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Abstract

Recent studies have demonstrated the protective effect of mitochondrial aldehyde dehydrogenase 2 (ALDH2) in
cardiovascular diseases. Increased levels of the potential ALDH2 substrate 4-hydroxynonenal (4-HNE) are involved in
myocardial/cerebral ischemia accompanied by a high level of oxidative stress. In this investigation, we first performed a
case-control study to explore the potential association of ALDH2 rs671 polymorphism and post-stroke epilepsy (PSE). Then,
we performed an in vitro study to determine whether the overexpression of ALDH2 could decrease the level of oxidative
stress and the apoptosis ratio induced by 4-HNE. There was a significant difference in the distribution of the allele and
genotype frequencies of the rs671 polymorphism between PSE patients and ischemic stroke (IS) patients. Individuals with
the rs671 A allele showed significantly higher levels of plasma 4-HNE. The overexpression of ALDH2 partially blocked the
increased levels of malondialdehyde (MDA), reactive oxygen species (ROS) and apoptosis ratio induced by 4-HNE and also
partially restored the ALDH2 activity in PC12 cells; these effects were reversed in the presence of €V1-2. Our results suggest
that the ALDH2 rs671 polymorphism is associated with PSE susceptibility and affects the 4-HNE levels. Targeting ALDH2
might be a useful strategy for the treatment or prevention of PSE.
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Introduction genetic stroke-prone rats and rats with stroke experimentally
induced by middle cerebral artery occlusion (MCAO) and that the
increased 4-HNE was associated with aggravated ischemic brain
damage[7,8]. The underlying mechanism may be that 4-HNE
disturbs the normal structure of key enzymes by forming protein
chronic, recurrent, transient syndrome resulting from brain adducts [9]. Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is
d?fsfunctior.l. Th.is condition i chz}ractcrizcd by abnormal a key enzyme that metabolizes reactive aldehydes such as MDA, 4-
discharge in brain neurons, and the frequent attacks also cause HNE and l-palmitoyl-2-oxovaleroyl ~ phosphatidylcholine
progressive damage to brain neurons. There is evidence that stroke (POVPC) to acetic acid and also detoxifies reactive oxygen species

is one of the main epileptogenic factors in patients with secondary (ROS)-generated aldehyde adducts to exert its cardioprotective
epilepsy, especially in the elderly [2,3]. Post-stroke epilepsy has a effects [10].

negative effect on stroke prognosis and the quality of life. A
Canadian research group reported that post-stroke epilepsy was
associated with an increased utilization of resources, an increased

Epilepsy is the second most common disease of the nervous
system only after cerebrovascular disease [1]. Epilepsy 1s caused by
a variety of pathogenic factors and has been shown to be a

ALDH2 is expressed in a large number of tissues, especially in
the liver, kidney and muscle, it is also present in organs with
abundant mitochondrial content, including the heart and brain

length of hospital stay and a decrease in both the 30-day and 1- [11]. The ALDH2 gene is mapped to chromosome 12 in the
year survival rates [4]. The identification of a new method for

predicting the occurrence of post-stroke epilepsy may result in the
development of new strategies for the prevention and treatment of

region of q24.2. A common single nucleotide polymorphism (SNP)
in exon 12 of the ALDH2 gene leads to a genetic codon change in
) which glutamate is replaced by lysine at position 504 (Glu504Lys,
post-stroke epilepsy. o also known as 15671 or ALDH2%2) [12,13]. This functional SNP

Oxidative stress is usually accepted as a vital factor that has been proven to have an adverse effect on the dehydrogenase
contributes to the cardiac and neuronal damage in ischemic injury activity of ALDH2, decreasing its normal activity by approxi-
[5,6]. 4-hydroxy-2-nonenal (4-HNE), an o, B-unsaturated hydro- mately 90%. Recent studies have shown that the Glu504Lys
xyalkenal produced in the process of lipid peroxidation, is polymorphism may contribute to cardiovascular diseases. Guo et
generally considered to be a specific marker of oxidative stress. al. reported that the carriers of the ALDH2 rs671 A allele had an

Previous studies have also shown that 4-HNE levels increased in increased risk of coronary artery disease, possibly due to

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | €109634


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0109634&domain=pdf

interfering HDL-C levels and endothelial ADMA levels [14]. Xu F
et al. reported that rs671 could be considered a genetic risk marker
for acute coronary syndrome [15]. Paradoxically, some studies
have also reported that the ALDH2 rs671 polymorphism was
unrelated to an increased risk of coronary heart disease and
myocardial infarction [16,17]. The ALDH2 rs671 polymorphism
has the potential to define the risk factors and to individualize
stroke treatment before the onset of epilepsy. However, the role of
the rs671 polymorphism in post-stroke epilepsy has never been
studied.

