
INTRODUCTION
The endoplasmic reticulum (ER) is a

multifunctional intracellular organelle in-
volved in multiprocesses within the cell,
including synthesis and folding of secre-
tory and membrane proteins, Ca2+ home-
ostasis and lipid biosynthesis (1–3). ER
stress develops in response to a wide va-
riety of cellular stressors, such as heat,

hypoxia, metabolic starvation, angio -
tensin II, tumor necrosis factor-α and
change in lipid metabolism (4). These
stressors reduce the protein-folding ca-
pacity and disrupt the homeostatic func-
tions of the ER, leading to the accumula-
tion and aggregation of unfolded and
misfolded protein in ER, a condition
called “ER stress” (5). To date, it has been

well established that three ER-resident
transmembrane proteins are activated to
initiate and mediate ER stress: pancreatic
ER kinase-like ER kinase (PERK), activat-
ing transcription factor 6 (ATF6) and
 inositol-requiring enzyme 1 (IRE1). Com-
pelling evidence indicates that ER
stress–induced apoptosis is an important
factor in the pathophysiological condi-
tion (5). Recently, ER stress received sig-
nificant attention by the cardiovascular
community, since it has been implicated
in an array of human diseases including
ischemia/reperfusion injury of the brain
and heart, atherosclerosis, cardiac hyper-
trophy and heart failure (6,7). Thus, ER
stress appears to be a candidate instiga-
tor for pathological cell death and func-
tional change intimately involved in the
maintenance of cardiovascular homeo-
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 conferred protection against ER stress, although LY294002 reversed the antiapoptotic action of ALDH2 associated with p47phox

NADPH oxidase. These results suggest a pivotal role of ALDH2 in the regulation of ER stress and ER stress–induced apoptosis. The pro-
tective role of ALDH2 against ER stress–induced cell death was probably mediated by Akt via a p47phox NADPH oxidase-dependent
manner. These findings indicate the critical role of ALDH2 in the pathogenesis of ER stress in heart disease.
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stasis, indicating an important role as a
therapeutic target for the management of
cardiovascular diseases (6).

Aldehyde dehydrogenase 2 (ALDH2)
is emerging as a key enzyme of endoge-
nous cytoprotection in the heart (8). It is
involved in the detoxification of reactive
aldehydes such as 4-hydroxy-2-nonenal
(4-HNE) (8). Increasing evidence has re-
vealed the beneficial role of ALDH2
against tissue and cellular injuries origi-
nated from alcohol, acetaldehyde and
toxic aldehyde–induced reactive oxygen
species formation (9–11). 4-HNE is a
highly cytotoxic aldehyde that gets ac-
cumulated in the heart in response to
 ischemia/reperfusion insult, which in
turn inactivates ALDH2 by protein
adducts formation (12). Pharmacological
enhancement of ALDH2 activity can 
protect the heart against ischemic injury
(8). Transgenic overexpression of
ALDH2 was found to prevent ethanol
exposure–induced myocardial anom-

alies (10). To the contrary, inhibition of
ALDH2 by oxidative stress leads to car-
diac dysfunction in diabetes mellitus
(13). These  results further revealed a
possible antioxidant property of this en-
zyme. Neverthe less, the association be-
tween ALDH2 and myocardial injury
mediated by ER stress has not been
 elucidated.

On the basis of previous observations
in the animal model challenged with tu-
nicamycin (14), the aim of this study was
to determine whether ALDH2 knockout
(KO) triggers deterioration of cardiac
function after ER stress induction in
ALDH2 KO mice and whether ALDH2
overexpression may prevent tunica -
mycin-induced ER stress and apoptosis.

MATERIALS AND METHODS

Animals
All experimental procedures were ap-

proved by the Animal Care and Use

Committee at the Zhongshan Hospital.
Male wild-type (WT) C57 BL/6 and
ALDH2 KO mice (12–16 wks of age)
were used for the study. Generation
and characterization of the ALDH2 KO
mice using gene targeting in embryonic
stem cells were described in detail pre-
viously (15). Given that the ER environ-
ment can be perturbed with pharmaco-
logical agents through altered redox
status, Ca2+ homeostasis and protein
glycosylation in the ER, all mice were
injected intraperitoneally with tuni-
camycin (3 mg/kg) (Sigma-Aldrich, St.
Louis, MO, USA) to elicit ER stress for
48 h before assessment of mechanical
properties (14).

