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Abstract

To provide a theoretical basis for the prevention and treatment of hyperhomocysteinemia (HHcy), the current study aimed to 
investigate the mechanism underlying the effect of homocysteine (Hcy) on inducing the migration of vascular smooth muscle 
cells (VSMCs) via inhibited C1q/Tumor necrosis factor-related protein9 (CTRP9) expression negative regulating endoplasmic 
reticulum stress (ERs). Therefore, the overexpression and interference plasmid of CRRP9 were constructed, transfected into VSMCs 
cells, and administered Hcy stimulation cells. At the same time, endoplasmic reticulum stress inhibitor (4-PBA) and endoplasmic 
reticulum stress activator (TM) intervention cells were administered. The migration ability of VSMCs at 0h and 48h was assessed 
by wound-healing assays. The protein expression of CTRP9, DNA methyltransferase 1 (DNMT1), ERs marker GRP78 and AFT6a 
in VSMCs were detected by western blot. Furthermore, DNMT1 inhibitor 5-Azc was given to intervene cells to observe the effect 
of DNMT1 on CTRP9 expression. The results show that Hcy can down-regulate CTRP9 protein expression and stimulate VSMCs 
migration. Overexpression of CTRP9 can delay VSMCs migration caused by Hcy. Meanwhile, activation of ERs simultaneously with 
overexpression of CTRP9 can inhibit VSMCs migration. Interference with CTRP9 has achieved the opposite results. It is suggested 
that CTRP9 down-regulation promotes Hcy induced VSMCs migration, and ERs plays an important role in this process. In terms 
of mechanism, interference CTRP9 can activate ERs, while overexpression of CTRP9 can inhibit ERs. Meanwhile, the expression of 
DNMT1 is up-regulated by Hcy, and the expression of CTRP9 can be up-regulated by inhibiting DNMT1. In summary, the results of 
this study suggest that reduced C1q/Tumor necrosis factor-related protein9 expression promotes Hcy-induced VSMCs migration 
via negative regulating endoplasmic reticulum stress. The up regulation of DNMT1 expression induced by Hcy plays an important 
role in this process, and CTRP9 may be regulated by methylation. 
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Methyltransferase1

Introduction
Atherosclerosis (As) is an important underlying disease of 

ischemic cardiomyopathy and stroke [1]. The migration of vascu-
lar smooth muscle cells (VSMCs) plays an important role in the 
pathogenesis of atherosclerosis [2]. Hcy, an independent risk factor 
for AS, can induce the migration of VSMCs to cause atherosclero-
sis [3,4], but the mechanisms remain unclear. Endoplasmic reticu 

 
lum stress (ERs) can lead to a disorder of cellular metabolism [5]. 
CTRP9 is a novel endothelium-dependent and NO-mediated vaso-
dilator [6]. There is a common molecular basis between CTRP9 and 
ERs, but whether CTRP9 has a regulatory effect on ERs remains un-
clear. Meanwhile, previous studies have found that CTRP9 expres-
sion is downregulated in the process of proliferation, migration and 
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phenotypic transformation of VSMCs induced by Hcy, but its mech-
anism remains unclear [7].

This study aims to reveal the association between CTRP9 and 
ERs and their effects on Hcy-induced VSMCs migration in vitro. 
Therefore, we established an in vitro VSMCs model of Hcy stimula-
tion. The current study explored whether CTRP9 may play a func-
tional role in Hcy-induced VSMCs migration via regulating ERs, and 
the possible mechanism of CTRP9 protein expression reduction.

Materials and Methods
Cell transfection

The sequences of CTRP9 overexpression plasmid, GFP, Si-NC, 
and Si-CTRP9 were obtained from Genepharma (Shanghai, China) 
and infected as previously described [8] and they were transient-
ly transfected into the cells using Lipofectamine 2000 (Life Tech-
nologies, Gaithersburg, MD, USA) following the manufacturer’s in-
struction. The transfection efficiency was detected by qRT-PCR and 
western blot, then the cells were collected for downstream analysis.

Cell culture and treatment

Human VSMCs were purchased from the BeNa Culture Collec-
tion (BNCC; Suzhou Bena Chuanglian Biotechnology Co. Ltd.) and 
cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientif-
ic, Inc.) and 1% penicillin/streptomycin solution (Beijing Solarbio 
Science & Technology Co., Ltd.) at 37˚C in an incubator with 5% 
CO2. VSMCs were divided into the normal Control (Hcy-free), Hcy 
(100μmol/L), Hcy+Si-NC, Hcy+Si-CTRP9, Hcy+Si-CTRP9+4-PBA 
(10 mmol/L, ERs inhibitor, MCE, HY-A0281), Hcy+GFP, Hcy+CTRP9, 
Hcy+CTRP9+TM (0.5μmol/L, ERs agonist, MCE, HY-A0098) groups. 
All cells used were between passages 3 and 7. Prior each experi-
ment VSMCs were induced with 100μmol/L Hcy for 48h.

