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ALDH2 protects against stroke by clearing 4-HNE
Jin-Min Guo1, 2, *, Ai-Jun Liu1, *, Pu Zang1, Wen-Zhe Dong1, Li Ying3, Wei Wang1, Pu Xu1, Xu-Rui Song1, 
Jun Cai4, She-Qing Zhang5, Jun-Li Duan6, Jawahar L Mehta7, Ding-Feng Su1

1Department of Pharmacology, School of Pharmacy, Second Military Medical University, 325 Guo He Road, Shanghai 200433, 
China; 2Jinan Military General Hospital, 25 Shi-fan Road, Jinan, Shandong 250031, China; 3Department of Neurology, Xinhua 
Hospital, Shanghai Jiaotong University, 1665 Kongjiang Road, Shanghai 200092, China; 4Department of Cardiology, Chaoyang 
Hospital, Capital Medical University, 8th Gongtinanlu Road, Chaoyang District, Beijing 100020, China; 5Department of Neurol-
ogy, Changhai Hospital, Second Military Medical University, 174 Changhai Road, Shanghai 200433, China; 6Department of Ger-
ontology, Xinhua Hospital, Shanghai Jiaotong University, 1665 Kongjiang Road, Shanghai 200092, China; 7Division of Cardiol-
ogy, University of Arkansas for Medical Sciences and the Central Arkansas Veterans Healthcare System, Little Rock, AR, USA

*These two authors contributed equally to this work. 
Correspondence: Ding-Feng Sua, Ai-Jun Liub

Tel and Fax: (86)21-65493951
aE-mail: dfsu2008@gmail.com
bE-mail: mrliuaijun@163.com
Received 16 December 2012; revised 5 February 2013; accepted 20 March 
2013; published online 21 May 2013

Aldehyde dehydrogenase 2 (ALDH2) is a mitochondrial enzyme that metabolizes ethanol and toxic aldehydes 
such as 4-hydroxy-2-nonenal (4-HNE). Using an unbiased proteomic search, we identified ALDH2 deficiency in 
stroke-prone spontaneously hypertensive rats (SHR-SP) as compared with spontaneously hypertensive rats (SHR). 
We concluded the causative role of ALDH2 deficiency in neuronal injury as overexpression or activation of ALDH2 
conferred neuroprotection by clearing 4-HNE in in vitro studies. Further, ALDH2-knockdown rats revealed the ab-
sence of neuroprotective effects of PKCε. Moderate ethanol administration that is known to exert protection against 
stroke was shown to enhance the detoxification of 4-HNE, and to protect against ischemic cerebral injury through the 
PKCε-ALDH2 pathway. In SHR-SP, serum 4-HNE level was persistently elevated and correlated inversely with the 
lifespan. The role of 4-HNE in stroke in humans was also suggested by persistent elevation of its plasma levels for at 
least 6 months after stroke. Lastly, we observed that 21 of 1 242 subjects followed for 8 years who developed stroke 
had higher initial plasma 4-HNE levels than those who did not develop stroke. These findings suggest that activation 
of the ALDH2 pathway may serve as a useful index in the identification of stroke-prone subjects, and the ALDH2 
pathway may be a potential target of therapeutic intervention in stroke.
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Introduction

Stroke is an age-related disease and the second most 
common cause of death [1, 2]. Ischemic stroke is the 
largest subtype, with an estimated incidence of > 80% of 
all strokes [3]. The incidence of stroke could be reduced 
by control of risk factors, such as high blood pressure, 
elevated blood cholesterol, cigarette smoking, carotid 
stenosis, diabetes mellitus and heart failure state. How-

ever, these risk factors explain only ~60% of the risk [4], 

suggesting the existence of undiscovered or undefined risk 
factors. In contrast, > 90% of ischemic heart disease can be 
explained by clearly identifiable risk factors [5]. The uni-
dentified risk factors for stroke, combined with unsatisfac-
tory control of known risk factors (e.g., hypertension), may 
explain the continued high prevalence of stroke [6]. Identifi-
cation of new risk factors may result in the development of 
new strategies for prevention and treatment of stroke.

Oxidative stress is one of the most important factors 
that contribute to ischemic injury. Reactive aldehydes 
generated from oxidized lipids, such as malondialdehyde 
(MDA) and 4-hydroxy-trans-2-nonenal (4-HNE), have 
been detected in almost all tissues that are subjected to 
ischemia. These aldehydes in turn form adducts with lipids, 
proteins and DNA, leading to their inactivation [7-10]. 

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) 
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is a key enzyme that metabolizes acetaldehyde (a toxic 
intermediate of ethanol metabolism) to acetic acid, and 
also detoxifies ROS-generated aldehyde adducts [11]. 
ALDH2 is expressed abundantly in the liver and lung, 
and is also present in organs that require high mitochon-
drial content, such as heart and brain [12]. ALDH2 has 
a wide range of functional implications from cancer to 
heart disease [13-16]. Many of previous studies have 
been focused on heart disease. Recent data show that 
ALDH2 is phosphorylated and activated by the survival 
kinase, protein kinase C epsilon (PKCε), and inversely 
correlated to myocardial infarct size following ischemia-
reperfusion [16]. Overexpression of ALDH2 appears to 
confer multiple beneficial effects on cardiac function [15]. 
Whether ALDH2 protects against stroke and whether 
PKCε is involved in this protection are unclear. Further-
more, the possible substrates of ALDH2 have not been 
fully defined.

Both genomics and proteomics have the potential to de-
fine stroke risk factors and to individualize stroke treatment. 
The contribution of any single gene in a multifactorial dis-
ease such as stroke is modest. Proteomics, the study of the 
entire protein content of a cell or tissue, may be a prom-
ising approach to identify new biomarkers for stroke [17].

In this study, we used fluorescent two-dimensional 
difference gel electrophoresis (2D-DIGE) to detect the 
differentially-expressed proteins in the brain of spon-
taneously hypertensive rats (SHR), and their substrain, 
the stroke-prone spontaneously hypertensive rats (SHR-
SP). Both SHR and SHR-SP are hypertensive, but their 
susceptibility to stroke varies greatly [18-21]. SHR-SP 
develops a lethal stroke at an early age. As a result, the 
lifespan of SHR-SP is considerably short. Therefore, pro-
teomic comparison between SHR-SP and SHR would be 
helpful in finding one or more new risk factors for stroke 
except hypertension. Among the > 2 000 proteins in-
cluded in our analysis, the reduction of ALDH2 in SHR-
SP was the most prominent in our unbiased search. We 

further show that ALDH2 is neuroprotective both in vivo 
and in vitro by clearing 4-HNE, and mediates the protec-
tive effect of ethanol against stroke through the PKCε-
ALDH2 pathway. The results also suggest that elevation 
of 4-HNE level is a risk factor for stroke.

Results

ALDH2 is downregulated in SHR-SP
Fluorescent 2D-DIGE identified a number of differ-

entially-expressed proteins in the brain of male SHR 
and SHR-SP aged 5 months (Figure 1A). Among ~2 000 
spots, 25 proteins were found to be downregulated and 
18 were upregulated in SHR-SP (P < 0.05 vs SHR) using 
tandem matrix-assisted laser desorption/ionization time 
of flight mass spectrometry (MALDI-TOF/TOF MS). 
As compared with SHR, ALDH2 was downregulated in 
SHR-SP (Figure 1B), which was confirmed by western 
blotting (Figure 1C). ALDH2 expression did not differ 
between SHR and the normotensive control Wistar Kyo-
to (WKY) rats (Figure 1C).

