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Hyperhomocysteinemia (HHcy) is a risk factor for cardiovas-
cular disease and has a strong correlation with heart failure.
However, the effects of HHcy on cardiac tissue remain less
well understood. To elucidate the role of p53-dependent
apoptosis in HHcy-induced cardiac injury, we fed ApoE2/2

mice with high methionine diet to establish HHcy model.
Serum Hcy, cardiac enzymes, and lipids were measured. The
protein levels of Noxa, DNMT1, caspases-3/9, and p53 were
determined by enzyme-linked immunosorbent assay. Bcl-2
and Bax proteins were detected by immunohistochemistry
staining. S-adenosyl methionine and S-adenosyl homocyst-
eine concentrations were determined by high-performance
liquid chromatography. The mRNA levels of p53 and
DNMT1 were analyzed by real-time polymerase chain reac-
tion (PCR) and the methylation levels of p53 were analyzed
by nested methylation-specific-PCR. Our data showed that
the concentrations of serum Hcy and lipids were increased in
Meth group compared with the N-control group, which indi-
cated that the model was established successfully. The expres-
sion levels of p53 and Noxa were increased in Meth group,
while the methylation status of p53 was hypomethylation.
The activities of caspase-3/9 were increased in Meth group
compared with the N-control group. In addition, immunohis-
tochemistry staining showed that the expression of Bax was
significantly increased in Meth and Meth-F group compared
with the N-control group. In summary, HHcy induces
cardiac injury by up-regulation of p53-dependent pro-apop-
totic related genes Noxa and Bax, while p53 DNA hypo-
methylation is a key molecular mechanism in pathological
process induced by HHcy.
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Introduction

In recent years, many studies have demonstrated that hyper-
homocysteinemia (HHcy) is a risk factor for higher mortal-
ity and poor left ventricular systolic function in patients
following acute myocardial infarction [1]. Numerous
mechanisms have been proposed to explain the pathological
changes of elevated plasma homocysteine (Hcy) level that
is associated with disturbed cardiac substrate metabolism
and mitochondrial dysfunction, as well as adverse cardiac
remodeling with increased myocardial stiffness [2,3].
However, the direct mechanism responsible for cardiac
injury induced by HHcy remains largely unknown.

Cardiac injury is one of the leading causes of morbidity
and mortality worldwide. Cardiac apoptosis is evidently
followed by cardiac injury, which is accompanied with
acute coronary occlusion and ultimately progresses into
heart failure [4]. Previous reports have shown that the
tumor suppressor p53 plays a critical role in cardiac apop-
tosis [5]. p35 is an important transcription factor that regu-
lates apoptosis, cell cycle progression, and cellular
senescence. Under physiological condition, the expression
level of p53 maintains low, but it is elevated when cells are
stressed or damaged. p53 is involved in pro-apoptotic and
anti-apoptotic activities through transcriptional activation of
a large number of target genes, such as Noxa, Bax, Bcl-2,
cytochrome c, as well as caspase genes [6]. Bcl-2 has been
reported to regulate an antioxidant pathway at sites of
free radical generation, which may be crucial in inhibiting
apoptosis [7]. Bax, a member of Bcl-2 family, opposes the
protective effects of Bcl-2 and facilitates apoptosis.
Importantly, the activity of p53 may increase the expression
of Bax and decrease Bcl-2 in cells, promoting apoptosis
[8]. On the other hand, Noxa is a member of pro-apoptotic
BH3-only subfamily in Bcl-2 family and a p53 downstream
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target gene, which is mainly regulated by p53. A previous
research has demonstrated that Noxa promotes apoptosis
via p53-dependent and p53-independent mechanisms,
which plays a prominent role in the formation and treatment
of tumors [9]. Therefore, it is obvious that p53 is a key
target gene that causes cardiac apoptosis. In our previous
study, we found that the mRNA expression of p53 was
decreased in vascular smooth muscle cells treated with
Hcy. But whether Hcy can exert similar direct toxic effects
in p53-dependent manner in cardiomyocytes is unknown,
and the molecular mechanism has not been explored
completely.

