLaughlin CP, Hausenloy DJ, Yel-
lon DM, Mocanu MM. Chronic metformin associated car-
dioprotection against infarction: Not just a glucose lowering 
phenomenon. Cardiovasc Drugs Ther.2013;27(1):5-16.

4.  Cheng YY, Leu HB, Chen TJ, Chen CL, Kuo CH, Lee SD, Kao 
CL. Metformin-inclusive therapy reduces the risk of stroke 
in patients with diabetes: a 4-year follow-up study. J Stroke 
Cerebrovasc Dis. 2014;23(9): e99-105.

5.  Lu JX, Ji JZ, Meng H, Wang D, Jiang B, Liu LX, Randell E, 
Adeli K, Meng QH. The protective effect and underlying 
mechanism of metformin on neointima formation in fruc-
tose-induced insulin resistant rats. Cardiovasc Diabetol. 
2013;12:58.

6.  Deng M, Su D, Xu S, Little PJ, Feng X, Tang L, Shen A. Met-
formin and vascular diseases: A focused review on smooth 
muscle cell function.Front Pharmacol. 2020;11:635.

7.  Zhou DM, Ran F,Ni HZ,Sun LL, Xiao L,Li LX, Li 
WD.Metformin inhibits high glucose-induced smooth 
muscle cell proliferation and migration. Aging (Albany NY). 
2020;12(6):5352-61.

8.  Li S, Shi Y, Liu P, Song Y, Liu Y, Ying L, Quan K, Yu G, Fan Z, 
Zhu W. Metformin inhibits intracranial aneurysm formation 
and progression by regulating vascular smooth muscle cell 
phenotype switching via the AMPK/ACC pathway. J Neuro-
inflammation. 2020;17(1):191.

9.  Hao B, Xiao Y, Song F, Long X, Huang J, Tian M, Deng S, 
Wu Q. Metformin-induced activation of AMPK inhibits the 
proliferation and migration of human aortic smooth muscle 
cells through upregulation of p53 and IFI16. Int J Mol Med. 
2018;41(3):1365-76. 

10.  Liu Y, Peng W, Qu K, Lin X, Zeng Z, Chen J, Wei D, Wang Z. 
TET2: A novel epigenetic regulator and potential intervention 
target for atherosclerosis. DNA Cell Biol. 2018;37(6): 517-23.

11.  Li GH, Peng J, Liu YH,  Li XH, Yang Q,  Li YQ,  Tang ZH,  
Wang Z,  Jiang ZS, Wei DH. Oxidized low-densitylipoprotein 

inhibits THP-1-derived macrophage autophagyvia TET2 
down-regulation. Lipids. 2015;50:177–83.

12.  Peng J, Tang ZH, Ren Z, He B, Zeng Y, Liu LS, Wang Z, Wei 
DH, Zheng XL, Jiang ZS. TET2 protects against oxLDL-
induced HUVEC dysfunction by upregulating the CSE/H(2)
S system. Front Pharmacol. 2017;8:486. 

13.  Chen J, Zhang J, Wu J, Zhang S, Liang Y, Zhou B, Wu P, Wei 
D.. Low shear stress induced vascular endothelial cell pyrop-
tosis by TET2/SDHB/ROS pathway. Free Radic Biol Med. 
2021;162:582-91.

14.  Fuster JJ, MacLauchlan S, Zuriaga MA, Polackal MN, Ostriker 
AC,Raja Chakraborty R, Wu CL, Sano S, Muralidharan S, 
Rius C, Vuong J, Jacob S, Muralidhar V, Robertson AAB, Coo-
per MA, Andrés V, Hirschi KK, Martin KA, Walsh K. Clonal 
hematopoiesis associated with TET2 deficiency accelerates 
atherosclerosis development in mice. Science. 2017;355:8 
42–7.

15.  Liu R, Jin Y, Tang WH, Qin L, Zhang X, Tellides G, Hwa 
J, Yu J, Martin KA. Ten- eleven translocation-2 (TET2) is a 
master regulator of smooth muscle cell plasticity. Circulation. 
2013;128(18):2047-57.

16.  Fernandez P M,Brunel F,Jimenez MA,Saez JM,Cereghini 
S,Zakin MM. Nuclear receptors Nor1 and NGFI-B/Nur77 
play similar, albeit distinct, roles in the hypothalamo-pitu-
itary-adrenal axis. Endocrinology. 2000 ;141(7):2392-400.

17.  Wang LY. Regulation of vascular smooth muscle cell prolifera-
tion by nuclear orphan receptor Nur77. Mol Cell Biochem. 
2010;341(1-2):159-66.

18.  You B. Jiang, YY, Chen S, Yan G, Sun J. The orphan nuclear 
receptor Nur77 suppresses endothelial cell activation through 
induction of IkappaB alpha expression. Circ Res. 2009; 
104(6):742-9.

