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Background: Glucagon-like peptide-1 receptor agonist (GLP-1RA), which is a therapeutic agent for the treatment of type 2 dia-
betes mellitus, has a beneficial effect on the cardiovascular system.
Methods: To examine the protective effects of GLP-1RAs on proliferation and migration of vascular smooth muscle cells 
(VSMCs), A-10 cells exposed to angiotensin II (Ang II) were treated with either exendin-4, liraglutide, or dulaglutide. To examine 
the effects of GLP-1RAs on vascular calcification, cells exposed to high concentration of inorganic phosphate (Pi) were treated 
with exendin-4, liraglutide, or dulaglutide. 
Results: Ang II increased proliferation and migration of VSMCs, gene expression levels of Ang II receptors AT1 and AT2, prolif-
eration marker of proliferation Ki-67 (Mki-67), proliferating cell nuclear antigen (Pcna), and cyclin D1 (Ccnd1), and the protein 
expression levels of phospho-extracellular signal-regulated kinase (p-Erk), phospho-c-JUN N-terminal kinase (p-JNK), and 
phospho-phosphatidylinositol 3‑kinase (p-Pi3k). Exendin-4, liraglutide, and dulaglutide significantly decreased the proliferation 
and migration of VSMCs, the gene expression levels of Pcna, and the protein expression levels of p-Erk and p-JNK in the Ang II-
treated VSMCs. Erk inhibitor PD98059 and JNK inhibitor SP600125 decreased the protein expression levels of Pcna and Ccnd1 
and proliferation of VSMCs. Inhibition of GLP-1R by siRNA reversed the reduction of the protein expression levels of p-Erk and 
p-JNK by exendin-4, liraglutide, and dulaglutide in the Ang II-treated VSMCs. Moreover, GLP-1 (9-36) amide also decreased the 
proliferation and migration of the Ang II-treated VSMCs. In addition, these GLP-1RAs decreased calcium deposition by inhibit-
ing activating transcription factor 4 (Atf4) in Pi-treated VSMCs.
Conclusion: These data show that GLP-1RAs ameliorate aberrant proliferation and migration in VSMCs through both GLP-1R-
dependent and independent pathways and inhibit Pi-induced vascular calcification.
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INTRODUCTION

Cardiovascular disease (CVD) includes all disorders of the 
heart and blood vessels, such as coronary heart disease, isch-
emic heart disease, hypertension, stroke, and atherosclerosis, 
and is a major cause of mortality and morbidity among pa-
tients with diabetes [1,2]. The risk for CVD morbidity and 
mortality is 2 to 4-fold higher in patients with type 2 diabetes 
mellitus (T2DM) than in those without diabetes, and the prev-
alence of T2DM is steadily increasing worldwide [3].

Atherosclerosis is a chronic disease associated with the inter-
action between lipid metabolism and inflammation [4,5]. The 
atherosclerotic process is initiated by the accumulation of low-
density lipoprotein (LDL) cholesterol, which causes vascular 
smooth muscle cell (VSMC) injury. In atherosclerosis, lipid ac-
cumulation induces transdifferentiation of VSMCs into alter-
native phenotypes such as macrophage-like, foam cell-like, and 
osteochondrogenic-like, which contribute to plaque progres-
sion [6,7]. In addition, VSMCs are involved in all developmen-
tal and progression stages of atherosclerosis, through migra-
tion, proliferation, and apoptosis. Aberrant proliferation and 
migration of VSMCs following phenotypic switching are hall-
marks of atherosclerosis [4,8].

Angiotensin II (Ang II) is the effector peptide of the renin-
angiotensin system and is implicated in endothelial dysfunc-
tion, atherosclerosis, hypertension, and related vascular dis-
eases [9]. The effects of Ang II are mediated through two re-
ceptor subtypes: the angiotensin II receptor type 1 (AT1), 
which is involved in inflammation, proliferation hypertrophy, 
and vasoconstriction; and the angiotensin II receptor type 2 
(AT2), which is involved in apoptosis, hypotension, and vaso-
dilation [10,11]. The AT2 receptor inhibits the AT1 receptor 
[12,13], and the ratio of AT1 to AT2 is closely related to the 
cardiovascular complications associated with diabetes [14]. In 
addition, AT1 antagonists inhibit VSMC proliferation and mi-
gration via the adenosine monophosphate-activated protein 
kinase (AMPK)/mammalian target of rapamycin (mTOR) sig-
naling pathway [15].

Vascular calcification is the deposition of minerals in the ar-
tery walls, and it is closely related to CVDs [16,17]. Previous 
studies reported that intimal calcification is associated with 
atherosclerosis, while medial calcification is associated with 
diabetes, chronic kidney disease, and aging [18,19]. VSMCs 
are the most abundant component of the middle layer of the 
artery wall, and the transdifferentiation of VSMCs by a high 

concentration of inorganic phosphate (Pi) is one of the major 
pathways leading to medial calcification [20].

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) are 
glucose-lowering medications used in the treatment of T2DM. 
GLP-1 receptor (GLP-1R) expression is detected in various 
cardiovascular tissues [21]. A few GLP-1RAs, such as liraglu-
tide and semaglutide, have been shown to effectively improve 
cardiovascular outcomes in patients with T2DM in the Lira-
glutide Effect and Action in Diabetes: Evaluation of Cardiovas-
cular Outcome Results (LEADER) trial and the Trial to Evalu-
ate Cardiovascular and Other Long-term Outcomes with Sema-
glutide in Subjects with Type 2 Diabetes (SUSTAIN-6) trial, 
respectively [22,23]. Previous studies reported that dipeptidyl 
peptidase-4 (DPP-4) rapidly metabolizes GLP-1 into GLP-1 
(9-36) amide, resulting in the loss of its insulinotropic activity 
[24,25]. However, recent studies reported that GLP-1 (9-36) 
amide has a GLP-1R-independent cardioprotective action 
[26,27].