Hcy is a sulfhydryl-containing amino acid either derived
from the metabolic demethylation of methionine or
remethylation to methionine, which is subsequently con-
verted to S-adenosyl methionine (SAM) to maintain methyl
group supplied for DNA methylation reactions [10,11].
After transfer of methyl groups to the fifth position of the
cytosine, SAM is converted to S-adenosyl homocysteine
(SAH) [12]. DNA methylation is a major epigenetic factor
regulating genome reprogramming, cell differentiation and
development, and gene expression, which is catalyzed by a
family of DNA methyltransferases (DNMTs) including
DNMT1, DNMT3a, and DNMT3b [13]. Increasing evi-
dence suggested that HHcy is associated with DNA methy-
lation. Our previous report showed that Hcy-mediated
PPARa/g hypermethylation is an important mechanism to
explain the role of DNA methylation in atherosclerosis.
Nevertheless, whether intracellular Hcy accumulation
damages cardiac tissue via its influence on DNA methy-
lated patterns have not yet been fully substantiated.

In this study, we investigated the molecular mechanism
of p53-dependent apoptosis in HHcy-induced cardiac
injury. Furthermore, we aimed to explore the role of p53
DNA methylation and the related genes in cardiac injury
induced by HHcy and to find a useful target for the preven-
tion and treatment of diseases caused by HHcy.

Materials and Methods

Animals and treatments
Male ApoE2/2 mice (6 weeks old) were provided by the
Animal Center of Peking University (Beijing, China). The
mice were housed in a climate-controlled room (248C)
and divided randomly into four groups (n ¼ 12 each group)
and maintained for 15 weeks on the following diets
(KeAoXieLi, Beijing, China): (i) normal control group
(N-control): fed with regular mouse diet in C57BL/6J
mice; (ii) ApoE2/2 mice control group (A-control) : fed
with regular diet in ApoE2/2 mice; (iii) Meth group: fed
with regular diet plus 1.7% methionine (wt/wt) in
ApoE2/2 mice; and (iv) Meth-F group: fed with regular
diet plus 1.7% methionine (wt/wt), 0.006% folate and

0.0004% VitB12 in ApoE2/2 mice. The treatment of the la-
boratory animals and experimental protocol followed the
guidelines of General Hospital of Ningxia Medical
University that was approved by the Institutional Authority
for Laboratory Animal Care. On the morning of the last
day of the diet period, the mice were anesthetized, blood
was collected by cardiac puncture and serum was separated
by centrifugation (1000 g for 10 min at 48C). Then all the
samples were stored at 2808C until further analysis.

Tissue preparation and determination of serum cardiac
enzymes, Hcy, and lipids concentrations in ApoE2/2

mice
After euthanasia by pentobarbital overdose, the heart was
excised and the left ventricle apex was cross-sectioned into
specimens (5 mm). Specimens were fixed in 10% formalin
(Sigma, St Louis, USA) and embedded in paraffin. Paraffin
sections were exhaustively sectioned at 5 mm using a
HHQ-2235 Supercut Microtome (Huahai Sciencetific and
Educational Instruments, Jinhua, China). The sections were
mounted on glass slides, dried on a hotplate at 408C and
incubated at 608C in an oven for 1 day. Sections were then
stained with hematoxylin and eosin. Using a microscope
equipped for projection (BX50F4; Olympus, Tokyo, Japan),
the sections were projected onto a table top at �40 magni-
fication. Serum Hcy and cardiac enzyme [aspartate amino-
transferase (AST), creatine kinase (CK), MB isoenzyme of
creatine kinase (CK-MB), hydroxybutyrate dehydrogenase
(HBDH) and lactate dehydrogenase (LDH)] and lipids
(total cholesterol, triglyceride, high-density lipoprotein, and
low-density lipoprotein) concentrations were measured by
ADVIA 2400 Automatic Biochemistry Analyzer (Siemens,
Munich, Germany).