19.  Chen JH, Jia JG, Ma LL, Li BY, Qin Q, Qian JY, Ge JB. Nur77 
deficiency exacerbates cardiac fibrosis after myocardial 
infarction by promoting endothelial-to-mesenchymal tran-
sition J Cell Physiol. 2021;236(1): 495- 506.

20.  van Tiel CM, de Vries CJ. NR4All in the vessel wall. J Steroid 
Biochem Mol Biol. 2012;130(3-5):186-93.

21.  u YW, Zhang P, Yang JY, Huan JL, Ma X, Li SF, Zhao JY, Hu 
YR, Wang YC, Gao JJ, Sha YH, Zheng F, Wang Q. Nur77 
decreases atherosclerosis progression in apoE(-/-) mice fed a 
high- fat/ high- cholesterol diet. PLoS One. 2014;9(1):e87313.

22.  Cui ML, Cai ZH, Chu SH, Sun Z, Wang XL, Hu LH, Yi J, Shen 
LH, He B. Orphan nuclear receptor Nur77 inhibits Angioten-
sin II-Induced vascular remodeling via down- regulation of 
β-catenin. Hypertension. 2016;67(1):153-62.

23.  Yu Y, Cai ZH, Cui ML, Nie P, Sun Z, Sun SQ, Chu SC, Wang 
XL, Hu H, Yi J, Shen LH, He B. The orphan nuclear recep-
tor Nur77 inhibits low shear stress-induced carotid artery 
remodeling in mice. Int J Mol Med. 2015;36(6):1547-55.

24.  Zhang W, Trebak M. Vascular balloon injury and intra-
luminal administration in rat carotid artery. J Vis Exp. 
2014;23(94):52045.

25.  Tan JJ, Xie YL, Yao AH, Qin YC, Li L, Shen L, Zhang XQ, 
Xu CF, Jiang XS, Wang AJ, Yan ZQ. Long noncoding RNA-
dependent regulation of vascular smooth muscle cell prolif-
eration and migration in hypertension. Int J Biochem Cell 
Biol. 2020;118:105653.



144 Arch Biol Sci. 2021;73(1):135-144

26.  Nesti L, Natali A. Metformin effects on the heart and the 
cardiovascular system: A review of experimental and clinical 
data. Nutr Metab Cardiovasc Dis. 2017;27(8):657-69.

27.  Chen Q, Jin M,Yang F, Zhu J, Xiao Q, Zhang L. Matrix metal-
loproteinases: inflammatory regulators of cell behaviors in 
vascular formation and remodeling. Mediators Inflamm. 
2013;2013:928315.

28.  Mittal B, Mishra A, Srivastava A, Kumar S, Garg N. Matrix 
metalloproteinases in coronary artery disease. Adv Clin 
Chem. 2014;64:1-72.

29.  Mason DP, Kenagy RD, Hasenstab D, Bowen-Pope DF, Seifert 
RA, Coats S, Hawkins SM, Clowes AW. Matrix metallopro-
teinase-9 overexpression enhances vascular smooth muscle 
cell migration and alters remodeling in the injured rat carotid 
artery. Circ Res.1999; 85(12): 1179-85.

30.  Galis ZS, Johnson C, Godin D, Magid R, Shipley JM, Senior 
RM, Ivan E. Targeted disruption of the matrix metallopro-
teinase-9 gene impairs smooth muscle cell migration and 
geometrical arterial remodeling. Circ Res. 2002;91 (9):852-59.

31.  Duraisamy AJ, Mishra M, Kowluru RA. Crosstalk between 
histone and DNA methylation in regulation of retinal matrix 
metalloproteinase-9 in diabetes. Invest Ophthalmol Vis Sci. 
2017;58 (14):6440-8.

32.  Esfahanian N, Shakiba Y, Nikbin B, Soraya H, Maleki-Dizaji 
N, Ghazi-Khansari M, Garjani A. Effect of metformin on the 
proliferation, migration, and MMP-2 and -9 expression of 
human umbilical vein endothelial cells. Mol Med Rep. 2012;5 
(4):1068-74.

33.  Pastor WA, Aravind L, Rao A. TETonic shift: biological roles 
of TET proteins in DNA demethylation and transcription. 
Nat Rev Mol Cell Biol. 2013;14 (6):341-56.

34.  Zadeh FJ, Akbari T, Zayeri ZD, Samimi A, Davari N, Reza-
eeyan H. The role of molecular mechanism of Ten-Eleven 
Translocation2 (TET2) family proteins in pathogenesis of 
cardiovascular diseases (CVDs). Molecular Biology Reports. 
2020;47:5503-9.

35.  Potus F, Pauciulo MW, Cook EK, Zhu N, Hsieh A, Welch CL, 
Shen Y, Tian L, Lima P, Mewburn J, D’Arsigny CL, Lutz KA, 
Coleman AW, Damico R, Snetsinger B, Martin AY, Hassoun 
PM, Nichols WC, Chung WK, Rauh MJ, Archer SL. Novel 
mutations and decreased expression of the epigenetic regu-
lator TET2 in pulmonary arterial hypertension. Circulation. 
2020;141(24):1986-2000.

