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Abstract

Hyperhomocysteinemia is considered to be a significant risk factor in atherosclerosis and plays an important role
in it. The purpose of this study was to determine the molecular mechanism of blood monocyte chemoattractant
protein-1 (MCP-1) promoter DNA hypomethylation in the formation of atherosclerosis induced by hyperhomo-
cysteinemia, and to explore the effect of nuclear factor-jB (NF-jB)/DNA methyltransferase 1 (DNMT1) in this
mechanism. The atherosclerotic effect of MCP-1 in apolipoprotein E–deficient (ApoE�/�) and wild-type
C57BL/6J mice was evaluated using atherosclerotic lesion area; serum NF-jB, MCP-1, and DNMT1 levels; and
MCP-1 promoter DNA methylation expression. In vitro, the mechanism responsible for the effect of NF-jB/
DNMT1 on foam cells was investigated by measuring NF-jB and DNMT1 levels to determine whether NF-
jB/DNMT1 had an effect on gene expression. Compared with the control group, atherosclerotic lesions in
ApoE�/� mice fed a high methionine diet significantly increased, as did the expression of MCP-1. In vitro
study showed that pyrrolidine dithiocarbamate treatment down-regulated levels of NF-jB and raised DNMT1
concentrations, confirming the effect of NF-jB/DNMT1 in the MCP-1 promoter DNA methylation process. In
conclusion, our results suggest that through NF-jB/DNMT1, MCP-1 promoter DNA hypomethylation may
play a key role in formation of atherosclerosis under hyperhomocysteinemia.
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Introduction

Homocysteine (Hcy) is an intermediate in methionine
metabolism.1 A large amount of epidemiological stud-

ies2 have confirmed that an increased plasma Hcy concentra-
tion is an independent risk factor for atherosclerosis leading
to cardiovascular diseases. Though mechanisms such as in-
flammation and oxidative stress3 of hyperhomocysteinemia-
induced atherosclerosis have been reported in related
research, the mechanism itself is not definitive so far.

Atherosclerosis has been established as a complex inflamma-
tory disease characterized by the accumulation of lipids, fibrous
materials, and cell debris in the arteries,4 and it is mediated by
complicated molecular interactions, in which chemokines play
a key role.5 A significant and the most well-characterized chemo-
kine is monocyte chemoattractant protein-1 (MCP-1/CCL2),

which is increased in atherosclerotic lesions but not in normal
arteries, suggesting its potential value in stimulating the migra-
tion of monocytes into the intima of the arterial wall and taking
part in most processes during atherosclerosis.6,7 The role of MCP-
1 appears to be more evident, and research has simultaneously
demonstrated that anti-MCP-1 gene therapy not only limits pro-
gression of established atheroma but also limits transformation
from destabilized plaque to stable plaque.8 This strongly shows
a major role of MCP-1 in the pathogenesis of atherosclerosis
and suggests that MCP-1 may be a promising therapeutic tar-
get against atherosclerosis. However, it is not clear whether
MCP-1 comes into play in hyperhomocysteinemia-induced ath-
erosclerosis. Therefore, our study explored the molecular mecha-
nism of MCP-1 in atherosclerosis.

DNA methylation is an important epigenetic mechanism
and may explain the relationships between an individual’s
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genetic background, environment, and disease.9 DNA meth-
ylation patterns are inhibited by S-adenosylhomocysteine
(SAH), and pattern maintenance depends on DNA methyl-
transferase 1 (DNMT1) and intracellular S-adenosylmethio-
nine (SAM) levels.10,11 Aberrant DNA methylation regulates
gene expression12 and is associated with advanced stages of
disease, such as atherosclerosis. The presence of aberrant
DNA methylation in an individual may indicate predisposition
to atherosclerosis and related diseases.13 Pilot studies14–16

have suggested the relationship between atherosclerosis-
related genes and DNA methylation in vascular smooth mus-
cle cells, endothelial cells, and foam cells, however, there
remain limitations in these in vitro experiments. Consequently,
we chose to observe MCP-1 promoter DNA methylation of
blood, which is closely related to an individual’s atheroscle-
rotic pathogenesis. DNA methylation takes part in transcrip-
tion silencing, and hypomethylation activates the expression
of genes via inhibition of the association of DNA promoter rec-
ognition site and special transcription factors such as nuclear
factor-jB (NF-jB).17 Activated NF-jB binds to specific DNA
sequences of target genes and regulates transcription of
genes involved in growth regulation and inflammation.18

Because of various levels of regulation, the NF-jB signaling
pathway can be potentially targeted at various levels including
nuclear translocation, DNA binding, and methyltransferases.19

Contemporary research has pointed out the ability of NF-jB
(RelA/p65) to directly recruit DNMT1 to chromatin, resulting
in promoter-specific methylation,20 and suggested that borte-
zomib can result in down-regulation of DNMT1 via the SP1/
NF-jB pathway and induce genomic DNA hypomethylation
in human leukemia cells.21 We postulated that disruption of
the NF-jB and DNMT1 interplay might in turn lead to
DNMT1 down-regulation and DNA hypomethylation.

