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Abstract 4-Hydroxynonenal (4HNE) is a toxic aldehyde

which can accumulate during neurodegenerative diseases,

such as AD. 4HNE-induced neuronal cytotoxicity includes

the damage of neurite growth as well as a potential threat

leading to the neuronal cell death. This study was designed

to examine whether overexpression of aldehyde dehydro-

genase-2 (ALDH2) affects 4HNE-induced neurite out-

growth blockage and neuronal death in primary

hippocampal neurons in vitro. Plasmid-encoding rat

ALDH2 was constructed and transfected into cultured rat

hippocampal neurons. In vitro-cultured rat hippocampal

neurons with the transfection of ALDH2 gene were

showing resistance to 4HNE-induced neurite damage.

Overexpression of ALDH2 in cultured rat hippocampal

neurons blocked 4HNE-induced (3.2 lM for 24 h) reduc-

tion of neurite outgrowth and branching. In addition to the

effect on neurite growth, ALDH2 overexpression also can

protect neurons from 4HNE-evoked (10 lM for 24 h)

neuronal death. Furthermore, we found that overexpression

of ALDH2 can decrease the caspase-3 protein expression

level; at the same time, it can decrease the reactive oxygen

species (ROS) level and the disruption of mitochondrial

transmembrane potential in cultured hippocampal neurons.

Our data suggested that overexpressed ALDH2 gene may

moderate 4HNE-induced neuronal death by regulating

caspase-3 protein and ROS level in cultured hippocampal

neurons. Based on these findings, ALDH2 gene can be a

potential therapeutic target for treatment of neurodegen-

erative diseases, such as AD.
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Introduction

Oxidative stress plays an essential role in the damages of

neuronal structures and their functions. 4-Hydroxynonenal

(4HNE) is a cytotoxic product of lipid peroxidation, levels

of which are markedly increased in multiple neurological

disorders, and cause functional impairments of the CNS.

The increased level of 4HNE was found in oxidative stress-

related degenerative diseases (Romero et al. 1998; Zarko-

vic 2003; Mattson 2009; Hyun et al. 2002). Furthermore, a

significant increase in 4HNE has been detected in the

ventricular fluid and brain of Alzheimer’s disease (AD)

patients and in the neurons of Parkinson’s disease (PD)

patients (Lovell et al. 1997; Selley 1998).

Extensive evidence indicates that 4HNE is implicated in

the pathological changes in neurodegenerative diseases.

4HNE has been shown to block neurite outgrowth, disrupt

neuronal microtubules, and affect cellular tubulin (Neely

et al. 1999, 2005; Kokubo et al. 2008). In addition, neu-

ronal microtubules are required for the development of

functional neural networks. 4HNE also induces apoptotic

cell death in PC12 cells and primary rat hippocampal

neurons (Soh et al. 2000; Kruman et al. 1997). From this

point of view, preventing 4HNE insults may protect the

neurons during neurodegenerative progression.

Aldehyde dehydrogenase-2 (ALDH2) is a nuclear-

encoded enzyme that is widely expressed in the CNS
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(Stewart et al. 1996; Zimatkin et al. 1992). ALDH2 is

expressed in brain, but little is known about its functional

role in neurons. Recently, it has been suggested that age-

dependent neurodegeneration accompanies memory loss in

ALDH2-deficient mice (Ohsawa et al. 2008). Moreover, a

recent study has indicated that ALDH2 as an enzyme

whose activation correlates with reduced ischemic heart

damage in rodent models, probably for the removal of

4HNE (Chen et al. 2008). Based on the studies, it raises the

possibility that ALDH2 may play a role in the cellular

defenses against neurotoxic effects induced by 4HNE.

However, few data exist regarding the protective value of

ALDH2 on 4HNE-induced neurite damage and the sub-

sequent apoptosis in neurons, and the possible mechanisms.

Therefore, we hypothesize that overexpression of ALDH2

should accelerate the removal and detoxification of the toxin

4HNE and thus alleviate neuronal death and neurite damage

resulting from 4HNE exposure. In order to learn more about

ALDH2 and its protective functions, we upregulate the

ALDH2 expression in hippicampal neurons. Our data indi-

cated that ALDH2 protected neurons from 4HNE-mediated

neurotoxic effects. The results of this study demonstrated that

exposure to 3.2 lM 4HNE for 24 h resulted in an inhibition

of neurite outgrowth of cultured hippocampal neurons, and

upregulated ALDH2 expression blocked the 4HNE-induced

decrease in neurite outgrowth. The results also demonstrated

that exposure to 10 lM 4HNE for 24 h resulted in an increase

in apoptotic cell death of cultured hippocampal neurons, and

upregulated ALDH2 expression suppressed the 4HNE-

induced neuronal death, reduced cleaved caspase-3 levels,

and decreased intracellular ROS levels.

These results not only suggested the role of 4HNE in

neuronal damage through a dose-dependent mechanism, but

also for the first time provided convincing evidence that

overexpressing ALDH2 may be a useful tool for the pre-

vention and treatment of 4HNE-induced neuronal injury.

This study also offered novel insights into the mechanism

underlying how ALDH2 moderates 4HNE-induced neuronal

death. Furthermore, studies indicated that the ALDH2 defi-

ciency is a risk factor for late-onset AD in the Chinese and

Japanese population (Wang et al. 2008; Kamino et al. 2000).

Thus, our results reveal an important neuroprotective func-

tion of ALDH2 under 4HNE-exposure conditions, and sug-

gest ALDH2 may be a key therapeutic or preventive target

for the treatment of neurodegenerative diseases, such as AD.