In the present study, we first conducted a case-control study to
explore the potential association between the ALDH2 rs671
polymorphism and susceptibility to epilepsy. We further explored
the beneficial effects of ALDH2 on 4-HNE induced injury in
PC12 cells, because protein kinase C epsilon (PKCe) is reported to
participate in ALDH?2 activation [18,19,20], we therefore
explored whether the antioxidant effect by overexpression of
ALDH2 is also involved in PKCe signaling pathway.

Materials and Methods

Subjects

Our study recruited 225 post-stroke epilepsy (PSE) patients, 240
ischemic stroke (IS) patients and 267 healthy control subjects; all
were enrolled in the outpatient clinics at The Third Xiangya
Hospital in Hunan from September 2011 to June 2013. All
patients and controls were Han Chinese who lived in Changsha or
nearby counties. Furthermore, all subjects had no prior seizures
before the stroke event and were matched for age and sex. IS was
defined by focal neurological signs or symptoms of vascular origin
that persisted longer than 24 h and was confirmed by brain CT
and/or MRI using baseline conditions and brain CT using
contrast medium after 48-72 h. PSE patients were defined based
on their clinical symptoms and a positive EEG test. A 5-ml venous
blood sample was drawn into an ethylene diamine tetraacetic acid-
containing tube.

Written informed consent was obtained from all subjects. The
study was performed with the approval of the Ethics Committee of
the Third Xiangya Hospital of Central South University.

Genotyping

Genomic DNA samples were extracted from peripheral blood
leukocytes according to standard phenol/chloroform protocols.
The ALDH2 rs671 polymorphism was genotyped using polymer-
ase chain reaction-restriction fragment length polymorphism
(PCR-RFLP) as described previously [21].

Measurement of the 4-HNE concentration in the plasma
Peripheral 4-HNE often exists in the form of stable adducts. In
this study, the level of HNE in protein adducts was measured using
an ELISA kit (R&D, Minneapolis, USA) following the instructions
provided by the manufacturer as described previously [22].

Measurement of MDA levels
The MDA levels were determined using an MDA Detecting kit
(WEIAO BioTech), according to the manufacturer’s instructions.

ALDH2 enzymatic activity

The ALDH?2 activity was determined spectrophotometrically by
monitoring the reductive reaction of NAD* to NADH according
to the manufacturer’s instruction (GenMed Scientifics Inc.,
Wilmington, USA). The assays were measured at 25°C in a 1-
ml reaction system containing 33 mM sodium pyrophosphate
(pH 8.8), 0.8 mM NAD+, 15 uM propionaldehyde and 0.1 ml of
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the cell lysates. The production of NADH was determined
spectrophotometrically by monitoring the change in absorbance
intensity at 340 nm every 30 s for 5 min. The ALDH2 activity is
expressed as imol NADH/min/mg protein.

Cell viability MTT assay

PC12 cells were plated in the 96-well plate at a density of 1x10°
cells/mL, each well was filled with 200 pL cell suspension. PBS
was added around 96-well plate for sealing. Cells were incubated
with 5% CO2 at 37°C. After synchronizing 12 h, added 100 pL
medium  containing corresponding concentration 4-HNE
(0.05 mM, 0.1 mM and 0.15 mM) and incubated with 5% CO2
at 37°C. The 96-well plate was took out at 24 h, MTT was added
to each well with a final concentration of 0.5 mg/ml, and then
the plate was incubated with 5% CO2 at 37°C for another 4 h.
Then samples were quantified spectroscopically at 560 nm using
the spectrophotometer.

