
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Original article

Homocysteine activates vascular smooth muscle cells by DNA demethylation of
platelet-derived growth factor in endothelial cells

Donghong Zhang a,1, Yequn Chen b,1, Xina Xie a, Jianlan Liu a, Qingjie Wang a, Wei Kong c,⁎, Yi Zhu a,d,⁎⁎
a Cardiovascular Research Center, Shantou University Medical College, Shantou, Guangdong, 515041, China
b Department of Cardiovascular Medicine, The 1th Affiliated Hospital, Shantou University Medical College, Shantou, Guangdong, 515041, China
c Department of Physiology and Pathophysiology, Peking University Health Sciences Center, Beijing, 100191, China
d 2011 Collaborative Innovation Center of Tianjin for Medical Epigenetics, Tianjin Medical University, Tianjin, 300070, China

a b s t r a c ta r t i c l e i n f o

Article history:
Received 27 February 2012
Received in revised form 18 July 2012
Accepted 19 July 2012
Available online 31 July 2012

Keywords:
Homocysteine
Platelet-derived growth factor
Endothelial cells
DNA methylation
Vascular smooth muscle cells

Hyperhomocysteinemia (HHcy), as an independent risk factor of atherosclerosis, facilitates endothelial dys-
function and activation of vascular smooth muscle cells (VSMCs). However, little is known about the
crosstalk between endothelial cells (ECs) and VSMCs under HHcy. We investigated whether homocysteine
(Hcy) activates VSMCs by aberrant secretion of mitogen platelet-derived growth factors (PDGFs) from ECs
in human and in mice. In this study, we found that increased Hcy level did not affect VSMC activity in
24 hrs until the concentration reached 500 μM. In contrast, Hcy at 100 μM significantly promoted prolifera-
tion and migration of VSMCs co-cultured with human ECs. This effect was partially reversed by pretreatment
with a PDGF receptor inhibitor. Hcy concentration-dependently upregulated the mRNA level of PDGF-A, -C
and -D but not PDGF-B in ECs. Hcy reduced the expression and activity of DNA methyltransferase 1, demeth-
ylation of PDGF-A, -C and -D promoters and enhanced the binding activity of transcriptional factor SP-1 to the
promoter. Hcy upregulation of PDGF was confirmed in the aortic intima of mice with HHcy. Multivariate re-
gression analysis revealed HHcy was a predictor of increased serum PDGF level in patients. Thus, Hcy
upregulates PDGF level via DNA demethylation in ECs, affects cross-talk between ECs and VSMCs and leads
to VSMC activation.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Accumulating evidence has strongly suggested that hyper-
homocysteinemia (HHcy) is an independent risk factor of athero-
sclerosis [1,2]. The underlying mechanism accounting for HHcy-
accelerated atherosclerosis involves a complex series of events, including
dysfunction of endothelial cells (ECs) and accelerated proliferation or
migration of vascular smooth muscle cells (VSMCs) [3–5]. A number
of studies have suggested that homocysteine (Hcy) triggers oxidative
or ER stress in ECs but activates VSMCs via aberrant regulation of cyclin

A and resistin, protein kinase C or ERK-MAPK signaling [6–8]. However,
little is known about the crosstalk between ECs and VSMCs under HHcy.
In particular, the optimal concentration (about 500 μM) of Hcy used in
vitro formitogenic activity of VSMCs is far beyond the clinically relevant
range (>15 μM) [5,8], which further highlights the importance of cell–
cell communication in vivo.

Recent compelling evidence has indicated that Hcy epigenetically
regulates targets such as estrogen receptor α, fibroblast growth factor
2 (FGF2), cyclin A, peroxisome proliferator-activated protein α or γ
by inhibiting DNA methylation, which in turn favors early atheroscle-
rosis [9]. However, how Hcy affects the crosstalk between ECs and
VSMCs by epigenetic regulation is largely unknown.

Platelet-derived growth factors (PDGFs), of 4 isoforms (A, B, C, D), are
strongmitogens for VSMCs and are constitutively or inducibly expressed
in vessels. PDGFs regulate multiple pathophysiological events, from cell
proliferation and migration, extracellular matrix accumulation and pro-
duction of pro- and anti-inflammatory mediators, to tissue permeability
and homodynamic. They have been implicated in various vascular path-
ophysiological processes such as atherosclerosis, restenosis, fibrosis and
angiogenesis [10–12]. Previous studies have suggested that HHcy
amplifies the mitogenic response of VSMCs to PDGF-BB. As well,
site-specific methylation of PDGF-A or -B promoter has been reported
in cancer cells [13,14]. In addition, recent study has shown that folate
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supplementation, which affects Hcy metabolism and alleviates HHcy
formation, limits the aggressiveness of glioma by remethylation of
PDGF-B [15].

Therefore, we hypothesized that HHcy, at a clinically relevant con-
centration, affects the cross-talk between ECs and VSMCs and leads to
vascular dysfunction through DNA demethylation of PDGFs in ECs in
vitro and in vivo.

2. Methods

2.1. Patients

We collected 30 serum samples from patients (mean age 61.20±
12.54 years)with HHcywhen theywere first admitted to the First Affil-
iated Hospital of Shantou University Medical College. All patients were
at high risk of cardiovascular events, including atherosclerosis, hyper-
tension, aneurism, stroke, heart failure and Parkinson's disease but not
cancer, liver trauma or inflammation. The serum Hcy levels were
detected before treatment (Supplemental Table 1).