Marumo et al.22 showed that Hcy can induce elevated
MCP-1 secretion via the NF-jB in human umbilical vein en-
dothelial cells and human vascular smooth muscle cells.
However, the connections between Hcy, MCP-1 promoter
DNA methylation, and atherosclerosis remain largely un-
known. The present study explored whether blood MCP-1
promoter DNA hypomethylation may promote formation
of atherosclerosis under hyperhomocysteinemia, as well as
the effect of NF-jB/DNMT1 in the pathogenesis.

Materials and Methods

Animal model and separation of mononuclear cells

To establish an animal model with atherosclerosis, 12 male
wild-type mice and 36 male apolipoprotein E-deficient
(ApoE�/�) mice on a C57BL/6J genetic background were
kept in our laboratory for 15 weeks. The animals were pur-
chased from Jackson Laboratory (Bar Harbor, ME) and bred
to 5 weeks of age in the Animal Center of Beijing University
(Beijing, China). After 1 week of acclimatization, ApoE�/�

mice were randomly divided into three groups (n = 12 each).
Mice of the ApoE�/� control group were fed with regular
mouse diet for 15 weeks. The high-methionine group (HM)
received the same diet but with a 1.7% methionine supple-
ment. The high-methionine plus folate and vitamin B12

group (HM + FA + VB) received regular mouse diet plus 1.7%
methionine, 0.006% folate, and 0.0004% vitamin B12. Wild-
type C57BL/6J mice (n = 12) were fed with a regular mouse
diet as blank control group. After 15-week experimental

diets, mice were euthanized with 20% ethylcarbamate (2 mL/
100 g) enterocoelia injection, and blood was immediately col-
lected to measure serum Hcy, NF-jB, MCP-1, and DNMT1 lev-
els. The aortas were stored at �80�C until analysis.

Blood used for separation of mononuclear cells should be
fresh and free of clots in preservative-free anticoagulant. His-
topaque 1083 (Sigma, St. Louis, MO) was added to centrifuge
tubes. Whole blood was carefully layered onto the Histopa-
que 1083 surface and centrifuged at 400 g for exactly 30 min
at room temperature. After centrifugation, the upper layer
was aspirated carefully with a plastic pipe until only 3 mm
of the opaque interface containing the mononuclear cells
remained. Isotonic phosphate-buffered saline (PBS) was
then added, and this was centrifuged at 250 g for 10 min for
three times to remove any remaining Histopaque 1083 from
the mononuclear cells. The cells suspended in isotonic PBS
were used for the following assays.

Cell culture

The TH-1 monocyte cell line was obtained from Sichuan
University (Chengdu, China). THP-1 cells were cultivated
in Roswell Park Memorial Institute (RPMI) 1640 with 15%
fetal bovine serum (FBS), penicillin (100 U/mL)-streptomycin
(100lg/mL) at 37�C in a 5% CO2 atmosphere, to a density of
107 cells/mL. Then THP-1 cells were differentiated into macro-
phages by incubation for 24 h with 50 nmol/L phorbol myristate
acetate (PMA, Sigma). THP-1 cell-derived macrophages (West
China Hospital of Sichuan University) were treated with oxi-
dized low density lipoprotein (50 mg/L, Sigma) and Hcy (0,
100lmol/L, Sigma) for 24 h at 37�C and stained with oil red
O. Foam-cell formation was observed under an inverted micro-
scope (Olympus, Tokyo, Japan). Foam cells were divided into
three groups: foam cell, foam cell intervened by Hcy
(100lmol/L), and foam cell intervened by Hcy (100lmol/L)
and pyrrolidine dithiocarbamate (PDTC, 50lmol/L, Sigma).