In the present study, we investigated the protective effects 
and regulatory mechanism of GLP-1RAs on Ang II-induced 
VSMC proliferation and migration and Pi-induced VSMC cal-
cification.

METHODS

Cell culture 
The rat aortic A-10 VSMC line was purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA) and 
was cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
high glucose (25 mmol/L, Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS, Hyclone, Logan, 
UT, USA) and 1% penicillin/streptomycin (Gibco) in an incu-
bator at 37°C with a humidified atmosphere of 5% CO2 in the 
air. To examine the protective effects of GLP-1RAs on prolifer-
ation and migration of VSMCs induced by Ang II (Sigma-Al-
drich, St. Louis, MO, USA), the cells were pretreated with ei-
ther 100 nM exendin-4 (Sigma-Aldrich), liraglutide, or dula-
glutide (MedChemExpress, Monmouth Junction, NJ, USA) 1 
hour before Ang II treatment. During treatment with Ang II 
and GLP-1RAs, the cells were incubated in DMEM supple-
mented with 0.5% FBS (Hyclone). To examine the effects of 
GLP-1RAs on vascular calcification, cells exposed to 4 mM Pi 
(Sigma-Aldrich) were treated with 100 nM exendin-4, liraglu-
tide, or dulaglutide for 7 days. The media was changed every 2 
to 3 days. Lipopolysaccaharide (Merck Millipore, Burlington, 
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MA, USA) and thapsigargin (Sigma-Aldrich) were treated to 
activate the mitogen-activated protein kinase (MAPK) path-
way and endoplasmic reticulum (ER) stress, respectively.

Cell proliferation assay
For analysis of VSMC proliferation, cell viability was deter-
mined using an MTT cell proliferation assay kit (Invitrogen, 
Carlsbad, CA, USA). Cells were seeded in 96 well plates and 
incubated until 80% confluent. After serum starvation for 6 
hours, cells were treated with various concentrations of chemi-
cals for 24 hours. The cell culture medium was removed and 
replaced with 100 µL fresh culture medium, and 10 µL of the 
12 mM MTT stock solution was added. The plate was incubat-
ed at 37°C for 4 hours, following which 100 µL of sodium do-
decyl sulfate in 0.01 N HCl was added, and the absorbance was 
read at 450 nm using a microplate reader (TECAN, Grödig, 
Austria).

Transwell migration assay 
VSMC migration was determined using the transwell migra-
tion assay as previously described [28]. Briefly, the confluent 
monolayers of VSMCs in 6-well plates were treated with of 1 
µM Ang II in the absence or presence of GLP-1RAs at 37°C for 
16 hours. The cells were then trypsinized with 0.25% (v/v) 
trypsin, resuspended in serum-free DMEM, and seeded in the 
upper chamber of each transwell. In the lower chamber of each 
transwell, DMEM supplemented with 10% FBS was added as a 
chemoattractant. After incubation for 24 hours, the upper 
chamber was fixed with 4% (w/v) formaldehyde for 20 minutes 
at room temperature, washed with phosphate-buffered saline 
(PBS), and stained with crystal violet (Sigma-Aldrich) for 15 
minutes. After washing with distilled water, the non-migrated 
cells from the upper surface of the transwell membrane were 
removed using a cotton swab, and images were captured by 
microscopy at ×100 magnification (Olympus IX71, Olympus, 
Tokyo, Japan).

Scratch wound healing assay
In addition to the transwell migration assay, VSMC migration 
was also determined using the scratch wound healing assay. 
VSMCs were seeded in 6-well plates and when the cells 
reached 80% to 90% confluence, they were scratched using 200 
µL yellow tips in the center of each well. After washing with 
PBS, the cells were incubated with the chemicals indicated in 
each experiment. Images were captured at 0 hour and at the 

time point indicated in the figures (×100 magnification). 
VSMC migration was quantified by measuring the distance of 
the scratch wound at both time points using ImageJ and ex-
pressed as follows: % gap distance=[(distance at 0 hour time 
points–distance at the indicated time points)/distance at 0 
hour time points]×100.

Immunofluorescence staining
VSMCs were cultured on coverslips, fixed with 4% formalde-
hyde for 5 minutes, permeabilized with pre-chilled 0.5% Triton 
X-100 for 5 minutes at –20°C, and incubated with a normal 
goat serum blocking solution for 1 hour at room temperature. 
The cells were incubated overnight with the primary anti-pro-
liferating cell nuclear antigen (Pcna) antibody at 4°C and were 
then labeled with a tetramethylrhodamine isothiocyanate-
conjugated secondary antibody for 1 hour at room tempera-
ture. Next, the cells were mounted using a mounting medium 
with 4´,6-diamidino-2-phenylindole (DAPI; ab104139, Ab-
cam, Cambridge, UK), and images were obtained using a fluo-
rescence microscope (BX51, Olympus).

Quantitative real-time polymerase chain reaction 
The total RNA was extracted from VSMCs using the TRIzol re-
agent (Invitrogen) and cDNA was synthesized via reverse-tran-
scription using the High-Capacity RNA-to-cDNA Kit (Applied 
Biosystems, Foster City, CA, USA), according to the manufac-
turer’s instructions. Quantitative real-time polymerase chain 
reaction (PCR) for target gene expression was performed with 
LightCycler 480 SYBR Green (Roche, Lewis, UK). The primer 
pairs used for PCR were purchased from Bioneer (Daejeon, 
Korea). The primer sequences are presented in Supplementary 
Table 1. The expression levels of the target genes were normal-
ized to the internal control gene (glyceraldehyde-3-phosphate 
dehydrogenase [Gapdh]) and calculated using the 2−ΔΔCt 
method.