All patients have been provided written consent in this study, and
the study protocol was approved by local ethics committees (Shantou
University Medical College and the First Affiliated Hospital of Shantou
University Medical College, China) and the procedures committees
according to the Declaration of Helsinki and Good Clinical Practice
guidelines.

2.2. Cell culture

Primary rat thoracic aorta SMCs and human umbilical vein ECs
(HUVECs) were isolated and cultured as described [16,17]. All exper-
iments involved primary cells at passages 2 to 6. HUV-EC-C line (ATCC
#CRL-1730) and T/G Human Aorta -VSMC (T/G HA-VSMC) line (ATCC
#CRL-1999) were cultured in Dulbecco's modified Eagle's medium
(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum
(Highclone, USA).

2.3. Co-culture of ECs with VSMCs

HUVECs were co-cultured with rat VSMCs or T/G HA-VSMC as de-
scribed [18]withmodification. Briefly, HUVECs andVSMCswere cultured
in M199 and DMEM with 10% fetal bovine serum in the lower or upper
chamber, respectively, of a trans-well system with 0.4 μm aperture
(Corning, New York, USA). After both cells were about 80–90% conflu-
ence, the upper chamberwith rat VSMCswere inserted into culture plates
and co-cultured with HUVECs in the lower chambers. After treatment
with Hcy for 24 hr, VSMCs in the upper chamber were harvested.

2.4. VSMCs proliferation and migration assay

For cell proliferation analysis, 5000 per well of VSMCs were seed-
ed into a 96-well plate in VSMC culture alone, or VSMCs and ECs were
co-cultured in a trans-well system to reach 90% confluence in 24-well
plate, and then treated with Hcy or phosphate buffered saline (PBS)
for 24 hrs. MTT assay was used to analyze cell proliferation as
described previously [19]. The corrected absorbance of each sample
was calculated by comparison with the untreated control.

VSMC migration assay in the co-culture system was performed
by two approaches. For scratch wound assay, rat VSMCs or T/G
HA-VSMCs were cultured until 90% confluence. An area of cells was
removed with a sterile pipette tip and co-cultured with HUVECs,
and then incubated with PBS or Hcy for 24 hr in serum-free medium.
The distance of cell migration from the wound edge was photographed
by a video camera system and measured by a Scion Image software;
relative wound closure was calculated from 5 independent microscope
fields. For transwell assay [18], VSMCs, 2×105, were co-cultured with
90% confluence of ECs on transwell inserts in a 24-well co-culture

systemwith 0.4 μm aperture (Corning, New York, USA). Cell treatment
was as the scratch wound assay; VSMCs in the bottom side of mem-
branes were washed and fixed with formaldehyde and stained with
DAPI. The number of migrated cells was measured by counting the
number of stained nuclei from 5 randomly chosen fields under a fluo-
rescence microscope.

2.5. Quantitative real-time RT-PCR (qRT-PCR)

qRT-PCR was performed as we previously described [19]. Total cel-
lular or tissue RNA was extracted by use of Trizol reagent (Invitrogen,
USA), then underwent cDNA synthesis and PCR amplification with the
PrimeScript™ Real-Time RT-PCR reagent kit (Takara Biotechnology
[DALIAN] Co.), then performed with Applied Biosystems Prism Prism®
7300. Expression of analyzed genewas normalized to that of the house-
keeping gene β-actin. Primer sequences are in Supplemental Table 2.

2.6. siRNA transfection

RNA interference with small interfering RNA (siRNA) was used to
knock down the expression of DNA methyltransferase 1 (DNMT1) or
SP-1 in ECs. The siRNAs targeting DNMT1, SP-1 and scramble siRNA
were from GenePharma Co. The siRNAs and vehicle were transfected
into cultured HUV-EC-Cs line at 60% confluence by the Jet PEI method
(Polyplus, San Marcos, CA) for 48 hr. To verify the siRNA effect, cells
underwent qRT-PCR analysis with DNMT1 or SP-1 primer (Supple-
mental Table 2).

2.7. Chromatin immunoprecipitation (ChIP) assay

HUVECs were treated with 100 μMHcy, 8 μM 5-aza-CdR or 100 μM
3-DZA for 24 hr. ChIP assay was performed as described [19–22]. In
brief, HUVECs were cross-linked cell proteins to DNA, sonicated, and
then underwent immunoprecipitation (IP) with polyclonal anti-SP-1
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Normal IgG was
used as an IP control, and the supernatant was an input control.
Immunoprecipitated complexes were collected by adding salmon
sperm DNA/protein A/G‐agarose. The beads were then treated with
RNase A and proteinase K. DNA was extracted and underwent PCR
amplification of SP-1 binding sites on PDGF promoters with specific
primers (Supplemental Table 2). The resulting DNA was resolved on
1.5% agarose gel and stained with ethidium bromide.

2.8. Methylation-specific PCR (MSP)

Tissue or cellular genomeDNAwas extractedwith TaKaRaMiniBEST
Universal Genomic DNA Extraction Kit andmodifiedwith sodium bisul-
fite, purified and used as a template for PCR. The primers forMSP ampli-
fication were designed with the use of the bioinformatics program
(http://www.urogene.org/methprimer/index1.html) and shown in
supplemental Table 2. PCR products were separated on agarose
gels, and bands were visualized by ethidium bromide staining for
determining methylation patterns as we previously described [19].
All positive PCR products were ligated into the pGEM-T vector and
confirmed by sequencing. The relative DNA abundance was quanti-
fied by densitometry with use of NIH Image J.