Materials and Methods

Primary Hippocampal Neurons Culture

Hippocampus tissue was obtained from embryonic day 18

Sprague-Dawley rats. Protocol for disassociation of neurons

from hippocampus was described in previous literature

(Chen et al. 2006). In brief, hippocampus was removed from

the brain under sterile condition and minced into 0.2–0.5 cm

size. Then the tissue was digested by 0.125% (w/v) trypsin

(Invitrogen, Carlsbad, CA, USA) for 20 min at 37�C. Dis-

associated neurons were collected by centrifugation at

1,000 9 g for 10 min. Primary hippocampal neurons were

plated and maintained in Neurobasal A media (Invitrogen)

supplemented with B27 supplement and 0.5 mM L-gluta-

mine (all from Invitrogen) in 24-well plates coated with

50 lg/ml poly-D-lysine (Sigma-Aldrich, USA). Cells were

incubated at 37�C, 5% CO2 in a humidified cell culture

incubator. Media was changed every 3–4 days. Primary

neurons were selected for experiments after maintaining in

culture for 7 days (DIV).

Plasmid Construct and Transfection

For rat ALDH2 plasmid construction, PCR products for

ALDH2 were amplified by RT-PCR from rat brain total

mRNA using the RT-PCR system (Promega, Madison, WI,

USA) with the following primers: sense, 50-GCCGCAGAC

CGTGGTTACTT-30; antisense, 50-GCCGCTCCCCGACA

TCTTAT-30.
Then, the PCR products were gel purified and cloned

into the pMD18-T vector (TaKaRa, Japan) following

manufacture’s instructions. In order to generate ALDH2

expression constructs, the resulting rat ALDH2 cDNA

fragment was subcloned into mammalian expression vec-

tors pEGFP-N2 (Clontech Laboratories, CA, USA). After

7 days, neurons were transfected with electroporated with a

nucleofection kit for rat neurons (Amaxa, Gaithersburg,

MD, USA) according to the supplier’s instructions. All

neurons were used for experiments 48 h after transfection.

Quantitative RT-PCR Analysis

Total RNA from cultured neurons was prepared using SV

Total RNA Isolation System (Promega). For RT-PCR

analysis, 2 lg of RNA was transcribed into cDNA with the

RT-PCR System (Promega) in 20 ll reaction volume. The

cDNA was then analyzed in a PCR assay using the primers

as used in plasmid construction. Amplification reactions

were performed using 0.2 lM of each primer, 1 ll cDNA

and Taq DNA polymerase (Promega). PCR products were

separated by electrophoresis in 1.75–2% agarose gels and

were visualized by ethidium bromide staining.

Western Blot Analysis

Expression and secretion of ALDH2 protein by neurons

following transfection was verified by Western blot of

conditioned media and cellular lysates. Total protein
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extracts were prepared from neurons after transfection.

Equal amounts of total protein were separated on 12%

sodium dodecyl sulfate–polyacrylamide gels and electro-

phoretically transferred to polyvinylidene difluorid mem-

brane. The membrane was probed with primary antibodies

against ALDH2 protein (Santa Cruz Biotechnology, CA,

USA) or b-actin and sequentially incubated with secondary

antibodies. The identified proteins were quantified by

measuring optical densities of the bands.

Immunocytochemistry and Antibodies

Neuronal outgrowth was evaluated by immunocytochem-

istry assay after treatment with 4HNE for 24 h. In order to

identify neuronal morphogenesis, cultured hippocampal

neurons were immunostained with Anti-MAP2 antibody

(Invitrogen; at 1:100 dilution). Neurons cultured on cov-

erslips were fixed by replacing medium with a solution of

4% paraformaldehyde in PBS and washed in PBS. Subse-

quently, cells were blocked with 3% goat serum in PBST

(PBS plus 0.3% Triton X-100) for 2 h at room temperature.

Anti-MAP2 antibody was added and incubated overnight at

4�C and incubated with secondary fluorescent antibodies

(Invitrogen).

Measurement of Neurite Outgrowth and Branching

Images were taken on a confocal laser-scanning micro-

scope. Neurons were examined for neurite length mea-

surements by tracing the total length of any neurite

extending from a neuron cell body. Neurite outgrowth was

observed in 30 randomly selected neurons per coverslip

and analyzed by Axiovision Software (Carl Zeiss, Ger-

many). The numbers of primary neuritis emerging directly

from N somata were counted and from each neuritic tree,

the total number of branches recorded using Axiovision

software (Carl Zeiss, Germany).

Assess of Cell Death and Apoptosis

Cell viability was evaluated by MTT (3-[4,5-dimethylthi-

azol-2-yl]-2,5-diphenyltetrazolium bromide) colorimetry

assay after treatment with 4HNE for 24 h. In order to

measure the mitochondrial function of surviving cells,

MTT was dissolved in dimethyl sulfoxide (DMSO) at

50 mg/ml as a 100-fold stock solution. Cell viability was

estimated by the proportion of unstained cells. For mor-

phological determination of apoptosis, hippocampal neu-

rons were grown in 6-well plates, and the nuclei were

stained with Hoechst 33258 (Sigma). The cells were then

stained with Hoechst 33258 for 10 min at room tempera-

ture and covered with glycerol. Nuclei were visualized

using an Olympus IX70 inverted fluorescence microscope.

Assess of Caspase-3 Activity

The caspase-3 activity was measured using an Apo-ONE

Homogeneous Caspase-3 Assay Kit (Promega), according

to the manufacturer’s instructions. In brief, neurons were

rinsed twice with PBS and collected in a tube. The cells

were lysed in 50 ll of Homogeneous Caspase-3 Buffer

containing the caspase-3 substrate, Z-DEVD-rhodamine

110, and the cell lysates were incubated for 14 h at room

temperature. After incubation, the cleaved caspase-3 fluo-

rescent images were analyzed with an Olympus IX70

inverted fluorescence microscope.