Echocardiography
Echocardiographic acquisition and

analysis were performed by an echocar-
diographer blinded to treatment groups.
Anesthesia with spontaneous respiration
was achieved with isoflurane. All images
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Figure 1. Effect of tunicamycin (TN) challenge on ER stress in WT mice and ALDH2 KO mice. Protein levels in myocardium from WT mice
and ALDH2 knockout mice with or without TN exposure were determined. (A) ALDH2. (B) GRP78. (C) p-eIF2α. (D) CHOP. (E) Apoptosis was
detected using TUNEL assay. (F) Data depicted that ALDH2 KO significantly promoted apoptosis after a TN challenge, compared with WT
mice. All values for given protein expression were normalized to that of GAPDH. The data (presented as percentages of control) are
means ± SEM of three separate experiments. *p < 0.05 versus WT group; #p < 0.05 versus ALDH2 KO-TN group.



were taken at a heart rate >400 beats per
minute to minimize effects of anesthesia,
using a VisualSonics Vevo 770 echocar-
diography system (VisualSonic, Toronto,
ON, Canada) and a 30-MHz transducer.
The average of five consecutive cardiac
cycles was used. Left ventricular end-
 diastolic dimension (LVEDD) and end-
systolic  dimension (LVESD) was mea-
sured by the M-mode method. Left
ventricular fractional shortening was cal-
culated as a percentage as follows:
(LVEDD – LVESD)/LVEDD.

Cell Culture and Drug Treatment
Rat neonatal cardiomyocytes were

 isolated from 1- to 2-d-old Sprague
 Dawley rats by digestion with trypsin.
Briefly, cardiac ventricular tissue was
aseptically removed from neonatal rats,
minced and then digested with 0.125%
trypsin in Hank’s Balanced Salt Solution
(Gibco; Life Technologies, Grand Island,
NY, USA) at 37°C in a shaking water
bath. The cells were released after the
first digestion was discarded, whereas
the cells from subsequent digestion were
added to an equal volume of Dulbecco’s
modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum
(Gibco; Life Technologies) until all cells
were collected. Cells were pelleted by
centrifugation at 1,000 rpm for 5 min and
resuspended in DMEM supplemented
10% fetal bovine serum. The isolated
cells were first plated in culture disks of
95% air and 5% CO2 at 37°C for 2 h to ex-
clude nonmuscle cells. The suspended
cells were then collected and plated at a
density of 5 × 105 cells/cm2 and main-
tained under the same conditions as
above. The cells were used for outlined
experiments after 2–3 d later.

To induce ER stress, cardiomyocytes
were incubated with tunicamycin 
(5 μg/mL) for 12 h. Cells were preincu-
bated with N-acetyl-L-cysteine (NAC)
(5 mmol/L) and LY294002 (20 μmol/L),
respectively, for 1 h before adding tuni-
camycin. Cells were challenged by 
4-hydroxynonenal at a concentration of
20 μmol/L to determine levels of ER
stress markers.

Construction of Adenoviral Vectors
and Infections

A mouse WT ALDH2 plasmid was
constructed as described previously (16),
provided by Shigeo Ohta (Nippon Med-
ical School, Kawasaki, Japan). The
pAd/CMV/V5-DEST vector containing
the CMV promoter and C-terminal V5
epitope (Invitrogen, Grand Island, NY,
USA) was used in the construction of

adenoviral vectors. The coding sequence
of ALDH2 or green fluorescence protein
(GFP) was inserted into the pDONR™221
vector (Invitrogen), which was then re-
combined with pAd/CMV/ V5-DEST
vector according to the instruction of
Gateway Technology (Invitrogen). The
presence of ALDH2 in the pAd/ CMV/
V5-DEST vector was confirmed by DNA
sequencing and restriction mapping. A
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Figure 2. Effect of tunicamycin (TN) on cardiac mechanical properties in WT mice and
ALDH2 KO mice. An M-mode representation (A) is shown that clearly indicated the de-
pressed cardiac mechanical properties. Ejection fraction (EF) (B) and fractional shorten-
ing (FS) (C) were decreased in ALDH2 KO mice compared with WT mice. LVESD (D) was
increased in ALDH2 KO mice compared with WT mice after TN challenge. (E) There is no
significantly statistical difference in LVEDD between groups. Data are mean ± SEM; n = 5
per group. *p < 0.05 versus WT group; #p < 0.05 versus ALDH2 KO-TN group.



vector containing GFP was used as a con-
trol for adenoviral vector infection. Cells
were infected with adeno viruses for 24 h,
after which the medium was replaced
with a virus-free medium and cells were
incubated for up to 24 h.