2.9. DNA methyltransferase 1 (DNMT1) activity assay

HUVECs were treated with 50 or 100 μM Hcy for 24 hrs. DNMT1
activity was measured using EpiQuik™ DNA Methyltransferase Activ-
ity/Inhibition Assay Ultra kit (Fluorometric) (Epigentek, Brooklyn,
NY). Nuclear extracts were isolated using the EpiQuik Nuclear Extrac-
tion Kit (Epigentek) and equal amounts of nuclear extract (5 μg) were
applied for DNMT activity assay which was performed according to
the manufacturer's protocol. Fluorescence was determined using a
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fluorescencemicroplate reader within 2–10 min at 530ex/590em nm, and
DNMT1 activity (RFU/h/mg) was calculated according to the formula:
(Sample RFU−Blank RFU)×1000 / (protein amount [μg]×hour).

2.10. Western blot analysis

Hcy treated HUVECs were washed with PBS and lysed in RIPA
buffer supplemented with protease inhibitor cocktail. The protein
concentration was determined by use of the BCA protein assay kit
(NovasyGen, China). Equal amounts of protein (80 μg) underwent
12% SDS-PAGE and were transferred to PVDF membrane (Millipore,
Germany). Immunoblotting involved primary antibodies against
DNMT1 and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA). Fluo-
rescent immunocomplexes were then detected using a LI-COR Odyssey
(Li-Cor, Lincoln, NE) and the densities of the bands were quantified and
normalized to that of β-actin by the use of the Scion Image software
(Scion Corp., Frederick, MD).

2.11. ELISA analysis of PDGFs

Protein levels of PDGFs in sera from clinical patients or mice, and
the medium of cultured HUVECs were determined by use of the
PDGF Quantikine enzyme-linked immunosorbent assay (ELISA) Kit
(Groundwork Biotechnology Diagnosticate or R&D Systems).

2.12. Animal model

Male 8-week old C57BL/6J mice (n=8), were fed standard mouse
chow diet with 2% (wt/wt) L-methionine (Sigma, USA). The control
group (n=8) received standard mouse chow. 4 weeks or 8 weeks
later, all animals were anesthetized, blood samples were drawn, and
serum was harvested for measuring the concentrations of total Hcy or
PDGFs. Total Hcy level was measured by an enzymatic method with a
small molecule capture technology according to manufacturer's proto-
col (Beijing Strong Biotechnologies, Inc., Beijing, China). Briefly, all
protein-bound Hcy was first transformed into its free form, through co-
valent and substrate reaction, circulation amplifier and produced ATP.
Adenosine was immediately hydrolyzed into ammonia, which made
NADH transforming into NAD under the role of glutamate dehydroge-
nase. Hcy concentration is positively related with NADH conversion
rate. Aortic intima was enucleated for total RNA and genomic DNA
extraction and qRT-PCR or MSP assay.

Treatment of laboratory animals and experimental procedures
were approved by the Institutional Animal Care and the Use Commit-
tee of the University of Shantou in accordance with the Guide for the
Care and Use of Laboratory Animals.

2.13. Immunohistochemical (IHC) and immunofluorescence staining

Mice were killed and thoracic aortas were fixed with paraformal-
dehyde, embedded in paraffin, and cut into 4-μm-thick cross sections
as we previously reported [23]. IHC staining of sections involved the
VECTASTAIN ABC System (Vector Labs) with mouse primary antibody
for PCNA. For immunofluorescence staining, tissue sections were
incubatedwith rabbit anti-ICAM-1 and anti-VCAM-1primary antibodies,
then Cy3-labeled goat anti-rabbit IgG (H+L) and DAPI. Images were
analyzed by confocal laser scanning microscopy (OLYMPUS, Japan).

2.14. Statistical analysis

Experiments were performed at least in triplicate. Data are
expressed as mean±SD. Data were analyzed by two-sided Student's
t test, Student–Newman–Keuls test, Dunnett multiple comparison
test, or bivariate correlation or multivariate linear regression analysis
as appropriate. Pb0.05was considered statistically significant. All statis-
tical analysis involved use of SPSS 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Hcy promotes proliferation and migration of VSMCs via HUVEC-
produced PDGF

To test whether Hcy affects the cross-talk between ECs and VSMCs,
we first compared the activation of VSMCs by Hcy in the presence or
absence of HUVECs. Hcy had a weak mitogenic effect on proliferation
or migration of primary cultured rat aortic VSMCs in the absence of
HUVECs (Fig. 1). VSMCs were not activated until Hcy reached 500 μM,
which agreeswith previous reports [5,8,10]. In contrast, in the presence
of HUVECs, Hcy at 100 μM significantly increased VSMCs growth
(Fig. 1A). In accordance, Hcy at 100 μM greatly enhanced themigration
of VSMCs by 1.7-fold, and migration distance by 1.5-fold (Figs. 1B and
C). Similar results were also confirmed with human thoracic aortic
VSMC line (T/G-HA-VSMC) (Supplemental Fig. 1). These data strongly
suggested that Hcy, by stimulating HUVECs, activated VSMCs.

Because PDGF is a key factor involved in VSMC behavior, we next
asked whether PDGF mediates the effect of Hcy-stimulated ECs on
VSMC activation. Interestingly, pretreatment with a PDGF receptor
inhibitor (0.25 μM, PDGFR Tyrosine Kinase Inhibitor III [EMD
Millipore, Germany]) attenuated the Hcy-stimulated HUVEC-VSMC
cross-talk, including the proliferation and migration of rat-VSMCs,
to about 40%, respectively (Fig. 1D). The similar effects of PDGF recep-
tor inhibitor was also observed in Hcy-stimulated human EC-VSMC
co-culture system (Supplemental Fig. 1). Therefore, PDGF participat-
ed in Hcy-enhanced proliferation or migration of VSMCs.

