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Aberrant DNA methylation of the PDGF gene
in homocysteine-mediated VSMC proliferation
and its underlying mechanism
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Abstract. It is well established that homocysteine (Hcy) is
an independent risk factor for atherosclerosis (AS), which
is characterized by vascular smooth muscle cell (VSMC)
proliferation. However, the molecular mechanism underlying
AS in VSMCs is yet to be elucidated. The aim of this study
was to investigate the potential involvement of aberrant DNA
methylation of the platelet-derived growth factor (PDGF)
gene in Hcy-mediated VSMC proliferation and its under-
lying mechanism. Cultured human VSMCs were treated
with varying concentrations of Hcy. VSMC proliferation,
PDGF mRNA and protein expression and PDGF promoter
demethylation showed a dose-dependent increase with Hey
concentration, suggesting an association among them. Cell
cycle analysis revealed a decreased proportion of VSMCs
in G,/G, and an increased proportion in S phase, indicating
that VSMC proliferation was increased under Hcy treatment.
Furthermore, S-adenosylhomocysteine (SAH) levels were
observed to increase and those of S-adenosylmethionine
(SAM) were observed to decrease. The consequent decrease
in the ratio of SAM/SAH may partially explain the hypo-
methylation of PDGF with Hcy treatment. Folate treatment
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exhibited an antagonistic effect against Hcy-induced VSMC
proliferation, aberrant PDGF methylation and PDGF expres-
sion. These data suggest that Hcy may stimulate VSMC
proliferation through the PDGF signaling pathway by
affecting the epigenetic regulation of PDGF through the
demethylation of its promoter region. These findings may
provide novel insight into the molecular association between
aberrant PDGF gene demethylation and the proliferation of
VSMCs in Hey-associated AS.

Introduction

Vascular smooth muscle cells (VSMCs) are one of the major
types of cell in the blood vessel, and their proliferation is
associated with cardiovascular diseases and atherosclerosis
(AS) (1). Numerous clinical and experimental studies have
investigated the pathogenic mechanism underlying VSMC
proliferation (2-5) in order to identify potential therapeutic
targets for VSMC proliferation in cardiovascular diseases.
However, at present, such targets are yet to be elucidated.

Evidence has revealed a marked stimulatory effect of
homocysteine (Hcy) on VSMC proliferation (6). Hcy has
been reported to be an independent risk factor for AS (7),
and mild to moderate increases in Hey serum levels, which
may be due to nutritional or genetic factors, are frequently
observed in patients with AS; therefore, the stimulatory effect
of Hcy on VSMC proliferation may be highly involved in AS
pathogenesis. The identification of the molecular mechanisms
underlying Hcy-induced VSMC proliferation may be particu-
larly beneficial.

Hcy is a non-protein, sulfur-containing amino acid,
which is formed exclusively upon demethylation of
S-adenosylmethionine (SAM), the active form of methionine.
SAM serves as the primary methyl donor for >100 transmeth-
ylation reactions, including DNA methylation modification (8).
Following the transfer of its methyl group, SAM is converted
to S-adenosylhomocysteine (SAH), which is a potent inhibitor
of SAM-dependent methyltransferases (9). SAH then under-
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goes hydrolysis to form Hcy. In the methionine cycle, Hey is
remethylated to generate methionine and further activated to
produce SAM. Hcy may also undergo hydrolysis. Increased
Hcy levels may interfere with the methionine cycle and, conse-
quently, DNA methylation modification.

Modification of DNA methylation is the primary
mechanism of epigenetic gene regulation (10). Generally,
hypermethylation inhibits, while hypomethylation promotes,
gene expression (11). The involvement of aberrant DNA
methylation has been confirmed in the pathogenesis of various
diseases, including cancer and AS (12). Our previous study
showed that Hcy-induced aberrant DNA methylation patterns
in AS affect numerous genes, including peroxisome prolifer-
ator-activated receptor a and apolipoprotein E (13). However,
the methylation pattern of the platelet-derived growth factor
(PDGF) gene, which is a potent mitogen for VSMC prolifera-
tion, is yet to be elucidated in Hey-treated VSMCs.