Determination of serum Hcy, SAM, and SAH levels

After 30 min standing at room temperature, serum was
obtained by centrifugation (3000 g for 10 min at 4�C), and
serum Hcy concentrations were measured by automatic bio-
chemistry analyzer. Serum SAM and SAH concentrations
were measured by high-performance liquid chromatography
(HPLC; D-2000 Elite HPLC, Hitachi High Technologies,
Tokyo, Japan). The supernatant of each sample was filtered
through a 0.22-lm filter (Millipore, Billerica, MA) and then
loaded onto a C18 column (250 mm · 4.6 mm internal diame-
ter, 5-lm particle) fitted with a matched guard column, run
by a Waters HPLC system (D-2000 Elite HPLC, Hitachi
High Technologies), and connected to an ultraviolet detector.
Absorption of eluted compounds was monitored at kex = 254
nm. Chromatograms were recorded by a D-2000 Elite
HPLC integrator with its quantification accomplished by au-
tomatic peak area integration. SAM and SAH standards
(Sigma) were used to identify the elution peaks.

Tissue preparation and atherosclerotic lesion examination

The analysis of paraffin histological sections was used
for evaluating atherosclerotic lesions. The aortas were sepa-
rated carefully and then put into 4% (w/v) formalin for
24 h. The samples subsequently underwent washing,
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dehydration, clearing, embedding, slicing, coating, grilling,
and hematoxylin-eosin (HE) staining. Finally, the sections
were observed via microscope (Olympus).

Serum NF-jB, MCP-1, and DNMT1 concentrations
and NF-jB and DNMT1 levels in foam cells measured
by enzyme-linked immunosorbent assay

Serum NF-jB, MCP-1, and DNMT1 concentrations and
NF-jB and DNMT1 levels in foam cells were determined by
using commercially available enzyme-linked immunosorbent
assay kit (ELISA; R&D Systems, Emeryville, CA) according to
the manufacturer’s instructions. All reagents were kept at
room temperature for at least 30 min before assays began.
All standards, controls, and samples were run in duplicate.
Finally, absorbance was read on a microplate reader at 450 nm.

Nested methylation-specific polymerase chain
reaction for MCP-1

Genomic DNA was isolated from the peripheral blood
mononuclear cells using the Wizard� Genomic DNA Purifi-
cation Kit (Promega, Madison, WI). DNA concentration and
purity were detected by spectrophotometry at 260 and
280 nm. The A260/A280 absorbance ratio was consistent at
approximately 1.8. It integrated DNA denaturation and bisulfite
conversion processes into one-step by EZ DNA Methylation-
GoldTM Kit (ZYMO, Irvine, CA). Following bisulfite treatment
of genomic DNA, unmethylated cytosine residues are converted
into uracil. Their improved sequence specificity facilitates rela-
tive quantification of methylated and unmethylated alleles that
are simultaneously amplified in a single tube. MCP-1 outer
primers were 5¢-TTG TTG AAA TGA ATT TTA AGG GTT T-
3¢ and 5¢-CCC AAA TAA CTC CAA CCT AAC TAT C-3¢. The
process of reaction was as follows: 94�C for 5 min, 94�C for
30 sec, 65�C for 30 sec, and 72�C for 1 min, repeating for 30 cycles,
decreasing 0.5�C every cycle; 94�C for 30 sec, 50�C for 30 sec, and
72�C for 1 min, repeating for 20 cycles; and 72�C for 7 min. MCP-
1 methyl and unmethyl primer: left M primer, 5¢-TTT AAG GGT
TTT TAG ATT TTA TCG T-3¢; right M primer, 5¢-AAC TCT CTA
CCC TAT TTC CTT CGT A-3¢; left U primer, 5¢-TTT AAG GGT
TTT TAG ATT TTA TTG T-3¢; right U primer, 5¢-AAC TCT CTA
CCC TAT TTC CTT CAT A-3¢. The process of reaction was as
follows: 94�C for 5 min, 94�C for 30 sec, 61.6�C for 30 sec, and
72�C for 1 min, repeating for 30 cycles, decreasing 0.5�C every
cycle; 94�C for 30 sec, 46.6�C for 30 sec, and 72�C for 1 min, re-
peating for 20 cycles; and 72�C for 7 min. The PCR products
were analyzed by 2% agarose gel electrophoresis.

Statistical analysis

The results were expressed as means plus or minus stan-
dard error (means – SEM). Differences among groups were
analyzed by one-way analysis of variance and analysis of
multiple comparisons within treatment groups was carried
out using Student-Newman-Keuls’s test; p < 0.05 was consid-
ered as statistically significant.