Assess of ROS Level and Mitochondrial

Transmembrane Potential

The fluorescent dyes CM-H2DCFDA (Molecular Probe)

were used to estimate total level of ROS production in

neurons. Neurons were loaded with CM-H2DCFDA. The

ROS production was determined by measuring the fluores-

cence. Then, the cells were incubated with 1 mM DCF-DA

for 1 h at 37�C and were washed three times with PBS. After

centrifugation at 1,000 9 g for 5 min, the supernatants were

removed, and the pellets were resolved with 1% Triton

X-100, and fluorescence was measured by a fluorescence

microplate reader (excitation wavelength of 480 nm and an

emission wavelength of 540 nm). It has been shown that the

uptake of rhodamine 123 into mitochondria is a function of

mitochondrial transmembrane potential. Neurons were

incubated for 20 min at 37�C in DMEM containing 10 lM

rhodamine 123. Neurons were dissolved with 1% Triton

X-100, and fluorescence was measured at an excitation wave-

length of 488 nm and an emission wavelength of 510 nm

using a fluorescence microplate reader. Appropriate positive

and negative controls were included in each measurement.

Statistical Analysis

Data in text and figures are expressed as mean ± SE. Two

group comparisons were evaluated by paired or unpaired

t-tests, as appropriate. Multiple comparisons were analyzed

by ANOVA and Tukey’s or Newman Keuls post hoc tests.

A value of P \ 0.05 was considered significant.

Results

Transient ALDH2 Transfection Induces

Overexpression of ALDH2 mRNA and Protein

in Hippocampal Neurons

ALDH2 overexpression was induced by transfections with

ALDH2 plasmid cDNA. Before transfection, we examined
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the expression of NSE in primary cultured hippocampal

neurons by immunofluorescence staining and found 90% of

cells as neurons (data not shown). Primary cultured hip-

pocampal neurons at 7DIV were transfected with ALDH2

cDNA or control vector for 48 h. Laser scanning confocal

microscopy of neurons transfected with expressing vectors

revealed a transfection efficiency between 25 and 50%

(data not shown), so electroporated transfection was

effective.

We first measured the expression of ALDH2 mRNA

neurons after transfection by quantitative RT-PCR, which

was significantly increased compared with control group

(Fig. 1a). ALDH2 protein expression was determined by

western blot, which was also elevated following transfec-

tion as compared with control group (Fig. 1b).

4HNE Inhibits Neurite Outgrowth in Cultured

Hippocampal Neurons

Previous studies in neuronal cell cultures have shown that

the 4HNE induces the inhibition of neurite outgrowth

with increasing concentrations of 4HNE (Neely et al. 1999).

In this study, we examined whether 4HNE can block neu-

rite outgrowth in primary cultured hippocampal neurons

with increasing concentrations. Thus, before studying the

relationship between 4HNE-induced neurite toxicity and

ALDH2 overexpression, we exposed primary cultures of rat

hippocampal neurons to different concentrations of 4HNE.

We investigated the neurite inhibitory action of 4HNE using

the hippocampal neurons culture at 7DIV, because the

DIV7 cultures have generated lots of long neurites.

In order to study the inhibitory effect of 4HNE on

neuronal outgrowth, hippocampal neurons in vitro were

treated with 0.8–3.2 lM 4HNE for 24 h. Immunostaining

with anti-MAP2 antibody revealed that the MAP2-posi-

tive neurites derived from neurons were significantly

decreased by the treatment with 3.2 lM 4HNE. They had

shorter neurites, smaller primary neurite numbers and

decreased branching frequency than those under the nor-

mal condition. The total neurite length significantly fell

from 888.6 ± 51.2 lm in neurons treated with vehicle to

321.8 ± 10.5 lm in neurons after 24 h 4HNE treatment

(P \ 0.01, Fig. 2a). Similarly, the number of primary

neuritis significantly fell from 4.5 ± 1.2 in neurons of

control to 2.2 ± 0.5 in neurons after 24 h 4HNE treat-

ment (P \ 0.01, Fig. 2b). Cell viability was analyzed at

the time that neurites were measured. No significant cell

death was observed in any of the cultures (data not

shown).

ALDH2 Protects Hippocampal Neurons Against

4HNE-Induced Neurite Damage

In order to confirm the neuroprotective effect of ALDH2,

we sought to examine whether overexpression of ALDH2

could protect neurons against 4HNE-induced neurite tox-

icity. To this end, we transfected rat neurons at 7DIV with

control vector (Fig. 3a) or ALDH2 expressing vector

(Fig. 3b), and we could see that these transfected neurons

allowed the majority of neurons to extend up to four or five

primary neuritis (Fig. 3a, b). Then, we treated the trans-

fected neurons with 3.2 lM 4HNE accordingly.

Consistent with the inhibition of neurite outgrowth in

primary cultured neurons, the length of neurites was sig-

nificantly reduced after 24 h incubation of 4HNE (3.2 lM)

in the neurons transfected with vector only (Fig. 3c). They

Fig. 1 ALDH2 mRNA and protein were expressed in DIV7 hippo-

campal neurons following transfection. Neurons were transfected with

1.0 lg/40 neurons of ALDH2, full-length ALDH2 or vector for 48 h.

Following the transfection, ALDH2 mRNA and protein expressions

were determined by quantitative PT-PCR and western blotting,

respectively. a ALDH2 mRNA expression after transfection. Data

were expressed as fold increase over vector transfection (n = 6 per

group, * P \ 0.01 vs. vector). b Western blots of ALDH2 protein

expression following transfection (n = 6 per group, P \ 0.01 vs.

vector)
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had shorter neurites and smaller primary neurite numbers

than those without addition of 4HNE (Fig. 3a). However,

neurite length was restored in neurons expressing a plasmid

expressing full-length ALDH2 when exposed to 3.2 lM

4HNE (Fig. 3d), indicating protection against 4HNE-

induced neurite toxicity.