Detection of caspase-3/9 activities
Caspase-3/9 activities were measured using caspase activity
assay kit (KeyGen, Nanjing, China) according to the manu-
facturer’s instructions. The cardiac tissues (20 mg) were
homogenated in lysis buffer and left on ice for 20 min. The
lysate was centrifuged at 16,000 g at 48C for 30 min.
Supernatants were collected and protein concentrations
were measured with a BCA kit (KeyGen). Caspase-3/9 ac-
tivities were measured by reaction buffer (containing DTT)
and caspase substrate peptides Ac-DEVD-pNA and
Ac-LEHD-pNA, respectively. The release of p-nitroanilide
(pNA) was qualified by determining the absorbance with
Tecan Sunrise (Bio-Rad, California, USA) at 405 nm. The
absorbance was calculated by the formula [ODi/OD0],
where OD0 is the absorbance of control group and ODi

is the absorbance of the other group at the indicated
concentration.
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Immunohistochemistry staining for Bcl-2 and Bax
in the cardiac tissue of ApoE2/2 mice
After antigen retrieval and being washed in phosphate-
buffer saline (PBS) for 3 min, the sections were incubated
with 10% goat serum to block nonspecific binding, and
then overlaid with a 150-dilution of anti-Bcl-2 and anti-Bax
antibodies (Santa Cruz Biotechnology, Santa Cruz, USA)
overnight at 48C. On the second day, the sections were
washed with PBS and incubated at 378C with the appropri-
ate biotinylated secondary antibody for 1 h, after being
washed in PBS. Visualization of antibody binding by DAB
staining was performed using the ABC standard kit (Vector
Laboratories, California, USA) with DAB/H2O2 as sub-
strates according to the manufacturer’s instructions.
Hematoxylin was used for nuclei counterstaining. Bound
antibodies were viewed under an Olympus BX51 micro-
scope. Immunocytochemistry photographs were assessed
by densitometry as described previously [14] and analyzed
using Image Pro-Plus 6.0 software (Media Cybernetics
Company, Silver Spring, USA). The total OD value and
area of intracellular brown staining for each section were
measured.

Determination of p53, DNMT1, and Noxa
by enzyme-linked immunosorbent assay
The cardiac tissues (20 mg) were homogenated in PBS and
then centrifuged at 16,000 g at 48C for 3 min. Supernatants
were harvested and the concentrations of p53, DNMT1, and
Noxa were analyzed by mouse-specific enzyme-linked im-
munosorbent assay (ELISA) kit (Research & Diagnostics
Systems, Minneapolis, USA) according to manufacturer’s
protocols.

Determination of SAM and SAH concentrations
in ApoE2/2 mice
The concentrations of SAM and SAH were determined by
using high-performance liquid chromatography (HPLC)
based on a modification. The SAM and SAH standards
(Sigma) were dissolved in 10% perchloric acid (HClO4)
water solution at a concentration of 1 mg/ml (1.9 mM) and
10 mg/ml (26 mM), then diluted 40 folds with 10% HClO4

solution to the final concentrations. A total of 10 ml of the
mixed SAM and SAH standard solution was injected into
HPLC for preparation of standard curve. The cardiac
tissues (20 mg) were homogenated and mixed thoroughly
in 1 ml of 20% HClO4 solution. Homogenates were placed
at 48C for more than 1 h, and centrifuged at 5000 g for
3 min. The supernatants were filtered through 0.22 mm
membrane and loaded into a C18 column (4.6 mm �
250 mm I.D., 5 mm particle) (Shimadzu, Tokyo, Japan),
then run through a Hitachi L2000 HPLC system (Hitachi,
Tokyo, Japan) connected to an ultraviolet detector.
Absorption of eluted compounds was monitored at 254 nm.

A one-buffer elution system was used: mobile phase con-
tains 0.5 M ammonium formate solution (pH was adjusted
to 4.0 with formic acid). Elution of SAM and SAH was
achieved at a flow rate of 1.0 ml/min with the mobile phase
ammonium formate solution. Chromatograms were
recorded by a D-2000 Elite integrator (Hitachi) and its
quantification was accomplished by automatic peak area in-
tegration. SAM and SAH standards were used to identify
the elution peaks. SAM and SAH values of the tissues were
calculated according to the standard curve.