PDGEF has significant roles in developmental and physi-
ological processes, and has also been implicated in various
proliferative disorders. PDGF has been shown to be a potent
stimulator of VSMC growth (2). Furthermore, PDGF has
been identified as an important mediator of VSMC prolif-
eration, with potential mechanisms including activation of
the Ras pathway, phosphoinositol 3'-kinase, promotion of
VSMC extracellular Ca** influx and release of intracellular
Ca?* (14-17). The impact of Hcy on the epigenetic regulation of
PDGF, which may influence PDGF expression and be involved
in VSMC proliferation, may provide novel insight into the
pathogenesis of AS.

In the present study, Hey-induced VSMC proliferation,
PDGEF expression and the methylation pattern of the PDGF
gene were investigated. Furthermore, their causative correla-
tion and the potential mechanism were also investigated, in
order to identify a useful target for the prevention and treat-
ment of AS induced by Hcy.

Materials and methods

Cell culture. The study was approved by the ethics committee
of Ningxia Medical University (Yinchuan, China). Primary
cultured VSMCs were obtained from human umbilical vein
media (Department of Obstetrics, General Hospital of Ningxia
Medical University, Yinchuan, China). Cells were cultured
in Dulbecco's Modified Eagle's medium-Ham's F12 media
(Gibco-BRL, Gaithersburg, MD, USA) supplemented with
20% fetal calf serum (FCS; Gibco-BRL), 100 U/ml penicillin
and streptomycin (Sigma-Aldrich Trading Co., Ltd, Shanghai,
China) at 37°C in an incubator with 5% CO,. The purity of the
primary VSMC culture was confirmed by the characteristic
‘hill-and-valley’ growth pattern and immunocytochemistry of
a-actin. VSMCs were used at between three and five passages
for the experiment. Cells were seeded onto six-well plates and
grown to 80% confluence. Cells were then serum-deprived
for 24 h to reach synchrony, followed by the addition of
5% FCS for a further 24 h and the administration of Hecy
(Sigma-Aldrich Trading Co., Ltd). Hcy was administered at
the following concentrations: O (control), 50, 100, 200 and
500 uM and 500 M plus folate (Sigma-Aldrich Trading Co.,
Ltd), respectively. Hcy was replenished every 8 h in compensa-
tion for its short half-life (total three times).
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Cell viability assay. To assess cell proliferation, VSMCs were
seeded in 96-well plates at 10°-10* cells in 100 ul/well. The
aforementioned concentrations of Hcy were then added and
the cells were incubated for 72 h. Hcy was replenished every
8 h. A total of 20 1l MTT (5 mg/ml; Sigma-Aldrich Trading
Co., Ltd) was added to each well and incubated at 37°C for
4 h. The supernatant was removed using a pipette, and 150 pl
dimethyl sulfoxide was added to each well. After 10 min
of incubation at room temperature, plates were read on a
micro-enzyme-linked immunosorbent assay reader (Bio-Tek
Instruments, Inc., Winooski, VT, USA) at 490 nm. Values were
normalized using the control value.

Flow cytometric analysis. Following treatment with various
concentrations of Hcy, cells were analyzed using a FACStar™
Plus flow cytometer (Becton, Dickinson and Company,
Franklin Lakes,NJ,USA). In brief, cells were washed once with
phosphate-buffered saline (PBS; 0.01 mol/I, pH 7.2) and fixed
at -10°C for 5 min in paraformaldehyde-lysine-periodate fixa-
tion solution. Cells were then treated with 0.1% Triton X-100
and 0.5% RNase A, followed by the addition of propidium
iodide. All samples were passed through 70-mm mesh prior
to flow cytometric analysis; 30,000 nuclei were examined in
each analysis. The percentage of cells was estimated using the
Cell FIT analysis version 2.0 software (Becton, Dickinson and
Company). Three separate experiments were performed with
three different populations of cells.

