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Background. Aldehyde dehydrogenase 2 (ALDH2) plays a crucial role in myocardial protection against ischemia. Downregulation
of ALDH2 was evidenced after myocardial infarction and the underlying mechanism is not fully understood. DNA methylation
can regulate gene transcription in epigenetic level. We thus hypothesized that DNA methylation may affect ALDH2 expression
in myocardial infarction (MI). Methods. MI was induced in Sprague-Dawley rats. MI border zone tissues were harvested at 1st
week, 2nd week, and 3rd week after MI. Bisulfite sequencing PCR (BSP) was performed to detect the methylation levels of ALDH2
core promoter. Sequenom MassARRAY platform (MassARRAY) was used to examine the methylation levels of ALDH2 promoter
upstream sequence. ALDH2 protein and mRNA expression were assayed by Western blot and real-time PCR, respectively. Results.
Comparedwith Sham group, ALDH2 protein andmRNAexpression ofMI groupswas significantly downregulated. Comparedwith
Sham group, DNAmethylation level of CpG sites in ALDH2 promoter upstream sequence was significantly higher in MI groups in
a time-dependent manner (CpG1, CpG2, and CpG7, 𝑃 < 0.01). DNA methylation did not affect ALDH2 core promoter sequence
during the progress ofMI. No significant difference was detected inDNAmethylation level of ALDH2 promoter upstream sequence
amongMI groups. Conclusion. Aberrant hypermethylation of CpG sites in ALDH2 promoter upstream sequence is associated with
myocardial ischemia injury and may partly result in ALDH2 downregulation after MI.

1. Introduction

Previous study shows aldehyde dehydrogenase 2 (ALDH2)
plays a critical role inmyocardial protection against ischemia,
and down-regulation of ALDH2 expression is associatedwith
exacerbated myocardial ischemia injury [1]. Furthermore,
enhanced activation of ALDH2 could ameliorate myocar-
dial ischemia injury in rats with experiment myocardial
infarction (MI) [2]. The underlying mechanisms for the
protective effects of ALDH2 against ischemia are multi-
ple, such as decreasing toxic aldehydes accumulation [1],
enhancing autophagy via AMPK-and Akt/mTOR signal [3],

promoting apoptosis by MAPK-ERK1/2-JNK-p38 pathway
[4] and modulating ER stress [5]. Our previous study
demonstratedALDH2 ofmyocardial cells decreased afterMI,
both in transcription and translation level [6]. However, the
underlyingmechanisms ofALDH2 reduction postMI remain
largely unknown, moreover, there is no study focusing on
upstream regulation of ALDH2 at transcription level.

In the light of the epigenetic theory [7], DNAmethylation
can regulate gene transcription by adding methyl groups to
cytosine residues into DNA sequences [8–10]. DNA methy-
lation can induce repression of gene transcription, physically
preventing transcription factor binding and reducing access
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Table 1: Primer sequences, product length, and CpG units used for BSP.

Primer
number Forward primer (5-3) Reverse primer (5-3) Product

length (bp) CpG unit

M1 GTGAGTTGGGTAGGGATGGA CRTCTTCCCCTACCCATATAACC 101 9
M2 GGGATAAAGAGGATTGTTTAGGATA ATACCAACCCCCAACCAAC 139 19
M3 GTTGGTTGGGGGTTGGTAT CCRTATCTCTACCTCCCATTAATAACC 177 20
M4 GAGTAATYGGYGATTGTAGTTTTGTAGA ATCCCCATATTCTACAAACTCCATCTC 105 10

to gene regulatory regions [11, 12].There are reports indicating
DNA methylation involvement in myocardial protection
against ischemia by affecting the transcription level of specific
genes [13]; we, hence, hypothesized that DNA methylation
level of ALDH2 gene may affect its transcription or be
involved in myocardial protection in the setting of MI.

2. Methods

2.1.MIModel and StudyGroups. Adultmale Sprague-Dawley
rats weighing 240–250 g were purchased from Shanghai Ani-
mal Administration Center. MI was produced by left anterior
descending (LAD) artery ligation as described previously
[14]. Success of MI was proved by echocardiography on the
7th day after surgery. Animal experimental protocols were
operated on according to the guidelines of “The Guide for
the Care and Use of Laboratory Animals” and were approved
by the Animal Care and Use Committee of Fudan University
Academy Press (NIH Publication number 85-23, revised
1996).

Experimental rats were randomized into 4 groups, which
included one Sham group and three MI experiment groups.
Each MI group contained 5 successfully LAD ligations with
reduced ejection fraction (<40%) and myocardial tissue
was harvested at 1 week, 2 weeks, and 3 weeks after MI,
respectively.

2.2. DNA Extraction. Genomic DNA was extracted from the
infarction border using a QIA amp DNAMini Kit according
to manufacturer’s instructions (Qiagen, Hilden, Germany),
and myocardial tissue in the same region of Sham group
was also obtained for DNA extraction. The concentration
and purity of the DNA were determined by absorbances at
260 and 280 nm by NanoDropTM 1000 spectrophotometer
(Thermo Scientific, Wilmington, USA).