Cell culture and transfection

PC12 cells were purchased from the Wuhan cell collection
center and cultured in RPMI-1640 medium (Gibco) with 10%
fetal bovine serum (Gibco) in a 5% COy incubator at 37°C. The
ALDH2 gene was amplified by PCR and subcloned into the
pIRES2-EGFP vector (Invitrogen). The control vectors or vectors
carrying the ALDH2 gene were transfected into PC12 cell using
Lipofectamine LTX with Plus (Invitrogen) according to the
manufacturer’s instructions. The cells were divided into 6 groups
(n =28 per group): (1) control group; (2) 4-HNE group, PC12 cells
treated with 0.1 mM 4-HNE; (3) +fALDH2(O) group, PC12 cells
overexpressing ALDH2 +0.1 mM 4-HNE; (4) +eV1-2 group,
PC12 cell overexpressing ALDH2 +0.01 mM 4-HNE +107° M
eVI1-2; (5) +Vector group, PC12 transfected with vector +0.1 mM
4-HNE; and (6) +Vehicle, PC12 cells treated with 0.1 mM 4-HNE
+0.1% DMSO.

Annexin V-FITC and PI Staining Analysis

In order to assess apoptosis, PC12 cells were plated onto 6-well
culture plates with different treatments. Following staining
according to manufacturer’s protocol, the apoptosis analysis of
cell was performed by flow cytometry (FCM).

Statistical analysis

SPSS  software (Version 11.5) was used for the statistical
analysis. The data were expressed as the mean *SD. The
differences in the genotype and allele frequencies between the
groups were compared using a %2 test. The differences among the
groups were compared using a one-way ANOVA. P<0.05 was
considered to be statistically significant.

Results

Baseline Characteristics

The demographic characteristics of all subjects in this study are
shown in Table 1. The baseline characteristics were not signifi-
cantly different between the IS patients and the PSE patients.

Distribution of allele and genotype frequencies of the
rs671 polymorphism

To test the possible association between ALDH2 rs671
polymorphism and PSE susceptibility, we compared the distribu-
tion of rs671 in IS patients with/without epilepsy. The genotype
and frequencies of the ALDH2 rs671 polymorphism in the study
are shown in table 2. The distribution of the genotypes in both
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Table 1. General characteristics of the IS and PSE patients.
Parameter IS (n=240) PSE(n=225) P
Gender (male/female) 142/98 137/88 NS
Age, year 61.15x8.77 63.27+7.56 NS
BMI, kg/m? 23.66+3.02 23.35*2.73 NS
SBP, mmHg 143+13 14611 NS
DBP, mmHg 87+9 85+8 NS
Cr, umol/L 86.33+10.55 87.29+15.33 NS
HDL-C, mmol/L 1.34*0.35 1.29+0.48 NS
LDL-C, mmol/L 2.66+0.47 2.59+0.63 NS
TG, mmol/L 1.96+0.57 1.92+0.93 NS
TC, mmol/L 4.85+0.76 4.80+0.74 NS
Cr: Creatinine; TG: Triglyceride; TC: Total cholesterol.
doi:10.1371/journal.pone.0109634.t001
study groups complied with Hardy-Weinberg equilibrium. The
comparison of the genotype distribution between the IS patients
and the PSE patients demonstrated that the frequency of the rs671 25+
. . . . . . *k
A allele in the PSE patients was significantly higher than that in hiii
the IS patients (31.8% wvs 21.3%, P =0.00036, OR=1.98, 2 201 |
. . sk
95%CI=1.36-2.87). When the groups were stratified according 2 I
to history of alcohol consumption, a more sigpiﬁcam di.fferenC.e in Lé-' R
the frequency of the rs671 A allele was found in the subjects with a I S
negative history of alcohol consumption (37.5% wvs 24.3%, : e
P =0.00010, OR =2.37, 95%CI = 1.54-3.65). £
) %'-'-'-'-'-'--'-
© e
Plasma 4-HNE concentration in subjects e e
Previous studies have shown that increased 4-HNE levels are e
involved in the process of myocardial/cerebral ischemia accom- Lot 1S PSE

panied by a high level of oxidative stress. So in this study, we
randomly selected 180 subjects in IS patients, PSE patients and
healthy control subjects (matched for age and sex) respectively, to
observed the difference of 4-HNE level, we found that plasma 4-
HNE concentrations were significantly higher in stroke patients