3.2. Hcy transcription upregulates PDGF-A, -C and -D in HUVECs

Next we asked whether the stimulatory effect of Hcy was due to
increased expression of PDGF by ECs. First, we detected the relative
expression of the 4 members of PDGF in HUVECs and rat VSMCs.
Hcy for 24 hr concentration-dependently, from 25 to 200 μM,
enhanced the mRNA levels of PDGF-A, -C and -D but not PDGF-B in
HUVECs, with no effect of 100 μM Hcy in VSMCs. In addition, the
mRNA levels of other mitogens, such as vascular epithelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), insulin-like
growth factor 2 (IGF-2), and transforming growth β 1 (TGF-β1)
were not affected by 100 μM Hcy. Of note, the mRNA level of FGF2
was reduced by Hcy in HUVECs (Figs. 2A–C). In accordance, Hcy also
concentration-dependently increased the secretion of PDGFs from
HUVECs (Fig. 2D).

3.3. Hcy reverses the methylation of PDGF promoter in HUVECs

Because Hcy can globally repress DNA methylation and activate
various target genes, we next asked whether Hcy affects the DNA
methylation of PDGFs in ECs. We used a bioinformatic program,
Methyl Primer Express Software v1.0, to analyze the sequence charac-
teristics of the 5′-flanking region (−2000 to +1000 bp) of human
PDGF genes. CpG-rich regions were defined as stretches of DNA
with GC content>60% and ObsCpG/ExpCpG>0.60. The multiple
CpG sites within the PDGF-A, -B, -C and -D promoter regions are
shown in Fig. 3A, which indicated potential epigenetic regulation by
Hcy. Next, we used specific inhibitors of methylation transferase,
5-aza-CdR or 3-deazadenosine (3-DZA), in HUVECs. Similar to Hcy,
5-aza-CdR or 3-DZA treatment greatly increased the mRNA expres-
sion of PDGF-A, -C and -D but not PDGF-B as shown (Fig. 3B). Interest-
ingly, Hcy and 3-DZA had a synergistic effect on inducing PDGF-A, -C
and -D (10.2-, 9.5- and 13.4-fold, respectively).

Furthermore, the CpG islands within the promoter of PDGFs
showed SP-1 binding sites, which is critical for transcriptional regula-
tion of PDGF. MSP assay of SP-1 binding sites revealed that Hcy
time-dependently promoted the demethylation of PDGF-A, -C and
-D but not PDGF-B promoters (Fig. 3C). As a positive control,
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treatment with the methylation transferase inhibitors, 5-aza-CdR or
3-DZA, also inhibited the DNA methylation of PDGF-A, -C and -D pro-
moters (Fig. 3D).

To explore the consequence of demethylation of CpG islands by
Hcy on SP-1 binding to the PDGF promoters, ChIP analysis was

performed with primers targeting SP-1 binding sites. Compared
with the control, Hcy, 5-aza-CdR or 3-DZA demethylation of the
SP-1 binding site within the promoter region indeed enhanced SP-1
binding activity to the PDGF-A, -C and -D promoters (Supplemental
Fig. 2A). Consistently, siRNA used to knock down SP-1 in HUV-EC-C
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line could inhibit Hcy-induced upregulation of PDGF-A, -C and -D and
VSMC migration and proliferation in the co-culture (Supplemental
Fig. 2B–E).

3.4. Hcy inhibits DNA methyltransferase 1 (DNMT1) expression

DNAmethylation involves DNMTs, which include 4 key molecules,
1, 3a, 3b and methyl CpG binding protein 2 (Mecp2). We therefore
measured the relative expression of these transferases in HUVECs in
response to Hcy. The basal level of DNMT1 and Mecp2 was high in
HUVECs, with barely detectable levels of DNMT3a and 3b (Fig. 4A).
With 100 μM Hcy stimulation, the expression of DNMT1 mRNA was
significantly lower (about 25%) than that of the control. In contrast,
DNMT 3a, DNMT 3b or Mecp2 expressionwas not significantly altered
(data not shown). As well, 3-DAZ and 5-aza-CdR, two specific DNMT
inhibitors, reduced the expression of DNMT1 at mRNA levels, by 35%
and 30%, respectively. Further, the protein expression and activity of
DNMT1 was also decreased with Hcy treatment at 100 μM for 24 hr
(Figs. 4C and D). Consistently, specific knock down of DNMT1 by

siRNA in HUV-EC-C line, resulted in a 4.4-, 3.6- and 4.2-fold increase
in mRNA levels of PDGF-A, -C and -D, respectively (Figs. 4E and F),
when Hcy did not show further adding effect. Thus, DNMT1 repression
may mediate Hcy-induced DNA demethylation of PDGF promoters and
their subsequent upregulation in ECs.