Wound healing assay

A wound healing assay was carried out to evaluate the cell mi-
gration ability of Hcy-treated VSMCs. Briefly, 5×103 VSMCs in a vol-
ume of 100μl/well were seeded in 6-well plates and were allowed 
to reach 80-90% confluency. Subsequently, a linear scratch wound 
was made at the center of the cell monolayer using a 200µl tip. 
Cells were induced by Hcy and transfected CTRP9 overexpression 
plasmid, GFP, Si-NC, and Si-CTRP9. Following incubation for 48 h, 

images of the migrated cells were captured, and their number was 
calculated under an image acquisition system microscope (Olym-
pus Corporation).

Western blot analysis. To detect the changes in the protein 
levels in VSMCs, western blot analysis was carried out using spe-
cific antibodies [9]. Total proteins were isolated from cells using 
a whole protein extraction kit (Nanjing KeyGen Biotech Co., Ltd.), 
while protein concentration was determined using the SimpliNa-
no™ Biochrom Spectrophotometer (Biochrom, Ltd.). The protein 
samples (20μl/lane) were separated by SDS-PAGE and were then 
transferred onto a PVDF membrane (MilliporeSigma). Following 
blocking with 5% non-fat milk in PBS with Tween-20, the mem-
brane was incubated at 4˚C overnight with the following antibodies: 
Anti-CTRP9 (dilution, 1:1,000, no.DF9407), anti-GRP78 (dilution, 
1:1,000, no.AF5366), anti-AFT6a (dilution, 1:1,000, no.DF6009), 
anti-DNMT1 (dilution, 1:1,000, no.DF9407) and anti-β-actin (dilu-
tion, 1:1,000, no.AF7018. all from Affinity.). Following washing, the 
membranes were incubated with the corresponding horseradish 
peroxidase-conjugated IgG (anti-rabbit, no. ZB2301 or anti-mouse, 
no. ZB2305, dilution, 1:5,000. ZSGB-BIO) for 4h. Finally, the protein 
bands were visualized using chemiluminescence (ECL; Nanjing 
KeyGen Biotech Co., Ltd.).

Results 
CTRP9 negatively regulates ERs and promotes Hcy induced 
VSMCs Migration

The results of cell scratch experiment showed that there was 
no difference in cell migration ability among all groups at 0h. At 
48h, the scratch area was significantly reduced, and the percentage 
of wound healing increased in the Hcy group. It is suggested that 
Hcy can induce VSMCs migration, which is consistent with previous 
findings [10]. After interference with CTRP9, the scratch area was 
further reduced, and the wound healing percentage was further 
increased. While interfering with CTRP9, 4-PBA was administered 
to inhibit ERs, which showed a significant increase in scratch area 
and a decrease in wound healing percentage. After CTRP9 is over-
expressed, the opposite result is obtained (Figure 1). These results 
suggest that CTRP9 low expression promotes Hcy induced VSMCs 
migration, and the effect is related to the negative regulation of 
CTRP9 on ERs.
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Figure 1: A. Results of the scratch test; B. The change of cell scratch area in each group; C. Changes in the percentage of cell wound healing in 
each group. Data are represented as the mean ± SD of three independent experiments (n=3). *P < 0.05, compared with Control group. # P < 0.05, 
Compared with Hcy group. % P < 0.05, compared with Hcy+CTRP9 group. & P < 0.05 compared with Hcy+Si-CTRP9 group.

DNMT1 inhibits the expression of CTRP9 and activates ERs

To further explore the mechanism of VSMCs migration in-
duced by Hcy, we detected the expression of CTRP9 and ERs mark-
er proteins GRP78 and ATF6a. The results showed that Hcy could 
down-regulate the expression of CTRP9 Figure 2A and up-regu-
late the expression of GRP78 and ATF6a Figures 2B,2C, suggesting 
that Hcy can inhibit CTRP9 and activate ERs. After interference of 
CTRP9, GRP78 and ATF6a protein expression increases obviously, 
while overexpression of CTRP9 results in the opposite result, sug-
gesting that CTRP9 can negatively control ERs activation. Further, 
in order to observe the specific mechanism of Hcy down-regula-
tion of CTRP9, the protein expression of DNMT1 was detected, and 