When compared with those vector alone-expressing

neurons under 4HNE treatment, ALDH2 blocked the

inhibitory effects of 4HNE on neurite outgrowth (primary

neurite number: 3.6 ± 1.1; P \ 0.05; total neurite length:

566.6 ± 15.7 lm; P \ 0.05) (Fig. 3e, f). These results,

together with previous results, provide evidence that

ALDH2 protected neurons from 4HNE-mediated inhibition

of neurite outgrowth and neurite loss.

4HNE Induces Neuronal Death in Cultured

Hippocampal Neurons

Previous studies in primary neuronal cultures have shown

that the 4HNE induces the death of CNS neurons in a

concentration-dependent manner (Peng et al. 2007).

In this study, we examined whether 4HNE can cause

neuronal death in primary cultured hippocampal neurons in

a concentration-dependent manner. Thus, in order to study

the relationship between 4HNE neurotoxicity and ALDH2

expression, we exposed primary cultures of rat hippocampal

neurons to different concentrations of 4HNE (2–10 lM) for

24 h. The MTT assay indicated a significant decrease (50%)

in cell viability with 10 lM HNE treatment (Fig. 4).

Overexpression of ALDH2 Decreases Neuronal Death

Induced with 4HNE

In order to examine whether overexpression of ALDH2

could improve cell viability, cellular responses after 4HNE

treatment were assessed using MTT assay.

Primary cultured hippocampal neurons at 7DIV were

transfected with ALDH2 DNA or vector for 48 h, respec-

tively. In neurons transfected with vector, 4HNE treatment

significantly decreased cell survival. The percentage of cell

survival assessed by MTT significantly fell from 84.6 ±

12.1% in vector-neurons without 4HNE to 42.6 ± 9.3% in

vector-neurons after 24 h 4HNE treatment (P \ 0.01,

Fig. 5). The percentage of cell survival assessed by MTT

increased (68.7 ± 8.9%; P \ 0.05, Fig. 5) in ALDH2-

neurons after 24-h 4HNE treatment when compared with

vector-neurons after 24-h 4HNE treatment. Thus, ALDH2

overexpression improves overall cell survival.

4HNE Induces Apoptotic Neuronal Death in cultured

Hippocampal Neurons

In order to examine whether 4HNE-induced cell death was

apoptotic cell death, we used Hoechst staining to identify

the neuronal apoptosis. Results derived from the Hoechst

staining assays showed similar findings (Fig. 6a). Incuba-

tion of hippocampal cultures with 4HNE caused dose-

dependent cell death. The percentage of apoptotic cells was

almost 50% when neurons were treated with 10 lM 4HNE.

Therefore, all the subsequent experiments were conducted

with 10 lM 4HNE.

Activation of caspase-3 has been widely regarded as a

major mechanism in neuronal apoptosis. In addition, pre-

vious studies have shown that 4HNE can induce neuronal

apoptosis by a mechanism involving activation of caspase-3

(Camandola et al. 2000). In order to determine whether

the neuronal apoptosis induced by 4HNE was associated

with activation of caspase-3, we also performed
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Fig. 2 Statistically significant neurite inhibition was observed at

3.2 lm HNE. Neurons at 7DIV were added with varying concentra-

tions of HNE for 24 h, and neurite outgrowth was measured after

incubation. Cultures were fixed and immunostained for the neurite-

selective antigen MAP2. However, exposure to 3.2 lM HNE

significantly reduced the length of the neurite and decreased the

primary neurite number. a The effect observed after treatment with 0–

2.4 lM HNE was not statistically significant; it showed that exposure

to 3.2 lM HNE significantly reduced the neurite length. b Exposure

to 3.2 lM HNE significantly reduced the primary neurite number.

Values are the mean ± SE of at least three independent experiments.

* P \ 0.01, significantly different from control values
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Fig. 3 ALDH2 overexpression prevents the reduction in neurite

outgrowth evoked by 4HNE. Neuronal cultures at 7DIV were

transfected with either ALDH2 or the control vector with extended

neuritis, as described in ‘‘Materials and Methods’’ section. a Neuronal

cultures at 7DIV were transfected with control vector. b Neuronal

cultures at 7DIV were transfected with ALDH2 cDNA. Approxi-

mately 48 h later, transfected neurons were treated with 3.2 lM

4HNE. c Neurons with vector only exposed to 3.2 lM 4HNE

significantly inhibited neurite outgrowth and decreased neurite

number. d ALDH2 overexpression blocks the reduction in neurite

outgrowth evoked by 4HNE. Photomicrographs were obtained using a

laser-scanning confocal microscope. Scale bar = 20 lm. The figures

are representative for three different experiments. e Primary neurite

number was restored in neurons expressing ALDH2-cDNA when

compared with those vector alone expressing neurons under 4HNE

treatment. f Neurite length was restored in neurons expressing

ALDH2-cDNA when compared with those vector alone-expressing

neurons under 4HNE treatment. Values are the mean ± SE of at least

three independent experiments. * P \ 0.01 versus neurons expressing

vector under normal (vehicle) condition. # P \ 0.05 versus neurons

expressing vector under 4HNE-treated condition
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Fig. 4 4HNE induces neuronal death. Neuronal cultures were

treated with different concentrations of 4HNE. 4HNE decreased the

cell survival in a dose-dependent manner. Cell survival was

measured with MTT 24 h after treatment with 4HNE. It showed

that exposure to 10 lM 4HNE significantly reduced cell survival.