2.3. DNA Sodium Bisulfite Conversion. Sodium bisulfite
modification for the extracted DNA was performed using
an EZ DNA Methylation KitTM according to manufacturer’s
instructions (Zymo Research, Orange, CA, USA). Sequenc-
ing results confirmed that more than 99.0% of cytosine
residues were converted. The bisulfite-converted DNA was
resuspended in 10 𝜇L elution buffer and stored at −80∘C for
BSP and MassARRAY.

2.4. Bisulfite Sequencing PCR for ALDH2 Core Promoter.
CpG and CpG islands of ALDH2 core promoter BSP

were determined with online software (http://emboss.bioin-
formatics.nl/cgi-bin/emboss/cpgplot); primers of ALDH2
core promoter were designed with Primer software Methyl
Primer Express v1.0.exe and the primers were shown in
Table 1.

A 20𝜇L mixture was prepared for each reaction and
included 1x HotStarTaq buffer, 2.0mMMg2+, 0.2mM dNTP,
0.2 𝜇M of each primer, 1U HotStarTaq polymerase (Qiagen
Inc.), and 1 𝜇L template DNA.The cycling program was 95∘C
for 15min: 11 cycles of 94∘C for 20 s, 62∘C–0.5∘C per cycle for
40 s, and 72∘C for 1min; 24 cycles of 94∘C for 20 s, 56∘C for
30 s, and 72∘C for 1min, and then 72∘C for 2min. PCR
products were purified by adding 1U SAP and 6U Exo I per
8U PCR products. The mixtures were incubated at 37∘C for
60min, followed by incubation at 70∘C for 10mins.

Sequencing reaction were performed in reaction mixture
including 2 𝜇L BigDye3.1 mix, 2 𝜇L sequencing primer (0.4
𝜇M), and 1-2 𝜇L purified PCR product, and sequencing pri-
mers are GTGAGTTGGGTAGGGATGGA(ALDH2-MF1),
GGGATAAAGAGGATTGTTTAGGATA(ALDH2-MF2),
CCRTATCTCTACCTCCCATTAATAACC(ALDH2-MF3),
and ATCCCCATATTCTACAAACTCCATCTC(ALDH2-
MF4). All of sequencing primers were designed with Meth-
Primer software. The cycling program was 96∘C for 1min: 28
cycles of 96∘C for 10 s, 50∘C for 5 s, and 60∘C for 4min.

Final results were evaluated in ABI3130XL sequencer.

2.5. MassARRAY Quantitative Methylation Analysis. The Se-
quenomMassARRAY platform was used for the quantitative
methylation analysis of the upstream sequence of ALDH2
gene promoter. The methylation status of a detected pat-
tern was then analyzed using Epityper software version 1.0
(Sequenom, San Diego, CA, USA). The promoter regions of
the upstream sequence were chosen according to the website:
http://genome.ucsc.edu. PCR primers used in this system
(Table 2) were designed using predict software (Methyl
Primer Express v1.0.exe).

The procedures and reaction systemwere reported before
[15]. The region analyzed and the CpG sites of the upstream
sequence are shown in Figure 2 and Table 3. The same
experimentswere repeated in triplicate.Themethylation level
was presented as the ratio of methylated cytosines over the
total number of methylated and unmethylated cytosines.

2.6. Western Blot Analysis. Western blot was carried out
as described previously [16]. Infarction border myocardial
tissue samples were harvested forWestern blot. Anti-ALDH2
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Table 2: Primer sequences, product length, and CpG units used for MassARRAY.

Primer
number Forward primer (5-3)1 Reverse primer (5-3)2 Product

length (bp) CpG unit

SQ1 TTAAGGATTTGTTTGTATTTAATTGG CAAACAATACCACAATTTATATCTTTTA 416 6
SQ2 AGATTTGGAGAGATGGTTTAGTGGT ACCCATTTCCTACAAAAAAATATCC 498 10
SQ3 TTAAAAGATATAAATTGGGGTTGGG ACCAACAAAACCCCTCTAAATAAAC 349 9
1For 10-mer tag, CAGTAATACGACTCACTATAGGGAGAAGG was added and 2for T7 promoter tag AGGAAGAGAG was added.

Table 3: Upstream sequence of ALDH2 core promoter in detail.