Activation of ALDH2 confers neuroprotection
In cultured primary neurons, pre-treatment of ALDH2 

activator Alda-1 (10 µM) reduced cell death induced by 
oxygen-glucose deprivation (OGD) for 12 h as assessed 
by flow cytometric analysis of annexin V and propidium 
iodide (PI) stainings (annexin V-positive cells, 16.7% ± 
0.6% vs 28.9% ± 0.1% in the control neuron population 
subjected to OGD, P < 0.05, the lower panels of Figure 
1D). The inhibitor cyanamide (Cya, 1 mM) enhanced 
neuronal cell death induced by OGD (45.2% ± 3.3% vs 
28.9% ± 0.1% in the control neuron population, P < 0.05, 
the lower panels of Figure 1D). Similar results were ob-
tained with TUNEL analysis (the upper panels of Figure 
1D). 

To further define the role of ALDH2, a group of 
Sprague-Dawley (SD) rats were subjected to middle cere-

Figure 1 The activation of ALDH2 protects against ischemic injuries in vivo and in vitro. (A) The expression level of ALDH2 
was measured in SHR and SHR-SP aged 5 months, using 2D-DIGE. The image was scanned by typhoon Trio variable im-
ager. The arrow points to the ALDH2 protein spot. (B) The sample from SHR was labeled with red, and SHR-SP with green. 
Pixel values from the images of fluorescent stained gels were converted into 3D representations to illustrate the differential 
quantification of ALDH2 between SHR and SHR-SP. (C) Western blotting analysis showing expression of ALDH2 in the brain 
of SHR and SHR-SP (n = 3 in each group). The ALDH2 level of control group was arbitrarily set as 100. GAPDH is used as a 
loading control. (D) The neurons were treated with Alda-1 (10 µM) or Cya (1 mM) under OGD for 12 h. The cells were stained 
with TUNEL staining kit (green) (for dead cells) and Hoechst 33342 to visualize the nuclei. The cell death (Annexin V staining, 
R2 + R3; PI staining, R3 + R4) was also analyzed by flow cytometer. Scale bar, 20 µm. n = 3 in each group. (E) In SD rats, 
the intracerebroventricular (i.c.v) injection of Alda-1 (50 µg in 5 µl) or Cya (1 mg in 5 µl) affected the activity of ALDH2. n = 8. (F) 
The left panel shows representative 1% TTC staining of 7 corresponding coronal brain sections of rats with vehicle, Alda-1 (50 
µg in 5 µl, i.c.v) or Cya (1 mg in 5 µl, i.c.v) treatment on day 1 after MCAO for 2 h. The ischemic infarct region is white. n = 6. 
Data are shown as mean ± SD. Data are analyzed by ANOVA followed by LSD post-hoc testing. *P < 0.05, **P < 0.01. 
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bral artery occlusion (MCAO) after the intracerebroven-
tricular (i.c.v.) injection of Alda-1 (50 µg in 5 µl) or Cya 
(1 mg in 5 µl, i.c.v). The injection of Alda-1 increased 
ALDH2 activity by 109% in the brain of SD rats, while 
Cya decreased ALDH2 activity by ~60% (Figure 1E). 
Two hours after MCAO, the occluding filament was 
withdrawn to allow reperfusion. Twenty-four hours after 
MCAO, rats were killed and the brains were separated 
for quantitation of cerebral injury. As shown in Figure 
1F, Alda-1 treatment decreased the infarct size by 42%, 
and decreased the neurological deficit score by 53%; 
whereas Cya treatment increased the infarct size by 28%, 
and increased the neurological deficit score by 27%.

Transfection of ALDH2 protects against ischemic cere-
bral injury 

We also determined the role of ALDH2 in neuron 
survival by ALDH2 overexpression and knockdown in 
cultured neurons. Primary neurons were transfected with 
lentiviral vector encoding ALDH2 (LV-ALDH2) or short 
hairpin RNA (shRNA) targeting ALDH2 (sh-ALDH2). 
The control samples were transfected with correspond-
ing empty lentiviral vector encoding green fluorescent 
protein (LV-GFP) and non-silencing control siRNA (NS-
control), respectively. For all experiments, the transfec-
tion efficiency was maintained over 90% as determined 
by flow cytometry, with no detectable cellular toxicity 
(Figure 2A and 2B). Transfection with LV-ALDH2 en-
hanced the expression of ALDH2 (179 ± 13 vs 111 ± 9 
in LV-GFP group, P < 0.01, Figure 2C), and attenuated 
OGD-induced cell death (16.2% ± 0.2% vs 57.8% ± 2.1% 
in LV-GFP group, P < 0.01, Figure 2D). In contrast, 
transfection with sh-ALDH2 decreased the expression of 
ALDH2 (12 ± 8 vs 113 ± 7 in NS-control group, P < 0.01, 
Figure 2C), and exacerbated OGD-induced cell death 
(62.1% ± 2.4% vs 46.1% ± 0.7% in NS-control group, P 
< 0.01, Figure 2D). 

The protective effect of ALDH2 against ischemic 
stroke was further investigated by overexpression and 
knockdown of ALDH2 in the brain of SD rats aged 5 
weeks. LV-ALDH2, sh-ALDH2 and their controls (LV-
GFP or NS-control) were stereotaxically injected into 
the left hemisphere of rats at four different sites (2 × 
106 TU/site, shown in Figure 3A and 3B). Three weeks 
after injection, MCAO was performed on the left side 
of brain. Local injection of LV-ALDH2 or sh-ALDH2 
led to an approximately 2-fold (overexpression) or 0.16-
fold (knockdown) change in ALDH2 protein levels, re-
spectively (Figure 3C and 3D). ALDH2 overexpression 
reduced the infarct size (12% ± 3.3% vs 38.8% ± 9.2% 
in LV-GFP control), and improved neurological function 
(neurological deficit score: 1.3 ± 0.4 vs 3.0 ± 0.5). The 

knockdown of ALDH2 by sh-ALDH2 increased infarct 
size (from 37% to 49%), and compromised neurological 
function (Figure 3E). 

4-HNE level is high in SHR-SP and correlates inversely 
with the lifespan of SHR-SP

Both 4-HNE and MDA are very common aldehydes 
produced during oxidative stress as major end-products 
of lipid peroxidation and accumulate during ischemia-
reperfusion [7-10]. To investigate the role of aldehydes 
in stroke, we measured MDA and 4-HNE levels in sera 
of male WKY rats, SHR and SHR-SP (6-month-old) 
(Figure 4A). Serum MDA levels did not differ between 
SHR and SHR-SP, but were significantly higher than 
that in age-matched WKY rats (6-month-old) (Figure 
4A). The 4-HNE level was significantly higher in both 
the serum and brain of SHR-SP, but not in those of SHR, 
in comparison to the WKY control (Figure 4A and 4B). 
Furthermore, we found that serum 4-HNE level in SHR-
SP (n = 27; at 6 months of age) was inversely correlated 
with the survival time (r = −0.60486, P = 0.0008, Figure 
4C).