3.5. HHcy upregulated PDGF-A, -C and -D in mouse aortic intima via DNA
demethylation

C57 mice fed a diet supplemented with the 2% methionine for 4 to
8 weeks showed a mild to a moderate HHcy (27.6±4.5 or 61.5±31.4
vs. 5.2±1.3 μM in the control group, both Pb0.01). Similar to our in
vitro study, mRNA levels of PDGF-A, -C and -D, but not PDGF-B, were
significantly increased in the HHcy mouse aortic intima. Accordingly,
total PDGF production was higher by 3-fold in the mild or moderate
HHcy aortic intima as compared with control mice (1991.3±943.3
vs. 664.3±293.4 pg/mL in 4 weeks; 2346.69 vs. 787.87 pg/mL in
8 weeks) (Figs. 5A and B). To further confirm the epigenetic regulation
of PDGF byHHcy inmouse aortic intima in vivo, we usedMSP analysis to
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determine SP-1 binding sites.We found 86.0%, 78.2% and 73.2%methyl-
ated SP-1 binding sites in PDGF-A, -C and -D promoters in control mice.
In contrast, mild HHcy significantly reduced the methylated status to
52.2%, 36.7% and 33.0%, respectively (Pb0.05), which is consistent
with our in vitro observations. A similar result was also found in the
moderate HHcy mice, compared with their corresponding control
(Fig. 5C). To study the effect of HHcy on the injury of vasculature, we
found that PCNA staining increased in the aortic media of HHcy mice.
However, we did not observe apparent media thickness in the aorta of
the mice. Immunostaining also revealed increased protein levels of
VCAM-1 and ICAM-1, markers of endothelial dysfunction, in the aortic
endothelium of HHcy mice (Fig. 5D), as we previously reported [23].

3.6. HHcy positively correlated with increased serum PDGF level in
patients

To extend our hypothesis to clinical patients, we analyzed serum
levels of Hcy and PDGF in 52patientswith high risk of for cardiovascular

events. Themean serumHcy level ranged from1.2 to 86.8 μMand PDGF
level from 256 to 4775.2 pg/mL.Multivariate linear regression revealed
a positive association of PDGF secretion and Hcy concentration with
adjustment for leukocyte and platelet count, mean platelet volume,
platelet distribution width and plateletcrit level (unadjusted R=0.444,
P=0.001; adjusted R=0.472, P=0.002; Fig. 6A). The secretion of
PDGF concentration was higher for patients with moderate or interme-
diate than normal Hcy level (1341.8±681.4 and 2083.6±1116.2 vs.
2784.3±1126.1 pg/mL, P=0.036 and 0.001) (Fig. 6B), which suggests
that HHcy may be associated with increased PDGF production.

4. Discussion

Epidemiological studies have strongly suggested HHcy as an inde-
pendent risk factor of coronary artery disease and stroke, although the
underlying mechanism is not completely understood. In particular,
compelling evidence has indicated that HHcy aggravates post-injury
neointima formation in vivo and enhances VSMC activation in vitro
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[24]. However, the concentration of Hcy used in vitro is far above the
clinically relevant plasma Hcy level, which indicates the importance of
cell–cell communication in the in vivomicroenvironment. In the current
study, we show that Hcy activates VSMCs by interfering in EC-VSMC
crosstalk at least in part by DNA demethylation of PDGF-A, -C, -D in
ECs (Supplemental Fig. 3).

The functions of VSMCs, including differentiation, proliferation,
migration and contraction, are fine-tuned by adjacent ECs. In general,
vascular ECs are more susceptible to the high levels of Hcy microenvi-
ronment. The first defense of vessels against HHcy is ECs. As well,
compared with VSMCs, ECs have lower transport capacity and higher
affinity for Hcy, which may result in increased retention of Hcy [25].
Here, we showed that Hcy, with low direct mitogenic effect on VSMCs,
greatly enhanced VSMC activation by EC stimulation. Previous study
showed that Hcy decreases endothelium-dependent vasorelaxation in
porcine arteries [26]. As well, short-term exposure to Hcy depresses
rat aortic contractility by an endothelium-dependent mechanism [27].
Our study provides the experimental evidence that Hcy affects the
cross-talk of ECs and VSMCs and therefore causes vascular dysfunction.

PDGFs are a family of disulfide-bonded homo- and heterodimers
encoded by 4 genes, PDGF-A, -B, -C, and -D, that activate cells by
binding to homo- or heterodimers of 2 PDGF receptor proteins. Data

from multiple studies support the original hypothesis that the PDGF
family may mediate atherosclerosis and other cardiovascular disease
[12]. The genomic organization of the PDGF genes is similar, and
they share common mechanisms of gene regulation controlled by
the zinc finger transcription factors Egr1/Ets-1 and SP-1 [28]. Also,
the promoters of PDGFs have affinity for overlapping GC-rich binding
sites in the proximal region [21,29–32]. Nevertheless, existing data
suggest divergent cellular localization and roles of different PDGF
ligands and receptors in physiological or pathophysiological states
[12]. For example, after myocardial infarction, PDGF-A and -D levels
are significantly increased in the infarcted myocardium, and cells
expressing PDGF-A and -D were primarily ECs, macrophages and
myofibroblasts, with PDGF-B and -C expression reduced in the
infarcted heart [33]. Recent study also showed that PDGF-A, -C, and
-D but not PDGF-B increased TGF-β1 and chronic rejection in rat
cardiac allografts [34]. Here, we identified that Hcy stimulated the
production of PDGF-A, -C, and -D but not -B in ECs, which highlights
the temporal and special distribution of PDGF members. Clarifying
the distinct effects of PDGF ligands may be helpful for developing
therapies to target disease but avoid physiological side effects. bFGF
and FGF2 pathways in ECs may also contribute to atherosclerosis.
bFGF could promote proliferation of VMSC [35]; FGF2 and PDGF-BB
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had a cross-talk in VSMCs in which PDGF-BB upregulated FGFR1,
mediating proliferation signals triggered by FGF2 [36]. However,
levels of bFGF and PDGF-BB did not change, when FGF2 was decreased
by the treatment of Hcy in present study. Thus, Hcy affect EC-VSMC
crosstalk seems largely dependent on PDGFs pathway.