Quantitative polymerase chain reaction (qPCR). Total RNA
was isolated using TRIzol® reagent (Invitrogen Life
Technologies, Grand Island, NY, USA) and reverse transcribed
using the RevertAid First Strand cDNA Synthesis kit (MBI
Fermentas, Vilnius, Lithuania). GAPDH was used as an
endogenous control, and the primer sequences were as follows:
PDGEF, 5-TCTGCTGCTACCTGCGTCTGG-3' (forward) and
5'-CACTGCACGTTGCGGTTGTT-3' (reverse) and GAPDH,
5'-AGAAGGCTGGGGCTCATTTG-3' (forward) and
5'-AGGGGCCATCCACAGTCTTC-3' (reverse). qPCR anal-
ysis was performed using an FTC-3000 Real-Time PCR
detection system (Funglyn Biotech Corp. Ltd., Toronto, ON,
Canada). The RNA levels of each gene were calculated using
the cycle threshold (Ct) value of the sample relative to that of
GAPDH using the following formula: Ct=Ctppn)-Cliample)-
Final results, expressed as n-fold differences in target gene
expression relative to the calibrator, termed N, were calcu-
lated using the following formula: N, =2¢!¢ample-Ctlcatibraton
where Ct values of the calibrator and sample were determined
by subtracting the Ct value of the target gene from the Ct
value.

Western blot analysis. Proteins were extracted from the cells
using cell lysis buffer and separated using 12% SDS-PAGE. The
proteins and the prestained marker (MBI Fermentas, Ambherst,
NY, USA) were then transferred onto a polyvinylidene fluo-
ride Immobilon®-P Transfer Membrane (Millipore, Billerica,
MA, USA) with a pore size of 0.45 mm using a Trans-Blot®
Semi-Dry Transfer Cell model 755 (Bio-Rad, Hercules, CA,
USA) for 90 min. The membrane was incubated at room
temperature in PBS-Tween 20 (PBS-T) buffer containing
5% non-fat milk for 4 h. Membranes were then cut as required
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and placed in a hybridization bag with 1 ml anti-B-actin
or -PDGF primary antibodies (Sigma-Aldrich, St. Louis, MO,
USA) and incubated at 4°C overnight. The membranes were
subsequently washed three times using PBS-T buffer and the
secondary antibody was added for 2 h at room temperature.
The membranes were washed a further three times with Tris
buffered saline with Tween 20 and incubated with horseradish
peroxidase substrate (BeyoECL Plus A/B; Beyotime Institute
of Biotechnology, Shanghai, China) for 1 min. Blots were
developed using X-film (Kodak, Tokyo, Japan).

Detection of PDGF gene methylation using nested methyla-
tion-specific (nMS)-PCR. Genomic DNA was isolated from
VSMCs using the Wizard® Genomic DNA purification kit
(Promega Corp., Madison, WI, USA) and nMS-PCR was
performed for the detection of PDGF gene methylation.
Following standard sodium bisulfite DNA modification using
the EZ DNA Methylation-Gold™ kit (Zymo Research, Irvine,
CA, USA), two-step PCR amplifications were performed.
nMS-PCR initially uses an outer primer pair that does not
contain any CpG sites, followed by second step PCR using
conventional PCR primers. CpG islands were identified in the
PDGF promoter region using a CpG Island Search engine
(http://www.uscnorris.com/cpgislands2/cpg.aspx; http:/www.
cbs.dtu.dk/services/promoter/). The primers used in the
nMS-PCR assay were as follows: PDGF-outer primer,
S“TTTTTTT GTTTTGAAATTTTGGTTAA-3' (forward) and
5'-CAAAATCCCAACAAAAAAAATCTCC-3' (reverse);
PDGF-methylated primer, 5“TTTGGAAATTAATGATAA
GTTAGGC-3' (forward) and 5'-AAGCATCATAAA
AAACAAACGCATC-3' (reverse); PDGF-unmethylated
primer, 5-TTGGAAATTAATGATAAGTTAGGTGA-3'
(forward) and 5'-AAACATCATAAAAAACAAACA
CATCA-3' (reverse). To reduce mispriming and to increase
efficiency, touchdown PCR was used for the amplification.
The PCR products were separated using electrophoresis on a
2% agarose gel containing ethidium bromide. DNA bands
were visualized using ultraviolet light and methylation was
calculated using the following formula: Methylation % = meth-
ylation/(methylation + unmethylation) x 100.