AGACCTGGAGAGATGGCTCAGTGGTTAAGAGCACCGACTGCTCTTCCAGAGGTCCTGAGTTCAAATCCCAG
0

CAGGTTCACAACCATTTGTAATGAGATCTGATGCCCTCCTCTGGTATGTCTGAAGACAGCTACAGTGTACTTAT

ATATAACAATAAATAAAATTAAAAAAAAAAAAAGCAGTAGACATCCCGTGAGTTAGTGGCTCTTCCTCTGTGA
1

ATTAGTAAGTCAAAAGACACAAACTGGGGTTGGGGATTTAGCTCAGTGGTAGAGCGCTTGCCTAGGAAGC
2 3

GCAAGGCCCTGGGTTCGGTCCCCAGCTCCGGGAAAAAAAAAAAAAAAAAAGAACCAAAAGACACAAACT
4 5

GTGGCATTGTTTGTAATCACACAAGATTGGAAGCCACCTTAAATGTCACCCACAGAACTTTCTTTAAATGGG

AATGCACAGGTAGCGAACGAAACAGCGAGTAAACCAGTGAACGGGGACACCTTCCTGCAGGAAATGGGT
6 7

The valid CpG sites are written in bold, while invalid CpG sites are written in italic. Valid CpG sites are numbered.

antibody (1 : 500) was purchased from Santa Cruz Biotech-
nology Inc.

2.7. Total RNA Preparation and Real-Time PCR of ALDH2.
Total RNA was extracted from the infarction border zone
using reverse transcription and real-timePCRwas performed
according to the manufacturer’s protocol of PrimeScriptTM
RT reagent kit and SYBR Premix Ex TaqTM kit (TaKaRa).
Real-time quantification was applied in Bio-Rad IQ5 real-
time PCR machine. Relative expression of ALDH2 gene was
calculated by using 2−ΔΔCt method. Primers are the same as
described previously [6].

2.8. Global Methylation Level of Myocardial Cell. Global
methylation level of myocardial cell was examined with
Methylated DNA quantification kit (purchased from Epigen-
tek). All steps were followed according to the protocol of kit.

2.9. Inhibiting DNA Methyltransferase by Decitabine. Adult
male Sprague-Dawley rats were administered intraperitoneal
DNA methyltransferase (DNMT) inhibitor, Decitabine
(DAC), by 1mg/kg once a day for 7 days. Myocardial infar-
ction model procedure was performed on half of rats
intervened byDACwhich is DAC+MI group, while the group
with only DAC intervention is DAC group. Heart tissues
of both groups were harvested seven days after myocardial
infarction model procedure. Global DNA methylation level
and ALDH2 upstream target sequence methylation level

were examined with Methylated DNA quantification Kit
and MassARRAY, respectively, and expressions of related
proteins were determined with Western blot.

2.10. Statistical Analysis. Data were analyzed usingGraphPad
Prism (version 5.0; GraphPad Software Inc., San Diego, CA,
US) and SPSS (version 15.0; SPSS Inc., Chicago, IL, US).
ANOVA with post-hoc test was performed to compare the
methylation levels betweenMI and Shamgroups andbetween
different MI groups.

2.11. Bioinformatics. The transcription factor binding ele-
ments were predicted using the knownDNA-binding profiles
(JASPAR, http://jaspar.genereg.net/) at the position of poly-
morphic sites (Primary profile similarity is up to 80%).

3. Results

3.1. Decreased ALDH2 Protein and mRNA Expression in
Infarction Border Zone after MI. ALDH2 protein expression
result and real-time PCR result are shown in Figures 3(a)
and 3(b), respectively. ALDH2 protein andmRNA expression
on infarction border zone was significantly and similarly
decreased at 1 week, 2 weeks, and 3 weeks after MI (all 𝑃 <
0.05 versus Sham).

3.2. DNA Methylation in ALDH2 Core Promoter Region. The
sequence of CpG sites in ALDH2 core promoter was shown
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TTAG G G AG CCAG G G TCG CG CCCCTTAG G CCG TTG G G G G CTG G AG TTCCTCG G CTACG TCCCCG TATCTCTG

CCTCCCATTG G TG G CCG CG G G G G G CG G AG G CTAG G ACTCG TTCTACAAG G CTG CAG TCG CCG G TTG CTCC

G CTAG G CTCCTCTCTG CTCG G TTCG G CTCG CCCTG CTCAG CTCTG CTCAG TTCTG CTAAG CTCCG CTCAG TTC

AG CATG CTG CG CG CCG CACTCAG CACCG CCCG CCG TG G G CCACG CCTG AG CCG CCTG CTG TCCG CCG CCG C

CACCAG CG CG G TG CCAG CCCCCAACCAG CAG CCCG AG G TCTTCTG CAACCAG G TG AG ACTCG CG G CCG CC

TCG CTCTG G CACCAG G G CG G G ACG G AG CCAG G G CG ACG CG G CCTCAG TTTCCCCTCCG CG TCCCG CG ATC

TTTG CG CG CG TCTTCCCCTG CCCATG TG G CCG CACCG TG TCG CCTCCCTG TCCTG G ACAG TCCTCTTTATCCC

G CATCG ATG CAG CCG G CTTCTG CCCCG CG CG G TCCTCTG G G TTCACG CAG AAG G CCCTTCCG TCCCAG TCTC

TG CG AG�
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5
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Figure 1: ALDH2 core promoter sequence. (a) ALDH2 core promoter sequence. (b) CpG distribution of ALDH2 core promoter was analyzed
inMethyl Primer Express; red pillar stands for CpG sites and bar underlying represents CpG island (criteria: up to 200 bp, andGC percentage:
up to 50%).
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Figure 2: Upstream sequence of ALDH2 core promoter. (a) The chart is the analysis result of Methyl Primer Express; red pillars stand for
CpG sites, and bar underlying highlights CpG high density region; (b) another analysis in the same region; blue dots represent valid CpG
sites while red dots are invalid which cannot be detected in MassARRAY. Valid dots were numbered.