We showed that Hcy demthylated promoters of PDGFs, which may
be mediated by inhibiting DNMTs. All mammalian DNMTs use
S-adenosylmethionine (SAM) as a source of methyl groups and transfer

themethyl groups to the 5’ position of cytosine residues that are imme-
diately followed by guanine (CpG dinucleotides). The most abundant is
DNMT1 [37], which preferentially methylates hemimethylated DNA,
recognized as the “maintenance methyltransferase”. In contrast,
DNMT3a or 3b is known as the “de novomethyltransferase.” Changes
in the activity or expression of DNMTs can have a relatively specific
outcome in terms of site-specific methylation and regulation of spe-
cific genes in selected cells or tissues. Wang and colleagues reported

A B

C

Ctrl HHcy Ctrl HHcy
0

500

1000

1500

2000

2500

3000

3500

P
D

G
F

 (
pg

/m
L)

PDGF A PDGF B PDGF C PDGF D
0.0

2.5

5.0

7.5

10.0 Ctrl- 4 w
HHcy- 4 w
Ctrl- 8 w
HHcy- 8 w

R
el

at
iv

e 
m

R
N

A
 le

ve
l

M  U M  UM  U

Ctrl
1 2 3

M  U M  UM  U

HHcy
1 2 3

DM

250bp
500bp

250bp

500bp M
et

hy
la

tio
n 

ra
tio

[M
/(

M
+

U
)X

10
0%

]

0

20

40

60

80

100

M
et

hy
la

tio
n 

ra
tio

[M
/(

M
+

U
)X

10
0%

]
M  U M  UM  U

Ctrl
1 2 3

M  U M  UM  U

HHcy
1 2 3

DM

250bp

500bp

250bp

500bp

M  U M  UM  U

Ctrl
1 2 3

M  U M  UM  U

HHcy
1 2 3

DM

250bp
500bp

250bp

500bp

PDGF A

U
M

PDGF C

0

20

40

60

80

100

Ctrl HHcy Ctrl HHcy
4 w 8 w

Ctrl HHcy Ctrl HHcy
4 w 8 w

0
20
40
60
80

100

M
et

hy
la

tio
n 

ra
tio

[M
/(

M
+

U
)X

10
0%

]

Ctrl HHcy Ctrl HHcy
4 w 8 w

PDGF D

U
M

U
M

4 w

8 w

4 w

8 w

4 w

8 w

Ctrl HHcy
4  W 8  W

ICAM1

VCAM1

PCNA

Ctrl HHcy
D

**
**

*

**

*

*

*

*

*

*

*

*

*

4 w 8 w

Fig. 5. PDGF expression and DNAmethylation of promoters in aortic intima of HHcy mice. C57 mice were fed standard chow with or without 2% methionine for 4 and 8 weeks (n=
8). (A) Serum levels of PDGF measured by ELISA. (B) qRT-PCR analysis of mRNA levels of PDGF-A, -B, -C and -D mRNA in the aortic intima, normalized to the expression of β-actin.
*Pb0.05, **Pb0.01, vs. standard diet group. (C) MSP analysis of PDGF-A, -C and -D promoter methylation in aortic tissue by ethidium bromide staining. The histogram represents the
ratio of DNA methylation to total methylation and unmethylation of gene promoters. DM: DNAmarker, M: methylated, U: unmethylated. (D) Representative immunohistochemical
staining for PCNA or confocal images of immunofluorescence staining for VCAM-I and ICAM-I (red) and nuclei (blue) in cross sections of aortas from control and HHcy mice.

494 D. Zhang et al. / Journal of Molecular and Cellular Cardiology 53 (2012) 487–496



Author's personal copy

that treatment with 50 μM of Hcy for 48 hrs inhibited the activity of
DNMT1 but not DNMT3, and adenovirus-overexpressed DNMT1
could reverse the Hcy-mediated repression of DNA synthesis and
EC growth [7]. In current study, we found that treatment with
100 μM Hcy for 24 hrs could inhibit the activity and expression of
DNMT1 in HUVECs. The inhibitory effect of Hcy on DNMT1 is not
clear, but possibly through a product feedback inhibition mechanism
by elevated levels of Hcy and accumulation of SAH [7]. Also, it might
relate with aberrant DNA methylation (global genome hypomethylation
and specific gene hypermethylation). It was reported a unique
epigenome of the human placenta includes down-regulation of
DNMT1 with concomitant hypomethylation of other DNMT gene
[38]. We observed that PDGF-A, -C and -D but not PDGF-B were sig-
nificantly increased with DNMT1 knockdown. Thus, DNMT1 was
believed to be one of the major targets of Hcy-induced hypomethylation
in ECs. Our data support that the inhibitory effect ofHcyonDNMT1 is like-
ly mediated by increased levels of S-adenosylhomocysteine in ECs via a
product feedback inhibition mechanism.

Our HHcy mouse models showed that both the mRNA and protein
levels of PDGF-A, -C and -D elevated in the aortic intima, and their
methylation status were reduced. The increased expressions of PCNA
in aortic media, and ICAM-1 and VCAM-1 in the intima indicated the
activation of ECs and potential proliferation of VSMCs in mice fed L-me-
thionine. However, we did not observe apparent media thickness or
neointima formation in these HHcy mice. These results suggest that
short-term moderately elevated Hcy may not be enough to initiate the
vascular remodeling, but it may enhance the effects of other stimuli,
such as cytokines, balloon injury [39] and lipid metabolites [40]. In

experimental and clinical studies, Hcy led to the tendency to thrombosis
via platelet activation in patients with severe HHcy [41,42]. Given that
the PDGFs are stored in platelet alpha-granules and are released with
platelet activation, a limitation of the present study is the lack of infor-
mation about changes in platelet-activation biomarkers in patients.
However, we found no difference in leukocyte or platelet factors in
patients with normal Hcy levels and HHcy (Supplemental Table 1).
We may have recruited patients with relatively lower HHcy. As well,
we recruited a small number of patients.