Real-time polymerase chain reaction analysis of
DNMT1 and p53 mRNA expression in cardiac tissue
Total RNA was extracted from 80 mg cardiac tissue in 1 ml
Trizol (Invitrogen, Carlsbad, USA). RNA was reversed
transcription using RevertidTM first strand cDNA synthesis
kit (Thermo Scientific, Glen Burnie, USA) according to the
manufacturer’s instruction. The cDNA was used for poly-
merase chain reaction (PCR). Each reaction was performed
in triplicate and contained one of the following sets of
primers: (i) DNMT1 forward primer (50-ACTGCGTCTC
GGTCATTC-30) and reverse primer (50-GTCTGTGCC
TCCCTCCAT-30); (ii) p53 forward primer (50-TACAA
GAAGTCACAGCACAT-30) and reverse primer (50-GATA
GGTCGGCGGTTCAT-30); and (iii) GAPDH forward
primer (50-AGAAGGCTGGGGCTCATTTG-30) and
reverse primer (50-AGGGGCCATCCACAGTCTTC-30).
The real-time PCR was performed by using a FTC-3000
real-time PCR detection system (FengLing, Shanghai,
China). Thermo cycle conditions comprised an initial acti-
vation step at 958C for 5 min, followed by a two-step PCR
program of 958C for 15 s, annealing temperatures at 608C
for 30 s for 45 cycles. An amplification curve was obtained
for each real-time PCR. The relative change of DNMT1 and
p53 mRNA expression was determined by the fold change
analysis (N), N ¼ 22DDCt, where Ct ¼ (CtDNMT1/p53 2

CtGAPDH)treatment 2 (Ct DNMT1/p53 2 CtGAPDH)control.

Nested methylation-specific-PCR (nMS-PCR) for p53
methylation assay in the cardiac tissue of ApoE2/2

mice
Genomic DNA was isolated from the cardiac tissues using
the Wizardw Genomic DNA purification kit (Promega,
Madison, USA). An integrated DNA denaturation and
bisulfite conversion processes used one-step by EZ DNA
Methylation-gold kit (ZYMO, Los Angeles, USA).
nMS-PCR consists of two-step PCR amplifications after a
standard sodium bisulfite DNA modification. The first step
was carried out using an outer primer pair: forward (50-GG
TTAGGTTAGGAGGGAGGTTATT-30) and reverse (50-A
AAACCCAAAATTCAAACTACAACT-30). The second
step was carried out with the following PCR primers: (i)
methylation primer: forward (50-GGGAACGAGTGTTT
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AAAGTTAAGC-30) and reverse (50-AAAAAAATACG
AAAAACCTATCGAA-30); (ii) unmethylation primer:
forward (50-GGAATGAGTGTTTAAAGTTAAGTGT-30)
and reverse (50-AAAAAAATACAAAAAACCTATCAAA-30).
PCR products were purified with an agarose gel DNA
fragment recovery kit (Promega) according to the manufac-
turer’s instructions. To reduce mispriming and increase
efficiency, touchdown (TD) PCR was used in the amplifi-
cation. Samples were subjected to 30 cycles in a TD
program (948C for 30 s; 668C for 30 s and 728C for 1 min),
followed by a 0.58C decrease of the annealing temperature
every cycle). After completion of the TD program, 20
cycles were subsequently run (948C for 45 s, 518C for 45 s
and 728C for 45 s), ending with a 5-min extension at 728C.
The PCR products were separated by electrophoresis
through a 2% agarose gel containing ethidium bromide.
DNA bands were visualized by ultraviolet light. And for
simple calculation by the following formula: methylation%
¼ methylation/(methylationþ unmethylation) � 100%.

Statistical analysis
Results are expressed as the mean + standard error of the
mean (SEM). Data were analyzed using one-way analysis
of variance and additional analysis using the Student
Newman–Keuls test for multiple comparisons within treat-
ment groups or t-test for two groups. P , 0.05 was consid-
ered significant.

Results

Levels of serum total Hcy and lipids in ApoE2/2 mice
To confirm whether the HHcy model was established suc-
cessfully, the levels of serum total (tHcy) were examined.
Results showed that serum tHcy was significantly increased
in A-control, Meth, and Meth-F groups, with 1.58-, 3.44-,

and 1.96-fold increase, respectively, compared with the
N-control group, which indicated that a high-methionine
diet can induce HHcy in ApoE2/2 mice (Table 1).
However, the level of serum tHcy in Meth-F group was
lower than that in Meth group (P , 0.01), which indicated
that folate and VitB12 can modulate the effect caused by a
high methionine diet. At the same time, the levels of serum
lipids were detected. Results showed that the levels of
serum lipids in Meth group were significantly increased
compared with those in A-control group (P , 0.01). All
these data indicated that the animal model was successfully
established that would provide a basis for our subsequent
experiments.