Figure 1. Plasma 4-HNE concentrations were higher in IS and
PSE patients. The descriptive results are expressed as the mean *£SD,
n=180. Con: Healthy controls; IS: Ischemic stroke patients; PSE: Post-
stroke epilepsy patients. **P<<0.01, compared with healthy controls,
#P<0.05, compared with IS patients.
doi:10.1371/journal.pone.0109634.g001

Table 2. Frequencies of ALDH2 genotypes and alleles in IS patients and PSE patients.

Genotype IS PSE OR®

Overall subjects (n=240) (n=225)
GG 156 (65.0%) 109 (48.4%) 1.00 (reference)
GA 66 (27.5%) 89 (39.6%) 1.98 (1.36~2.87)°
AA 18 (7.5%) 27 (12%)

Negative history of drinking
GG 106 (59.9%) 65 (38.7%) 1.00 (reference)
GA 56 (31.6%) 80 (47.6%) 237 (1.54~3.65)b
AA 15 (8.5%) 23 (13.7%)

Positive history of drinking
GG 50 (79.3%) 44 (77.2%) 1.00 (reference)
GA 10 (15.9%) 9 (15.8%) 1.14 (0.48~2.71)
AA 3 (4.8%) 4 (7.0%)

?Adjusted for age, sex, hypertension, BMI, and drinking.
°P=0.00036,

‘P=0.00010.

doi:10.1371/journal.pone.0109634.t002
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and PSE patients compared with the healthy controls (Fig 1).
Furthermore, PSE patients showed the highest levels of 4-HNE.

The effect of the ALDH2 rs671 polymorphism on 4-HNE
concentrations

Reactive aldehydes, including 4-HNE and MDA, are potential
substrates of ALDH2. To explore the potential relationship
between the rs671 polymorphism and plasma 4-HNE concentra-
tions, we separated the subjects (healthy controls, IS patients, PSE
patients) into 3 subgroups (n= 120, randomly selected in each
subgroup) according to their genotypes and compared the 4-HNE
concentrations between them. The results are presented in Fig 2.
A significant increase in 4-HNE levels was observed in individuals
with an rs671 A allele both in IS patients and PSE patients. There
was no significant difference in 4-HNE concentrations between the
genotypes in the healthy controls (Fig 2).

Cell survival under different concentration of 4-HNE

We performed a MTT assay to determine the ideal concentra-
tion for PC12 cells damaged by 4-HNE after 24 h. The cell
viability rate was significantly decreased with the increase of 4-
HNE concentration. As shown in Fig 3, the corresponding cell
viabilities of PC12 cells were 72.58% *5.83%, 57.67% *2.96%,
30.95%*3.15% at the concentration of 0.05 mM, 0.1 mM,
0.15> mM 4-HNE, respectively. Based upon this result, we used
0.1 mM 4-HNE to induce the cell damage.

Overexpression of ALDH2 decreased oxidative stress
induced by 4-HNE in PC12 cells

Increased 4-HNE levels are found in ischemic brains and are
generally recognized as a marker for oxidative stress. Individuals
with rs671 A allele showed a decreased activity of ALDH2, in
order to test the association between ALDH2 activity and 4-HNE
induced cell injury, we overexpressed ALDH2 in PC12 cells to
determine whether the overexpression of ALDH2 can decrease the
level of oxidative stress induced by 4-HNE. As shown in Fig 4,
treatment of PC12 cells with 0.1 mM 4-HNE for 24 h significantly
increased the MDA level accompanied by an increased level of
ROS in PC12 cells, and as expected, the ALDH2 activity in PC12
cells was also significantly depressed. The overexpression of
ALDH2 partially blocked the increased levels of MDA and ROS
induced by 4-HNE and also partially restored the ALDH2 activity.
However, these beneficial effects were reversed in the presence of
eVI-2 (a specific inhibitor of PKC-g). Compared to the 4-HNE
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Figure 2. IS patients and PSE patients with the rs671 A allele
showed increased 4-HNE levels. The descriptive results are
expressed as the mean *=SD, n=120. GG: GG genotype; GA: GA
genotype: AA: AA genotype. **P<<0.01, compared with corresponding
GG genotype, #P<0.05, compared with corresponding GA genotype.
doi:10.1371/journal.pone.0109634.g002
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Figure 3. Cell survival under different concentration of 4-HNE.
The descriptive results of cell viability are expressed as the mean =SD,
n=6. Con: Control group; 0.05 mM 4-HNE: 0.05 mM 4-HNE treated
group; 0.1 mM 4-HNE: 0.1 mM 4-HNE treated group; 0.15 mM 4-HNE:
0.15 mM 4-HNE treated group. **P<0.01, compared with Con.
doi:10.1371/journal.pone.0109634.9003