Elevation of 4-HNE level in human subjects with stroke 
We conducted a preliminary clinical trial in 51 pa-

tients with ischemic stroke and 30 healthy human sub-
jects matched for age and sex. Plasma 4-HNE level 
was measured 3 days (n = 23), 7-14 days (n = 15) and 6 
months (n = 13) after stroke. Demographic information 
of patients is shown in Supplementary information, Table 
S1. 4-HNE level was higher in stroke patients at all three 
time points than in subjects without stroke (15.5 ± 2.8 
ng/ml, 18.2 ± 3.3 ng/ml, 14.2 ± 1.7 ng/ml, respectively, 
vs 9.1 ± 1.9 ng/ml, all P < 0.01, Figure 4D). In a separate 
cohort study of 1 242 community-based participants aged 
> 40 years followed for 8 years (described in [22]), 21 
subjects developed stroke during follow-up. Randomly 
selected 45 subjects matched for gender and age were 
included as control in the analysis of 4-HNE levels at en-
rollment (Supplementary information, Table S2). The so-
ciodemographic and healthcare characteristics are shown 
in Supplementary information, Table S3. As shown in 
Figure 4E, the 21 individuals who developed stroke had 
significantly higher 4-HNE levels than the control at the 
start of the study (12.1 ± 1.6 vs 9.6 ± 1.6 ng/ml, P < 0.001). 

4-HNE-induced cerebral injury is abolished by ALDH2
In cultured primary neurons, 4-HNE (0.1 mM) in-

creased the cell death induced by OGD as assessed by 
flow cytometric analysis of annexin V staining (44.6% ± 
7.2% vs 29.8% ± 4.8% in the control with OGD alone, P 
< 0.01) (the lower panels of Figure 4F and 4G). Similar 
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results were obtained with TUNEL analysis (the upper 
panels of Figure 4F and 4G). 

As 4-HNE can be detoxified by ALDH2, we hypoth-
esized that activating ALDH2 would reduce the accumu-
lation of 4-HNE, which would in turn alleviate cerebral 
injury induced by 4-HNE. Increase of 4-HNE level in 
cultured neurons exposed to OGD was completely abol-

ished by ALDH2 activator Alda-1, and enhanced by AL-
DH2 inhibitor Cya (Figure 4H). 4-HNE treatment (31 µg 
in 5 µl, i.c.v.) at 30 min before MCAO increased infarct 
size. Similar results were obtained in LV-GFP control 
groups (Figure 4I and 4J). Overexpression of ALDH2 by 
local injection of LV-ALDH2 reduced infarct size follow-
ing MCAO (12.3% ± 6.7% vs 38.8% ± 9.2% in LV-GFP 

Figure 2 Lentivirus-mediated overexpression and knockdown of ALDH2 regulate neuron survival under OGD. (A) Lentiviral 
delivery system efficiently transfected the cultured neurons. Representative image of neurons transfected with GFP-con-
taining lentivirus (The upper panel from fluorescent light field, the lower panel from dark field) for 2 days (MOI = 10). Scale 
bar, 20 µm. (B) Flow cytometry analysis of neurons with LV-GFP (the lower panel) or without LV-GFP transfection (the upper 
panel) after incubation for 2 days. (C) Immunoblotting and quantification showing efficient overexpression of ALDH2 by LV-
ALDH2 and knockdown by sh-ALDH2 in cultured neurons. n = 3. The ALDH2 level of control group was set as 100. Data 
are shown as mean ± SD. Data are analyzed by ANOVA followed by LSD post-hoc testing. **P < 0.01. (D) Primary neurons 
transfected with LV-ALDH2 (LV-GFP as control) or sh-ALDH2 (NS-control as control) were exposed to OGD for 12 h. The cell 
death (Annexin V staining, R2 + R3; PI staining, R3 + R4) was analyzed by flow cytometer. Data are shown as mean ± SD. 
Data are analyzed by Student’s t test. **P < 0.01; n = 3. LV-GFP, lentiviral delivery system encoding GFP; LV-ALDH2, lenti-
viral delivery system encoding ALDH2; sh-ALDH2, shRNA-mediated ALDH2 knockdown vectors; NS-control, Non-silencing 
control siRNA.
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Figure 3 Effects of lentivirus-mediated ALDH2 overexpression/knockdown on cerebral injury induced by MCAO. (A) The up-
per panel: time schedule for lentivirus injection, MCAO operation and sacrifice for examinations. The lower panel: Four sites 
for injection (yellow asterisk). Lentivirus (2 × 106 TU/site) was injected into the left cortex and hippocampus at 4 sites. (B) Up-
per panel: general view of lentivirus transfection in rat brain one week after injection (left, the brain was stained by Hoechst; 
right, GFP-containing transfection site). Lower panel: LV-GFP efficiently transfected neurons, as detected by colocalization 
with the neuron-specific marker NeuN. Scale bar, 20 µm. (C, D) Immunoblotting and quantification show efficient overexpres-
sion and knockdown of ALDH2 in local brain tissue of rats after 3 weeks. n = 3. The ALDH2 level of control group was set as 
100. (E) The left panel shows representative 1% TTC staining of 7 corresponding coronal brain sections. The ischemic infarct 
region is white. The middle panel shows the infarct size and the right panel shows the neurological deficit scores (n = 5). Data 
are shown as mean ± SD. Data are analyzed by ANOVA followed by LSD post-hoc testing. *P < 0.05, **P < 0.01.

group), abolished the cerebral injury induced by 4-HNE 
(Figure 4I to 4K), and prevented the rise in 4-HNE level 
(Figure 4L). 

Moderate ethanol consumption protects against stroke 
and prolongs the lifespan of SHR-SP

Ethanol is thought to confer protection against stroke 
[23]. To assess whether the effects of ethanol are mediat-
ed through ALDH2 pathway, SD rats were administered 
regular liquid diet with 6% ethanol (vol/vol) or isocaloric 
pair-feeding regimen (control) during a 6-week period 