SAM and SAH concentrations examined by high-performance
liquid chromatography (HPLC). The concentrations of SAM
and SAH were determined using HPLC. Cells were centri-
fuged, washed twice with cold PBS and maintained on ice.
The cell pellets were subsequently homogenized in four
volumes of 0.4 xM HCIO,. A 200 ul aliquot of the acid extract
was loaded into a C18 column (Shimadzu, Kyoto, Japan), run
by a Hitachi L2000 HPLC system (Hitachi, Tokyo, Japan).
The absorption of the eluted compounds was monitored at an
excitation wavelength of 254 nm. Elution of SAM and SAH
was achieved at a flow rate of 1.0 ml/min using mobile-phase
ammonium formate solution. Chromatograms were recorded
using a D-2000 Elite integrator. SAM and SAH standards
were used to identify the elution peaks, and the SAM and SAH
tissue values were calculated using the standard curve.

Endogenous C-5 DNA methyltransferase (C-5 MT-ase)
activity assay. A modification of the assay developed by
Hattori et al (18) was used to determine the activities of DNA
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methyltransferases. VSMCs (1x10°) were homogenized using
a glass pestle containing 500 ul lysis buffer (100 mmol/l NaCl,
10 mmol/l Tris-HCI, pH 8.0, 25 mmol/l EDTA, 0.5% SDS and
proteinase K 0.2 g/1). The suspension was freeze-thaw cycled
between -70 and 37°C three times. VSMC protein exacts were
stored at -70°C prior to analysis. The reaction contained cell
homogenates (5 pg protein), 0.25 ug poly(deoxyinosinic-deox-
yeytidylic) acid and 11.1x10'°% Bq [methyl-"H] SAM in a total
volume of 20 ul, and was incubated at 37°C for 2 h. RNA was
removed by adding 20 ul RNase A (2 g/l) and incubating at
room temperature for 5 min. DNA was purified using the
E.Z.N.A® Cycle-Pure kit (Omega Bio-Tek, Inc., Norcross,
GA, USA), and the purified genomic DNA was spotted onto
a Whatman GF/C filter disc and dried at 80°C for 5 min, prior
to counting in a Packard 1600 TR Liquid Scintillation Counter
(Packard Instrument Co., Meriden, CT, USA) for determina-
tion of C-5 MT-ase activity. Each reaction was performed in
triplicate and the assay was repeated three times to blind the
source of the samples. In order to exclude background protein,
all samples were initially assayed with the control containing
the whole cell lysate, but without poly(deoxyinosinic-deox-
ycytidylic) acid. C-5 MT-ase activity was expressed as
the quantity of incorporated [methyl-*H] groups into the
poly(deoxyinosinic-deoxycytidylic) acid (cpm/1 pg protein).

Statistical analysis. Each experiment was repeated three
times. Results are expressed as the mean + standard devia-
tion. Statistical comparisons of single parameters between
two groups were performed using the paired Student's t-test.
Kruskal-Wallis one-way analysis of variance was used to
compare the means of multiple groups, followed by the Dunn
test. A value of P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Hcy increases VSMC viability and stimulates the cell
cycle. The primary culture of confluent VSMCs exhibited
a typical elongated ribbon or spindle-shaped appearance
with a characteristic ‘hill and valley’ pattern (Fig. 1A), and
immunocytochemistry revealed 98% positive a-actin staining
(Fig. 1B). MTT assay showed that VSMC viability signifi-
cantly increased by 1.2-, 2.2-, 3.6- and 4.3-fold subsequent
to treatment with 50, 100, 200 and 500 M Hcy, respectively,
compared with the control group (P<0.01). Furthermore, folate
treatment had an antagonistic effect against Hcy-induced
VSMC proliferation, with a 63% decrease in VSMC viability
observed in the folate plus 500 xM Hcy group compared with
the 500 M Hcy group (P<0.01) (Fig. 1C).