Results

Analysis of aortic pathological section with HE staining
and levels of serum Hcy, SAM, and SAH in mice

We found that atherosclerotic lesion areas of ApoE�/� con-
trol group, HM group, and HM + FA + VB group were in-

creased respectively compared with those of the blank
control group (Fig. 1A). In the blank control group, the
aorta walls were round, and smooth muscle cells were not
seen underneath the endoderm (Fig. 2A). The aorta walls
were rough, and the intima revealed hyperplasia and had
few foam cells and atherosclerotic substances in the ApoE�/�

control group (Fig. 2B). In the HM group, a large amount of ath-
erosclerotic substances, many foam cells, and a few inflamma-
tory cells were seen (Fig. 2C). In the HM + FA + VB group, the
thickness of aorta walls was uneven, the thickness ratio of the
intima to media was decreased, and there were fewer foam
cells under the fiber caps, fewer atheronecrotic substances,
and fewer inflammatory cells compared with the HM group
(Fig. 2D). In summary, the atherosclerosis mouse model was
established successfully.

Hcy is a key intermediate of methionine metabolism. After
15 weeks, serum Hcy concentrations were confirmed in mice
fed with different diets. The levels of serum Hcy were ele-
vated 38.9% in the ApoE�/� control group, *2.5-fold in the
HM group, and 96.0% in the HM + FA + VB group; a remark-
able increase was observed in HM group compared with
blank control group ( p < 0.01). Apoliproprotein E (ApoE)

FIG. 1. Methionine is converted through SAM and SAH to
Hcy, which is subsequently remethylated back to methionine.
Many investigations have revealed several potential mecha-
nisms that Hcy induced the formation of atherosclerosis.
(A) Serum Hcy concentrations. (B) Statistical analysis of le-
sion area of atherosclerosis. Values were means – SEM.
*p < 0.05, **p < 0.01 vs. blank control; -p < 0.05, --p < 0.01
vs. HM, n = 10. SAM, S-adenosylmethionine; SAH, S-adeno-
sylhomocysteine; Hcy, homocysteine; HM, high-methionine.
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plays a central role in lipid metabolism and is polymorphic
with three common alleles—e2, e3, and e4. ApoE4 carrier
may promote greater binding of Hcy to lipoproteins and a
faster clearance of the lipoprotein-bound Hcy fraction.23

Therefore serum Hcy levels were higher in mice of the
ApoE�/� control group with the regular mouse diet. In com-
parison with the HM group, serum Hcy concentrations were
slightly lower: *1.6-fold in the ApoE�/� control group
( p < 0.01), and 80.6% in the HM + FA + VB group ( p < 0.05,
Fig. 1B). Taken together, our data suggested that Hcy may in-
duce the formation of atherosclerosis in ApoE�/� mice, and
folate and vitamin B12 could reduce the effect of Hcy-induced
atherosclerosis.

There are other metabolic intermediates of methionine, in-
cluding SAM, which provides a methyl group for DNA meth-
ylation, and SAH, which can inhibit DNMT1 activation. After
15-week experimental diets, serum SAM concentrations
were elevated by 3-, 3.6-, and 2.45-fold in the ApoE�/� con-
trol, HM, and HM + FA + VB groups, respectively, compared
with the blank control group, and serum SAH concentrations
of the HM group were obviously higher in comparison with
the blank control group (Fig. 3, Table 1).

Analysis of MCP-1 promoter DNA methylation
and serum MCP-1 concentrations in mice

DNA methylation has emerged as an important epigenetic
modification and a means to regulate gene transcription.
After 15 weeks, MCP-1 promoter DNA methylation was de-
termined in the blank control, ApoE�/� control, HM, and
HM + FA + VB groups (Fig. 4A, B). Our data suggested that
in the HM group, the change of MCP-1 promoter DNA hypo-
methylation was the most obvious, with levels *6.2% higher
than those in the blank control group ( p < 0.05). In the HM +
FA + VB group, antagonistic effects could be observed on
the hypomethylation change (Fig. 4A, B). In general, DNA
methylation inhibited transcription and hypomethylation
was associated with gene activation. As a result, serum
MCP-1 levels were the highest in the HM group ( p < 0.05;
Fig. 4C). MCP-1 played a lead role in leukocyte infiltration
into the vessel and activation during the inflammatory pro-
cess of atherosclerosis. The atherosclerotic lesions in the HM
group were the most severe and widespread, and MCP-1 pro-
moter DNA hypomethylation and atherosclerotic area were
positively correlated (c = 0.5175, p < 0.05; Fig. 4D).