according to the literature [24]. Although 36% ethanol 
consumption aggravated the cerebral injury induced by 
MCAO (data not shown), moderate ethanol intake (6%, 
vol/vol) significantly decreased infarct size (P < 0.05) 
and attenuated the deterioration in neurological function 
(P < 0.05, Figure 5A). Moderate intake of ethanol (6%) 
increased the activity of ALDH2 (138 ± 39 vs 100 ± 17, 
P < 0.05, Figure 5B), but did not affect the expression of 
ALDH2 in the brain or liver (Supplementary information, 
Figure S1A). Further, we observed a shift of isoelectric 
point of cerebral ALDH2 in rats receiving 6% ethanol (Sup-
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Figure 4 Elevation of 4-HNE level may be a risk factor for ischemic stroke and ALDH2 abolishes 4-HNE-induced cerebral injury. 
(A) 4-HNE and MDA levels in serum of WKY, SHR and SHR-SP aged 6 months; n = 8. (B) Western blotting analysis showing 
the levels of 4-HNE in brains of 6-month-old WKY, SHR and SHR-SP. n = 3. The 4-HNE level of control group was set as 100. (C) 
Representative scatter plots showing the significant and inverse correlation between serum 4-HNE level (detected at 6-month 
old) and survival time of SHR-SP. r = −0.60486. P = 0.0008; n = 27. (D) The clinical observation of plasma 4-HNE levels of con-
trol subjects (n = 30) and ischemic stroke patients at three stages: (1) Stage I, within 3 days after onset of ischemic stroke (n = 
23); (2) stage II, 7-14 days after onset of stroke (n = 15) and (3) stage III, 6 months after onset of stroke (n = 13). (E) The clinical 
observation of 4-HNE levels in the plasma samples selected from a cohort study with 1 242 participants during 8-year follow-up. 
The 21 individuals who eventually developed stroke were defined as stroke group. The randomly selected 45 subjects without 
stroke during follow-up were used as control. (F, G) The neurons were treated with 4-HNE (0.1 mM) under OGD for 12 h. Upper 
panel: the cells were stained with TUNEL staining kit and Hoechst 33342. Lower panel: the cell death (Annexin V staining, R2 + 
R3; PI staining, R3 + R4) was also analyzed by flow cytometer. Scale bar, 20 µm. n = 3 in each group. (H) Western blot show-
ing 4-HNE level in cultured neurons treated with Alda-1 (10 µM) or Cya (1 mM) under OGD (n = 3). (I) Representative 1% TTC 
staining of 7 corresponding coronal brain sections of vehicle- or 4-HNE-treated rats with local transfection of LV-ALDH2 or LV-
GFP control on day 1 after MCAO for 2 h. The ischemic infarct region is white. (J, K) The infarct size and the neurological deficit 
score in MCAO rats. (L) The serum 4-HNE level was measured on day 1 after 4-HNE (31.25 µg/µl, i.c.v.) injection into rats with 
MCAO (n = 6). Data are shown as mean ± SD. Data in A, B, J, K and L are analyzed by ANOVA followed by LSD post-hoc test-
ing. Data in E and G are analyzed by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant.
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Figure 5 The protective effect of ethanol against ischemic stroke is mediated by ALDH2 in MCAO rats. (A) The left panel 
shows representative 1% TTC staining of 7 corresponding coronal brain sections of rats with vehicle or ethanol (6%) intake 
on day 1 after MCAO for 2 h. The ischemic infarct region is white. The middle panel shows the infarct size and the right panel 
shows the neurological deficit scores. n = 10. (B) ALDH2 activity in cerebral cortex of SD rats. Data are shown as mean ± 
SD. Data were analyzed by Student’s t test in A and B. n = 10. (C) Lifelong treatment of 6% ethanol prolonged the lifespan 
of SHR-SP. Log rank χ2 = 8.9984, P = 0.0027; n = 22. (D) Serum 4-HNE levels in rats with or without MCAO for 2 h. Data are 
shown as mean ± SD. Data are analyzed by Student’s t test; n = 8. (E) Representative images of 4-HNE in the infarct pen-
umbra after MCAO under a confocal fluorescent microscope. Scale bar, 20 µm. (F) Serum 4-HNE levels were measured one 
day after MCAO. (G) The left panel shows representative 1% TTC staining images of coronal brain sections of rats one day 
after MCAO for 2 h. The middle panel shows the infarct size and the right panel shows the neurological deficit scores. All ani-
mals were treated with vehicle or ethanol for 6 weeks before MCAO. Data are shown as mean ± SD. Data are analyzed by 
ANOVA followed by LSD post-hoc testing. n = 6. *P < 0.05, **P < 0.01, n.s. not significant. EtOH, ethanol.
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plementary information, Figure S1B), most likely reflecting 
ALDH2 phosphorylation. Long-term consumption of 6% 
ethanol prolonged the lifespan of SHR-SP (log rank χ2 = 
8.9984, P = 0.0027 vs vehicle control, Figure 5C). Ethanol 
(6%) intake decreased 4-HNE levels both in serum (464 ± 
29 vs 608 ± 53 ng/ml, P < 0.01, Figure 5D) and brain (Figure 
5E and Supplementary information, Figure S2) of SD 
rats upon MCAO, but did not affect the 4-HNE level in 
serum of SD rats without MCAO (Figure 5D).

ALDH2 mediates the protective effect of ethanol against 
ischemic stroke

The protective effect of 6% ethanol intake (reduction 
in infarct size and improvement of neurological func-
tion following MCAO; Figure 5A) was abolished by the 
ALDH2 inhibitor Cya (1 mg in 5 µl, i.c.v) (Supplementary 
information, Figure S3). Knockdown of ALDH2 by sh-
ALDH2 injection increased infarct size and neurological 
deficit score induced by MCAO (P < 0.01, Figure 5G). 
Furthermore, ALDH2 knockdown also abolished the 
reduction of infarct size and neurological deficit score 
by ethanol (Figure 5G), and attenuated ethanol-induced 
4-HNE reduction (Figure 5F). Taken together, these re-
sults indicate that the protective effect of ethanol against 
ischemic stroke is ALDH2 dependent.

PKCε confers neuroprotective effect and regulates the 
ALDH2 activity 

It has been reported that PKC directly phosphorylates 
ALDH2 in vitro and induces activation of ALDH2 [16]. 
In light of the interaction between PKC and ALDH2, we 
designed a series of experiments to investigate whether 
PKC is involved in the protective effect of ALDH2 or 
ethanol against stroke. In cultured neurons, ethanol (30 
mM) enhanced the phosphorylation of PKCε by 68% and 
promoted the binding of ALDH2 to PKCε (Supplementary 
information, Figure S4A), but did not affect the binding 
of ALDH2 to PKCα (Supplementary information, Figure 
S4B). The next set of experiments was focused on PKCε 
in cultured neurons. Briefly, ALDH2 co-precipitated 
with PKCε (Figure 6A). The PKC activator phorbol 12-
myristate 13-acetate (PMA) (1 µM) promoted this bind-
ing (Figure 6A). In cultured PC12 cells, ALDH2 activity 
was increased by 40% with PMA (1 µM) and reduced 
by 66% with the PKC inhibitor staurosporine (0.1 µM) 
(Supplementary information, Figure S5A). In rats sub-
jected to MCAO, PMA (3 µg in 5 µl, i.c.v.) increased 
ALDH2 activity by 179% and decreased infarct size 
by 30%. In contrast, staurosporine (1 µg in 5 µl, i.c.v.) 
decreased ALDH2 activity by 58% and increased the 
infarct size by 50% (Supplementary information, Figure 
S5B and S5C).

We investigated the role of PKCε in neuronal survival 
using PKCε overexpression and knockdown methods in 
cultured neurons. Primary neurons were transfected with 
a lentiviral delivery system encoding PKCε (LV-PKCε) 
or shRNA targeting PKCε (sh-PKCε) (Supplementary 
information, Figure S6A). Transfection with LV-PKCε 
decreased the cell death induced by OGD (12.5% ± 0.1% 
vs 38.2% ± 0.1%, Supplementary information, Figure 
S6B). In contrast, knockdown of PKCε by sh-PKCε in-
creased susceptibility to cell injury (55.6% ± 2.9% vs 
46.3% ± 0.7%, Supplementary information, Figure S6B).