Flow cytometry revealed that, as Hcy concentration
increased, the proportion of the cell population in S phase
increased, and that in G,/G, phase decreased. Folate
showed an inhibitory effect against Hcy on the VSMC cell
cycle (Fig. 2).

Hcy increases PDGF mRNA and protein expression. qPCR
and western blot analyses revealed a dose-dependent increase
in PDGF mRNA and protein expression with Hcy treatment,
in parallel with the increase in VSMC proliferation observed
under Hey treatment. PDGF has a key role in VSMC prolif-
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Figure 1. VSMC primary culture and viability assay. (A) Primary VSMCs cultured for 15 days (magnification, x200). (B) Cultured primary VSMCs veri-
fied using a-actin immunocytochemistry (magnification, x400). (C) Effect of Hcy on cell viability assessed using MTT assay. Data are expressed as the
mean =+ standard deviation. “P<0.01 vs. control group; “P<0.01 vs. 500 xM Hcy group. VSMC, vascular smooth muscle cell; Hey, homocysteine.
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Figure 2. VSMC cell cycle phases following Hcy treatment, detected using flow cytometry. (A) Representative flow cytometric profiles demonstrating VSMC
cell cycle distribution. (a) 0, (b) 50, (c) 100, (d) 200 and (e) 500 M Hcy; 1, G/G, phase; 2, S phase; 3, G,/M phase. (B) Summary of cell cycle analysis, revealing
an increased S fraction and a decreased G/G, fraction in Hcy-treated VSMCs. The values for each experiment were converted to percentages relative to the
corresponding control group (100%). Values are presented as the mean + standard deviation. "P<0.05 and “"P<0.01 vs. control group; *P<0.05 vs. 500 xM Hcy
group. VSMC, vascular smooth muscle cell; Hey, homocysteine.

eration; therefore, this parallel alteration in VSMC PDGF  CpG methylation is often associated with gene silencing and
expression and proliferation suggests a causative role for  vice versa. The DNA methylation level of the CpG islands
PDGF in Hey-induced VSMC proliferation (Fig. 3). in the PDGF gene promoter was analyzed using nMS-PCR.

The PDGF gene promoter was found to be significantly
Hcy induces hypomethylation of the PDGF gene. DNA meth-  hypomethylated in a dose-dependent manner upon Hcy treat-
ylation occurs almost exclusively at CpG dinucleotides, and  ment (Fig. 4). These data indicate that Hcy treatment inhibits
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Figure 3. PDGF mRNA and protein expression in vascular smooth muscle
cells detected using quantitative polymerase chain reaction and western blot
analyses, respectively. Upon treatment with Hcy, a dose-dependent increase
was observed in the (A and B) protein and (B) mRNA levels of PDGF. Values
are presented as the mean + standard deviation. "P<0.05 and “'P<0.01 vs.
control group; “P<0.01 vs. 500 M Hcy group. Hey, homocysteine; PDGF,
platelet-derived growth factor.
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Figure 4. PDGF methylation levels subsequent to treatment with Hcy in
VSMCs. (A) PDGF methylation detected using nested methylation-spe-
cific-polymerase chain reaction. (B) Summary of PDGF methylation levels
in Hecy-treated VSMCs. Values are presented as the mean + standard
deviation; "P<0.05 and “P<0.01 vs. control group; *P<0.01 vs. 500 uM Hcy
group. VSMC, vascular smooth muscle cell; Hcy, homocysteine; PDGF,
platelet-derived growth factor; M, methylated DNA; U, unmethylated DNA.