Effects of Hcy on cardiac enzymes and caspase-3/9
activities
To elucidate the cardiac injury induced by HHcy, the levels
of some cardiac enzymes, including AST, CK, CK-MB,
HBDH, and LDH in serum, were measured. As shown in
Fig. 1, all these cardiac enzymes in Meth group have sig-
nificant changes compared with the N-control group: AST
down to 1.60 folds; however CK, LDH, and HBDH up to
1.72, 2.48, and 2.12 folds, respectively, compared with
N-control group (P , 0.05, P , 0.01), which indicated that
HHcy might induce the most severe cardiac injury.
Compared with the Meth group, CK and CK-MB were
decreased by 55.8% and 42.8%, respectively, in the Meth-F
group (P , 0.05), which suggested that the folate and
VitB12 relieved cardiac injury caused by HHcy.

The activity of caspase-3 has been shown to be essential
in the process of Hcy-induced apoptosis [15], which is acti-
vated by an initiator caspase such as caspase-9, with its loss
blocking effector caspase activation. These activated
caspases cleave many cellular substrates, ultimately leading
to apoptosis [16], so we assayed the activities of caspase-3/
9. Results showed that the activity of caspase-9 in

Table 1 Serum tHcy and lipid levels in ApoE2/2 mice

Group tHcy (mM) TC (mM) TG (mM) HDL (mM) LDL (mM)

N-Control 6.50+0.21 2.01+ 0.10 0.33+0.08 1.25+0.07 0.42+ 0.01

A-Control 10.25+0.86* 12.81+ 1.34** 0.81+0.09 0.62+0.06** 0.76+ 0.09

Meth 22.34+1.55**,## 23.44+ 1.47**,## 1.98+0.44**,## 0.45+0.03**,# 1.60+ 0.29**,##

Meth-F 12.71+1.81**,DD 18.98+ 0.80**,DD 1.62+0.25** 0.61+0.02**,D 1.05+ 0.05*,D

Values are expressed as the mean + SEM. n ¼ 12.

tHcy, total homocysteine; TC, total cholesterol; TG: triglyceride; HDL: high-density lipoprotein; LDL: low-density lipoprotein.

*P , 0.05.

**P , 0.01 vs. N-control group.
#P , 0.05.
##P , 0.01 vs. A-control group.
DP , 0.05.
DDP , 0.01 vs. Meth group.
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experimental groups up to 1.26, 1.47, and 1.13 folds, re-
spectively, compared with N-control group (P , 0.05, ,

0.01) [Fig. 2(B)]. However, the activity of caspase-3
increased by 50.1% in Meth group compared with
N-control group (P , 0.01); meanwhile, the activities of
caspase-3 in the A-control group and the Meth-F group
were increased by 12.0% and 20.0% respectively, compared

with N-control group [Fig. 2(A)]. These findings further
confirmed that HHcy can enhance cardiomyocyte apop-
tosis, and then lead to cardiac injury.

Hcy induced the expression levels of p53, Bcl-2, Bax
and Noxa
p53 is the most prominent tumor suppressor, and several
key pro-apoptotic genes are regulated by p53, such as
Noxa, Bax, Bcl-2, cytochrome c and caspase genes. To
understand whether Hcy regulates p53 via Bcl-2 and Bax
expressions in cardiac injury, the expression levels of p53,
Bcl-2, Bax and Noxa were examined. As shown in
Fig. 3(A,B), the intensity of Bcl-2 expression had no
obvious change in all groups. In addition, immunohisto-
chemistry staining for Bax of the cardiac tissues from Meth
and Meth-F groups indicated that the densitometry was
increased significantly compared with the N-control
[Fig. 3(C,D); P , 0.01)]. On the other hand, compared
with N-control group, the Bax/Bcl-2 ratio in Meth group
was increased by 1.27 folds [Fig. 3(E); P , 0.01] and
1.19 folds compared with A-control group in Meth group
[Fig. 3(E); P , 0.05]. These findings suggested that HHcy
induced apoptosis and might be involved in the regulation
of the mitochondrion-mediated apoptosis pathway.