PKCε overexpression protects against ischemic stroke
To further investigate the neural protective effect of 

PKCε in vivo and its function on ALDH2, we used LV-
PKCε to increase the expression of PKCε, and sh-PKCε 
to decrease it in the brain of SD rats (Figure 6B and 6C). 
All lentiviral preparations mentioned above were stereo-
taxically injected into the cortex and hippocampus of rats 
at four different sites (2 × 106 TU/site), and MCAO was 
performed 3 weeks after the injection. Overexpression of 
PKCε increased ALDH2 activity by 44% and decreased 
infarct size by 33% (vs LV-GFP control, Figure 6D and 
6E) in rats subjected to MCAO. Further, neurological 
function was also improved (2.0 ± 0.0 vs 2.8 ± 0.3 in LV-
GFP control, Figure 6E). In contrast, the sh-PKCε injec-
tion decreased ALDH2 activity by 61% and increased 
infarct size by 26% (vs NS-control, Figure 6D and 6E). 
The neurological function was also slightly deteriorated 
by sh-PKCε injection (3.6 ± 0.5 vs 3.2 ± 0.4 in NS-
control, P = 0.17, Figure 6E). These results suggest that 
PKCε confers protective effect against ischemic stroke 
and increases the activity of ALDH2.

PKCε is upstream to ALDH2 for neuroprotective effect
Injection of both LV-PKCε and sh-ALDH2 in the 

left cortex and hippocampus of SD rats led to 1.6-fold 
overexpression of PKCε and 0.42-fold knockdown of 
ALDH2 (vs control transfected by LV-GFP + NS-control, 
Figure 6F and 6G). ALDH2 knockdown increased the 
infarct size, and abolished the protective effect of PKCε 
against stroke (Figure 6H). 

Knockdown of PKCε decreased ALDH2 activity in 
the brain, prevented the activation of ALDH2 induced by 
ethanol (Supplementary information, Figure S7A), abol-
ished the ethanol-induced protection against ischemic ce-
rebral injury (infarct size 42.0% ± 12.7% with ethanol vs 
38.8% ± 6.9% without ethanol, Supplementary informa-
tion, Figure S7B), and prevented the decrease in 4-HNE 
level induced by ethanol intake (1 054 ± 108 ng/ml with 
ethanol vs 952 ± 72 ng/ml without ethanol, Supplemen-
tary information, Figure S7C).
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Figure 6 PKCε is upstream to ALDH2 for neuroprotective effect. (A) Immunoprecipitation showing the PKCε phosphorylation 
(P-PKCε) and the binding of ALDH2 to PKCε in cultured neurons treated with or without the activator of PKC (PMA, 1 µM). (B, 
C) Western blotting and quantification showing efficient overexpression of PKCε by LV-PKCε, and knockdown by sh-PKCε in 
left brain of SD rats; n = 3. Lentivirus (2 × 106 TU/site) was injected into the left cortex and hippocampus at 4 sites. (D) PKCε 
overexpression (LV-PKCε) or knockdown (sh-PKCε) affected the ALDH2 activity. n = 5. (E) Representative 1% TTC staining 
images of coronal brain sections. The middle panel shows the infarct size and the right panel shows the neurological deficit 
scores. (F, G) Immunoblotting and quantification show efficient transfection of sh-ALDH2 plus LV-PKCε in local brain tissue of 
rats after 3 weeks. n = 2. (H) Representative 1% TTC staining images of coronal brain sections (left) with sh-ALDH2 plus LV-
PKCε. The middle panel shows the infarct size and the right panel shows the neurological deficit scores; n = 5. (I) Proposed 
mechanism underlying the activation of ALDH2 against ischemic stroke. Data are shown as mean ± SD. Data in B, C, D, E 
and H are analyzed by ANOVA followed by LSD post-hoc testing. Data in A, F and G are analyzed by Student’s t test. *P < 0.05, 
**P < 0.01, n.s. not significant. IP, immunoprecipitation; KD, knockdown; OE, overexpression; EtOH, ethanol. LV-PKCε, lenti-
viral delivery system encoding PKCε; sh-PKCε, shRNA-mediated PKCε knockdown vectors; NS-control, non-silencing control 
siRNA.
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Discussion

ALDH2 is implicated in a wide range of physiological 
functions [13-16]. For example, ALDH2 modulates the 
impact of smoking on lung cancer risk [13], and is a po-
tential target for treating cocaine addiction [14]. ALDH2 
involvement in the pathophysiology of ischemic heart 
disease has also been described [15, 16]. Approximately 
40% of the East Asian population carries an ALDH2*2 
mutant allele with dramatic reduction in the enzymatic 
activity [25]. A study conducted in aged Korean men 
showed an association of higher risk of myocardial 
infarction with the ALDH2 E487K mutation [26]. A 
study conducted in Japan also identified ALDH2*2/*2 
genotype as a risk factor for myocardial infarction [27]. 
Collectively, these observations suggest that ALDH2 is a 
critical factor in ischemic heart disease [15, 28, 29]. 

Different from the situation in the heart, the studies 
on the effects of ALDH2 in the brain are largely miss-
ing. Two clinical observations described in the literature 
are interesting. A study that compared 65 stroke patients 
with a history of heavy drinking and 83 stroke patients 
without history of drinking in Taiwan suggested that 
ALDH2*2 may be a risk factor for excessive alcohol 
consumption [30]. A study from Japan reported an as-
sociation between the ALDH2 *1/*1 genotype and the 
number of lacunar infarcts [31]. In vitro studies indicated 
that activation or overexpression of ALDH2 could pro-
tect neurons from aldehyde-induced cell death [32, 33].

The data in this study show that activation or overex-
pression of ALDH2 can protect the brain against stroke. 
Our findings also suggest that ALDH2 plays a critical 
role in removing endogenous aldehydes during brain 
ischemia. The results from the clinical parts indicate that 
ALDH2 dysfunction is a risk factor for stroke. 

Moderate ethanol intake might be an economical and 
effective method to activate ALDH2. Recently, a system-
atic review and meta-analysis concluded that there is cur-
vilinear relationship between ethanol consumption and 
ischemic stroke, with a protective effect of ethanol con-
sumption in low to moderate amounts and a detrimental 
effect of large amounts of ethanol consumption [23]. 
Our results showed that low dose of ethanol can alleviate 
ischemic cerebral injury in the MCAO rat model through 
upregulation of the ALDH2 pathway, and prolong the 
lifespan of stroke-prone rats. Notably, activation of AL-
DH2 by ethanol to protect against stroke requires PKCε. 
PKCε is known for its oncogenic properties [34], and 
even proposed as a tumor marker [35]. PKCε has been 
implicated in heart protection and ventricular hypertro-
phy [34, 36]. In this study, we showed that PKCε is pro-
tective against stroke. Our results also identified PKCε 

as a molecule upstream of ALDH2 in stroke protection 
(Figure 6I), as suggested by Chen et al. [16]. These find-
ings suggest that activation of PKCε or ALDH2 may 
underlie the cerebral protective effect of ethanol. Indeed, 
protective effects were achieved by activating ALDH2 
with Alda-1 or activating PKC with PMA. 