Values are the mean ± SE of at least three independent experi-

ments. # P \ 0.05, * P \ 0.01, significantly different from control

values
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Fig. 5 The neuroprotective effects of ALDH2 on 4HNE-induced

neuronal death. Neuronal cultures were transfected with either

ALDH2 or the control vector, as described in ‘‘Materials and

Methods’’. Approximately 48 h later, neurons were treated with

10 lM 4HNE. Cell survival was measured with MTT 24 h after

treatment. Values are the mean ± SE of at least three independent

experiments. * P \ 0.01 versus neurons expressing vector under

normal (vehicle) condition. # P \ 0.05 versus neurons expressing

vector under 4HNE-treated condition
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immunocytochemistry studies using an antibody that rec-

ognizes only the active form of this enzyme. 4HNE

(10 lM) induced an increase of caspase-3 in the percentage

of neurons (Fig. 6b). We did not observe alterations of

caspase-9 activation after 4HNE treatment in cultured

neurons (data not shown).

ALDH2 Overexpression Rescues Hippocampal

Neurons from Apoptosis Evoked by 4HNE

In order to further confirm the neuroprotective effect of

ALDH2, we sought to examine whether overexpression of

ALDH2 could protect neurons against 4HNE-induced

apoptotic cell death. Similarly, primary cultured hippo-

campal neurons at 7DIV were transfected with ALDH2

DNA or control vector. In order to examine whether

overexpression of ALDH2 could attenuate 4HNE-induced

apoptosis, cellular responses after 4HNE treatment were

assessed using caspase-3 activity.

In neurons transfected with vector, only 4HNE treatment

significantly increased caspase-3 activity (Fig. 7). The

percentage of caspase-3 expression significantly increased

from 2.5 ± 1.1% in vector-neurons without 4HNE to

13.5 ± 1.3% in vector-neurons after 24 h 4HNE treatment

(P \ 0.01, Fig. 7). The percentage of caspase-3 expression

decreased (8.5 ± 1.9%; P \ 0.05, Fig. 7) in ALDH2-

neurons after 24-h 4HNE treatment when compared with

vector-neurons after 24-h 4HNE treatment. Thus, ALDH2

overexpression has decreased 4HNE-induced apoptosis.

Effect of ALDH2 on the Loss of Mitochondrial

Transmembrane Potential Caused by 4HNE

The collapse of mitochondrial transmembrane potential has

been considered as the early phenomena in the apoptotic

process (Chandra et al. 2000). Therefore, we examined the

effect of 4HNE on the mitochondrial transmembrane

potential. Change in the mitochondrial transmembrane

potential in neurons treated with 4HNE was quantified by

measuring the cellular retention of rhodamine 123. When

neurons were treated with 10 lM 4HNE for 24 h, a

decrease in the retention of rhodamine 123 was observed.

However, ALDH2 prevented the 4HNE-induced decrease

in the retention of rhodamine 123 (Fig. 8).

Effect of ALDH2 on 4HNE-Induced Increase

in Intracellular Reactive Oxygen Species Level

4-Hydroxynonenal has been suggested to be a key mediator

of oxidative stress-induced cell death and to induce mito-

chondrial oxidative stress (Poli and Schaur 2000; Raza and

Fig. 6 4HNE induces apoptotic neuronal death. Neuronal cultures

were treated with 10 lM of 4HNE. a Apoptosis alterations of

hippocampal neurons after 24 h of vehicle (control) or 4HNE treatment

were measured with nuclear Hoechst 33258 staining and fluorescence

assessment. b Assessment of cleaved caspase-3 alterations. It showed

that exposure to 10 lM 4HNE significantly increased neuronal

apoptosis. Values are the mean ± SE of at least three independent

experiments. * P \ 0.01, significantly different from control values

Fig. 7 The neuroprotective effects of ALDH2 on 4HNE-induced

neuronal apoptosis. Neuronal cultures were transfected with either

ALDH2 or the control vector, as described in ‘‘Materials and

Methods’’. Approximately 48 h later, neurons were treated with

10 lM 4HNE. The percentage of neurons with cleaved caspase-3 was

measured by immunocytochemistry using a cleaved caspase-3

polyclonal antiserum 48 h after treatment with 4HNE. Values are

the mean ± SE of at least three independent experiments. * P \ 0.01

versus neurons expressing vector under normal (vehicle) condition.
# P \ 0.05 versus neurons expressing vector under 4HNE-treated

condition
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John 2006). In order to examine whether the inhibitory

effect of ALDH2 on the toxicity of 4HNE is mediated by

decreasing ROS level, neurons were treated with 10 lM

4HNE for 24 h, and the levels of ROS were measured

using DCF fluorescence. When neurons were exposed to

4HNE, the intracellular ROS level significantly increased

from 48.9 ± 5.9% (control) to 158.9 ± 11.3% (10 lM

4HNE, P \ 0.01), revealing that 4HNE-induced intracel-

lular ROS level in neurons. However, neurons transfected

with ALDH2 effectively reduced ROS generation. ALDH2

inhibited the 10 lM 4HNE-induced increase in DCF

fluorescence (Fig. 9).

Discussion

In our study, ALDH2 exerts a neuroprotective effect in rat

primary cultured neurons. These results not only suggested a

role of 4HNE in neuronal damage through a dose-dependent

mechanism but also provided convincing evidence that

ALDH2 may be a potential therapeutic tool for the prevention

and treatment of 4HNE-induced neuronal injury. Upregula-

tion of ALDH2 expression with transfection prevents the

neurite damage and the apoptotic neuronal death evoked by

4HNE. Together with the observation, we can conclude that

transgene overexpression of ALDH2 reduces these neuro-

toxic effects of 4HNE and contributes to neuroprotection.