Calcium deposition assay 
To determine the calcium content, cells were incubated with 
0.5 N HCl for 24 hours at 4°C. The decalcified solution was 
measured using the QuantiChrom Calcium Assay Kit (BioAs-
say Systems, Hayward, CA, USA) and the calcium content was 
normalized to the total protein concentration. To determine 
the calcium deposition in the extracellular matrix, the cells 
were washed with PBS, fixed with 10% formalin for 10 minutes 
at room temperature, and stained with 0.5% alizarin red S so-
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lution for 30 minutes at 37°C. The cells were then washed twice 
with PBS and photographed using a microscope (Olympus). 

Western blotting
The cells were lysed with radioimmunoprecipitation assay (RIPA) 
buffer (Cell Signaling Technology, Danvers, MA, USA) con-
taining the Halt Protease and Phosphatase Inhibitor Cocktail 
(100×) (Thermo Fisher Scientific, Rockford, IL, USA), and the 
concentration of protein was calculated using Bradford protein 
analysis (Bio-Rad, Hercules, CA, USA). For Western blotting, 
protein samples (20 µg) were dissolved in 4× lithium dodecyl 
sulfate sample buffer and 10× reducing sample agent (Invitro-
gen), heated at 95°C for 10 minutes, and loaded on a 4% to 
12% Bis-Tris NuPAGE gel (Thermo Fisher Scientific). The sep-
arated proteins were transferred to a polyvinylidene difluoride 
(PVDF) membrane using the iBlot2 PVDF stack (Invitrogen), 
and the membranes were blocked with 5% bovine serum albu-
min in tris-buffered saline with Tween-20 (TBST) for 1 hour at 
room temperature, following which they were incubated at 4°C 
overnight with the following specific primary antibodies (Sup-
plementary Table 2). After washing with TBST, the mem-
branes were incubated with horseradish peroxidase-conjugat-
ed secondary antibodies for 1 hour at room temperature. Pro-
tein bands were visualized by enhanced chemiluminescence 
reagent (DAWINBio, Hanam, Korea).

Transient siRNA transfection
The A-10 cells were transfected with GLP-1R or activating 
transcription factor 4 (Atf4) siRNA (Bioneer) using Lipo-
fectamine RNAi MAX transfection reagent (Invitrogen), ac-
cording to the manufacturer’s instructions. Scrambled siRNA 
was used as a negative control for transfection. After 24 hours 
of GLP-1R transfection, the cells were treated with 1 μM Ang 
II in the presence or absence of various concentration of GLP-1 
(9-36) amide (MedChemExpress) or either 100 nM exendin-4, 
liraglutide, or dulaglutide for 24 hours and harvested for fur-
ther analysis. After 24 hours of Atf4 siRNA transfection, the 
cells were treated with 4 mM Pi in the presence or absence of 
100 nM exendin-4, liraglutide, or dulaglutide and harvested 
for further analysis.

Statistical analysis
All data were collected in triplicate and are expressed as mean± 
standard error values. The statistical analysis was performed 
using SPSS version 12.0 software (SPSS Inc., Chicago, IL, 

USA). The data were analyzed using one-way analysis of vari-
ance, followed by post hoc Bonferroni multiple range tests to 
calculate significant differences between the mean values ob-
tained from the different experimental groups. A P value of 
<0.05 was considered statistically significant. 

RESULTS

Ang II induces migration and proliferation in VSMCs
Excessive increase in VSMC proliferation and migration are 
important hallmarks of atherosclerosis, and Ang II, as well as 
some types of cytokines and growth factors, stimulate prolifer-
ation and migration in VSMCs [9]. Exposure of the A-10 cells 
to different concentrations of Ang II produced an increase in 
migration and proliferation of VSMCs, which were observed 
using the scratch wound healing assay and MTT, respectively 
(Supplementary Fig. 1A and B). In addition, the expression of 
Ang II receptors, AT1 and AT2, was increased by Ang II in a 
dose-dependent manner (Supplementary Fig. 1C). Thus, these 
results indicate that Ang II induces VSMC proliferation and 
migration via AT1 and AT2, and 1 µM Ang II should be used 
as an appropriate concentration to induce VSMC proliferation 
and migration in further studies.

GLP-1RAs inhibit Ang II-induced migration and 
proliferation of VSMCs
To examine the effects of GLP-1RAs on Ang II-induced VSMC 
migration and proliferation, A-10 cells treated with Ang II were 
exposed to exendin-4, liraglutide, and dulaglutide. GLP-1RAs 
significantly decreased Ang II-induced VSMC migration, 
which was demonstrated by the scratch wound healing and 
transwell migration assays (Fig. 1A and B). In addition, GLP-
1RAs inhibited the proliferation of Ang II-treated cells (Fig. 
1C). These results indicate that GLP-1RAs reverse the Ang II-
induced increase in migration and proliferation of VSMCs.

GLP-1RAs decrease Erk and JNK activation and 
proliferation marker expression in Ang II-treated VSMCs
We examined whether exendin-4, liraglutide, and dulaglutide 
regulate the expression of extracellular signal-regulated kinase 
(Erk), c-JUN N-terminal kinase (JNK), and phosphatidylino-
sitol 3‑kinase (Pi3k)/protein kinase B (Akt) signaling pathways 
in Ang II-treated cells. Ang II increased the protein expression 
of phospho-Erk (p-Erk), p-JNK, and p-Pi3k in a dose-depen-
dent manner (Fig. 2A). Compared with controls, gene expres-
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sion of marker of proliferation Ki-67 (Mki-67), Pcna, and cy-
clin D1 (Ccnd1) was increased the most in cells treated with 
0.1 µM Ang II (Fig. 2B). Treatment with exendin-4, liraglutide, 
and dulaglutide decreased the expression of p-Ekr and p-JNK 
proteins (Fig. 2C) and Pcna gene (Fig. 2D) relative to control 
cells treated with Ang II alone. Also, GLP-1RAs decreased the 
expression of nuclear factor-κB (NF-κB), which is a down-
stream factor of Erk and JNK signaling pathways (Supplemen-
tary Fig. 2). Mki-67 expression was significantly decreased 
only in the cells treated with liraglutide, and Ccnd1 expression 
was decreased in the cells treated with exendin-4 and liraglu-
tide compared with Ccnd1 expression in cells treated with Ang 

II alone. No significant difference was observed in the expres-
sion of p-Pi3k protein between cells treated with Ang II alone 
and those treated with exendin-4, liraglutide, or dulaglutide. 
Furthermore, immunofluorescence staining of Pcna revealed 
that the number of positive cells was lower among cells treated 
with exendin-4, liraglutide, or dulaglutide than among cells 
treated with Ang II alone (Supplementary Fig. 3). 