group, the vehicle and vector treatments did not show any
significant effect on cellular ROS, MDA and ALDH2 activity.

Overexpression of ALDH2 rescued PC12 cells from
apoptosis induced by 4-HNE

FCM stained with annexin V-FITC/PI was used to detect the
apoptosis of the PC12 cells induced by 4-HNE. AS shown in Fig 5,
treatment of PC12 cells with 0.1 mM 4-HNE for 24 h significantly
increased the apoptosis ratio. When compared with 4-HNE group,
the overexpression of ALDH2 partially decreased the apoptosis
ratio (13.10%*1.73% wvs 18.22%=*=1.71%, P<<0.01). However,
pretreatment with €V1-2 reversed this beneficial effect.

Discussion

Using a case-control study, we demonstrated that the functional
SNP rs671 of ALDH2 is associated with post-stroke epilepsy. We
also found significantly increased 4-HNE levels in stroke patients
and post-stroke epilepsy patients. Due to the relationship between
ALDH2 and 4-HNE, we further evaluated the effect of the rs671
polymorphism on 4-HNE levels. As expected, the carriers of the
ALDH2#*2 allele showed significantly increased 4-HNE levels. In
cultured PC12 cells, the overexpression of ALDH2 decreased the
level of oxidative stress and apoptosis induced by 4-HNE; this
effect was partially blocked by an inhibitor of PKCe.

To our knowledge, this is the first report describing the
association between the ALDH2 rs671 polymorphism and PSE
susceptibility. ALDH2 was first associated with the flush that
occurs on the face when a person consumes alcohol and alcohol
addiction [23,24]. In recent years, many studies have demonstrat-
ed the role of ALDH2 in the biological metabolism of nitrates.
Nitroglycerin can be catalyzed into 1, 2-2 glycerin nitrate and
nitrite in the presence of ALDH2, which is critical for the
vasodilation effect of nitroglycerin [25,26]. Recently, the cardio-
vascular-protective effects of ALDH2 were reported by several
groups. The restoration of ALDH2 alleviated hypoxia—reoxygena-
tion-induced cardiac dysfunction [22], possibly by an autophagy-
dependent pathway [27]. Similar protection from ALDH2 was
reported by Guo et al. in stroke-prone spontaneously hypertensive
rats [7]. A common functional SNP in exon 12 of ALDH2 leads to
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Figure 4. Overexpression of ALDH2 protected PC12 cells from 4-HNE-induced injury. (A) A representative image of an immunoblot
showing the overexpression of ALDH2 in PC12 cells. (B) The ROS levels in PC12 cells for each group (n=8); (C) The MDA levels in PC12 cells for each
group (n=28); (D) The ALDH2 activity for each group (n=48). All values are expressed as the mean +SD. Con: Control group; 4-HNE: 4-HNE treated
group; +ALDH2(0): 4-HNE+ALDH2 overexpression; +eV1-2: 4-HNE+ALDH2 overexpression+eV1-2; +Vector: 4-HNE+Vector; and +Vehicle: 4-HNE+
DMSO. **P<<0.01, compared with Con, ##P<0.01, compared with 4-HNE, ++ P<0.01, compared with +ALDH2(O).

doi:10.1371/journal.pone.0109634.9004

a dramatically decreased enzymatic activity [28]. This polymor-
phism has been identified as a risk factor for myocardial infarction,
lacunar infarcts and Alzheimer [29,30,31]. Our data provide the
first evidence that the rs671 polymorphism is associated with PSE
susceptibility; individuals with ALDH2*2 showed an increased
susceptibility to PSE. Because ALDH2 plays a role in alcohol
consumption and moderate ethanol administration is beneficial for
protecting against stroke [32], we divided the subjects into two
subgroups according to their history of alcohol consumption. The
presence of ALDH2*2 significantly increased the risk of PSE in
subjects without a history of alcohol consumption, suggesting that
alcohol consumption may have an effect on the development of
cardiovascular diseases. Moderate alcohol intake might prevent
cardiovascular diseases by activating ALDH2 [7].