ALDH2 is expressed in mitochondria but barely de-
tectable in the blood. However, the levels of aldehydes 
can be measured in the blood and used to estimate AL-
HD2 activity [7]. Reactive aldehydes, including MDA, 
4-HNE and 1-palmitoyl-2-oxovaleroyl phosphatidyl 
choline (POVPC), were detected in almost all tissues that 
experienced ischemic injury [10]. All of them might be 
the potential substrates of ALDH2. MDA and 4-HNE are 
representative reactive aldehydes involved in cardiovas-
cular diseases [37]. Therefore, in this study we mainly fo-
cused on 4-HNE and MDA. Higher levels of 4-HNE and 
MDA were found in the serum of SHR-SP than that of 
WKY rats. It is of note that only the level of 4-HNE, but 
not MDA, was elevated in SHR-SP when compared with 
SHR, suggesting that 4-HNE is a biomarker for stroke. In 
literature, 4-HNE adducts inhibit key metabolic enzymes 
and aggravate accumulation of damaged proteins in myo-
cardium. 4-HNE also impairs ATP-generating ability of 
mitochondria, directly inhibits myocardial contractility 
[38], exerts pro-arrhythmic effects [39], and causes tissue 
damage after myocardial ischemia [40]. 

4-HNE induces cell death in cultured primary neurons 
and immortalized neuronal cell lines [32, 33]. 4-HNE 
level is elevated upon acute cerebral injury in both ani-
mal and human [41-43]. Due to easily recognizable 
symptoms and signs of stroke, the significance of 4-HNE 
as a biomarker for stroke is limited. The identification of 
risk factors to predict the occurrence of stroke, however, 
is important. This study made the following findings: (1) 
The serum level of 4-HNE negatively correlates with the 
lifespan of SHR-SP; (2) 4-HNE remained persistently 
elevated after stroke; (3) Subjects with high 4-HNE lev-
els are more likely to develop stroke. These observations 
suggest that 4-HNE is an important predictor of stroke. 

In summary, our results show that ALDH2 activation 
could be explored as a strategy to treat or to prevent isch-
emic stroke. Our results also indicate that elevation of 
4-HNE level is a risk factor for ischemic stroke.

Materials and Methods

Animals
Male SD rats were purchased from Sino-British SIPPR/BK Lab 

Animal Ltd. (Shanghai, China). Male SHR-SP, SHR and WKY 
rats were provided by the animal center of Second Military Medi-
cal University. All rats were housed in controlled temperature (23 
to 25 ºC) and lighting (8:00 AM to 8:00 PM light, 8:00 PM to 8:00 
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AM dark) and with free access to standard food and drinking wa-
ter. All animals used in this experiment received humane care in 
compliance with institutional guidelines of Second Military Medi-
cal University for health and care of experimental animals.

Cells and reagents
PC12 cells were purchased from Shanghai Institutes for Bio-

logical Sciences, Chinese Academy of Sciences. Alda-1 was pur-
chased from Calbiochem (Merck KGaA, Darmstadt, Germany). 
Cya, 4-HNE, PMA and staurosporine were purchased from Sigma-
Aldrich (St Louis, MO, USA). Anti-ALDH2, anti-PKCε, anti-
p-PKCε (Ser729) and anti-GFP antibodies were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-NeuN 
antibody was purchased from Millipore (Billerica, CA, USA). 
Anti-4-HNE antibody was purchased from Abcom (NT Hong 
Kong, China). Rat 4-HNE and MDA detecting kit was purchased 
from WEIAO BioTech (Shanghai, China). Human OxiSelectTM 
HNE-His Adduct ELISA Kit was purchased from Cell Biolabs Inc 
(San Diego, CA, USA). Cy3- and FITC-conjugated secondary an-
tibodies were purchased from Beyotime Institute of Biotechnology 
(Haimen, Jiangsu, China). IRDye800CW-conjugated secondary 
antibody was purchased from Rockland (Gilbertsville, PA, USA). 
Liquid diet with or without ethanol were made by TROPHIC Ani-
mal Feed High-tech Co., Ltd (Nantong, Jiangsu, China).

Neuron culture and drug/lentivirus administration
Primary neuronal cells were obtained from the cerebral cortex 

of neonatal SD rats within 6 h after birth, as described previously 
[44]. One day after isolation, the cultures were replenished with 
Neurobasal medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 2% B27 (Invitrogen). Glial growth was suppressed by 
addition of uridine (10 µM). Staining for NeuN (neuron marker, 
Millipore) was performed to show that cultured cells contained 
> 90% neurons. After 7-day culture in vitro, the neurons were 
treated with Alda-1 (10 µM), Cya (1 mM), 4-HNE (0.1 mM) or 
vehicle for 30 min, prior to OGD. In some experiments, after 
7-day culture in vitro, the neurons were transfected with lentivi-
rus (multiplicity of infection (MOI) = 10) for overexpression or 
knockdown of ALDH2 or PKCε. The incubation time for transfec-
tion was 2 days.

OGD model and cell injury assay 
To establish OGD condition, the cultured neurons were washed 

three times, cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) with no glucose and incubated for 12 h in a hypoxic 
chamber (Thermo Fisher Scientific, OH, USA) that was continu-
ously flushed with 94% N2 and 5% CO2 at 37 ºC to obtain 1% O2. 
Control neuron cultures were grown in DMEM containing glucose 
(25 mM) and incubated under normal culture conditions for the 
same period. After 7-day culture in vitro, cultured cells were ex-
posed to OGD for 12 h prior to apoptosis assay. Cell survival and 
death was examined by manually counting the cells double-stained 
with Hoechst (Beyotime) and by in situ cell death detection kit 
(TUNEL staining kit, Roche, Mannheim, Germany), respectively. 
The cell nuclei were counterstained with Hoechst 33342 (1 µg/ml). 
The dead or apoptotic cells were labeled green with the TUNEL 
staining kit. Images were acquired under a fluorescent microscope 
(IX-71; Olympus, Tokyo, Japan) with 12.8 M pixel recording 
digital color cooled camera (DP72; Olympus). The ratio of cells 

labeled green vs blue is used to define death or apoptosis rate [45]. 
The cell death was also detected by Annexin V/PI staining analysis 
(Annexin V staining for early apoptotic cells, and PI staining for 
late apoptotic or necrotic cells). Alexa Fluor 488 labeled-Annexin 
V and PI (Invitrogen) were used according to the manufacturer’s 
instruction. Flow cytometric analysis was performed with a BD 
FACScalibur flow cytometer (BD FACSCalibur TM Flow Cytom-
eter, USA) to count 10 000 cells for each experiment.

MCAO
The animals were anesthetized with chloral hydrate (300 mg/

kg). MCAO surgery in rats was performed as described [46]. 

Briefly, the core temperature (rectum) was maintained at 36.5 ºC to 
37.5 ºC by use of a temperature controller pad (Nanjing Xin Xiao 
Yuan Biotech, Nanjing, China) throughout the surgery. Cerebral 
focal ischemia was produced by intraluminal occlusion of the left 
middle cerebral artery using a silicone rubber-coated nylon mono-
filament. Achievement of ischemia was confirmed by monitoring 
regional cerebral blood flow (CBF) in the area of the left middle 
cerebral artery. CBF was monitored through a laser Doppler trans-
ducer (MNP110XP, ADInstruments, Australia) to a laser Doppler 
computerized main unit (ML191, ADInstruments). The microtip 
was attached to the skull of the rat through cyanoacrilate glue. 
Animals that did not show a CBF reduction of at least 70% were 
excluded from the experimental group, as were animals that died 
after ischemia induction. Two hours after MCAO, the occluding 
filament was withdrawn to allow reperfusion. Twenty-four hours 
after MCAO, rats were killed for various examinations after neu-
rological deficit scoring.