Knockdown of ALDH2 by RNA
Interference

The ALDH2 small interfering ribonu-
cleic acid (siRNA) used in this study was
purchased from Qiagen (Hilden, Ger-
many). The cells were transfected with
ALDH2 siRNA or scrambled siRNA (Scr
siRNA) using the Lipofectamine 2000
reagent (Invitrogen) according to the
manufacturer’s protocol. The transfec-
tion efficiency was monitored using a
fluorescent oligonucleotide (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).
After 24 h, cells were harvested and
lysed with lysis buffer. The lysates were
then subjected to sodium dodecyl
 sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) and immunoblotted with
anti-ALDH2 antibody.

Western Immunoblot
Tissues or cultured cells were homoge-

nized in extraction buffer containing
20 mmol/L Tris (pH 7.4), 150 mmol/L
NaCl, 1 mmol/L ethylenediaminete-
traacetic acid (EDTA), 1 mmol/L ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′N′-
tetraacetic acid (EGTA), 1% Triton, 0.1%
SDS and a protease and phosphatase in-
hibitor cocktail (1:100; Pierce). An equal
amount of protein samples were sepa-
rated by 10–12% SDS-PAGE and trans-
ferred to polyvinylidene difluoride mem-
brane (0.22 μmol/L, Immobilon-P;
Millipore, Billerica, MA, USA). Mem-
branes were then blocked for 1 h in 5%
bovine serum albumin in Tris-buffered
saline containing 0.1% Tween 20 (TBS-T)
before overnight incubation at 4°C 
with primary antibodies against
anti–CCAAT/enhancer-binding protein
homologous protein (anti-CHOP; 1:500;
Cell Signaling Technology, Beverly, MA,
USA), anti–78 kDa glucose- regulated pro-
tein (anti-GRP78; 1:1,000; Abcam, Cam-
bridge, MA, USA), anti–phosphorylation
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Figure 3. Effect of ALDH2 knockdown on ER stress in cardiomyocytes. (A) ALDH2 expression
was inhibited in cardiomyocytes transfected with siRNA specific for ALDH2 (ALDH2-siRNA).
The expression of GRP78 (B), p-eIF2α (C) and CHOP (D) was elevated by ALDH2 siRNA
transfection compared with the tunicamycin (TN) treatment group and control.
(E) p47phox subunit was promoted by ALDH2 knockdown compared with the TN treatment
group and control. (F) p-Akt was decreased by ALDH2 knockdown compared with the TN
treatment group and control. NAC was used as a positive control. Scr siRNA indicates
scrambled siRNA used as control, which did not affect the ER stress markers. All values for
a given protein expression were normalized to that of GAPDH. The data (presented as
percentages of control) are means ± SEM of three separate experiments. *p < 0.05 versus
control; #p < 0.05 versus TN group; †p < 0.05 versus ALDH2 siRNA + TN group.



of eukaryotic initiation factor 2 subunit α
(anti-p-eIF2α; Ser52, 1:500; Santa Cruz
Biotechnology), p47phox nicotinamide ade-
nine dinucleotide phosphate (NADPH)
oxidase (1:500; Bioworld Technology, Min-
neapolis, MN, USA), anti-HNE Michael
adducts (1:1,000; Calbiochem; EMD Milli-
pore, Billerica, MA, USA) and anti-p-AKT
(Ser473, 1:500; Cell Signaling Technology).
The blots were then incubated for 1 h
with horseradish peroxidase–  conjugated
secondary antibodies (1:4,000) and visual-
ized by chemiluminescence (Pierce, Rock-
ford, IL, USA). Protein levels were quanti-
fied by densitometry using Quantity One
software (Bio-Rad, Hercules, CA, USA).
The arbitrary units were normalized to
GAPDH and expressed as fold-induction
over control values.