In summary, Hcy-induced DNA hypomethylation largely through
decreasing DNMT1 expression could result in the upregulation and
paracrine section of PDGFs from ECs and further increase the prolifer-
ation and migration of VSMCs. Our study provides a novel mechanism
for HHcy-induced vascular dysfunction.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.yjmcc.2012.07.010.

References

[1] Selhub J, Jacques PF, Bostom AG, D'Agostino RB, Wilson PW, Belanger AJ, et al. As-
sociation between plasma homocysteine concentrations and extracranial carotid-
artery stenosis. N Engl J Med 1995;332:286-91.

[2] McCully KS. Homocysteine and vascular disease. Nat Med 1996;2:386-9.
[3] Akasaka K, Akasaka N, Di Luozzo G, Sasajima T, Sumpio BE. Homocysteine pro-

motes p38-dependent chemotaxis in bovine aortic smooth muscle cells. J Vasc
Surg 2005;41:517-22.

[4] Tan H, Jiang X, Yang F, Li Z, Liao D, Trial J, et al. Hyperhomocysteinemia inhibits
post-injury reendothelialization in mice. Cardiovasc Res 2006;69:253-62.

[5] Liu X, Shen J, Zhan R, Wang X, Zhang Z, Leng X, et al. Proteomic analysis of homo-
cysteine induced proliferation of cultured neonatal rat vascular smooth muscle
cells. Biochim Biophys Acta 2009;1794:177-84.

[6] Ingram AJ, Krepinsky JC, James L, Austin RC, Tang D, Salapatek AM, et al. Activation
of mesangial cell MAPK in response to homocysteine. Kidney Int 2004;66:733-45.

[7] Jamaluddin MD, Chen I, Yang F, Jiang X, Jan M, Liu X, et al. Homocysteine inhibits
endothelial cell growth via DNA hypomethylation of the cyclin A gene. Blood
2007;110:3648-55.

[8] Jiang C, Zhang H, Zhang W, Kong W, Zhu Y, Xu Q, et al. Homocysteine promotes
vascular smooth muscle cell migration by induction of the adipokine resistin.
Am J Physiol Cell Physiol 2009;297:C1466-76.

[9] Sharma P, Senthilkumar RD, Brahmachari V, Sundaramoorthy E, Mahajan A, Sharma
A, et al. Mining literature for a comprehensive pathway analysis: a case study for
retrieval of homocysteine related genes for genetic and epigenetic studies. Lipids
Health Dis 2006;5:1.

[10] Libby P, Warner SJ, Salomon RN, Birinyi LK. Production of platelet-derived growth
factor-like mitogen by smooth-muscle cells from human atheroma. N Engl J Med
1988;318:1493-8.

[11] Majesky MW, Benditt EP, Schwartz SM. Expression and developmental control of
platelet-derived growth factor A-chain and B-chain/Sis genes in rat aortic smooth
muscle cells. Proc Natl Acad Sci U S A 1988;85:1524-8.

[12] Raines EW. PDGF and cardiovascular disease. Cytokine Growth Factor Rev 2004;15:
237-54.

[13] Lin XH, Guo C, Gu LJ, Deuel TF. Site-specificmethylation inhibits transcriptional activity
of platelet-derived growth factor A-chain promoter. J Biol Chem 1993;268:17334-40.

[14] Bruna A, Darken RS, Rojo F, Ocana A, Penuelas S, Arias A, et al. High TGFbeta-Smad
activity confers poor prognosis in glioma patients and promotes cell proliferation
depending on the methylation of the PDGF-B gene. Cancer Cell 2007;11:147-60.

[15] Hervouet E, Debien E, Campion L, Charbord J, Menanteau J, Vallette FM, et al.
Folate supplementation limits the aggressiveness of glioma via the remethylation
of DNA repeats element and genes governing apoptosis and proliferation. Clin
Cancer Res 2009;15:3519-29.

[16] Zhu Y, Lin JH, Liao HL, Friedli Jr O, Verna L, Marten NW, et al. LDL induces transcrip-
tion factor activator protein-1 in human endothelial cells. Arterioscler Thromb Vasc
Biol 1998;18:473-80.

[17] Sreejayan N, Lin Y, Hassid A. NO attenuates insulin signaling and motility in aortic
smooth muscle cells via protein tyrosine phosphatase 1B-mediated mechanism.
Arterioscler Thromb Vasc Biol 2002;22:1086-92.

[18] WuX, ZhouQ,Huang L, SunA,Wang K, ZouY, et al. Ageing-exaggeratedproliferation
of vascular smooth muscle cells is related to attenuation of Jagged1 expression in
endothelial cells. Cardiovasc Res 2008;77:800-8.

[19] Zhang D, Ai D, Tanaka H, Hammock BD, Zhu Y. DNA methylation of the promoter
of soluble epoxide hydrolase silences its expression by an SP-1-dependent mech-
anism. Biochim Biophys Acta 2010;1799:659-67.

[20] Sanchez-Guerrero E, Midgley VC, Khachigian LM. Angiotensin II induction of
PDGF-C expression is mediated by AT1 receptor-dependent Egr-1 transactivation.
Nucleic Acids Res 2008;36:1941-51.