in Figure 1, and 58 valid CpG sites were detected in BSP
(Table 3), which covered all possible CpG sites in ALDH2
core promoter region. Furthermore, this region was qualified
as CpG island (criteria: up to 200 bp, and GC percentage: up
to 50%). Our results showed that the baseline methylation
levels of all CpG sites in ALDH2 core promoter were at level
0 (Table 4, DNA methylation level standard: level 0 is no
methylation, level 1 is 1∼33%, level 2 is 33%∼67%, level 3 is
68%∼99%, and level 4 is 100%) in all 4 examined groups,
and the BPS result indicated CpG sites of rat ALDH2 core
promoter were not affected by DNA methylation; therefore,
MI did not trigger the alteration of DNA methylation in
ALDH2 core promoter region.

3.3. Aberrant DNA Methylation Level in Upstream Sequence
of ALDH2 Promoter after MI. To maintain the homogenous
characteristic of tissue between BSP and MassARRAY, tissue

samples from the same myocardial region were used to
examine the methylation level of upstream sequence of
ALDH2 core promoter. A 500 to 600 bp length region of
DNA sequence was targeted, which existed in upstream
direction of ALDH2 promoter and was 763 bp distant from
rat ALDH2 core promoter. Valid CpG sites were numbered
and methylation level was detected in this region with SQ2
primer.

The mean methylation levels of seven CpG sites varied
across different CpG units, ranging from 21.2% to 69.0%
(Figure 4). SQ2 primerMassARRAY analysis suggested there
were statistical differences in DNAmethylation level between
Sham group andMI groups at CpG1, CpG2, CpG3, and CpG7
(𝑃 < 0.01, Figure 4). No significant difference was detected
betweenMI groups in CpG2, CpG4, CpG5, CpG6, and CpG7
(𝑃 > 0.1), but, compared with the other two MI groups, 1-
week MI groups showed a higher DNA methylation level of
at CpG 1 and CpG 3 sites (Figure 4, 𝑃 < 0.05 versus 1 week),
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Figure 3: Result and analysis chart of Western blot and real-time PCR. (a) Protein level of ALDH2 was determined by Western blot. (b)
mRNA of ALDH2 was determined by real-time PCR. ∗𝑃 < 0.05 versus Sham.
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Figure 4:Methylation level in the upstream of ALDH2 core promoter. CpG numbers are described in Table 3. SQ2 is chosen as primer, which
is described in Table 2. ∗𝑃 < 0.01 versus Sham, ∗∗𝑃 < 0.05 versus 1st MI group.

and no difference was detected between 2-week and 3-week
MI groups (Figure 4, 𝑃 > 0.05).

3.4. Verification of Methylation Level in ALDH2 Promoter
Upstream Sequence. Further MassARRAY evaluation and
verification were performed with SQ1 and SQ3 primers,
which contained part of valid CpG sites of SQ2 primer,
respectively (Table 2). SQ1 primer analysis showed there were
no significant differences among MI groups at all 5 CpG sites
(Figure 5, 𝑃 > 0.05), whereas the difference still existed at

CpG1 and CpG2 between Sham and MI groups (Figure 5,
𝑃 < 0.01 versus Sham).

SQ3 primer results were similar among MI groups
(Figure 5, 𝑃 > 0.05). CpG2 and CpG7 methylation level
differences were still maintained as shown in SQ2 and
SQ1 (Figure 5, 𝑃 < 0.01 versus Sham). No difference of
methylation level was found at CpG4 and CpG5 in SQ3
(Figure 5, 𝑃 > 0.05 versus Sham).

Taken together, hypermethylation was evidenced at
CpG1, CpG2, and CpG7 in infarction border zone. It indi-
cated that SOX10 (SRY-related HMG-box 10, SRY for sex
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Figure 5: Two more pairs of primer for verification of upstream sequence. (a) SQ1 Primer and SQ1 MassARRAY result. (b) SQ3 primer
MassARRAY result. Both (a) and (b) are performed according to Table 2 primer pattern, and CpG numbers are showed in Table 3. ∗𝑃 < 0.01
versus Sham.
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Figure 6: Global methylation level of myocardial cell. (a) Global methylation level of myocardial cell decreased after the intervention of DAC
(∗𝑃 < 0.05). (b) No significant difference of DNA methylation level was detected between Sham and MI groups.

determining region Y) was the most possible TF binding to
target sequence (Table 5).