Noxa is a pro-apoptotic BH3-only member of the Bcl-2
family that is up-regulated at a transcriptional level by p53
in response to cellular stresses such as DNA damage or
growth factor deprivation [17]. It can interact with
anti-apoptotic members of the Bcl-2 family and cause
release of cytochrome c into the cytosol, leading to the acti-
vation of caspases and induction of apoptosis [18].
Therefore, ELISA was used to measure the expression
levels of p53 and Noxa. The expression levels of p53 in
Meth and Meth-F groups were much higher than that in the
N-control group, up to 1.57 and 1.44 folds, respectively, in-
dicating that HHcy promoted the expression of p53 in
ApoE2/2 mice. Meanwhile, folate and VitB12 alleviated
this effect [Fig. 4(A)]. The mRNA levels of p53 in the
cardiac tissue were subsequently analyzed [Fig. 4(B,C)]. In
addition, to assess whether the induction of Noxa is essen-
tial for p53-dependent apoptosis, we evaluated the expres-
sion level of Noxa. Our results showed that it was increased
in Meth and Meth-F groups, up to 1.25 and 1.20 folds, re-
spectively, compared with N-control group (P , 0.01)
[Fig. 4(D)]. These results suggested that HHcy can induce
cardiac injury by up-regulation of p53-dependent
pro-apoptotic-related genes Noxa and Bax, but not anti-
apoptotic Bcl-2.

The methylation status of p53 and the mechanisms
of methylation in ApoE2/2 mice
DNA methylation plays a key role in genomic imprinting
and CpG islands are found in the promoter region of p53,

Figure 1 The levels of serum cardiac enzymes after 15 weeks diet
treatment of the ApoE2/2 mice, the cardiac enzymes (AST, CK,
CK-MB, HBDH, and LDH) were measured Data are presented as the

mean + SEM. *P , 0.05, **P , 0.01 vs. N-control group, DP , 0.05 vs.

Meth group. n ¼ 12.

Figure 2 The activities of caspase-3 and -9 in ApoE2/2 mice (A)

The activity of caspase-3 in ApoE2/2 mice. (B) The activity of caspase-9

activity in ApoE2/2 mice. Data are presented as the mean + SEM.

*P , 0.05, **P , 0.01 vs. N-control group. n ¼ 12.
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so we analyzed the p53 DNA methylation. As depicted in
Fig. 5, the methylation levels of p53 in A-control group
and Meth group significantly increased by 14.30% and
8.32%, respectively (P , 0.05, P , 0.01), compared with
the N-control group, while the methylation levels of p53 in
Meth group decreased by 5.21% compared with the

A-control group (P , 0.05). These data indicated that Hcy
inhibited the p53 DNA methylation (Fig. 5).

DNMT1 is classically known for its function as a main-
tenance methyltransferase [19]. To verify the role of
DNMT1 in HHcy-induced p53 hypomethylation, the activ-
ity of DNMT1 was analyzed by ELISA. The activity of

Figure 3 The expression levels of Bcl-2 and Bax in ApoE2/2 mice (A) The immuno- histochemistry staining graph of Bcl-2. (B) The expression of

Bcl-2. (C) The immunohistochemistry staining graph of Bax in ApoE2/2 mice. (D) The expression of Bax in ApoE2/2 mice. The cardiac tissues were

isolated from ApoE2/2 mice, and the tissues were collected and processed for immunohistochemical analysis. Immunohistochemistry showed brown

staining in four groups. Immunocytochemistry photographs were assessed by densitometry and analyzed using Image Pro-Plus 6.0 software. The total OD

value and area of intracellular brown staining for each section were measured. Pictures depict typical pattern of staining (original magnification: �200).

(E) The ratio of Bax/Bcl-2 in ApoE2/2 mice. Values are expressed as the mean + SEM. **P , 0.01 vs. N-control group. #P , 0.05: Meth vs. A-control.

n ¼ 12.
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DNMT1 was increased to 14.19%, 15.88%, and 2.11%
compared with the N-control group [Fig. 6(A)]. These
results suggested that DNMT1 played a crucial role in p53
DNA hypomethylation that caused by HHcy.