[21] Liu MY, Eyries M, Zhang C, Santiago FS, Khachigian LM. Inducible platelet-
derived growth factor D-chain expression by angiotensin II and hydrogen perox-
ide involves transcriptional regulation by Ets-1 and Sp1. Blood 2006;107:
2322-9.

[22] Worden B, Yang XP, Lee TL, Bagain L, Yeh NT, Cohen JG, et al. Hepatocyte growth
factor/scatter factor differentially regulates expression of proangiogenic factors
through Egr-1 in head and neck squamous cell carcinoma. Cancer Res 2005;65:
7071-80.

[23] Zhang D, Xie X, Chen Y, Hammock BD, Kong W, Zhu Y. Homocysteine upregulates
soluble epoxide hydrolase in vascular endothelium in vitro and in vivo. Circ Res
2012;110:808-17.

[24] Morita H, Kurihara H, Yoshida S, Saito Y, Shindo T, Oh-Hashi Y, et al. Diet-induced
hyperhomocysteinemia exacerbates neointima formation in rat carotid arteries
after balloon injury. Circulation 2001;103:133-9.

[25] Jiang X, Yang F, Brailoiu E, Jakubowski H, Dun NJ, Schafer AI, et al. Differential reg-
ulation of homocysteine transport in vascular endothelial and smooth muscle
cells. Arterioscler Thromb Vasc Biol 2007;27:1976-83.

[26] Chen C, Conklin BS, Ren Z, Zhong DS. Homocysteine decreases endothelium-
dependent vasorelaxation in porcine arteries. J Surg Res 2002;102:22-30.

[27] Wang S, Wright G, Harrah J, Touchon R, McCumbee W, Geng W, et al. Short-term
exposure to homocysteine depresses rat aortic contractility by an endothelium-
dependent mechanism. Can J Physiol Pharmacol 2000;78:500-6.

[28] Reigstad LJ, Varhaug JE, Lillehaug JR. Structural and functional specificities of
PDGF-C and PDGF-D, the novel members of the platelet-derived growth factors
family. FEBS J 2005;272:5723-41.

[29] Khachigian LM, Williams AJ, Collins T. Interplay of Sp1 and Egr-1 in the proximal
platelet-derived growth factor A-chain promoter in cultured vascular endothelial
cells. J Biol Chem 1995;270:27679-86.

[30] Khachigian LM, Lindner V, Williams AJ, Collins T. Egr-1-induced endothelial gene
expression: a common theme in vascular injury. Science 1996;271:1427-31.

[31] Midgley VC, Khachigian LM. Fibroblast growth factor-2 induction of platelet-
derived growth factor-C chain transcription in vascular smooth muscle cells is
ERK-dependent but not JNK-dependent and mediated by Egr-1. J Biol Chem
2004;279:40289-95.

[32] Santiago FS, Khachigian LM. Ets-1 stimulates platelet-derived growth factor
A-chain gene transcription and vascular smooth muscle cell growth via coopera-
tive interactions with Sp1. Circ Res 2004;95:479-87.

[33] Zhao W, Zhao T, Huang V, Chen Y, Ahokas RA, Sun Y. Platelet-derived growth fac-
tor involvement in myocardial remodeling following infarction. J Mol Cell Cardiol
2011;51:830-8.

[34] Tuuminen R, Nykanen AI, Krebs R, Soronen J, Pajusola K, Keranen MA, et al.
PDGF-A, -C, and -D but not PDGF-B increase TGF-beta1 and chronic rejection in
rat cardiac allografts. Arterioscler Thromb Vasc Biol 2009;29:691-8.

[35] Himmelfarb J, Couper L. Dipyridamole inhibits PDGF- and bFGF-induced vascular
smooth muscle cell proliferation. Kidney Int 1997;52:1671-7.

[36] Chan J, Prado-Lourenco L, Khachigian LM, Bennett MR, Di Bartolo BA, Kavurma
MM. TRAIL promotes VSMC proliferation and neointima formation in a FGF-2-,
Sp1 phosphorylation-, and NFkappaB-dependent manner. Circ Res 2010;106:
1061-71.

[37] Goll MG, Bestor TH. Eukaryotic cytosine methyltransferases. Annu Rev Biochem
2005;74:481-514.

[38] Novakovic B, Wong NC, Sibson M, Ng HK, Morley R, Manuelpillai U, et al. DNA
methylation-mediated down-regulation of DNA methyltransferase-1 (DNMT1)
is coincident with, but not essential for, global hypomethylation in human placen-
ta. J Biol Chem 2010;285:9583-93.

[39] LimS,MoonMK, ShinH, KimTH, Cho BJ, KimM, et al. Effect of S-adenosylmethionine
on neointimal formation after balloon injury in obese diabetic rats. Cardiovasc Res
2011;90:383-93.

[40] Feng J, Zhang Z, Kong W, Liu B, Xu Q, Wang X. Regulatory T cells ameliorate
hyperhomocysteinaemia-accelerated atherosclerosis in apoE−/− mice. Cardiovasc
Res 2009;84:155-63.

[41] DiMinnoMN, Tremoli E, Coppola A, Lupoli R, DiMinnoG. Homocysteine and arterial
thrombosis: challenge and opportunity. Thromb Haemost 2010;103:942-61.

[42] Leoncini G, Bruzzese D, Signorello MG. Activation of p38 MAPKinase/cPLA2 path-
way in homocysteine-treated platelets. J Thromb Haemost 2006;4:209-16.

496 D. Zhang et al. / Journal of Molecular and Cellular Cardiology 53 (2012) 487–496