3.5. Global Methylation Level Was Decreased by DAC. DNA
global methylation level of myocardial cells from the infarc-
tion border was significantly reduced after intervention of
DAC (Figure 6(a), 𝑃 < 0.05) while, in the groups with-
out DAC intervention, no significant difference of DNA

methylation level was detected between Sham andMI groups
(Figure 6(b)).

3.6. DAC Intervention Reduced DNA Methylation Level of
Target Upstream Sequence and Related Proteins Expression.
MassARRAY analysis was performed in target upstream
sequence with primer SQ1 for DAC group and DAC+MI
group. Western blot of related proteins, including DNMT1
and ALDH2, was performed.
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Table 4: BSP analysis of DNA methylation level of CpG sites in ALDH2 core promoter.

(a) M1

CpG number 1 2 3 4 5 6 7 8 9
A1 0 0 0 0 0 0 0 0 0
A2 0 0 0 0 0 0 0 0 0
A3 0 0 0 0 0 0 0 0 0
A4 0 0 0 0 0 0 0 0 0
A5 0 0 0 0 0 0 0 0 0
B1 0 0 0 0 0 0 0 0 0
B2 0 0 0 0 0 0 0 0 0
B3 0 0 0 0 0 0 0 0 0
B4 0 0 0 0 0 0 0 0 0
B5 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 0 0 0 0 0
C2 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 0 0 0
C4 0 0 0 0 0 0 0 0 0
C5 0 0 0 0 0 0 0 0 0
Sh1 0 0 0 0 0 0 0 0 0
Sh2 0 0 0 0 0 0 0 0 0
Sh3 0 0 0 0 0 0 0 0 0
Sh4 0 0 0 0 0 0 0 0 0
Sh5 0 0 0 0 0 0 0 0 0

(b) M2

CpG number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
A1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(c) M3

CpG number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
A1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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(c) Continued.

CpG number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
B5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sh5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(d) M4

CpG number 1 2 3 4 5 6 7 8 9 10
A1 0 0 0 0 0 0 0 0 0 0
A2 0 0 0 0 0 0 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0
A4 0 0 0 0 0 0 0 0 0 0
A5 0 0 0 0 0 0 0 0 0 0
B1 0 0 0 0 0 0 0 0 0 0
B2 0 0 0 0 0 0 0 0 0 0
B3 0 0 0 0 0 0 0 0 0 0
B4 0 0 0 0 0 0 0 0 0 0
B5 0 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 0 0 0 0 0 0
C2 0 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 0 0 0 0
C4 0 0 0 0 0 0 0 0 0 0
C5 0 0 0 0 0 0 0 0 0 0
Sh1 0 0 0 0 0 0 0 0 0 0
Sh2 0 0 0 0 0 0 0 0 0 0
Sh3 0 0 0 0 0 0 0 0 0 0
Sh4 0 0 0 0 0 0 0 0 0 0
Sh5 0 0 0 0 0 0 0 0 0 0

(a), (b), (c), and (d) represent four pairs of BSP primers, respectively, which were numbered in Table 1.
(A): for 1st week MI group.
(B): for 2nd week MI group.
(C): for 3rd week MI group and SH for Sham group.

Table 5: Predicted transcription factors by JASPAR database.

Model ID Model name Score Relative score Start End Strand Predicted site sequence
MA0152.1 NFATC2 6.724 0.829025039347648 26 32 1 TCTTCCT
MA0442.1 SOX10 5.846 0.863982829885209 31 36 1 CTCTGT
MA0099.2 JUN::FOS 5.636 0.816470638357913 36 42 1 TGAATTA
MA0040.1 Foxq1 11.209 0.889149675048185 182 192 1 CATTGTTTGTA
MA0442.1 SOX10 8.625 0.987356608195436 182 187 1 CATTGT
MA0442.1 SOX10 4.805 0.817767607423551 186 191 1 GTTTGT
MA0038.1 Gfi1 7.464 0.846275818186275 190 199 1 GTAATCACAC
MA0116.1 Zfp423 6.657 0.801580348722667 210 224 1 GCCACCTTAAATGTC
MA0160.1 NR4A2 8.782 0.899753978671343 219 226 1 AATGTCAC
MA0442.1 SOX10 6.636 0.899054900725468 235 240 1 CTTTCT
MA0038.1 Gfi1 6.129 0.806171416304315 279 288 1 TAAACCAGTG
Putative sites were predicted with the setting of ALDH2 promoter upstream sequence, and predicted scores were ⩾80%.
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Figure 7: DNA methylation level of target upstream sequence and related proteins expression. (a) MassARRAY analysis result of target
upstream sequence for DAC group and DAC + MI group. Sham group and MI-1-week group are chosen as comparative groups (∗𝑃 < 0.05).
(b) Western blot of related proteins, including DNMT1 and ALDH2 (∗𝑃 < 0.05).