MTT Assay
Cytotoxicity was estimated using the

3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl-tetrazolium bromide (MTT)
assay. In brief, cardiomyocytes were
plated in microtiter plates at a density of
4 × 104 cells/mL. MTT was added to
each well at a final concentration of 
0.5 mg/mL, and the plates were incu-
bated for 4 h at 37°C. The formazan crys-
tals in each well were dissolved in di-
methyl sulfoxide. Formazan was
quantified spectroscopically at 570 nm
using a microplate reader. Cell survival
was expressed as absorbance relative to
that of untreated controls.

Caspase-3 Activity Assay
The caspase-3 activity assay is based

on hydrolysis of the peptide substrate
acetyl-Asp-Glu-Val-Asp p-nitro anilide
(Ac-DEVD-pNA) by caspase-3, resulting
in the release of p-nitroaniline (pNA)
moiety. Cells were homogenized in ice-
cold cell lysis buffer (50 mmol/L N-2-
 hydroxyethylpiperazine-N′-2-
ethanesulfonic acid [HEPES], 0.1%
3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate [CHAPS], 1 mmol/L
dithiothreitol, 0.1 mmol/L EDTA and
0.1% NP-40 (Pierce, Rockford, IL, USA).
To detect the activity of  caspase-3, cell
lysate (10 μL) was added to 80 μL reac-
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Figure 4. Effect of ALDH2 overexpression on ER stress in cardiomyocytes. (A) ALDH2 expres-
sion was increased by ALDH2 adenoviral vector. Increased expression of GRP78 (B), p-eIF2
(C) and CHOP (D) were abrogated by ALDH2 overexpression. Effect of ALDH2 vector on
ER stress was not affected by LY294002. (E) p47phox subunit upregulation by tunicamycin
(TN) was mitigated by the ALDH2 vector compared with TN treatment group,  effect of
which was blocked by LY294002. (F) Depressed p-Akt by TN was activated by ALDH2 vec-
tor compared with the TN treatment group. ALDH2 vector and LY294002 alone did not in-
crease ER stress markers and p47phox subunit. Ad-ALDH2, ALDH2 adenoviral vector. All val-
ues for given protein expression were normalized to that of GAPDH. The data (presented
as percentages of control) are means ± SEM of three separate experiments. *p < 0.05 ver-
sus control; #p < 0.05 versus TN group; †p < 0.05 versus Ad-ALDH2 + TN group.



tion buffer followed by an additional
10 μL of  caspase-3 substrate (Ac-DEVD-
pNA) and incubated at 37°C for 2 h. The
 samples were determined by SpectraMax
M5 Multi-Mode Microplate Readers
(Molecular Devices, Sunnyvale, CA, USA)
at 405 nm. The fold- increase of caspase-3
activity was calculated by comparing the
absorbance of p-NA from untreated con-
trols with  tunicamycin-treated samples.
The fold-increase in caspase-3 activity
was calculated by comparing the ab-
sorbance of p-nitroaniline from untreated
controls with apoptotic  samples.

TUNEL Assay
Transferase-mediated dUTP nick-end

labeling (TUNEL) assay was performed
using an in situ cell death detection kit
(TMR Red, Roche Applied Science) ac-
cording to the manufacturer’s instruc-
tions. Briefly, frozen sections (5 μm) were
fixed and permeated. The TUNEL reac-

tion mixture was added to the sections
and incubated at 37°C for 60 min in a hu-
midified chamber in the dark. Sections
were rinsed three times in phosphate-
buffered saline for 5 min each. The nuclei
were labeled with 4′,6-diamidino-2-
phenylindole (DAPI). After being em-
bedded with antifade, samples were ana-
lyzed under a fluorescence microscope
(Leica Qwin Plus, Buffalo Grove, IL,
USA) using an excitation wavelength in
the range of 520–560 nm (maximum 
540 nm, green) and detection in the
range of 570–620 nm (maximum 580 nm,
red). The percentage of apoptotic cells
was analyzed using the ImageJ software
(National Institutes of Health, Bethesda,
MD, USA, http://imagej.nih.gov/ij/).

Statistical Analysis
Data were expressed as mean ± stan-

dard error of the mean (SEM). Statistical
analyses were performed using one-way

analysis of variance with a Bonferroni
multiple comparisons post hoc test for
multiple group comparisons. P < 0.05
was considered statistically significant.