SAM and SAH are important intermediates in the trans-
methylation process [20]. To illustrate the mechanism of
HHcy-induced p53 DNA hypomethylation in ApoE2/2

mice, the concentrations of SAM and SAH were detected
by HPLC [Fig. 6(B,C)]. The levels of SAM and SAM/
SAH ratio increased significantly in A-control group, up to
1.43 and 1.37 folds, respectively (P , 0.05, P , 0.01),
compared with the N-control group. However, the level of
SAM in Meth group decreased by 2.51% compared with
A-control group (P , 0.05). The levels of SAM, SAH,
and the ratio of SAM/SAH may act together on the patho-
genesis of aberrant DNA methylation.

Discussion

In this study, we aimed to elucidate the molecular mechan-
ism of cardiac injury induced by HHcy and to determine
the functional role of p53 DNA methylation. Results indi-
cated that p53 was activated in HHcy-induced cardiac
injury. The stimulation of p53 was accompanied with
up-regulation of Noxa, the enhanced expression of Bax and
caspase-dependent apoptosis in cardiomyocytes, which sug-
gested that Noxa and Bax played dominant roles in

HHcy-induced cardiac injury. We further investigated its
molecular mechanisms and found that p53 DNA hypo-
methylation was associated with increased DNMT1 activity
and decreased SAM and SAM/SAH ratio in response to
cardiac injury induced by HHcy.

First, the ApoE2/2 mice has higher success rate of repli-
cation HHcy model than normal mice, so we chose
ApoE2/2 mice to establish the HHcy model to elucidate
the molecular mechanism of HHcy-induced cardiac injury.
Results showed that serum tHcy was significantly increased
3.44 folds in Meth group compared with N-control group,
and a moderate increase of lipids levels in each experimen-
tal group, especially in the Meth group. These results are
consistent with the report that Hcy can interfere with lipids
metabolism [21]. Therefore, results indicated the HHcy
model was established successfully.

Second, previous studies have shown that apoptosis has
been frequently reported in endothelial cells, contributing to
the proatherogenic effects of Hcy [22]. In this study, we
examined the expression levels of some cardiac enzymes and
apoptosis-related genes. On one hand, the levels of cardiac
enzymes were significantly increased in Meth group com-
pared with the N-control group. It has been demonstrated that
cardiac enzymes above are widely present in the cytoplasm
of cardiomyocytes, and elevation of these enzymes are reli-
able indicators of cardiac injury [23,24]. On the other hand, it
was demonstrated that cell apoptosis was caspase-dependent,

Figure 4 Hcy induced p53 and Noxa expression in ApoE2/2 mice (A) The levels of p53 were analyzed by ELISA. (B) The representative graph of

p53 real-time PCR. (C) The expression of p53 mRNA detected by real-time PCR. (D) The activities of Noxa were analyzed by ELISA. Data are presented

as the mean + SEM. *P , 0.05, **P , 0.01 vs. N-control group. n ¼ 12.
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and was executed mainly by intrinsic mitochondria-
dependent pathway [25]. It has been confirmed that the cyto-
chrome c and caspase-9 are the primary signaling molecules
in mitochondria pathway. Caspase-3 is the final effector mol-
ecule of cell apoptosis, and known as the most athletic ability
of apoptosis effector molecule. Activation of caspase-3
depends on the activation of caspase-9, which is regulated by
Bcl-2 family. The apoptosis-inducing effect is dependent
more on the balance of Bcl-2 and Bax than on Bcl-2 quantity
alone [26]. The ratio of Bax and Bcl-2 protein expression is
an indicator for apoptosis. We observed a remarkable
up-regulation of the expression of Bax protein and a slight
decrease of the Bcl-2 protein, leading to an increase of the
Bax/Bcl-2 ratio in ApoE2/2 mice. Our results showed that
the levels of cardiac enzymes and the activities of caspase-9/
3 are all significantly increased, suggesting that HHcy leads
to cardiac apoptosis.