36.  Li B, Zang GY, Zhong W, Chen R, Zhang Y, Yang P, Yan JC 
.Activation of CD137 signaling promotes neointimal forma-
tion by attenuating TET2 and transferring from endothe-
lial cell-derived exosomes to vascular smooth muscle cells. 
Biomed Pharmacother. 2020;121:109593.

37.  Yu Y, Yan R, Chen X, Sun T, Yan J. Paeonol suppresses the 
effect of ox-LDL on mice vascular endothelial cells by regu-
lating miR-338-3p/TET2 axis in atherosclerosis. Mol Cell 
Biochem. 2020;475(1-2):127-35.

38.  Maxwell MA, Muscat GE. The NR4A subgroup: immediate 
early response genes with pleiotropic physiological roles. Nucl 
Recept Signal. 2006;4: e002.

39.  Milbrandt, J. Nerve growth factor induces a gene homologous 
to the glucocorticoid receptor gene. Neuron. 1988;1(3):183-8.

40.  Pei L, Castrillo A, Tontonoz P. Regulation of macrophage 
inflammatory gene expression by the orphan nuclear recep-
tor Nur77. Mol Endocrino l. 2006;20(4): 786-94.

41.  Maruyama K, Tsukada T, Ohkura N, Bandoh S, Hosono T, 
Yamaguchi K. The NGFI-B subfamily of the nuclear receptor 
superfamily (review). Int J Oncol.1998;12(6):1237-43.

42.  Koenis DS, Medzikovic L, van Loenen PB, van Weeghel M, 
Huveneers S, Vos M, Evers-van Gogh IJ, Van den Bossche J, 
Speijer D, Kim Y, Wessels L, Zelcer N, Zwart W, Kalkhoven 
E, de Vries CJ. Nuclear receptor Nur77 limits the macrophage 
inflammatory response through transcriptional reprogram-
ming of mitochondrial metabolism. Cell Rep. 2018;24(8): 
2127-40.

43.  Liu Y, Zhang J, Yi B, Chen M, Qi J, Yin Y, Lu X, Jasmin JF, 
Sun J Nur77 suppresses pulmonary artery smooth muscle cell 
proliferation through inhibition of the STAT3/Pim-1/NFAT 
pathway. Am J Respir Cell Mol Biol. 2014;50(2):379-88.

44.  Huo Y, Yi B, Chen M, Wang ND, Chen PG, Guo C, Sun JX. 
Induction of Nur77 by hyperoside inhibits vascular smooth 
muscle cell proliferation and neointimal formation. Biochem 
Pharmacol, 2014; 92(4): 590-8.

45.  Kurakula K, Sun XQ, Happé C, da Silva Goncalves Bos D, 
Szulcek R, Schalij I, Wiesmeijer KC, Lodder K, Tu L, Guig-
nabert C, de Vries CJM, de Man FS, Noordegraaf AV, Dijke 
PT, Goumans MJ, Bogaard HJ. Prevention of progression of 
pulmonary hypertension by the Nur77 agonist 6-mercaptopu-
rine: role of BMP signalling. Eur Respir J. 2019;54(3):1802400.

46.  Bruno S, Gorczyca W, Darzynkiewicz Z. Effect of ionic 
strength in immunocytochemical detection of the prolifera-
tion associated nuclear antigens p120, PCNA, and the protein 
reacting with Ki-67 antibody. Cytometry.1992;13(5):496-501.

47.  Wu, X., Lu, Q. Expression and significance of α-SMA and 
PCNA in the vascular adventitia of balloon-injured rat aorta. 
Exp. Ther. Med. 2013;5:1671-6.

48.  Kreipke CW, Rafols JA. Calponin control of cerebrovascular 
reactivity: therapeutic implications in brain trauma. J Cell 
Mol Med. 2009;13(2):262-9.

49.  Blascke de Mello MM, Parente JM, Schulz R, Castro MM. 
Matrix metalloproteinase (MMP)-2 activation by oxidative 
stress decreases aortic calponin-1 levels during hypertro-
phic remodeling in early hypertension. Vascul Pharmacol. 
2019;116:36-44.

50.  Feng HZ, Wang H, Katsuhito Takahashi K, J-P Jin JP. Double 
deletion of calponin 1 and calponin 2 in mice decreases sys-
temic blood pressure with blunted length-tension response 
of aortic smooth muscle J Mol Cell Cardiol. 2019;129:49-57.

51.  Belo VA, Parente JM, Tanus-Santos JE, Castro MM. Matrix 
metalloproteinase (MMP)-2 decreases calponin-1 levels and 
contributes to arterial remodeling in early hypertension. Bio-
chem Pharmacol.2016;118:50-8.

52.  Long XC, Slivano OJ, Cowan SL, Georger MA, Lee TH, Miano 
JM. Smooth Muscle CalponinAn Unconventional CArG-
Dependent Gene That AntagonizesNeointimal Formation. 
Arterioscler Thromb Vasc Biol. 2011;31:2172-80.