the methylation of the PDGF gene, and this demethylation
effect may be involved in the upregulation of PDGF expression
and VSMC proliferation in the pathogenesis of AS.
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Hcy affects SAM and SAH levels and C-5 MT-ase activity.
SAM and SAH concentrations are important factors in the
transmethylation process. In the present study, SAM and SAH
levels were assessed using HPLC. In the Hcy-treated groups,
the intracellular levels of SAH were significantly higher than
those in the control group, showing up to a three-fold increase.
However, upon Hcy treatment the concentration of SAM was
observed to decrease, leading to a significant decrease in the
ratio of SAM/SAH. SAM is a primary methyl-donor while
SAH is a potent inhibitor of methyltransferase activity; there-
fore, the SAM/SAH ratio may be critical in the modification
of DNA methylation. However, the changes in SAM and SAH
levels did not exhibit the dose-effect trend with Hcy concentra-
tion (Fig. 5).

C-5 MT-ase activity is another key regulator of the transmeth-
ylation reaction. Hcy was found to significantly upregulate the
activity of C-5 MT-ase compared with the control cells (Fig. 6);
however, no significant dose-dependent increase was observed.

Discussion

This study has indicated that a significant association exists
among Hcy concentration, PDGF promoter hypomethyl-
ation, upregulated PDGF expression and cell proliferation in
VSMCs. Despite the lack of direct evidence, the data of the
present study suggest a causative interrelation among these
processes. To the best of our knowledge, this is the first study
to suggest that Hey-induced VSMC proliferation may be medi-
ated by epigenetic regulation of PDGF by Hcy.

VSMC proliferation is considered to be one of the impor-
tant pathological factors in AS (19). AS begins with eccentric
thickening of the intima, leading to complex lesions over
several decades (20). The thickening neointima is predomi-
nantly composed of VSMCs, mesenchymal intimal cells and
inflammatory cells (21). The pathogenesis of AS primarily
involves changes in the expression and function of genes,
rather than gene mutations, and the proliferation of VSMCs
requires significant alterations in gene expression, particularly
in mitogenic genes (22). Numerous studies, including our
previous study (23), have demonstrated that Hcy is capable
of stimulating VSMC proliferation (24). In the present study,
PDGF mRNA and protein levels showed a dose-dependent
increase with Hey treatment, and cell cycle analysis further
revealed an increased proportion of cells advancing into
S phase from G,/G,-phase, suggesting that VSMCs prolifer-
ated under Hcy treatment.

It is well established that PDGF is a potent mitogenic
factor, and has a critical role in normal embryonic develop-
ment, cellular differentiation and proliferation (25). Increased
PDGF expression subsequent to arterial injury has been
associated with neointimal cellular proliferation in studies of
rabbits, birds, rats and humans (26-29), demonstrating an asso-
ciation between VSMC proliferation and PDGF. Furthermore,
the pathological processes that occur in proliferative diseases,
such as AS, have been successfully suppressed by inhibitors of
PDGF signaling (30). Sirois et al (31) demonstrated that inhibi-
tion of PDGF suppressed intimal thickening in the rat carotid
artery following balloon injury. Additionally, the administra-
tion of anti-PDGF antibodies has been found to induce intimal
atrophy in a baboon graft model (32). These observations
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Figure 5. Effect of Hcy treatment on SAM and SAH concentrations in VSMCs (A) Chromatogram of SAH and SAM detected using high-performance
liquid chromatography. (a) 0, (b) 50, (c) 100, (d) 200 and (e) 500 zM Hcy. Peaks: 1, SAM; 2, SAH. (B) Effects of Hcy on SAH and SAM in VSMCs. SAM
and SAH quantification was performed using automatic peak area integration. SAM and SAH standards were used to identify the elution peaks. (C) Ratio
of SAM and SAH. Values are presented as the mean + standard deviation. “P<0.05 and “P<0.01 vs. control group; “P<0.01 vs. 500 xM Hcy group. SAM,
S-adenosylmethionine; SAH, S-adenosylhomocysteine; VSMC, vascular smooth muscle cell; Hey, homocysteine.
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Figure 6. Endogenous C-5 MT-ase activity in vascular smooth muscle cells
treated with various homocysteine concentrations. Data are presented as
the mean =+ standard deviation of three independent experiments with
three simultaneous samples each. "P<0.05 and “P<0.01 vs. control group.
C-5 MT-ase, C-5 DNA methyltransferase.