DAC intervention reversed hypermethylation of target
upstream sequence in MI (Figure 7(a), 𝑃 < 0.05). Further-
more, DAC inversed the reduction of ALDH2 after MI while
it had no significant effect on baseline ALDH2 expression
(Figure 7(b), 𝑃 < 0.05).

4. Discussion

Our study demonstrates that DNA methylation might con-
tribute to the upstream regulation ofALDH2 aftermyocardial
infarction, suggesting that there is an association between
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Figure 8: Potential mechanism for alternation of DNA methylation level in ALDH2 core promoter upstream sequence.

ALDH2 promoter hypermethylation and myocardial infarc-
tion (The location of ALDH2 in Rattus norvegicus is 12q16.
The RefSeq number is NC 005111.4. All information of target
gene is referred from the database of Pubmed GenBank).
Additionally, we combined two examination methods of
DNA methylation, which might offer a more concrete result
and contribute to a thorough understanding for ALDH2
promoter region with an ideal cost-effective outcome.

It has been substantially shown that DNA methylation
plays a pivotal role in the regulation of DNA transcription
level [9], and DNAmethylation is one of the most important
epigenetic changes [7]. The effects of DNAmethylation upon
transcription regulation are multiple [10, 12], and the change
of DNA methylation level in a specific region, mostly occur-
ring at CpG sites or CpG island [17–19], is critically related
to the final results of DNA methylation upon transcription
regulation [20, 21].

We hypothesized that DNA methylation may actively
participate in the pathogenesis of myocardial infarction and
is related to ALDH2 decrease after MI. Till now, there is
no report exploring the association between ALDH2 gene
methylation and myocardial infarction. In this study, DNA
methylation was evaluated in the present study with BSP and
MassARRAY. Core promoter sequence of rat ALDH2 gene
was analyzed and possible CpG sites were mapped in BSP
examination. BSP analysis showed that DNAmethylation did
not affect ALDH2 core promoter in the setting of myocardial
infarction. To overcome the limitation of BSP technique [22],
MassARRAY was performed for DNAmethylation examina-
tion in upstream sequence ofALDH2promoter.MassARRAY
analysis results showed there were no significant differences
among MI groups at all 5 CpG sites (𝑃 > 0.05), whereas the

difference between Sham and MI groups was found at CpG1,
CpG2, and CpG7 sites (𝑃 < 0.01 versus Sham).

Our first MassARRAY experiment with SQ2 suggested
there were slightly significant differences in MI groups
(Figure 4), while subsequent experiments with SQ1 and SQ3
were carried out to test the accuracy of SQ1 result, and
results showed there were no differences in MI groups.
Previous methodology research also suggested confounding
factors could influence the accuracy of MassARRAY [23],
so verification issue is essential and should be addressed in
MassARRAY.

In our study, BSP was performed to examine DNA
methylation level of ALDH2 core promoter, which turned
out to be a negative result. However, MassARRAY was
performed in this region as well, while the preliminary PCR
result of MassARRAYwas invalid because of extensively high
production of dimers, and regulation of PCR temperature
or consequences of primers had no effect on eliminating
dimers, so MassARRAY final result is far from ideal. It is
suggested that the appendix of Primer is combined with
specific DNA sequence in ALDH2 core promoter to trigger
high production of dimer, while appendix of Primer is
constant and essential formass spectrum inMassARRAY, and
ALDH2 core promoter cannot be changed. The preferential
method was supposed to choose BSP instead ofMassARRAY,
and this result also indicated the limitation ofMassARRAY in
some specific genes; moreover, combination of MassARRAY
and BSP may be a rational procedure for detecting DNA
methylation level of specific genes, especially in ALDH2
promoter of Rattus norvegicus.

Globalmethylation status in this studywas detected to get
a comprehensive evaluation of myocardial DNAmethylation
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level. Though study in cancers suggested that hypomethyla-
tion of ALDH2 belongs to part of a global DNA methylation
change [24], our study indicated there was just nonsignificant
increase in global DNA methylation of myocardial cells after
MI (Figure 6(b)), while upstream sequence of ALDH2 core
promoter was hypermethylated. The possible explanation for
this result is the fact that global DNAmethylation is typically
an integration of all CpG sites, in which significant changes
of specific sequences can be neutralized, and chip screening
might be the preferential method for analyzing such issues
[25].