5-Azc was used to inhibit DNMT1, and the expression of CTRP9 was 
observed. The results showed that Hcy could up-regulate the ex-
pression of DNMT1. After interference with CTRP9, the expression 
of DNMT1 is significantly increased. While interfering with CTRP9, 
4-PBA was administered to inhibit ERs, and the expression of 
DNMT1 is decreased. After overexpression of CTRP9, the opposite 
result is obtained Figure 2D. Furthermore, after 5-Azc intervention, 
the protein expression of DNMT1 was significantly decreased, and 
the protein expression of CTRP9 was significantly increased Figure 
2E, suggesting that 5-Azc inhibited the expression of DNMT1, and 
DNMT1 could down-regulate the expression of CTRP9, and there 
was negative feedback regulation between DNMT1, CTRP9 and ERs 
(Figure 2).

Figure 2A-2E: A. Changes in CTRP9 protein expression; B. Changes in GRP78 protein expression; C. Changes in ATF6A protein expression; D. 
Changes in DNMT1 protein expression; E. Effects of 5-Azc on the expression of CTRP9 and DNMT1 proteins. Data are represented as the mean ± 
SD of three independent experiments (n=3). *P < 0.05, compared with Control group. #P < 0.05, Compared with Hcy group. % P<0.05, compared 
with Hcy+CTRP9 group. & P < 0.05 compared with Hcy+Si-CTRP9 group.
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Discussion 
Atherosclerosis (As) is a chronic compensatory arterial inflam-

matory response associated with changes in the composition of 
blood vessel walls and is the main cause of cardiovascular disease 
(CVD). It is considered to be the common pathological basis of most 
cardiovascular diseases such as myocardial infarction, stroke, and 
peripheral artery disease [1]. 

VSMCs are highly specific cells located in the middle layer of 
the arterial wall and are the main source of macrophage-like cells 
and foam cells in As plaques [11,12]. VSMCs are one of the active 
cells in the plaque proliferation system of As [13,14]. Literature has 
shown that 70% of plaque components in the plaque formation of 
As are composed of VSMCs and their derivatives [15,16], and 40% 
of foam cells, which constitute an important part of lesions, come 
from VSMCs. They are called smooth muscle derived foam cells 
[17,18]. VSMCs migrate from the vascular media into the vascular 
intima and subendothelial layer, then phagocytic lipids, and finally 
form foam cells, which are the main initial link in the formation of 
As [19,20]. Although there have been many studies on As, the mech-
anism of VSMCs migration is not very clear.

Homocysteine (Hcy), also known as homocysteine, is a kind of 
sulfur-containing amino acid, which is the intermediate product of 
methionine metabolism. Normally, plasma Hcy levels are very low; 
When the plasma Hcy concentration is higher than 15 μmol/L, it is 
called hyperhomocysteinemia (HHcy). Evidence of evidence-based 
medicine shows that HHcy is an independent risk factor for As 
[3,4], and Hcy induces As through a variety of pathway interactions 
and correlations. Every 5 μmol/L increase in plasma Hcy is equiv-
alent to a 0.5 mmol/L increase in cholesterol, and the vascular risk 
increases by about 1/3 [21]. Studies have shown that Hcy induces 
the proliferation and migration of VSMCs in rats by down-regu-
lating the expression and activity of metal matrix proteinase 2/9 
(MMP-2/9) and tissue inhibitor of metalloproteinase 2(tTIMP-2) in 
VSMCs, promoting the degradation of the extracellular matrix such 
as basement membrane, destroying the physiological barrier of 
VSMCs migration [22]. By promoting the expression of concave pro-
tein-1, Hcy inhibits the activity of endothelial nitric oxide synthase 
(eNOS) and the production of NO, activates the expression of PI3K 
and p-Akt, and induces the proliferation and migration of cultured 
thoracic aorta smooth muscle cells of SD rats in vitro, leading to As 
[23,24]. These studies indicate that Hcy can affect the extracellular 
matrix, destroy vascular basement membrane, and activate growth 
factors and related genes in VSMCs, ultimately promoting the pro-
liferation and migration of VSMCs. At the same time, our research 
group also found in previous studies that Hcy can induce VSMCs 
migration and promote the occurrence of As, but the detailed mech-
anism remains to be further studied. Exploring the possible mo-
lecular mechanism of Hcy induced VSMCs migration will provide 
theoretical basis for the prevention and treatment of hyperhomo-
cysteinemia (HHcy) and Hcy induced As.