GLP-1RAs decrease proliferation marker expression by 
inhibiting Erk and JNK in Ang II-treated VSMCs, and 
their effects are mediated by GLP-1R
To determine whether the GLP-1RAs inhibits VSMC prolifera-

Fig. 1. Exendin-4, liraglutide, and dulaglutide inhibit the migration and proliferation of vascular smooth muscle cells (VSMCs) 
treated with angiotensin II (Ang II). A-10 cells are treated with 1 μM Ang II, followed by treatment with or without 100 nM exen-
din-4 (Ex-4), liraglutide (Lira), and dulaglutide (Dula) for 48 hours. (A, B) VSMC migration is determined using scratch wound 
healing assay and transwell migration assay, and (C) VSMC proliferation is determined using MTT assay. aP<0.05 and bP<0.01 
when compared with the control cells, cP<0.05 and dP<0.01 when compared with the Ang II-treated cells.
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Fig. 2. Exendin-4, liraglutide, and dulaglutide inhibit extracellular signal-regulated kinase (Erk) and c-JUN N-terminal kinase 
(JNK) signaling pathways and the expression of proliferation marker genes in vascular smooth muscle cells (VSMCs) treated with 
angiotensin II (Ang II). (A, B) A-10 cells are treated with various concentrations of Ang II for 24 hours. (C, D) A-10 cells are treated 
with 1 μM Ang II, followed by treatment with or without 100 nM exendin-4 (Ex-4), liraglutide (Lira), and dulaglutide (Dula) for 24 
hours. p-Erk, p-JNK, and phospho-phosphatidylinositol 3‑kinase (p-Pi3k) levels are analyzed using Western blotting. The mRNA 
expression levels of the genes encoding marker of proliferation Ki-67 (Mki-67), proliferating cell nuclear antigen (Pcna), and cyclin 
D1 (Ccnd1) are analyzed with quantitative real-time polymerase chain reaction and normalized to that of the glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) gene. aP<0.05 and bP<0.01 when compared with the control (CON) cells, cP<0.05 and 
dP<0.01 when compared with the Ang II-treated cells.

A

C

B

D

1.6

1.2

0.8

0.4

0

2.0

1.6

1.2

0.8

0.4

0

2.5

2.0

1.5

1.0

0.5

0

2.5

2.0

1.5

1.0

0.5

0

1.6

1.2

0.8

0.4

0

1.6

1.2

0.8

0.4

0

1.6

1.2

0.8

0.4

0

1.6

1.2

0.8

0.4

0

1.2

0.8

0.4

0

1.6

1.2

0.8

0.4

0

1.6

1.2

0.8

0.4

0

1.6

1.2

0.8

0.4

0

p-
Er

k/
Er

k
p-

Er
k/

Er
k

Re
lat

ive
 m

RN
A 

ex
pr

es
sio

n
(fo

ld
 ch

an
ge

 of
 co

nt
ro

l)
Re

lat
ive

 m
RN

A 
ex

pr
es

sio
n

(fo
ld

 ch
an

ge
 of

 co
nt

ro
l)

p-
Pi

3k
/P

i3
k

p-
Pi

3k
/P

i3
k

Re
lat

ive
 m

RN
A 

ex
pr

es
sio

n
(fo

ld
 ch

an
ge

 of
 co

nt
ro

l)
Re

lat
ive

 m
RN

A 
ex

pr
es

sio
n

(fo
ld

 ch
an

ge
 of

 co
nt

ro
l)

p-
JN

K
/JN

K
p-

JN
K

/JN
K

Re
lat

ive
 m

RN
A 

ex
pr

es
sio

n
(fo

ld
 ch

an
ge

 of
 co

nt
ro

l)
Re

lat
ive

 m
RN

A 
ex

pr
es

sio
n

(fo
ld

 ch
an

ge
 of

 co
nt

ro
l)

p-Erk

p-Erk

p-Pi3k

p-Pi3k

p-JNK

p-JNK

Erk

Erk

Pi3k

Pi3k

JNK

JNK

a

d

c

c

d

c

d

c

b

a

b

b

a

a
c c

a

b

a

b

	 0	 0.001	 0.1	 1

	 CON	 CON	 Ex-4	 Lira	 Dula

	 0	 0.01	 0.1	 1

	 CON	 CON	 Ex-4	 Lira	 Dula

	 0	 0.001	 0.1	 1

	 CON	 CON	 Ex-4	 Lira	 Dula

	 0	 0.01	 0.1	 1

	 CON	 CON	 Ex-4	 Lira	 Dula

	 0	 0.001	 0.1	 1

	 CON	 CON	 Ex-4	 Lira	 Dula

	 0	 0.01	 0.1	 1

	 CON	 CON	 Ex-4	 Lira	 Dula

Ang II (μM)

Ang II

Ang II (μM)

Ang II

Mki-67

Mki-67

Ang II (μM)

Ang II

Ang II (μM)

Ang II

Ccnd1 

Ccnd1 

Ang II (μM)

Ang II

Ang II (μM)