Third, on the basis of observations in vitro, the enhanced
expression and activation of p53 may be sufficient to initiate
cardiomyocyte apoptosis. p53 up-regulates the transcription
of Bax and attenuates the induction of Bcl-2, which

facilitates apoptosis [27]. However, our data showed
that HHcy induced cardiac apoptosis by promoting the ex-
pression of Bax. A previous report suggested that p53 might
up-regulate the myocyte renin-angiotensin system, in com-
bination with a decrease the Bcl-2/Bax, leading to cardio-
myocyte death [28]. Because of the promoter of Bax
containing one perfect and three imperfect consensus
binding sites for p53, the activation of p53 may stimulate
the Bax gene. As a study reported that Hcy increased the ex-
pression of p53 and its transactivated gene Noxa, leading to
cytochrome c release and caspase-9/3 activation in
HUVECs [29]. It has also been demonstrated that Hcy
induced apoptosis by increasing p53-dependent Noxa ex-
pression in mouse endothelial cells [30]. We also found that
Hcy significantly increased the expression levels of p53 and
Noxa. Therefore, our results suggested that HHcy induced
cardiac apoptosis by up-regulation of p53-dependent
pro-apoptotic related genes Noxa and Bax expression, but
not anti-apoptotic Bcl-2, which provided a new insight for
the molecular mechanism in the pathogenesis of
HHcy-induced cardiac apoptosis.

Furthermore, to further investigate the mechanisms of
p53-dependent up-regulation of Noxa and Bax expressions.
Our study revealed that p53 DNA hypomethylation induced
by HHcy is a key molecular mechanism. And some
researches of DNA hypomethylation unveiled the dominant
role of DNMT1 which displayed obvious up-regulation of
mRNA and increased activity [31]. Our results showed that
the activity of p53 was increased, which was consistent with
the survey above. However, the activity of DNMT1 was
increased, which contradicted with p53 DNA hypomethyla-
tion. It has been reported that DNA methylation inhibits
gene expression either by directly interfering with transcrip-
tion factor binding to DNA [32] or by the recruitment of
methyl CpG binding proteins (MBDs), which complex with
co-repressor(s) and histone modification enzymes. MeCP2,
a member of the MBDs, binds methylated DNA and serves
as a transcriptional repressor [33]. It was indicated that p53
DNA hypomethylation might be regulated by MeCP2 and
histone acetylation or influenced each other by combinating
different factors. These hypotheses are worth to be further
studied. Our data showed that Hcy decreased SAM and
SAM/SAH ratio in the Meth group. Since SAM is the major
methyl group donor, while SAH is a potent inhibitor of cel-
lular transmethylation reaction. A reasonable deduction was
that the hypomethylation was a passive process due to the
decrease of SAM and SAM/SAH ratio.

Finally, the supplement of folate and VitB12 demon-
strated mild ameliorative effects against the deteriorative
roles of high methionine diet. Hcy remethylation to methio-
nine is an essential metabolism route, which is catalyzed by
methionine synthase (MTR) [34]. The MTR requires
5-methyl tetrahydrofolate (5-MTHF) as a methyl donor and

Figure 5 The methylation level of p53 detected by nMS-PCR (A)

Photomicrographs and analyses of the p53 DNA methylation levels. (B)

Statistical analysis of p53 DNA methylation. M: amplified band by

methylation-specific primer. U: amplified band by unmethylation-specific

primer. Values are expressed as mean + SEM. *P , 0.05, **P , 0.01

vs. N-control group. #P , 0.05: Meth vs. A-control group. n ¼ 12.
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VitB12 as a cofactor. An accumulating body of evidence
over the past decades suggested that folate may play a sig-
nificant modulatory role in the development and prevention
of several malignancies. Researchers observed a strong de-
crease in risk on Hcy-lowering therapy with folate in vascu-
lar disease of inborn errors of Hcy metabolism [35].
Therefore, addition of folate and VitB12 may influence the
metabolism of Hcy, and then disturb the methylation of
p53 and the expressions of related genes.

In this study, the data provide new insight for the molecu-
lar mechanism by which p53-dependent up-regulation of
pro-apoptotic related genes Noxa and Bax expressions, which
play dominant roles in the pathogenesis of HHcy-induced
cardiac apoptosis, and then enhanced cardiac injury. We also
showed that p53 DNA hypomethylation is a key molecular
mechanism in pathological process induced by HHcy. Thus,
regulation of DNA methylation may possess therapeutic po-
tential in cardiac injury that is induced by HHcy.
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