FIG. 2. Atherosclerotic le-
sion (HE, · 400 magnifica-
tion) on the aortas in mice fed
with diets varying in methio-
nine for 15 weeks. The cross-
sections were from aortas
from each group, and these
were chosen from mice whose
average lesion area approxi-
mated the mean value for that
group. The arrows indicate
atherosclerotic plaques. (A)
blank control group; (B)
ApoE�/� control group; (C)
HM group; (D) HM + FA + VB
group. HE, hematoxylin and
eosin; ApoE�/�, apolipopro-
tein E–deficient; FA, folic acid;
VB, vitamin B12.
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Serum NF-jB and DNMT1 levels by ELISA analysis
in mice and foam cells

Mice were fed with different experimental diets for 15
weeks, after which the amounts of NF-jB and DNMT1 were
estimated by ELISA (Table 2). Hcy could induce NF-jB activa-
tion in the early stage of atherosclerosis, and serum NF-jB lev-
els were the highest in the HM group ( p < 0.05). In the
HM + FA + VB group, serum NF-jB levels were 2.9-fold
lower than in the HM group ( p < 0.01). Serum DNMT1 concen-
trations were decreased by 20.8% in the HM group in compar-

ison with the blank group ( p < 0.01) and slightly higher in the
HM + FA + VB group compared with the HM group ( p < 0.05).
Serum NF-jB and DNMT1 concentrations were negatively cor-
related (c = 0.3394, p < 0.05; Fig. 5).

Our results might indicate a negative correlation between
NF-jB and DNMT1 in wild-type and ApoE�/� mice. In
order to further confirm the interaction between NF-jB
and DNMT1, we studied foam cells (Fig. 6) to explore the re-
lationship of NF-jB and DNMT1. NF-jB is a transcription
factor involved in cell proliferation, adhesion, invasion, and
metastasis, and PDTC is an antioxidant and potent NF-jB in-
hibitor that has been used to suppress the activity of NF-jB in
other cell types. DNMTs are also responsible for genomic
DNA methylation, which is then maintained by DNMT1.
Our results appear to confirm that NF-jB concentration was
decreased by PDTC intervention ( p < 0.01; Fig. 7A) and
DNMT1 level was increased in the foam cell + Hcy + PDTC
group in comparison with the HM group ( p < 0.05; Fig. 7B).
Taken together, these findings showed that NF-jB might sup-
press the activity of DNMT1 with the involvement of DNA
hypomethylation.

Discussion

Over the past decade, an accumulating body of evidence
has indicated that Hcy is an independent risk factor for

FIG. 3. A representative chromatograms showing elution profiles for SAM and SAH by high-performance liquid chromatog-
raphy (HPLC) in all groups. SAM and SAH standards were used to identify the elution peaks, chromatograms were recorded
by an integrator. (A) blank control group; (B) ApoE�/� control group; (C) HM group; (D) HM + FA + VB group.

Table 1. Levels of Serum S-Adenosylmethionine

and S-Adenosylhomocysteine

Group SAM (nmol/L) SAH (nmol/L)

Blank control 4.533 – 1.56 12.42 – 0.04
ApoE�/� control 18.22 – 3.73** 12.72 – 0.14
HM 20.82 – 0.82** 13.12 – 0.17**
HM + FA + VB 15.68 – 1.14** 12.97 – 0.19*

Values are means – SEM.
*p < 0.05, **p < 0.01 vs. blank control, n = 10.
SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine;

ApoE�/�, apolipoprotein E–deficient; HM, high-methionine; HM +
FA + VB, HM plus folate and vitamin B12.

122 WANG ET AL.



atherosclerosis, and an obvious association between Hcy and
atherosclerosis has been reported in many retrospective and
prospective studies.24,25 However, the mechanisms of hyper-
homocysteinemia-induced atherosclerosis is not yet well un-
derstood. We chose wild-type and ApoE�/� mice fed with
a high-methionine diet to confirm the role of MCP-1 in the
formation of hyperhomocysteinemia-induced atherosclero-
sis.Our data provided the first evidence that atherosclerosis
models were established successfully by analyzing patholog-
ical sections with HE staining and serum Hcy concentrations.