Ang II

Pcna

Pcna

b

d

c

d

a

b

a

b

a
a



Positive effect of GLP-1RAs on cardiovascular disease

89Diabetes Metab J 2024;48:83-96 https://e-dmj.org

Fig. 3. Inhibitory effects of exendin-4 (Ex-4), liraglutide (Lira), and dulaglutide (Dula) on the expression of extracellular signal-reg-
ulated kinase (Erk) and c-JUN N-terminal kinase (JNK) are mediated by glucagon-like peptide-1 receptor (GLP-1R). A-10 cells 
pre-exposed to (A) 50 μM Erk inhibitor (PD98059) or (B) 50 μM JNK inhibitor (SP600125) for 1 hour are treated with 1 μM angio-
tensin II (Ang II), followed by treatment with or without Ex-4 (100 nM), Lira (100 nM), and Dula (100 nM) for 24 hours. (C) A-10 
cells, transfected with 50 nM GLP-1R siRNA or scrambled (Scr) siRNA for 24 hours, are treated with Ang II, followed by treatment 
with or without Ex-4, Lira, and Dula for 24 hours. Expression levels of phosphor-Erk (p-Erk), p-JNK, proliferating cell nuclear anti-
gen (Pcna), and cyclin D1 are analyzed using Western blotting, and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) is used as 
the loading control. aP<0.05 and bP<0.01 when compared with the control cells, cP<0.05 and dP<0.01 when compared with the 
Ang II-treated cells.
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tion via Erk and JNK signaling pathways, cells were treated 
with PD98059 (Erk inhibitor) or SP600125 (JNK inhibitor). 
Inhibition of Ekr by PD98059 treatment decreased the expres-
sion of p-Erk, Pcna, and Ccnd1 proteins (Fig. 3A), while inhi-
bition of JNK by SP600125 treatment decreased the expression 
of p-JNK, Pcna, and Ccnd1 proteins (Fig. 3B). Consistently, in-
hibition of Erk and JNK by inhibitor treatment significantly re-
duced cell proliferation compared with inhibitor-untreated 
groups (Supplementary Fig. 4). While lipopolysaccharide-in-
duced Erk and JNK activation reversed the reduction by GLP-
1RAs in VSMC migration (Supplementary Fig. 5). Next, we 
examined whether the inhibition of Erk and JNK signaling 
pathway by exendin-4, liraglutide, and dulaglutide treatment 
in Ang II-treated VSMCs was mediated through a GLP-1R-de-
pendent pathway. Cells were transfected with GLP-1R siRNA, 
and we observed that GLP-1R inhibition by siRNA reversed 
the reduction of p-Erk and p-JNK expression by GLP-1RAs. 
(Fig. 3C). These data show that inhibitory effects by exendin-4, 
liraglutide, and dulaglutide in proliferation and migration of 
VSMCs are mediated through a GLP-1R-dependent pathway.

GLP-1 (9-36) amide decreases proliferation and migration in 
Ang II-treated VSMCs and increases the expression of Cd36
To demonstrate the involvement of the GLP-1R-independent 
pathway in the cardioprotective effect of GLP-1, Ang II-treated 
VSMCs were exposed to various concentrations of GLP-1 (9-
36) amide, which is a metabolite of intact GLP-1 (7-36). GLP-1 
(9-36) amide increased the protein expression of Cd36, a mul-
tifunctional membrane signaling receptor, and decreased the 
protein expression of p-Erk, p-JNK, Pcna, and Ccnd1 (Fig. 
4A). In addition, GLP-1 (9-36) amide inhibited the migration 
of Ang II-induced VSMCs (Fig. 4B and C). Interestingly, the 
anti-proliferative effect in cells treated with 100 nM GLP-1(9-
36) was also observed in cells transfected with GLP-1R siRNA 
(Fig. 4D). These findings indicate that GLP-1 (9-36) amide in-
hibits the aberrant migration and proliferation of VSMCs 
through a GLP-1R independent pathway.

GLP-1RAs decrease Pi-induced calcium deposition by 
inhibiting Atf4 in VSMCs
We examined the effect of exendin-4, liraglutide, and dulaglu-
tide on Pi-induced vascular calcification in VSMCs. GLP-1RAs 
diminished calcium deposition compared with that in the cells 
treated by Pi alone (Fig. 5A and B). The gene expressions of ER 
stress markers 78 kDa glucose-regulated protein (Grp78), pro-

tein kinase RNA-like endoplasmic reticulum kinase (Perk), 
inositol-requiring protein 1 (Ire1), activating transcription fac-
tor 6 (Atf6), Atf4, and C/EBP homologous protein (CHOP) 
and the protein expression of Atf4 transcription factor and 
CHOP, which are downstream factors of Perk, were increased 
in the Pi-treated cells compared with that in the control group, 
while it was reversed in cells treated with GLP-1RAs (Fig. 5C 
and D). In addition, the inhibition of Atf4 by siRNA dramati-
cally decreased the expression of bone morphogenic protein 2 
(Bmp2) and runt-related transcription factor-2 (Runx2) pro-
teins, which are markers of osteoblastic differentiation in 
VSMCs (Fig. 5E), and diminished calcium deposition in cells 
treated Pi alone and Pi+exendin-4 (Fig. 5F). While ER stress 
inducer thapsigargin-induced Atf4 activation reversed the re-
duced calcium deposition by GLP-1RAs (Supplementary Fig. 
6). These data indicate that GLP-1RAs have anti-calcification 
effects in Pi-treated VSMCs, and beneficial effects of GLP-
1RAs are mediated through inhibition of osteoblastic differen-
tiation of VSMCs via Atf4 inhibition.