Neurological deficit scoring and 2,3,5-triphenyltetrazolium 
chloride (TTC) staining

Rats were examined for neurological deficits using a 5-point 
scale as described [46]. Briefly, animals with normal motor func-
tion were scored as 0, flexion of the contralateral torso and forearm 
on lifting the animal by the tail as 1, circling to the contralateral 
side but normal posture at rest as 2, leaning to the contralateral 
side as 3, and no spontaneous motor activity as 4. Brain slices 
were prepared with brain-cutting matrix (ASI Instruments, War-
ren, MI, USA). The slices were incubated in 1% TTC solution 
(Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) at 37 ºC 
for 30 min, and then mounted on dry paper and photographed with 
a digital camera. The infarct size and hemisphere size of each sec-
tion were traced and quantified with ImageJ software (NIH, MD, 
USA). The possible interference of a brain edema in assessing the 
infarct size was corrected with a standard method of subtracting 
the volume of the nonischemic ipsilateral hemisphere from that 
of the contralateral hemisphere. The infarct size is expressed as a 
percentage of the contralateral hemisphere. 

Drug and lentivirus administrations  
For Alda-1 or Cya administration, rats were fixed in ALC-H 

motorized digital stereotaxic instrument (Shanghai Alcott Biotech 
Co. Ltd., Shanghai, China) and were injected with 5 µl of vehicle, 
dimethyl sulfoxide (DMSO), Alda-1 (10 mg/ml) or Cya (200 mg/
ml) into the left lateral ventricle for 15 min followed by MCAO. 
During the infusion (i.c.v.) and the following MCAO, a tempera-
ture controller pad was used to maintain the core temperature (rec-
tum) at 37 ºC. 
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For 4-HNE administration, rats were injected with 5 µl of ve-
hicle (hexane solution) or 4-HNE (6.25 mg/ml) into the left lateral 
ventricle, which was similar to Alda-1 or Cya administration. For 
lentivirus infusion, lentiviral vectors encoding ALDH2 (1-2 µl per 
site; 2 × 106 transduction units [TU]/site), empty lentiviral vectors 
or vehicle control were injected into the cortex and hippocampus 
of 5-week-old rats at 4 sites by microliter syringes (Hamilton CO., 
Reno, NV, USA). Four sites of injection: site 1, 0.3 mm anterior 
to bregma, lateral 3 mm to midline; depth, 2 mm to skull surface; 
site 2, 0.3 mm anterior to bregma, lateral 3 mm to midline; depth, 
5 mm to skull surface; site 3, 0.3 mm anterior to bregma, lateral 
5 mm to midline; depth, 3 mm to skull surface; site 4, 0.3 mm 
anterior to bregma, lateral 5 mm to midline; depth, 6 mm to skull 
surface. Three weeks after injection, MCAO was performed in the 
left side of brain. 

For administration of ethanol, rats were fed with a nutritionally 
complete liquid diet (TROPHIC Animal Feed High-tech Co., Ltd.) 
for a one-week acclimation period as described [47]. Upon com-
pletion of the acclimation period, the rats of control group were 
maintained with the regular liquid diet (without ethanol), and the 
rats of 6% ethanol group began a 6-week period of isocaloric 6% 
(vol/vol) ethanol diet feeding. An isocaloric pair-feeding regimen 
was employed to eliminate the possibility of nutritional deficits. 
Control rats were offered the same quantity of diet as the ethanol-
consuming rats drunk on the previous day.

Immunoblotting
The total protein from tissue/cells was prepared as described 

[48]. Tissue/cell extract was boiled in 4× loading buffer, subjected 
to SDS-PAGE, and transferred onto the pure nitrocellulose blot-
ting membranes. To determine the isoelectric point of ALDH2, 
tissue extract was separated by 2D-DIGE. The membranes were 
incubated with one of the following antibodies: anti-ALDH2 anti-
body (1:200), anti-GFP antibody (1:200), anti-4-HNE antibody (1:1 
000, Abcom) prior to incubation with IRDye800CW-conjugated 
secondary antibody (Rockland). The image was captured by the 
Odyssey infrared imaging system (Li-Cor Bioscience, Lincoln, 
NE, USA). The data were analyzed using ImageJ software (NIH). 
All immunoblotting experiments were repeated three times. The 
mean value from three experiments was used to indicate the value 
for each animal. 

Immunoprecipitation
Immunoprecipitation was performed as described [49]. Mito-

chondria were isolated from cultured neurons using a mitochon-
dria isolation kit (Beyotime). The mitochondrial protein (500 µg) 
was used for immunoprecipitation in the presence or absence of 
ALDH2-specific antibodies (2 µg). After 3-h incubation, protein 
A/G agarose beads (EMD Chemicals Inc., Darmstadt, Germany) 
were added for an additional 1 h before pull-down. Immunocom-
plexes were washed three times with phosphate-buffered saline 
(PBS), eluted with 2× sample buffer, and subjected to a 10% SDS-
PAGE. We analyzed the immunocomplexes for the presence of the 
associated proteins by western blotting using antibodies against 
ALDH2 (Santa Cruz Biotechnology). 

Immunofluorescence
Frozen 20-µm-thick brain sections and cultured neurons were 

fixed in 4% paraformaldehyde, blocked by 8% normal goat serum, 

and incubated in specific primary antibodies as follows: anti-NeuN 
(1:200, Millpore) and anti-4-HNE (1:100, Abcom). After being 
washed three times with PBS, the sections and cells were incu-
bated with Alexa 488- or Cy3-conjugated secondary antibodies. 

ALDH2 enzymatic activity
Mitochondria were isolated from tissue (100 mg) or PC12 cells 

(3 × 106) using a mitochondria isolation kit (Beyotime). Enzymatic 
activity of ALDH2 was determined spectrophotometrically by 
monitoring the reductive reaction of NAD+ to NADH at A340 nm, 
as described previously [50, 51]. The assays were carried out at 25 
ºC in 20 mM sodium pyrophosphate buffer (pH 8.5) with 10 mM 
acetaldehyde (Sangon Biotech Co., Ltd, Shanghai, China) and 200 
µg of mitochondrial lysate protein added. To start the reaction, 2.5 
mM NAD (Sangon Biotech Co., Ltd) was added and the accumu-
lation of NADH was monitored for 2 min using clinical chemistry 
analyzer (Shanghai Xunda Medical Instrument Co., Ltd., Shang-
hai, china). ALDH2 activity was expressed as nmol NADH/min/
mg protein. The ALDH2 activity of control group was set as 100. 

Measurement of 4-HNE and MDA concentrations
The concentrations of 4-HNE and MDA in rat serum were mea-

sured using 4-HNE Detecting kit and MDA Detecting kit (WEIAO 
BioTech), respectively, according to the manufacturer’s instruc-
tions. The 4-HNE level in human plasma was measured using Ox-
iSelectTM HNE-His Adduct ELISA Kit (Cell Biolabs) according to 
the manufacturer’s instructions.