Further experiment was carried out to determine the
potential mechanism for hypermethylation. Target sequence,
which is upstream sequence of ALDH2 core promoter,
possesses a baseline methylation status, and DNMT 1 can
influence the maintenance of DNA methylation [26], so we
targeted DNMT1 as a potential enzyme responsible for the
change of target sequence. Our result suggested DAC inter-
vention indeed deceased DNA methylation status, both in
global methylation (Figure 6(a)) and in specific CpG sites in
target sequence (Figure 7(a)), and DAC intervention upregu-
latedALDH2 expression via inhibitingDNMT1 (Figure 7(b)).
All these indicated that DNMT1 increased the methylation
level of target sequence after MI and, hence, reduced ALDH2
expression. On the other hand, DAC intervention reduced
the global methylation level (Figure 6(a)), which is consistent
with cancer studies [27].

The underlying mechanism for the above change could
be that hypoxia induced the increase of DNMT1, at least in its
enzyme expression, and that DNMT1 subsequently enhanced
DNA methylation status of target sequence; finally, ALDH2
was downregulated (Figure 8). One potential link between
hypoxia and DNMT1 could be HIF-1𝛼, which is suggested as
a possible pathway for the alteration of DNMT and explored
in a previous study [28]. Moreover, bioinformatics analysis
suggested SOX10 could be a potential TF binding with target
sequence (Table 5); further researches are warranted to verify
the above hypothesis.

Besides methylation changes of ALDH2 after myocardial
infarction, there might be a series of genes, which would also
face methylation changes in the setting of MI. Breitling et al.
reported that F2RL3 gene hypermethylation was associated
with the incidence of MI [29]. There was also the report
stating that DNAmethylation at GNASAS gene wasmodestly
higher in MI patients [30]. Chang et al. found that there was
hypermethylation in FGF2 gene promoter inMI patients [31].
Epidemic research demonstrated that global DNA methyla-
tion was significantly elevated in male MI patients [32], and
Fiorito et al. showed three differentially methylated regions
(TCN2 promoter, CBS 5UTR, and AMT gene-body) in male
MI patients [33].

As a key enzyme against myocardial ischemia injury,
ALDH2 is also regulated under some other potential mecha-
nisms which could induce the declination of its expression or
enzyme activity. In our previous study, ALDH2was proved to
protect myocardial cells against ischemia-reperfusion injury
through regulation of autophagy via AMPK- and Akt-mTOR
signaling [3]; furthermore, microRNA-34a was shown to
reduce the expression of ALDH2 via binding on ALDH2

mRNA in MI rats [6]. Lagranha et al. found that PKC could
induce declination of ALDH2 phosphorylation and attenuate
ALDH2 both in vivo and in isolated rat heart model of
myocardial ischemia reperfusion [34]. Yu et al. demonstrated
PI3K/Akt-dependent signaling pathway was associated with
the decrease of ALDH2 in MI rats [35]. It is reported SIRT3-
mediated deacetylation decreased ALDH2 activity [36].

There are still some limitations in our study. We only
observed that MI was associated with aberrant hyperme-
thylation of CpG sites; future studies are needed to prove
the mechanism how myocardial ischemia injury could affect
DNA methylation level in target sequence. This procedure
may involve specific gene, such as NKCC1 gene as reported
[37], or alteration of other DNMTs, such as DNMT3a or
DNMT3b, which is a key enzyme family for de novo DNA
methylation progress [27, 38] and reported involved after MI
[39].

5. Conclusion

In summary, the present study suggests DNA methylation
has an effect on the upstream sequence of ALDH2 promoter,
which is possibly associated with the decrease of ALDH2
expression after myocardial infarction. These findings could
be a potential epigenetic explanation for ALDH2 decrease
after myocardial infarction or ischemia injury.
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[17] M. Zenker, L. Nährlich, H. Sticht, A. Reis, and D. Horn,
“Genotype-epigenotype-phenotype correlations in females
with frontometaphyseal dysplasia,”American Journal ofMedical
Genetics, vol. 140, no. 10, pp. 1069–1073, 2006.

[18] P. Trojer andD.Reinberg, “Facultative heterochromatin: is there
a distinctive molecular signature?”Molecular Cell, vol. 28, no. 1,
pp. 1–13, 2007.

[19] R. Menafra, A. B. Brinkman, F. Matarese et al., “Genome-
wide binding of MBD2 reveals strong preference for highly
methylated loci,” PLoS ONE, vol. 9, no. 6, Article ID e99603,
2014.

[20] H. Zhang, F. Wang, H. R. Kranzler et al., “Identification
of methylation quantitative trait loci (mQTLs) influencing
promoter DNAmethylation of alcohol dependence risk genes,”
Human Genetics, vol. 133, no. 9, pp. 1093–1094, 2014.

[21] A. C. Frazier-Wood, S. Aslibekyan, D. M. Absher et al., “Methy-
lation at CPT1A locus is associated with lipoprotein subfraction

profiles,” Journal of Lipid Research, vol. 55, no. 7, pp. 1324–1330,
2014.

[22] H. G. Hernández, M. Y. Tse, S. C. Pang, H. Arboleda, and
D. A. Forero, “Optimizing methodologies for PCR-based DNA
methylation analysis,” BioTechniques, vol. 55, no. 4, pp. 181–197,
2013.