DISCUSSION

In this study, we determined that GLP-1RAs have protective 
effects against the progression of coronary atherosclerosis via 
both GLP-1R-dependent and GLP-1R-independent pathways. 
GLP-1RA also has an anti-calcification effect by inhibition of 
Atf4. The GLP-1RAs exendin-4, liraglutide, and dulaglutide 
inhibited the aberrant increase in migration and proliferation 
of Ang II-treated VSMCs and decreased the expression of pro-
liferation markers Pcna and Ccnd1 by inhibiting the Erk and 
JNK signaling pathways, which are involved in processes of cell 
growth and survival. However, GLP-1R inhibition by siRNA 
reversed the reduction of p-Erk and p-JNK expression caused 
by GLP-1RAs. Moreover, GLP-1 (9-36) amide showed similar 
improvement effects as GLP-1RAs on the proliferation and 
migration of VSMCs and the anti-proliferative effect of GLP-1 
(9-36) amide is mediated by a GLP-1R-independent pathway. 
Furthermore, in rat VSMCs treated with a high concentration 
of Pi, exendin-4, liraglutide, and dulaglutide inhibited calcium 
deposition and decreased the expression of osteoblastic differ-
entiation markers Bmp2 and Runx2 by inhibiting Atf4 (Fig. 6).

The extraglycemic effect of the anti-diabetic medication is 
becoming increasingly important for the prevention of diabe-
tes complications. Recently, a number of studies reported the 
results of CVD trials investigating the effect of GLP-1RAs in-
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Fig. 4. Glucagon-like peptide-1 (GLP-1) (9-36) amide decreases the proliferation and migration of vascular smooth muscle cells 
(VSMCs) treated with angiotensin II (Ang II) by increasing Cd36 expression. A-10 cells are treated with 1 μM Ang II, followed by 
treatment with various concentrations of GLP-1 (9-36) amide (1 to 100 nM) for 24 or 48 hours. (A) Expression levels of phospho-
extracellular signal-regulated kinase (p-Erk), phospho-c-JUN N-terminal kinase (p-JNK), Cd36, proliferating cell nuclear antigen 
(Pcna), and cyclin D1 are analyzed using Western blotting, and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) is used as the 
loading control (CON). (B, C) VSMC migration is determined using scratch wound healing assay and quantified. (D) A-10 cells 
transfected with 50 nM GLP-1 receptor (GLP-1R) siRNA or scramble (Scr) siRNA are treated with 1 μM Ang II, followed by treat-
ment with various concentrations of GLP-1 (9-36) amide (1 to 100 nM) for 24 hours. VSMC proliferation is determined using MTT 
assay. aP<0.05 and bP<0.01 when compared with the CON cells, cP<0.05 and dP<0.01 when compared with the Ang II-treated cells.
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Fig. 5. Exendin-4 (Ex-4), liraglutide (Lira), and dulaglutide (Dula) inhibit high inorganic phosphate (Pi)-induced vascular calcifi-
cation in vascular smooth muscle cells. A-10 cells are treated with 4 mM Pi, followed by treatment with or without 100 nM Ex-4, 
Lira, or Dula for 7 days. Levels of calcium deposition are assessed by (A) alizarin red S staining and (B) calcium assays. (C, D) The 
protein and gene expressions of endoplasmic reticulum (ER) stress markers are analyzed using Western blotting and quantitative 
real-time polymerase chain reaction, respectively. (E, F) A-10 cells transfected with 10 nM activating transcription factor 4 (Atf4) 
siRNA or scramble (Scr) siRNA are treated with 4 mM Pi, followed by treatment with or without 100 nM Ex-4, Lira, or Dula. Ex-
pression levels of Atf4, bone morphogenic protein 2 (Bmp2), and runt-related transcription factor-2 (Runx2) are analyzed using 
Western blotting, and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) is used as the loading control (CON). Levels of calci-
um deposition are assessed by calcium assays. Grp78, 78 kDa glucose-regulated protein; Perk, protein kinase RNA-like endoplas-
mic reticulum kinase; Ire1, inositol-requiring protein 1; CHOP, C/EBP homologous protein. aP<0.05 and bP<0.01 when com-
pared with the CON cells, cP<0.05 and dP<0.01 when compared with the Pi-treated cells, eP<0.05 and fP<0.01 when compared 
with each siRNA-untreated groups.� (Continued to the next page)
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cluding lixisenatide, liraglutide, semaglutide, exenatide, albig-
lutide, dulaglutide, and oral semaglutide in patients with 
T2DM, and established CVD risk factors [29,30]. A meta-
analysis pooling the results of these randomized controlled tri-
als showed that GLP-1RA treatment significantly reduced the 
risk of major adverse cardiac events by 12%, death due to CVD 
by 11%, stroke by 16%, myocardial infarction by 9%, and all-
cause death by 12% compared with a placebo group [31].

GLP-1 is a gut hormone that has a beneficial effect on non-
alcoholic fatty liver disease and CVD in patients with T2DM, 
through GLP-1R [32]. GLP-1 (9-36) amide, which is a metabo-
lite of GLP-1 produced by DPP-4 cleavage, is metabolically in-

active [33]. However, some previous studies reported that pro-
tective functions of GLP-1, exendin-4, and GLP-1 (9-36) am-
ide against ischemia-reperfusion injury in hearts isolated from 
mice and rats [27,34]. The insulinomimetic effects of GLP-1 
derived peptides, including GLP-1 (9-36) amide and GLP-1 
(28-36) amide, modulated hepatic glucose production, antiox-
idant cardioprotective action, oxidative stress in vasculature 
tissue [35], and improved β-cell injury in the streptozotocin-
diabetic mice [36]. In this study, we observed that exendin-4, 
liraglutide, and dulaglutide inhibited the proliferation and mi-
gration of Ang II-treated VSMCs and reduced the expression 
of proliferation markers, Pcna and Ccnd1 by inhibiting Erk 

Fig. 5. Continued.