The endoplasmic reticulum (ER) is a key site of posttranscrip-

tional modification of lipid synthesis, and ER dysfunction is asso-
ciated with many disorders of lipid metabolism, including As [5]. 
When ERs occurs, binding immunoglobulin protein (BiP/Grp78) 
and the corresponding stress sensor on the endoplasmic reticulum 
requires inositol-requiring enzyme 1α(IRE1α), Isolation of protein 
kinase RNA-like ER kinase (PERK) and activating transcription fac-
tor 6α(ATF6α), Downstream signalling cascades are activated, and 
three signalling pathways IRE1α/XBP-1, PERK/eif2α/ATF4 and AT-
F6α are activated, leading to the occurrence of a variety of diseases. 
There have been some reports on ERs induced by Hcy. Dall’Acqua 
S, et al. [25] found that in cultured vascular endothelial cells and 
vascular smooth muscle cells, Hcy induced ERs activated sterol 
regulatory element binding proteins, which led to increased gene 
expression of cholesterol/triacylglycerol biosynthesis and uptake, 
leading to intracellular cholesterol accumulation. Zhang D, et al. 
[26] fed CBS-/- mice with a high methionine diet induced the for-
mation of HHcy and led to As and found that the expression levels 
of ERs marker protein GRP78/94 and pho-PERK were increased in 
atherosclerotic plaques. These results indicated that ERs-mediat-
ed abnormal lipid metabolism was involved in the formation of As 
caused by Hcy.

C1q/Tumor necrosis factor-related protein9 (CTRP9) is a nov-
el adipocyte factor, which belongs to the tumor necrosis factor-as-
sociated protein family (CTRP). Studies have shown that CTRP9 is 
closely related to cardiovascular diseases such as atherosclerosis, 
vascular calcification, pulmonary artery sclerosis and reverse heart 
re-modelling [27]. Studies in human umbilical vein endothelial cells 
have demonstrated that CTRP9 induces dilatation of the vascular 
ring in vitro through an adiponectin receptor 1/AMPK/eNOS-de-
pendent NO-mediated signalling pathway [28]. In a mouse model 
of arterial injury, the administration of the adenovirus mediated 
CTRP9 gene can significantly reduce the intima/media area ratio 
after arterial injury, inhibit neointima proliferation, and accelerate 
re-endothelialisation [29]. In macrophages, CTRP9 protects against 
atherosclerosis by promoting cholesterol efflux to reduce the for-
mation of foam cell in virtue of inducing autophagy in an AMPK/
mTOR signalling pathway-dependent manner [30]. It is suggested 
that CTRP9 plays a protective role in both endothelial cells and 
macrophages. At the same time, pro-inflammatory cytokines are 
important regulatory factors that inhibit the expression of CTRP9 
[31], and pro-inflammatory cytokines play an important regulatory 
role in the apoptosis induced by ERs [32], suggesting that there is 
a common molecular basis between CTRP9 and ERs, but whether 
CTRP9, as an adipocyte factor, has a regulatory role in ERs remains 
unclear. It is unclear whether CTRP9 also plays a protective role in 
VSMCs migration of As.

Therefore, it remains unclear whether Hcy, an intermediate 
product of the methionine acid cycle, is responsible for regulating 
ERs through CTRP9, which in turn causes VSMCs migration. To gain 
a better understanding of the relationship between CTRP9 and ERs, 
targeting these factors could pave a new path towards identifying 
potential targets for preventing and treating AS.
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The study’s findings indicate that the CTRP9 protein expression 
is decreased during the migration of VSMCs caused by Hcy. Addi-
tionally, ERs are present in VSMCs. The overexpression of CTRP9 
can hinder ERs and decrease the migration of VSMCs induced by 
Hcy. Conversely, interfering with CTRP9 has the opposite effect, in-
dicating that CTRP9 has a protective role in the migration of VSMCs 
induced by Hcy. This role is closely related to CTRP9’s ability to 
inhibit ERs in VSMCs. Further research revealed that Hcy inhibits 
CTRP9 through DNMT1 expression’s upregulation. DNMT1 is the 
primary regulatory enzyme that controls the methylation level in 
the promoter region of a gene. This suggests that CTRP9 may be 
subject to epigenetic regulation, such as methylation regulation in 
its promoter region. This discovery makes our follow-up research 
even more exciting.

To aid in the prevention and treatment of hyperhomocystein-
emia (HHcy), this study has uncovered the molecular mechanism 
by which Hcy induces the migration of VSMCs. Specifically, it inhib-
its CTRP9 expression and negatively regulates ERs. These findings 
provide a valuable theoretical foundation.
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