Difference in gel electrophoresis (DIGE) 
To prepare the total protein extract, frozen brain tissues were 

homogenized in liquid nitrogen and lyzed in lysis buffer. After 
sonicated with 5× 3 s bursts on ice, the crude extracts underwent 
ultracentrifugation for 30 min at 12 000× g at 4 ºC. The obtained 
supernatants were purified with 2-D Clean-Up Kit (Bio-Rad Labo-
ratories, CA, USA) and the protein concentration was determined 
by 2-D Quant Kit (Bio-Rad Laboratories). Then proteins were 
minimally labeled according to the manufacturer’s instructions 
(CyDye DIGE fluor minimal labeling kit, GE Healthcare, Gen-
eral Electric Company, CT, USA). For the isoelectric focusing 
electrophoresis, the labeled samples were placed in a strip holder 
using a step gradient protocol (30 v 6 h, 60 v 6 h, 200 v 1 h, 500 
v 1 h, 1 000 v 1 h, 8 000 v 6 h). After the Immobilized pH Gradi-
ent (IPG) strips were equilibrated in SDS equilibration solution, 
proteins were further separated on the 12.5% homogeneous SDS-
PAGE gels (80 mv/gel for 30 min and 280 mv/gel for 4.5 h). Then, 
scanning and image analysis were carried out. The labeled protein 
spots in the gel were visualized with Typhoon Trio variable imager 
(GE Healthcare). The sample from SHR was labeled with red and 
SHR-SP with green. DIGE images were analyzed using DeCyder 
v6.5 software (GE Healthcare). The ratios of the log-standardized 
protein spot abundances (differences in expression) between the 
groups were computed (one-way ANOVA, P < 0.05). Differen-
tially expressed protein spots were excised from the post-stained 
gel for further mass spectrometry and protein identification. The 
manually excised protein spots were then digested with trypsin 
and diluted with matrix solution for analysis by 4700 Matrix-
unterstützte Laser-Desorption/Ionisation-time of flight (MALDI-
TOF/TOF) Proteomics Analyzer (Applied Biosystems, Foster City, 
CA, USA) according to the manufacturer’s instructions. 
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Construction of lentiviral vectors
The rat Aldh2 (GenBank accession number NM_032416) and 

Prkce (GenBank accession number NM_017171) cDNAs were 
PCR amplified and subcloned into a pLenO-DCE vector (Invabio, 
Shanghai Innovation Biotechnology Co. Ltd, Shanghai, China) 
with Nhe  I/Not  I restriction sites to construct pLenO-DCE-Aldh2 
and pLenO-DCE-Prkce, respectively. Primers designed for Prkce 
and Aldh2 cDNA cloning are listed as PKCε-F, 5′-TACGAAGT-
GCGCTGGGCTAA-3′, and PKCε-R, 5′-GGAGCCACAGTG-
GTCACAGAA-3′; ALDH2-F, 5′-TGATGAAAGTGGCCGAG-
CAG-3′, and ALDH2-R, 5′-TAGGGCCGAATCCAGGAACA-3′.

siRNAs targeting the ORFs of the rat Aldh2 and Prkce genes 
were designed with sequences as follows: PKCε-SH1, 5′-GAC-
GACCGATCCAAGTCAG-3′; PKCε-SH2, 5′-ACAGCCAC-
CAAGCAGAAGA-3′; PKCε-SH3, 5′-AGAAGGACGTCATCCT-
GCA-3′; and PKCε-SH4, 5′-CTCTCATGTTTCTCCACCA-3′. 
ALDH2-SH1, 5′-GGAGGACGTAGACAAGGCA-3′; ALDH2-
SH2, 5′-GGAACAAGGAGGACGTAGA-3′; ALDH2-SH3, 5′-CA-
GATCATTCCGTGGAACT-3′; and ALDH2-SH4, 5′-GCAACCA-
GATCTTCATTAA-3′. Real-time PCR and western blotting were 
performed to determine the RNA interference efficacy. We selected 
ALDH2-SH4 (sh-ALDH2) for knockdown of ALDH2, and PKCε-
SH3 (sh-PKCε) for knockdown of PKCε. Non-silencing control 
siRNA (NS-control, 5′-TTCTCCGAACGTGTCACGT-3′) was 
used as control. Oligos were annealed and cloned into the Mu l/
Cla l site of pLenO-THM vector (Invabio).

Production of lentiviral vectors
Lentiviral vectors were prepared by co-transfecting 293T cells 

(Invitrogen) with helper plasmid pRsv-REV, pMDlg-pRRE and 
pMD2G (Invabio) using the calcium phosphate technique. The 
transfection efficiency was monitored by flow cytometry analysis.

Clinical observations
In the first observation, ischemic stroke patients were collected 

from Changhai Hospital and Xinhua Hospital from March 2011 to 
March 2012, including three stages of stroke: (1) Stage I, within 
3 days after onset of stroke (n = 23); (2) Stage II, 7-14 days after 
onset of stroke (n = 15) and (3) Stage III, 6 months after onset of 
stroke (n = 13). The control group was the healthy subjects with 
matched age, sex, etc. (n = 30). 

In the second observation, the study population has been de-
scribed in detail previously [20]. In brief, 1 242 community-based 
participants aged > 40 years were followed from 2004 to 2011. 
During 8-year follow-up, 21 subjects suffered from stroke. From 
the participants without stroke during follow-up, we randomly se-
lected 45 subjects as control. 

Information collection and covariate evaluation 
The ethics committee in Second Military Medical University 

approved the study for sample collection. All participants gave 
written informed consent prior to data collection. Information of 
sociodemographic status (e.g., age and sex), personal health his-
tory (e.g., hypertension, diabetes and myocardial infarction) was 
obtained through a questionnaire. Each participant underwent 
weight and height measurement, using a calibrated scale. The 
body mass index (BMI) was calculated as weight (in kilograms) 
divided by height squared (in square meters). Blood pressure (BP) 
was measured according to the guidelines presented in the Seventh 

Report of the Joint National Committee on Prevention, Detection, 
Evaluation and Treatment of High Blood pressure [52]. Hyperten-
sion was defined as systolic BP > 140 mmHg or diastolic BP > 90 
mmHg or by the use of anti-hypertensive medications in the previ-
ous 2 weeks irrespective of the BP or by self-reported history of 
hypertension. Diabetes was defined as fasting plasma glucose > 7.0 
mmol/l or 2-h plasma glucose > 11.1 mmol/l or by the use of hy-
poglycemic agents or by self-reported history of diabetes accord-
ing to Standard World Health Organization criteria [53]. Serum 
total cholesterol, triglyceride and high density lipoprotein (HDL) 
were measured by Hitachi 7170 autoanalyzer (Hitachi, Tokyo, 
Japan). Indicators of liver and kidney function were also tested, 
including alanine transarninase (ALT), blood urea nitrogen (BUN), 
creatinine, uric acid, etc.

Statistical analysis
The investigators were blinded to the procedures when they 

assessed the infarct size and neurological deficit score of MCAO 
animals, and recorded the TUNEL-positive cells, etc. The animals 
were randomly assigned by using the random permutations table. 
Data are expressed as the mean ± SD. Data are analyzed with two-
tailed Student’s t-test or one-way analysis of variance (ANOVA). 
Kaplan-Meier analysis is used to estimate survival probabilities. 
Log-rank testing is used to evaluate equality of survival curves. 
P < 0.05 is considered statistically significant. The relationships 
between 4-HNE and the survival time of SHR-SP are assessed by 
univariate regression analysis. The Pearson r values are calculated.
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