Fig. 6. Schematic diagram illustrating a possible mechanism of the protective effect of glucagon-like peptide-1 receptor agonists 
(GLP-1RAs) on cardiovascular disease. Ang II, angiotensin II; Pi, inorganic phosphate; AT1, angiotensin II receptor type 1; AT2, 
angiotensin II receptor type 2; Erk, extracellular signal-regulated kinase; JNK, c-JUN N-terminal kinase; VSMC, vascular smooth 
muscle cell; ER, endoplasmic reticulum; Atf4, activating transcription factor 4; Bmp2, bone morphogenic protein 2; Runx2, runt-
related transcription factor-2.
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and JNK signaling via the GLP-1R-dependent pathway. In ad-
dition, GLP-1 (9-36) amide caused a dose-dependent decrease 
in VSMC migration and proliferation. Tomas and Habener 
[35] reported that GLP-1 (9-36) amide is transported in the 
cell through binding to CD36/fatty acid translocase, which is a 
receptor involved in the transport of peptides and oxidized 
LDLs. Our results show that GLP-1 (9-36) amide increased the 
expression of Cd36 in Ang II-treated VSMCs in a dose-depen-
dent manner. These results indicate that GLP-1RAs have direct 
protective effects against vascular disease through GLP-1R-de-
pendent and GLP-1R-independent pathways. 

Vascular calcification is a marker of CVD. In particular, cal-
cification in the medial layer of the artery wall, which is com-
posed of VSMCs, is closely related to diabetes [37]. VSMCs 
treated with a high concentration of Pi results in vascular calci-
fication through various mechanisms including transdifferen-
tiation of VSMCs into osteoblast-like cells, apoptosis, mineral 
vesicle release, ER stress, and oxidative stress [38,39]. We ob-
served that exendin-4, liraglutide, and dulaglutide inhibited 
calcium deposition and reduced the gene expression of ER 
stress markers in Pi-treated VSMCs. Furthermore, we ob-
served that Atf4 inhibition reduced the expression of osteo-
blastic differentiation markers Bmp2 and Runx2 and calcium 
deposition in Pi-treated VSMCs. These results indicate that 
GLP-1RAs have protective effects against vascular calcification 
in Pi-treated VSMCs, and these effects could be mediated by 
inhibition of VSMCs transdifferentiation into osteoblast-like 
cells via amelioration of ER stress.

In conclusion, the present study showed that GLP-1RAs 
have a direct protective effect against vascular disease, and 
their anti-atherosclerotic effects might be mediated by both 
GLP-1R-dependent and GLP-1R-independent pathways. The 
GLP-1RAs treatment in Ang II-treated VSMCs inhibited mi-
gration and proliferation of VSMCs by inhibiting the Erk and 
JNK signaling pathways. Moreover, GLP-1 (9-36) amide also 
showed an inhibitory effect on VSMC migration and prolifera-
tion. We also found that GLP-1RAs had anti-calcification ef-
fects via inhibition of osteoblastic differentiation in Pi-treated 
VSMCs, which was mediated by Atf4 inhibition. Thus, treat-
ment with GLP-1RAs may be a useful approach in the treat-
ment of atherosclerosis and vascular calcification, which are 
the causes and risk factors for CVD. Further studies are re-
quired to clarify the role and underlying regulatory mecha-
nism of Cd36 on the migration and proliferation of VSMCs by 
GLP-1 (9-36) amide. In addition, further studies are required 

to elucidate which major receptors mediate the beneficial ef-
fects of GLP-1 (9-36) amide in the coronary arteries, and in 
vivo experiments are needed to solidify our findings.
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Supplementary Table 1. List of rat primer for quantitative real-time polymerase chain reaction

Gene Forward primer Reverse primer

AT1 GGCTGGGCCTTACCAAGAAT GGGGGACCCAGGAAAAGAAG

AT2 AGGGCCCTAAAAAGGTGTCC AGGAAGGGTTGCCAAAAGGA

Mki-67 CCTGCCCGACCCTACAAAAT TGCTGCTTCTCCTTCACTGG

Pcna CTGATCCAGGGCTCCATCCT ACGTGAGACGAATCCATGCT

Ccnd1 CAAGTGTGACCCGGACTGC GGCCTTGGGATCGATGTTCTG

Nfkb1 GCAGACGACGATCCTTTCGG AGGTATGGGCCATCTGTTGA

Grp78 AACCCAGATGAGGCTGTAGCA ACATCAAGCAGAACCAGGTCAC

Perk TCGGATACGGCATTTGGCTT TTACTAAGGACCTGCCGCGA

Ire1 CGAGAAGCAGCAGACTTTGTC GTCTTGGTGTCATACATGGTGA

Atf6 TCATGGACCAGGTGAAGACTG ATGTCTGACTCCCAAGGCAT

Atf4 GTTGGTCAGTGCCTCAGACA CATTCGAAACAGAGCATCGA

CHOP CCAGCAGAGGTCACAAGCAC CGCACTGACCACTCTGTTTC

Gapdh CCTCGTCTCATAGACAAGATGGT GGGTAGAGTCATACTGGAACATG

AT1, angiotensin II receptor type 1; AT2, angiotensin II receptor type 2; Mki-67, marker of proliferation Ki-
67; Pcna, proliferating cell nuclear antigen; Ccnd1, cyclin D1; Nfkb1, nuclear factor kappa B subunit 1; 
Grp78, 78 kDa glucose-regulated protein; Perk, protein kinase RNA-like endoplasmic reticulum kinase; 
Ire1, inositol-requiring protein 1; Atf6, activating transcription factor 6; Atf4, activating transcription factor 
4; CHOP, C/EBP homologous protein; Gapdh, gluceradehyde-3-phosphate dehydrogenase.
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Supplementary Table 2. List of primary antibodies used for Western blotting

Antibody Catalog no. Source

Phospho-Erk1/2 #4370 Cell Signaling Technology

Erk1/2 #4695 Cell Signaling Technology

Phospho-JNK #4668 Cell Signaling Technology

JNK #9252 Cell Signaling Technology

Phospho-Pi3k #4228 Cell Signaling Technology

Pi3k #4292 Cell Signaling Technology

Phospho-Nf-κB p65 #3033 Cell Signaling Technology

Pcna #4586 Cell Signaling Technology

Cyclin D1 #2922 Cell Signaling Technology

Cd36 sc-7309 Santa Cruz Biotechnology Inc.