In this article, we report a novel neuroprotective effect

of ALDH2, which involves the 4HNE, a toxin implicated

in neurodegeneration that, at the same time, has been

associated with various CNS disorders. 4HNE are impli-

cated in several neurodegenerative disorders including AD

(Keller and Mattson 1998), ALS (Pedersen et al. 1998) and

PD (Yoritaka et al. 1996). Concentrations of free 4HNE are

elevated in the CSF (1.47 ± 0.76 vs. 0.38 ± 0.14 lM) of

patients with PD compared with controls (Selley 1998). In

addition, it has been reported that 4HNE concentrations in

the range of those found in PD CSF are toxic to DA neu-

rons in rat mesencephalic cultures (Selley 1998). Further-

more, 4HNE concentrations ranged from 0.68 to 181.1 lM

in CSF from AD patients have been reported (Lovell et al.

1997). Previous studies have proved that 4HNE is found to

be toxic to cerebral cortical neurons and oligodendrocytes

at concentrations comparable to those measured in the CSF

of patients with AD (Long et al. 2008; McCracken et al.

2000). In our study, 4HNE causes neurotoxic effects in

hippocampal neurons at concentrations also within those

measured in AD CSF.

Alzheimer’s disease is a progressive neurodegenerative

disorder that is the most common cause of dementia in the

elderly. Deposition of aggregated amyloid beta-protein

(Ab) in neuritic plaques is the hallmark of AD. Data from

studies of AD patients and experimental models suggest

that Ab damages neurons by causing the production of the

lipid peroxidation product 4HNE (Kruman et al. 1997;

Mark et al. 1997; Sayre et al. 1997). During neurodegen-

erative diseases, AD is characterized with memory distur-

bances and other cognitive symptoms. The brain reserve

capacity is determined by the number of neurons and their

synaptic and dendritic arborisation. Therefore, AD can be

linked to a decreased reserve capacity of the brain,

including reduced neuron number, decreased synaptic, and

dendritic arborization. The characteristic events of the

neurodegenerative process in AD commence with the early

loss of synaptic contacts, then neurite damage, neuronal

shrinkage, and, ultimately lead to neuronal degeneration

and dementia (Klein 2002; Walsh and Selkoe 2004).

Fig. 8 Effect of ALDH2 on the loss of mitochondrial transmembrane

potential caused by 4HNE Mitochondrial membrane potential alter-

ation was measured by fluorescence microplate reader using rhoda-

mine 123 staining, after vector or ALDH2 expressing neurons were

exposed to vehicle or 10 lM 4HNE for 24 h. Values are the

mean ± SE of at least three independent experiments. * P \ 0.01

versus neurons expressing vector under normal (vehicle) condition.
# P \ 0.01 versus neurons expressing vector under 4HNE-treated

condition
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Fig. 9 ALDH2 overexpression lowers intracellular and mitochon-

dria-derived ROS production induced by 4HNE. Intracellular ROS

levels were measured by fluorescence intensity of DCF, after vector

or ALDH2 expressing neurons were exposed to vehicle or 10 lM

4HNE for 24 h. Values are the mean ± SE of at least three

independent experiments. * P \ 0.01 versus neurons expressing

vector under normal (vehicle) condition. # P \ 0.05 versus neurons

expressing vector under 4HNE-treated condition
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Our data not only offered support to neurite damage as

an early and pivotal event in 4HNE deposition, but also

provided evidence showing that progressive 4HNE depo-

sition caused neuronal loss. We have confirmed that 4HNE

does indeed induce a concentration-dependent reduction in

neurite outgrowth and branching and neuronal survival in

primary cultures of neurons. Preconditioning by pretreat-

ment with 10 lM 4HNE for 24 h and pretreatment with

3.2 lM 4HNE for 24 h separately caused neurotoxic and

neurite-toxic insults in hippocampal neurons. Our data are

in agreement with the neurotoxic and neurite-toxic actions

of 4HNE in various neuronal culture models (Neely et al.

1999; Rabacchi et al. 2004; Tang et al. 2008; Floyd and

Hensley 2002). Moreover, despite intense research, it

remains unclear how 4HNE interacts with neurons and

triggers the biochemical signaling cascade that leads to

neuronal dysfunction and neurotoxicity.

ALDH2 converts acetaldehyde to acetic acid. ALDH2 is

a key enzyme in ethanol metabolism and involved in

detoxification of aldehyde. It has been reported previously

that deficiency of ALDH2 increases cell susceptibility to

oxidative stress, and it also increases the risks in the

development of AD (Ohsawa et al. 2008). Overexpression

of ALDH2 may detoxify acetaldehyde and prevent 4HNE-

induced cell injury in human umbilical vein endothelial

cells (Li et al. 2004). mtALDH overexpression also atten-

uates hyperoxia-induced cell death in lung epithelial cells

through reduction of ROS, activation of cell survival sig-

naling pathways (Xu et al. 2006). Moreover, activation of

ALDH2 can protect heart from ischemic damage (chen

et al. 2008). ALDH2 is widely expressed in the CNS

neurons (Stewart et al. 1996; Zimatkin et al. 1992). Despite

these findings, not much is known about the exact functions

of ALDH2 in primary cultured neurons.

We proved that overexpression of ALDH2 with trans-

fection prevents both the neurite damage and the neuronal

apoptosis evoked by 4HNE. ALDH2 effectively protected

hippocampal and hippocampal neurons against 4HNE

neurotoxicity. Therefore, removal of 4HNE through

upregulating ALDH2 might play an important role in

neurotoxicity leading to aged neuronal pathology. Our

hippocampal neuron cultures at DIV7 are the perfect tool to

study neuronal outgrowth. Hippocampal neurons allow us to

study the inhibitory effects of 4HNE on neurite outgrowth,

because the DIV7 cultures have generated lots of long

neurites. We show here that 4HNE, a product of lipid per-

oxidation that accumulates in AD neurons, inhibits neurite

growth. This neurotoxicity was not observed until 3.2 lM

after 4HNE treatment, and when lower concentrations was

analyzed, the neurite length of hippocampal cells appeared

to be unaffected during the first 0.8–2.4 lM of treatment. It

probably shows that certain concentration of 4HNE has

neurite toxicity. Neurons have their polar shape. Neurons

are likely to be particularly sensitive to microtubule dis-

ruption. Inhibition of microtubule formation or function in

the aged neurons by 4HNE might drastically cause micro-

tubule disruption. Previous finding suggests that b-tubulin is

a main cellular target protein of 4HNE (Neely et al. 2005).