A related study suggested that MCP-1 is a part of inflam-
mation and acts as a basic mediator in a biological system
that plays a significant role in the early stages of atherosclero-
sis formation.26 In another study, ApoE�/� mice with in-
creased MCP-1 secretion were at an increased risk of
atherosclerosis.27 The structure of MCP-1/CCL2 [location:

11C-E1; 1146.5 cM; sequence: chromosome: 11; NC-000077.6
(82035577.82037452)] is illustrated in Figure 8. Simultane-
ously, MCP-1 SNP-2518 may be a valuable genetic marker for
assessing the risk of developing distant metastasis after radi-
ation therapy in nasopharyngeal carcinoma patients.28 There
is research showing that MCP-1 promoter hypomethylation

FIG. 4. The monocyte che-
moattractant protein-1 (MCP-
1) promoter was amplified
from bisulfite-converted
DNA and analyzed by nested
methylation-specific poly-
merase chain reaction (nMS-
PCR). MCP-1 promoter DNA
hypomethylation in mice (A),
statistical analysis of MCP-1
promoter DNA hypomethy-
lation (B), serum MCP-1 lev-
els in mice (C), correlation of
MCP-1 hypomethylation and
atherosclerosis area (D)
(r = 0.5175, p = 0.0006, n = 10).
M, amplified band by meth-
ylation-specific primer; U,
amplified band by unmethy-
lation-specific primer. Values
were means – SEM. *p < 0.05
vs. blank control, n = 10.

Table 2. Levels of Serum Nuclear Factor-jB

and DNA Methyltransferase 1

Group NF-jB (lmol/L) DNMT1 (U/L)

Blank control 190.40 – 11.17 17.42 – 0.56
ApoE�/� control 200.40 – 18.22 15.92 – 0.63
HM 261.50 – 6.45* 14.42 – 0.36**
HM + FA + VB 67.31 – 4.22{ 16.37 – 0.42{

Values are means – SEM.
*p < 0.05, **p < 0.01 vs. blank control.
{p < 0.05, {p < 0.01 vs. HM.
NF-jB, nuclear factor-jB; DNMT1, DNA methyltransferase 1.

FIG. 5. Correlation between serum nuclear factor-jB (NF-jB)
and DNA methyltransferase 1 (DNMT1) concentrations in
wild-type and ApoE�/� mice (r =�0.3394, p = 0.0322, n = 10).
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may be affected by blood glucose and triglyceride.29 How-
ever, the interaction of hyperhomocysteinemia and MCP-1
promoter DNA methylation has not been demonstrated by
much experimental evidence. In our study, the MCP-1 pro-
moter was hypomethylated and the level of MCP-1 hypome-
thylation was the highest in the HM group. Recently, small
interfering RNAs (siRNAs) have been found to participate
in gene regulation together with methylation and can induce
the methylation of the promoter, which thus silences the
gene.30 As a result of siRNA participation, serum Hcy levels
were increased nearly 2.5 times and a concomitant increase
of lesion area also occurred in ApoE�/� mice fed with the
high methionine diet, but there was only a slight reduction
in MCP-1 DNA methylation and a modest increase in
serum MCP-1. The current prevailing explanation for Hcy-in-
duced DNA hypomethylation is that DNA methylation mod-
ification needs SAM as the methyl donor. SAM is converted
into SAH, which potentially inhibits transmethylation
reactions.31 The accumulation of SAH can affect the DNA
methylation pattern by causing a feedback inhibition of
SAM-dependent methyltransferases.32 In this study, our re-
sults suggested that SAM and SAH could also explain
MCP-1 promoter DNA hypomethylation. After the transme-
thylation reaction, SAM converts to SAH, undergoing hydro-
lysis to form Hcy; Hcy can be remethylated to methionine.33

An increased level of Hcy would interfere with this methio-
nine cycle, and an increased level of Hcy is associated with
DNA hypomethylation.34 Therefore we hypothesized that
Hcy could also take part in MCP-1 promoter DNA hypome-
thylation by the methionine cycle. The correlation of MCP-1
hypomethylation and atherosclerotic lesion area proved
that MCP-1 promoter DNA hypomethylation might promote
the formation of atherosclerosis.