4-HNE and MDA are representative reactive aldehydes
produced during the process of lipid peroxidation, and they both
play an important role in cardiovascular diseases. High 4-HNE
levels were found in stroke-prone spontaneously hypertensive rats
and stroke patients [7,8], and a similar elevation of 4-HNE was
also observed in ischemic hearts from rats [22]. Therefore, we
examined the plasma levels of 4-HNE in our subjects. As expected,
higher levels of 4-HNE were found in stroke patients and PSE
patients than in healthy controls, and the PSE group showed the
highest levels of 4-HNE. Our results found a positive correlation

PLOS ONE | www.plosone.org

between 4-HNE and PSE. Many reactive aldehydes, including 4-
HNE and MDA, are potential substrates of ALDH2. Due to the
relationship between 4-HNE and ALDH2, we first explored the
effect of the rs671 polymorphism on plasma 4-HNE levels in PSE
patients. Our results provide the first evidence that the carriers of
ALDH2*2 have increased 4-HNE levels after stroke with or
without PSE. Given that ALDH2 can barely be detected in the
blood of patients, the plasma levels of 4-HNE and the presence of
the ALDH2 rs671 polymorphism might be two feasible and
reliable indexes to evaluate stroke patients for PSE susceptibility.
Because there are elevated levels of 4-HNE in the ischemic brain,
we then performed an in vitro study to investigate the effect of 4-
HNE on PC12 cells. Our data show that 4-HNE significantly
decreased ALDH2 activity and increased the levels of ROS, MDA
and apoptosis ratio. The overexpression of ALDH2 partially
restored the ALDH2 activity and lowered the level of oxidative
stress and apoptosis, this effect was blocked by the presence of
PKCe inhibitors. 4-HNE is widely recognized as a specific marker
of oxidative stress. The high levels of ROS induced by 4-HNE
might promote thiol oxidation in the active center of ALDH2,
which in turn inhibits the activity of ALDH2. In agreement with
previous studies, our study also identified PKCe as a regulator
upstream of ALDH2.
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Figure 5. Overexpression of ALDH2 rescued PC12 cells from apoptosis induced by 4-HNE. The descriptive results of apoptosis ratio are
expressed as the mean =SD, n=3. Con: Control group; 4-HNE: 4-HNE treated group; +ALDH2(0O): 4-HNE+ALDH2 overexpression; +eV1-2: 4-HNE+
ALDH2 overexpression+eV1-2. **P<<0.01, compared with Con, ##P<0.01, compared with 4-HNE.

doi:10.1371/journal.pone.0109634.9005
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Current clinical strategies for PSE are aimed at controlling the
seizures with medication. However, the treatments show little
benefit for the prognosis of PSE. Our study may provide a new
strategy to prevent PSE. Either the ALDH2 rs671 polymorphism
or plasma levels of 4-HNE could be considered to be predictors for
PSE. Because individuals with ALDH2*2 have a high level of 4-
HNE and face an increased risk of PSE, activators of ALDHZ2 have
therapeutic potential as new preventive remedies for PSE.

In summary, the results of our study show for the first time a
significant association between the ALDH2 rs671 polymorphism
and an increased risk of PSE. In stroke patients with or without
PSE, the ALDH2*2 of rs671 was associated with higher levels of
plasma 4-HNE. 4-HNE administration induced increased levels of
oxidative stress and apoptosis, 4-HNE also depressed ALDH?2
activity in PC12 cells. The overexpression of ALDH2 could
partially alleviate the impairments through a PKCe-dependent
pathway. Therefore, in stroke patients, especially in individuals
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