support a pathogenic role for PDGF in proliferative vascular
diseases (33). In the present study, Hcy was observed to induce
a parallel alteration in PDGF expression and VSMC prolifera-
tion, suggesting that Hcy may stimulate VSMC proliferation
through the PDGF signaling pathway.

In the present study, PDGF promoter methylation was
detected in order to investigate the mechanism underlying
Hcy-induced PDGF overexpression. A positive, dose-depen-
dent correlation was identified between Hcy concentration,
decreased methylation of the PDGF promoter and upregula-
tion of PDGF expression. DNA methylation is a key form
of the epigenetic genomic modification that regulates gene
expression, and hypomethylation of the CpG islands in gene
promoter regions is often associated with increased gene
expression. Therefore, Hcy-induced PDGF hypomethylation
may be responsible for the increased PDGF expression.
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DNA methylation status is significantly correlated with
the ratio of SAM/SAH (34). In the present study, a decrease
in the SAM/SAH ratio was observed upon Hcy treatment,
which may partially explain the demethylation effect of Hcy
on the PDGF gene. In the methionine cycle, which connects
Hcy metabolism and the transmethylation reaction of DNA,
SAH is hydrolyzed to form Hcy; therefore, increased levels
of Hcy inhibit the decomposition of SAH, resulting in SAH
accumulation. SAH is a potent inhibitor of SAM-dependent
methyltransferases (9); therefore, increased levels of SAH
may promote genomic demethylation, while decreased levels
of SAM, which is the sole methyl-donor for DNA methylation,
may limit its availability and coordinate the demethylation
effect of SAH. Hiltunen et al (35) showed that only a few
rounds of replication are required to develop significant
hypomethylation of the smooth muscle cell genome; the
decrease in the SAM/SAH ratio may thus be an important
mechanism for PDGF hypomethylation in VSMCs. The
increase in C-5 MT-ase activity observed in the study may
be a compensatory response against the inhibition of SAH in
this in vitro experiment.

In the present study, folate supply exhibited an antagonistic
effect against the Hcy-induced aberrant PDGF methylation,
increase in PDGF expression and increase in VSMC prolifera-
tion. In the methionine cycle, Hey is converted to methionine
by acquiring a methyl group from N-5-methyltetrahydrofolate,
a reaction catalyzed by methionine synthase (36). Methionine
is then activated to SAM. Folate increases the production of
N-5-methyltetrahydrofolate, promotes the transformation of
Hcy to SAM and decreases levels of Hcy and SAH. Therefore,
the antagonistic effect of folate against Hey is closely associated
with the methionine cycle. This is consistent with the effect of
folate on the methylation status of the PDGF gene and VSMC
proliferation observed in the present study. Hcy was found to
interfere with the epigenetic regulation of PDGF gene expres-
sion; since the epigenetic regulation of PDGF gene expression
may be involved in VSMC proliferation, these findings may be
beneficial for patients with cardiovascular disorders and AS.

In conclusion, the present study has demonstrated that
Hcy-induced VSMC proliferation may be mediated through
PDGEF signaling by interference with the epigenetic regula-
tion of PDGF. Hcy induces hypomethylation of the promoter
region of the PDGF gene and upregulates PGDF mRNA and
protein expression, which eventually causes VSMC prolifera-
tion. These data may provide evidence for a useful target for
the prevention and treatment of AS caused by Hcy.
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