DNA methylation is maintained by DNMT1 and serves as
a key mechanism that controls gene expression in a variety of
chronic diseases such as atherosclerosis.35 DNA methylation
affects the expression of genes via inhibiting the association
of DNA promoter recognition site and special transcription
factor like NF-jB. Hcy activates NF-jB in endothelial cells
via oxidative stress.36 Consistent with those results, our re-
search also suggested that serum NF-jB concentrations in
the HM group were higher than those in the blank control
group, and we found that serum NF-jB and DNMT1 levels
were negatively correlated in ApoE�/� mice. Hcy up-regu-
lates the expression of Fas, a death receptor, via NF-jB activa-
tion and promotes apoptosis in endothelial cells through
activation of the extrinsic cell death pathway.37,38 Thus, intra-
cellular substances are released into the blood. Then we tested
NF-jB and DNMT1 concentrations in serum as indicators of
intracellular levels. So in the in vitro experiment, foam cells
were chosen as the object, and PDTC was supplemented to in-
hibit the effect of NF-jB in the hope of further verifying the

FIG. 6. Foam cell formation assay. Phorbol myristate ace-
tate (PMA)-induced THP-1 monocytes to transformate for
macrophages with pseudopodium for 48 h and macro-
phages were incubated with oxidized low density lipoprotein
(ox-LDL; 50 lg/mL). Foam cells were irregular shapes
and bubble-like change with oil-red O staining (magnifica-
tion · 400). Red particles in the cytoplasm represent lipid
droplets.

FIG. 7. NF-jB and DNMT1 levels in foam cells. Values are
expressed as means with their standard errors depicted by
vertical bars. **p < 0.01 vs. foam cell, -p < 0.05, --p < 0.01
vs. 100 lmol/L Hcy.
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relationship between NF-jB and DNMT1. Once NF-jB binds
to target gene promoters, the target gene transcription can be
activated, which in turn leads to DNMT1 down-regulation
and DNA hypomethylation. The results confirmed that
the DNMT1 levels were increased concomitant with the de-
creased concentration of NF-jB in the foam cell + Hcy + PDTC
group. In in vivo and in vitro experiments, the results showed
that Hcy might play a role in DNA methylation of atheroscle-
rosis by NF-jB/DNMT1.

In conclusion, accumulating evidence suggests MCP-1 pro-
moter DNA hypomethylation may promote the formation of
atherosclerotic plaque under hyperhomocysteinemia through
NF-jB/DNMT1. This fact may be significant for therapy of
atherosclerosis that is associated with gene expression due
to hypomethylation of a gene’s regulatory regions. The induc-

tion of MCP-1 promoter DNA hypomethylation by hyperho-
mocysteinemia is a new element in their mechanisms. In all,
our findings reveal a novel role of Hcy in the pathogenesis
of atherosclerosis.
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13. Turunen MP, Aavik E, Ylä-Herttuala S. Epigenetics and ath-
erosclerosis. Biochim Biophys Acta. 2009;1790:886–891.

14. Yideng J, Jianzhong Z, Ying H, et al. Homocysteine-mediated
expression of SAHH, DNMTs, MBD2, and DNA hypomethy-
lation potential pathogenic mechanism in VSMCs. DNA Cell
Biol. 2007;26:603–611.

15. Yideng J, Zhihong L, Jiantuan X, et al. Homocysteine-
mediated PPARalpha,gamma DNA methylation and its
potential pathogenic mechanism in monocytes. DNA Cell
Biol. 2008;27:143–150.

16. Mitra S, Khaidakov M, Lu J, et al. Prior exposure to oxidized
low-density lipoprotein limits apoptosis in subsequent gen-
erations of endothelial cells by altering promoter methyla-
tion. Am J Physiol Heart Circ Physiol. 2011;301:H506–513.

17. Stark GR, Wang Y, Lu T. Lysine methylation of promoter-
bound transcription factors and relevance to cancer. Cell
Res. 2011;21:375–380.

18. Hwang SY, Woo CW, Au-Yeung KK, et al. Homocysteine
stimulates monocyte chemoattractant protein-1 expression
in the kidney via nuclear factor-jB activation. Am J Physiol
Renal Physiol. 2008;294:236–244.

19. Gupta SC, Sundaram C, Reuter S, Aggarwal BB. Inhibiting
NF-jB activation by small molecules as a therapeutic strat-
egy. Biochim Biophys Acta. 2010;1799:775–787.

20. Liu Y, Mayo MW, Nagji AS, et al. Phosphorylation of RelA/
p65 promotes DNMT-1 recruitment to chromatin and
represses transcription of the tumor metastasis suppressor
gene BRMS1. Oncogene. 2012;31:1143–1154.

21. Liu S, Liu Z, Xie Z, et al. Bortezomib induces DNA hypome-
thylation and silenced gene transcription by interfering with
Sp1/NF-jB–dependent DNAmethyltransferase activity in
acute myeloid leukemia. Blood. 2008;10:2364–2373.