[23] J. P. Lavigne, P. Espinal, C. Dunyach-Remy, N. Messad, A. Pan-
tel, and A. Sotto, “Mass spectrometry: a revolution in clinical
microbiology?” Clinical Chemistry and Laboratory Medicine,
vol. 51, no. 2, pp. 257–270, 2013.

[24] K. Balassiano, S. Lima, M. Jenab et al., “Aberrant DNA
methylation of cancer-associated genes in gastric cancer in the
European prospective investigation into cancer and nutrition
(EPIC-EURGAST),” Cancer Letters, vol. 311, no. 1, pp. 85–95,
2011.

[25] D.Xiao, C.Dasgupta,M.Chen et al., “Inhibition ofDNAmethy-
lation reverses norepinephrine-induced cardiac hypertrophy in
rats,” Cardiovascular Research, vol. 101, no. 3, pp. 373–382, 2014.

[26] R. Bonasio, S. Tu, and D. Reinberg, “Molecular signals of
epigenetic states,” Science, vol. 330, no. 6004, pp. 612–616, 2010.

[27] R. Taby and J.-P. Issa, “Cancer epigenetics,” CA Cancer Journal
for Clinicians, vol. 60, no. 6, pp. 376–392, 2010.

[28] C. J. Watson, P. Collier, I. Tea et al., “Hypoxia-induced epi-
genetic modifications are associated with cardiac tissue fibro-
sis and the development of a myofibroblast-like phenotype,”
Human Molecular Genetics, vol. 23, no. 8, pp. 2176–2188, 2014.

[29] L. P. Breitling, K. Salzmann, D. Rothenbacher, B. Burwinkel,
and H. Brenner, “Smoking, F2RL3 methylation, and prognosis
in stable coronary heart disease,” European Heart Journal, vol.
33, no. 22, pp. 2841–2848, 2012.

[30] R. P. Talens, J. W. Jukema, S. Trompet et al., “Hypermethylation
at loci sensitive to the prenatal environment is associated with
increased incidence of myocardial infarction,” International
Journal of Epidemiology, vol. 41, no. 1, pp. 106–115, 2012.

[31] P.-Y. Chang, Y.-J. Chen, F.-H. Chang et al., “Aspirin protects
human coronary artery endothelial cells against atherogenic
electronegative LDL via an epigenetic mechanism: a novel
cytoprotective role of aspirin in acute myocardial infarction,”
Cardiovascular Research, vol. 99, no. 1, pp. 137–145, 2013.

[32] M. Kim, T. I. Long, K. Arakawa, R. Wang, M. C. Yu, and P.
W. Laird, “DNA methylation as a biomarker for cardiovascular
disease risk,” PLoS ONE, vol. 5, no. 3, Article ID e9692, 2010.

[33] G. Fiorito, S. Guarrera, C. Valle et al., “B-vitamins intake, DNA-
methylation of one carbon metabolism and homocysteine
pathway genes and myocardial infarction risk: the EPICOR
study,” Nutrition, Metabolism and Cardiovascular Diseases, vol.
24, no. 5, pp. 483–488, 2014.

[34] C. J. Lagranha, A. Deschamps, A. Aponte, C. Steenbergen,
and E. Murphy, “Sex differences in the phosphorylation of
mitochondrial proteins result in reduced production of reactive
oxygen species and cardioprotection in females,” Circulation
Research, vol. 106, no. 11, pp. 1681–1691, 2010.

[35] Y. Yu, X.-J. Jia, Q.-F. Zong et al., “Remote ischemic postcondi-
tioning protects the heart by upregulating ALDH2 expression
levels through the PI3K/Akt signaling pathway,” Molecular
Medicine Reports, vol. 10, no. 1, pp. 536–542, 2014.

[36] M. Hirose, S. Kono, S. Tabata et al., “Genetic polymorphisms of
methylenetetrahydrofolate reductase and aldehyde dehydroge-
nase 2, alcohol use and risk of colorectal adenomas: self-Defense
Forces Health Study,” Cancer Science, vol. 96, no. 8, pp. 513–518,
2005.



BioMed Research International 13

[37] H. A. Lee, S. H. Hong, J. W. Kim, and I. S. Jang, “Possible
involvement of DNA methylation in NKCC1 gene expression
during postnatal development and in response to ischemia,”
Journal of Neurochemistry, vol. 114, no. 2, pp. 520–529, 2010.

[38] D. Subramaniam, R. Thombre, A. Dhar, and S. Anant, “DNA
methyltransferases: a novel target for prevention and therapy,”
Frontiers in Oncology, vol. 4, article 80, 2014.

[39] K. Skowronski, S. Dubey, D. Rodenhiser, and B. L. Coomber,
“Ischemia dysregulates DNAmethyltransferases and p16INK4a
methylation in human colorectal cancer cells,” Epigenetics, vol.
5, no. 6, pp. 547–556, 2010.