RESULTS

Effect of Tunicamycin Challenge in the
ALDH2 KO and WT Mice

To elicit ER stress, mice were chal-
lenged with tunicamycin (3 mg/kg intra -
peritoneally [IP]) before the assessment of
echocardiographic properties. Western
blot analysis confirmed the presence of
ER stress manifested as the upregulated
CHOP and GRP78 in myocardium after a
tunica mycin challenge (3 mg/kg). These
ER stress markers were also elevated in
ALDH2 KO mice (Figures 1B–D). TUNEL
assay revealed significantly greater apo-
ptotic cell death after a tunicamycin chal-
lenge, with a more pronounced effect in
ALDH2 KO mice (Figures 1E, F). In addi-
tion, our data depicted that tunicamycin
overtly decreased ejection fraction and
fractional shortening, indicating cardiac
dysfunction after ER stress. We went on
to test the effect of tunicamycin on car-
diac function in ALDH2 KO mice and
found that ER stress–induced cardiac
dysfunction was further worsened in
ALDH2 KO mice, as characterized by the
alteration of ejection fraction, fractional
shortening and LVESD. Last but not least,
ADLH2 KO itself did not exert any sig-
nificant  effects on cardiac contractile
function  (Figure 2).

Effect of ALDH2 on ER Stress Induced
by Tunicamycin in Cardiomyocytes

To confirm the effect of ALDH2 on ER
stress, both cardiomyocytes transfected
with an ALDH2 plasmid and cardiomy-
ocytes treated with siRNA specific for
ALDH2 were used, compared with car-
diomyocytes transfected with the empty
vector or scramble siRNA. Western blot
analysis confirmed the efficiency of
ALDH2 overexpression or knockdown.
In this study, tunicamycin induced an
overt increase in the protein levels of ER
stress markers, which was exacerbated
by ALDH2 knockdown and abolished by
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Figure 5. Effect of ALDH2 on accumulation of 4-HNE protein adducts. 4-HNE protein
adducts were determined after tunicamycin (TN) exposure. (A) 4-HNE adducts were ac-
cumulated by TN, which was mitigated by ALDH2 vector and aggravated by ALDH2
siRNA. (B) Time course of GRP78 expression and Akt phosphorylation in cardiomyocytes in-
cubated with 4-HNE (20 μmol/L). All values for given protein expression were normalized to
that of GAPDH. The data (presented as percentages of control) are means ± SEM of
three separate experiments. *p < 0.05 versus control; #p < 0.05 versus TN group.



ALDH2 overexpression (Figures 3, 4).
These data implicated beneficial cardio-
protection of ALDH2 against ER stress
induced by tunicamycin. Furthermore,
the 4-HNE adducts were monitored
using Western blot. As expected, 4-HNE
protein adducts were found after tuni-
camycin treatment, the effect of which
was obliterated by ALDH2 overexpres-
sion, while 4-HNE adducts were aug-
mented by ALDH2 knockdown. In addi-
tion, we found that 4-HNE increased the
levels of GRP78 and dephosphorylation
of Akt in cardiomyocytes (Figure 5).

Effect of ALDH2 on Tunicamycin-
Induced Change in p47phox NADPH
Oxidase and Akt

Given that NADPH oxidase was impli-
cated in ER-induced loss of cell survival
(17), the role of NADPH oxidase (p47phox

subunit) in the cytoprotection of ALDH2
after ER stress induction was evaluated.
The protein levels of the p47phox subunit
was significantly increased by tunica -
mycin and augmented by ALDH2 knock-
down (Figure 3E). ALDH2 overexpres-
sion and treatment of NAC mitigated
p47phox subunit upregulation induced by
tunicamycin (Figure 4E). Additionally,
phosphorylation of Akt was significantly
dampened after ER stress induction in
vitro, which was aggravated by ALDH2
knockdown (Figure 3F). In contrast, the
depressed AKT activation was restored
by ALDH2 overexpression and NAC
treatment (Figure 4F). Total AKT was
not affected by ER stress induction or
ALDH2 overexpression. These data sug-
gest that Akt signaling was implicated in
the protection of ALDH2 against ER
stress. Intriguingly, inhibition of phos-
phatidylinositol 3-kinase (PI3K) with
LY294002 did not affect the decreased ER
stress markers conferred by ALDH2,
whereas it remarkably reversed the
downregulation of p47phox elicited by
ALDH2 (Figures 3, 4).