Therefore, we can conclude that ALDH2 protect microtu-

bule or microtubule-related protein that is closely associated

with neurite outgrowth through accelerating 4HNE removal.

It will be important to assess the microtubule and microtu-

bule-related protein level changes in the future.

Our data suggest not only a protective role of ALDH2 in

neurite injury but also a reduction in 4HNE-induced apop-

totic neuronal death. Apoptotic cell death has been postu-

lated to be the cause of excessive neuronal cell loss

observed in several neurodegenerative diseases. The 4HNE

has been shown to induce apoptosis in neurons, including

PC12 cells, and as such has been proposed as an important

mediator of neuronal death in AD. In our study, treatment

with 4HNE increases the expression of markers of neuronal

apoptosis can be detected (pyknotic nuclei and the activa-

tion of caspase-3). The increasing findings have shown that

the activation of caspase-3 has been implicated as a key cell-

death protease involved in the execution phase of apoptosis

(Budihardjo et al. 1999; Nicholson and Thornberry 1997).

However, ALDH2 effectively suppressed 4HNE-induced

activation of caspase-3, suggesting that ALDH2 may act

upstream of caspase-3 to block apoptosis. It seems that

ALDH2 exerts its neuroprotective activities in cultured

hippocampal neurons through suppressing them in vitro.

Evidences from previous researches (Poli and Schaur

2000; Nakashima et al. 2003) also indicated that the 4HNE

is a key mediator of oxidative stress-induced cell death.

4HNE modulates several mechanisms inducing apoptosis

such as, increasing the ROS production and altering mito-

chondrial respiratory and signal transductions. The exces-

sive ROS will exaggerate oxidative damage, including the

mitochondrial malfunction (Sengpiel et al. 1998; Kamat and

Devasagayam 2000), which plays a critical role in apopto-

sis. Oxidative stress caused by 4HNE might be, at least in

part, responsible for the alteration of mitochondrial mem-

brane integrity. An increase in ROS production after 4HNE

treatment might have contributed to the increased apoptosis

in neurons. Previous studies also supported that increased

ROS formation and oxidative stress is associated with the

collapse of mitochondrial membrane, causing release of

cytochrome c and subsequent apoptosis (Musatov et al.

2002; Petrosillo et al. 2001). It is thus reasonable to pos-

tulate that the anti-apoptotic effects of ALDH2 may be, at

least in part, mediated through decrease of ROS. Several

studies have demonstrated that ROS are involved in the

apoptotic mechanisms triggered in the process of AD, and

may, therefore, contribute to the increased apoptosis found

in some models of AD. From our observation, there is a
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decrease in the intracellular ROS level, as ROS is thought to

be a key mediator in the 4HNE-mediated apoptotic death

pathway, suggesting that the ability of ALDH2 to protect

against 4HNE-induced neurotoxicity in vitro is enhanced

through such a mechanism. Further investigations are

required to elucidate these alternative mechanisms.

Blockade of 4HNE by ALDH2 may be a potential ther-

apeutic approach for halting chronic neurodegeneration. It

can attenuate the neurotoxicity caused by 4HNE not only at

an early stage, but even at late stage. However, the other

neuroprotective effects of ALDH2 are presently unknown.

Further exploration of ALDH2 therapeutic properties may

provide opportunities for novel pharmacological interven-

tions for preventing the consequences of neurodegenerative

diseases, such as AD. In addition, the molecular mechanisms

that mediate these neuroprotective effects of ALDH2 also

remain to be characterized. Interestingly, the anti-apoptotic

effect of ALDH2 in various cell lines has been shown to

require a combinatorial activation of Akt, and MAPK signal

pathways (Xu et al. 2006). It is still unknown whether

ALDH2 exerts its antiapoptotic effect in neurons through the

same signal pathways. The precious mechanism of ALDH2

neuroprotective effects needs further exploration.

In summary, we have shown that upregulation of

ALDH2 expression plays a key role in protecting neurons

from neurite damage and apoptosis evoked by 4HNE. Our

study provided evidence that overexpression of ALDH2 in

neurons significantly lessens 4HNE-induced neurotoxicity,

suggesting the therapeutic value of ALDH2 in detoxifica-

tion of 4HNE, which is essential in the management and

prevention of age-related neuronal injury. Future studies

will determine the extent of the contribution of ALDH2 to

the neuroprotection in vivo. Future study should also focus

on accessing the clinical feasibility of ALDH2 in the

management of neurodegenerative complications.

References

Budihardjo I, Oliver H, Lutter M, Luo X, Wang X (1999)

Biochemical pathways of caspase activation during apoptosis.

Annu Rev Cell Dev Biol 15:269–290

Camandola S, Poli G, Mattson MP (2000) The lipid peroxidation

product 4-hydroxy-2,3-nonenal increases AP-1-binding activity

through caspase activation in neurons. J Neurochem 74:159–168

Chandra J, Samali A, Orrenius S (2000) Triggering and modulation of

apoptosis by oxidative stress. Free Radic Biol Med 29:323–333

Chen YM, Wang QJ, Hu HS, Yu PC, Zhu J, Drewes G, Piwnica-

Worms H, Luo ZG (2006) Microtubule affinity-regulating kinase

2 functions downstream of the PAR-3/PAR-6/atypical PKC

complex in regulating hippocampal neuronal polarity. Proc Natl

Acad Sci USA 103:8534–8539

Chen CH, Budas GR, Churchill EN, Disatnik MH, Hurley TD,

Mochly-Rosen D (2008) Activation of aldehyde dehydrogenase-

2 reduces ischemic damage to the heart. Science 321:1493–1495

Floyd RA, Hensley K (2002) Oxidative stress in brain aging.