Atf4 #11815 Cell Signaling Technology

CHOP #2895 Cell Signaling Technology

Bmp2 ab14933 Abcam

Runx2 #12556 Cell Signaling Technology

Gapdh #5174 Cell Signaling Technology

Erk, extracellular signal-regulated kinase; JNK, c-JUN N-terminal kinase; Pi3k, phos-
phatidylinositol 3‑kinase; Nf-κB, nuclear factor-κB; Pcna, proliferating cell nuclear an-
tigen; Atf4, activating transcription factor 4; CHOP, C/EBP homologous protein; 
Bmp2, bone morphogenic protein 2; Runx2, runt-related transcription factor-2; Gap-
dh, gluceradehyde-3-phosphate dehydrogenase.
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Supplementary Fig. 1. Angiotensin II (Ang II) induces migration and proliferation of vascular smooth muscle cells (VSMCs) via 
angiotensin II receptor type 1 (AT1) and AT2 receptors. A-10 cells are treated with various concentrations of Ang II for 24 hours. 
VSMC migration and proliferation are determined using (A) scratch wound healing assay and (B) MTT assay, respectively. (C) 
mRNA expression levels of the genes encoding AT1 and AT2 are analyzed with quantitative real-time polymerase chain reaction 
and normalized to that of the gluceradehyde-3-phosphate dehydrogenase (Gapdh) gene. aP<0.05 and bP<0.01 when compared 
with the control cells.
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Supplementary Fig. 2. Exendin-4 (Ex-4), liraglutide (Lira), and dulaglutide (Dula) decrease nuclear factor-κB (Nf-κB) expres-
sion in vascular smooth muscle cells treated with angiotensin II (Ang II). A-10 cells are treated with 1 μM Ang II, followed by 
treatment with or without 100 nM Ex-4, Lira, and Dula for 24 hours. The protein and gene expression of Nf-κB are analyzed using 
Western blotting and quantitative real-time polymerase chain reaction, respectively. Gapdh, gluceradehyde-3-phosphate dehy-
drogenase; CON, control. aP<0.05 and bP<0.01 when compared with the control cells, cP<0.05 and dP<0.01 when compared with 
the Ang II-treated cells. 
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Supplementary Fig. 3. Detection of proliferating cell nuclear antigen (Pcna) by immunofluorescence. Cells are counterstained 
and quantified with Pcna (red) and 4´,6-diamidino-2-phenylindole (DAPI; nuclear, blue). Scale bar 100 μm (×100 magnifica-
tion). CON, control; Ex-4, exendin-4; Lira, liraglutide; Dula, dulaglutide. aP<0.01 when compared with the control cells, bP<0.05 
and cP<0.01 when compared with the angiotensin II (Ang II)-treated cells. 
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Supplementary Fig. 4. Extracellular signal-regulated kinase (Erk) and c-JUN N-terminal kinase (JNK) inhibitors inhibit the pro-
liferation of vascular smooth muscle cells (VSMCs). A-10 cells pre-exposed to 50 μM Erk inhibitor (PD98059) or 50 μM JNK in-
hibitor (SP600125) for 1 hour are treated with 1 μM angiotensin II (Ang II), followed by treatment with or without exendin-4 (Ex-4; 
100 nM), liraglutide (Lira; 100 nM), and dulaglutide (Dula; 100 nM) for 24 hours. VSMC proliferation is determined using MTT 
assay. CON, control. aP<0.01 when compared with the control cells, bP<0.01 when compared with the Ang II-treated cells, cP<0.01 
when compared with each inhibitor-untreated groups.
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Supplementary Fig. 5. Lipopolysaccharide (LPS)-induced extracellular signal-regulated kinase (Erk) and c-JUN N-terminal ki-
nase (JNK) activation reverse glucagon-like peptide-1 receptor agonists-induced inhibition in vascular smooth muscle cell 
(VSMC) migration. A-10 cells pre-exposed to 0.1 μg/mL lipopolysaccharide for 1 hour are treated with 1 μM angiotensin II (Ang 
II), followed by treatment with or without 100 nM exendin-4 (Ex-4), liraglutide (Lira), and dulaglutide (Dula) for 24 hours. (A) 
The protein expression of p-Erk and p-JNK are analyzed using Western blotting and (B, C) VSMC migration is determined using 
scratch wound healing assay. CON, control. aP<0.01 when compared with the control cells, bP<0.01 when compared with the 
Ang II-treated cells, cP<0.05 when compared with each LPS-untreated groups.
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Supplementary Fig. 6. Thapsigargin-induced activating transcription factor 4 (ATF4) activation reverses the anti-calcification ef-
fect by glucagon-like peptide-1 receptor agonists. A-10 cells pre-exposed to 0.1 μM thapsigargin for 24 hours are treated with 4 
mM inorganic phosphate (Pi), followed by treatment with or without 100 nM exendin-4 (Ex-4), liraglutide (Lira), and dulagutide 
(Dula) for 7 days. (A) The protein expression of Atf4, bone morphogenic protein 2 (Bmp2), and runt-related transcription fac-
tor-2 (Runx2) are analyzed using Western blotting and (B) levels of calcium deposition are assessed by calcium levels. aP<0.01 
when compared with the control cells, bP<0.05 and cP<0.01 when compared with the Pi-treated cells, dP<0.05 when compared 
with each thapsigargin-untreated groups.
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