Effect of ALDH2 on Tunicamycin-
Induced Apoptosis in Cardiomyocytes

Although Akt did not participate in
ALDH2-mediated downregulation of ER

stress, Akt was shown to play an impor-
tant role in the maintenance of cell sur-
vival in diversified cells (18,19). Thus,
the PI3K inhibitor (LY294002) was used
to determine whether Akt was involved
in cytoprotection of ALDH2 against apo-
ptosis after ER stress induction. As ex-
pected, MTT assay depicted that tuni-
camycin-induced toxicity was promoted
by siRNA silencing of ALDH2, while it
was prevented by ALDH2 overexpres-
sion. Furthermore, apoptosis in cardio -
myocytes was estimated by caspase-3
 activity. Data revealed that tunicamycin
significantly promoted caspase-3 activity,
the effect of which was enhanced and at-
tenuated, respectively, by ALDH2 silenc-
ing and ALDH2 overexpression. Interest-
ingly, the antiapoptosis property of
ALDH2, evaluated by MTT assay and
caspase-3 activity, was abrogated by
LY294002 (Figure 6). These results indi-
cate that ALDH2-forced expression was

associated with increased resistance of
cardiomyocytes to tunicamycin-induced
cytotoxicity and apoptosis, whereas
ALDH2 silencing by siRNA potentiated
tunicamycin-induced cell death through
Akt signaling.

DISCUSSION
The salient findings from the present

study demonstrated that ALDH2 defi-
ciency was susceptible to cardiotoxicity
in response to ER stress induction, char-
acterized by impaired cardiac function.
This result is supported by our finding
that ALDH2-forced expression was asso-
ciated with downregulation of ER stress
and the p47phox subunit, enhanced Akt
activity and resistance of cardiomyocytes
to ER stress–induced cytotoxicity and
apoptosis. In addition, our data provided
further support in that ALDH2 silencing
using siRNA exacerbated ER stress and
ER stress–induced cell death.
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Figure 6. Effect of ALDH2 on tunicamycin (TN)-induced apoptosis. (A) siRNA silencing of
ALDH2 promoted TN-induced toxicity, evaluated by the MTT assay. (B) ALDH2 over -
expression prevents cytotoxicity induced by TN, the effect of which was abrogated by
LY294002. Cytotoxicity was evaluated by the MTT assay. (C) siRNA silencing of ALDH2 in-
creased apoptosis in cardiomyocytes, determined by caspase-3 activity. (D) ALDH2 over-
expression attenuated TN-induced elevation of caspase-3 activity, which was recovered
by LY294002. The data (presented as percentages of control) are means ± SEM of three
separate experiments. *p < 0.05 versus control; #p < 0.05 versus TN group; †p < 0.05 versus
ALDH2 siRNA or Ad-ALDH2 + TN group.



As an important pathological hall-
mark, ER stress has been implicated in
the onset and development of cardiovas-
cular diseases (6). Chronic activation of
ER stress eventually induces an apopto-
tic response and cardiac anomalies (20).
It is noteworthy that the most critical ER
stress–induced apoptotic pathway is me-
diated through CHOP (20). Although the
precise apoptotic mechanism mediated
by CHOP is unknown, CHOP deficiency
has been demonstrated to resist apopto-
tic stimulation from ER stress (21). Strik-
ingly, as a member of the unfolded pro-
tein response, disulfide isomerase (PDI)
was significantly increased to confer
protection against ischemic damage (22).
Tunicamycin was shown to increase the
protein levels of PDI, which is necessary
for appropriate protein folding and pre-
vention of protein misfolding during
stress (23). In this study, data reveal that
ALDH2 significantly decreased the lev-
els of ER stress markers and protected
cells against apoptosis induced by ER
stress. Given that cardiac dysfunction
may result in part from loss of car-
diomyocytes, increased apoptosis re-
sulted in the deterioration of cardiac
function defect in ALDH2 KO mice.
These findings are in agreement with
previous studies in that ALDH2 may
serve as an important “mediator of en-

dogenous survival signaling” against
death stimuli (24).