22. Marumo T, Schini-Kerth VB, Fisslthaler B, Busse R. Platelet-
derived growth factor-stimulated superoxide anion produc-
tion modulates activation of transcription factor NF-jB
and expression of monocyte chemoattractant protein 1 in
human aortic smooth muscle cells. Circulation. 1997;96:
2361–2367.

23. Ravaglia G, Forti P, Maioli F, et al. Apolipoprotein E e4 allele
affects risk of hyperhomocysteinemia in the elderly. Am J
Clin Nutr. 2006;84:1473–1480.

24. Tehlivets O. Homocysteine as a risk factor for atheroscle-
rosis: is its conversion to s-adenosyl-L-homocysteine the
key to deregulated lipid metabolism? J Lipids. 2011;2011:
702853.

25. Veeranna V, Zalawadiya SK, Niraj A, et al. Homocysteine
and reclassification of cardiovascular disease risk. J Am
Coll Cardiol. 2011;58:1025–1033.

26. Sahinarslan A, Kocaman SA, Topal S, et al. The relation of
serum monocyte chemoattractant protein-1 level with coro-
nary atherosclerotic burden and collateral degree in stable
coronary artery disease. Turk Kardiyol Dern Ars. 2011;39:
269–275.

27. Liu XL, Zhang PF, Ding SF, et al. Local gene silencing of
monocyte chemoattractant protein-1 prevents vulnerable
plaque disruption in apolipoprotein e-knockout mice. PLoS
One. 2012;7:33497.

28. Tse KP, Tsang NM, Chen KD, et al. MCP-1 promoter poly-
morphism at 2518 is associated with metastasis of nasopha-
ryngeal carcinoma after treatment. Clin Cancer Res. 2007;
13:6320–6326.

29. Liu ZH, Chen LL, Deng XL, et al. Source methylation status
of CpG sites in the MCP-1 promoter is correlated to serum
MCP-1 in type 2 diabetes. J Endocrinol Invest. 2011;3 (ab-
stract).

30. Li XQ, Guo YY, De W. DNA methylation and microRNAs in
cancer. World J Gastroenterol. 2012;18:882–888.

31. Shu S, Mahadeo DC, Liu X, et al. S-adenosylhomocysteine
hydrolase is localized at the front of chemotaxing cells, sug-
gesting a role for transmethylation during migration. Proc
Natl Acad Sci USA. 2006;103:19788–19793.

32. Caudill MA, Wang JC, Melnyk S, et al. Intracellular S-adeno-
sylhomocysteine concentrations predict global DNA hypo-
methylation in tissues of methyl-deficient cystathionine
beta-synthase heterozygous mice. J Nutr. 2001;131:2811–
2818.

33. Li L, Xie J, Zhang M, Wang S. Homocysteine harasses the im-
printing expression of IGF2 and H19 by demethylation of dif-
ferentially methylated region between IGF2/H19 genes. Acta
Biochim Biophys Sin. 2009;41:464–471.

34. Castro R, Rivera I, Martins C, et al. Intracellular S-adenosyl-
homocysteine increased levels are associated with DNA
hypomethylation in HUVEC. J Mol Med. 2005;83:831–836.

35. Bressler J, Shimmin LC, Boerwinkle E, Hixson JE. Global
DNA methylation and risk of subclinical atherosclerosis in
young adults: The Pathobiological Determinants of Athero-
sclerosis in Youth (PDAY) study. Atherosclerosis. 2011;219:
958–962.

126 WANG ET AL.



36. Au-Yeung KK, Woo CW, Sung FL, et al. Hyperhomocystei-
nemia activates nuclear factor-kappaB in endothelial cells
via oxidative stress. Circ Res. 2004;94:28–36.

37. Skurk C, Walsh K. Death receptor induced apoptosis: a new
mechanism of homocysteine-mediated endothelial cell cyto-
toxicity. Hypertension. 2004;43:1168–1170.

38. Suhara T, Fukuo K, Yasuda O, et al. Homocysteine enhances
endothelial apoptosis via upregulation of Fas-mediated path-
ways. Hypertension. 2004;43:1208–1213.

Address correspondence to:
Jun Wei, MMed

General Hospital of Ningxia Medical University
No. 692, Xingqing District

Yinchuan City
Ningxia Hui Autonomous Region Province, 750004

China

E-mail: wjycyx@163.com

HHCY-INDUCED MCP-1 DNA METHYLATION BY NF-jB/DNMT1 127