4-HNE is one of the most abundant
aldehydes formed during oxidation of
polyunsaturated fatty and oxidative
stress, and it is capable of modifying key
enzymes by forming protein adducts to
inhibit protein function (12). A recent
study demonstrated that mechanical dys-
function of cardiomyocytes induced by
4-HNE was ablated by ALDH2 (25). Our
results show that the 4-HNE adduct was
accumulated after tunicamycin treatment.
Additionally, 4-HNE was found to trigger
upregulation of GRP78 and Akt inactiva-
tion in cardiomyocytes, in agreement
with the role of 4-HNE on ER stress in
vascular cells (26). Previous studies also
reported that 4-HNE triggered suppres-
sion of Akt activity (27), compromised
cardiomyocytes mechanical function and
protein damage (25). ER stress induction
was found to promote carbonyl forma-
tion (14,17), whereas carbonyl formation
was also upregulated in response to
4-HNE exposure, which was attenuated
by ALDH2 overexpression (25). Taken to-
gether, the above evidence suggests that
the role of ALDH2 against ER stress, at
least in part, was attributed to the detoxi-
fication of 4-HNE with ALDH2.

It is well known that PI3K-Akt signal-
ing is a key mediator of cell survival in

response to external stress (18,19). Akt
was also implicated in the cardioprotec-
tion for cardiac myocyte survival (9,28).
However, the role of Akt signaling in
regulation of ER stress is controversial.
Activation of Akt was found to rescue
the cardiac mechanical function defect
induced by ER stress, whereas it did not
affect the protein levels of ER stress
markers (14,17). Recent studies demon-
strated that inhibition of ER stress by
 intermedin1–53 was blocked by the PI3K
inhibitor (29). In the study, data depicted
that Akt activity was dampened in re-
sponse to a tunicamycin challenge,
which was recovered by ALDH2. Never-
theless, PI3K inhibitor did not further ag-
gravate protein levels of ER stress mark-
ers induced by tunicamycin, whereas
Akt was much more inhibited. Interest-
ingly, inhibition of PI3K did not affect
the protection of ALDH2 against ER
stress, whereas cell survival elicited by
ALDH2 was blocked by inhibition of
PI3K. These results suggested that the
cytoprotection of ALDH2 was at least
partially mediated by the PI3K-Akt path-
way. However, further study is required
to better elucidate the mechanism of
ALDH2-regulated ER stress.

Although tremendous evidence indi-
cates that ER stress is intimately inter -
related with oxidative stress (30), the
mechanisms that link ER stress and ox-
idative stress remain completely unclear.
The NADPH oxidase is one of major
sources of reactive oxygen species in the
cardiovascular system, and the cross-talk
between NADPH oxidase and mitochon-
drial reactive oxygen species generation
is well established (31,32). NADPH oxi-
dase was also found to link ER stress and
oxidative stress in the setting of apopto-
sis (33). Moreover, it was demonstrated
that thapsigargin treatment increased the
levels of p47phox NADPH oxidase (17).
Our results found that the levels of
p47phox subunit were upregulated by tu-
nicamycin in vitro, which was mitigated
by ALDH2 overexpression. However, the
inhibition of the p47phox subunit offered
by ALDH2 was reversed by the PI3K in-
hibitor LY294002. Given that the p47phox
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Figure 7. Schematic diagram of the protective effect of ALDH2 against ER stress.



subunit was involved in apoptosis in-
duced by thapsigargin (17), it is plausible
to speculate that p47phox subunit may be
the downstream of Akt in the cytoprotec-
tion of ALDH2 (Figure 7).

CONCLUSION
In summary, our data suggest that

ALDH2 is implicated in the regulation of
ER stress and ER stress–induced apopto-
sis. The protective role of ALDH2 against
cytotoxicity and cell death induced by ER
stress induction is probably mediated by
Akt signaling via p47phox NADPH oxi-
dase. ALDH2 deficiency leads to further
deterioration of cardiac dysfunction elic-
ited by ER stress induction. These find-
ings indicate a critical role of ALDH2 in
the pathogenesis of ER stress in the heart.

The major limitation of this study is
that transgenic mice of ALDH2 overex-
pression were unavailable to confirm the
cardioprotection against ER stress–
 induced cardiac function defect.
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