Implications for therapeutics of neurodegenerative diseases

23(5):795–807

Hyun DH, Lee MH, Halliwell B, Jenner P (2002) Proteasomal

dysfunction induced by 4-hydroxy-2,3-trans-nonenal, an end-

product of lipid peroxidation: a mechanism contributing to

neurodegeneration? J Neurochem 3(2):360–370

Kamat JP, Devasagayam TP (2000) Oxidative damage to mitochon-

dria in normal and cancer tissues, and its modulation. Toxicol-

ogy 155:73–82

Kamino K, Nagasaka K, Imagawa M, Yamamoto H, Yoneda H, Ueki

A, Kitamura S, Namekata K, Miki T, Ohta S (2000) Deficiency

in mitochondrial aldehyde dehydrogenase increases the risk for

late-onset Alzheimer’s disease in the Japanese population.

Biochem Biophys Res Commun 273(1):192–196

Keller JN, Mattson MP (1998) Roles of lipid peroxidation in

modulation of cellular signaling pathways, cell dysfunction,

and death in the nervous system. Rev Neurosci 9:105–116

Klein WL (2002) Abeta toxicity in Alzheimer’s disease: globular

oligomers (ADDLs) as new vaccine and drug targets. Neuro-

chem Int 41:345–352

Kokubo J, Nagatani N, Hiroki K, Kuroiwa K, Watanabe N, Arai T

(2008) Mechanism of destruction of microtubule structures by

4-hydroxy-2-nonenal. Cell Struct Funct 33(1):51–59

Kruman I, Bruce-Keler AJ, Bredesen D, Weag G, Mattson MP (1997)

Evidence that 4-hydroxynonenyl mediates oxidative stress-

induced neuronal apoptosis. J Neurosci 17:5089–5100

Li SY, Gomelsky M, Duan J, Zhang Z, Gomelsky L, Zhang X,

Epstein PN, Ren J (2004) Overexpression of aldehyde dehydro-

genase-2 (ALDH2) transgene prevents acetaldehyde-induced

cell injury in human umbilical vein endothelial cells: role of

ERK and p38 mitogen-activated protein kinase. J Biol Chem

279:11244–11252

Long EK, Murphy TC, Leiphon LJ, Watt J, Morrow JD, Milne GL,

Howard JR, Picklo MJ (2008) Trans-4-hydroxy-2-hexenal is a

neurotoxic product of docosahexaenoic (22:6; n-3) acid oxida-

tion. J Neurochem 105(3):714–724

Lovell MA, Ehmann WD, Ehmann MP, Markesbery WR (1997)

Elevated 4-hydroxynonenal in ventricular fluid in Alzheimer’s

disease. Neurobiol Aging 18:457–461

Mark RJ, Lovell MA, Markesbery WR, Uchida K, Mattson MP

(1997) A role for 4-hydroxynonenal, an aldehydic product of

lipid peroxidation, in disruption of ion homeostasis and neuronal

death induced by amyloid beta-peptide. J Neurochem 68:255–

264

Mattson MP (2009) Roles of the lipid peroxidation product

4-hydroxynonenal in obesity, the metabolic syndrome, and

associated vascular and neurodegenerative disorders. Exp Ger-

ontol 44(10):625–633

McCracken E, Valeriani V, Simpson C, Jover T, McCulloch J, Dewar

D (2000) The lipid peroxidation by-product 4-hydroxynonenal is

toxic to axons and oligodendrocytes. J Cereb Blood Flow Metab

20(11):1529–1536

Musatov A, Carroll CA, Liu YC, Henderson GI, Weintraub ST,

Robinson NC (2002) Identification of bovine heart cytochrome c

oxidase subunits modified by the lipid peroxidation product

4-hydroxy-2-nonenal. Biochemistry 4:8212–8220

Nakashima I, Liu W, Akhand AA, Takeda K, Kawamoto Y, Kato M,

Suzuki H (2003) 4-Hydroxynonenal triggers multistep signal

transduction cascades for suppression of cellular functions. Mol

Aspects Med 24:231–238

Neely MD, Sidell KR, Graham DG, Montine TJ (1999) The lipid

peroxidation product 4-hydroxynonenal inhibits neurite out-

growth, disrupts neuronal microtubules, and modifies cellular

tubulin. J Neurochem 72(6):2323–2333

Neurotox Res (2011) 19:412–422 421

123



Neely MD, Boutte A, Milatovic D, Montine TJ (2005) Mechanisms of

4-hydroxynonenal-induced neuronal microtubule dysfunction.

Brain Res 1037(1–2):90–98

Nicholson DW, Thornberry NA (1997) Caspases: killer proteases.

Trends Biochem Sci 22:299–306

Ohsawa I, Nishimaki K, Murakami Y, Suzuki Y, Ishikawa M, Ohta S

(2008) Age-dependent neurodegeneration accompanying mem-

ory loss in transgenic mice defective in mitochondrial aldehyde

dehydrogenase 2 activity. J Neurosci 28(24):6239–6249

Pedersen WA, Fu W, Keller JN, Markesbery WR, Appel SH, Smith

RG, Kasarskis E, Mattson MP (1998) Protein modification by the

lipid peroxidation product 4-hydroxynonenal in spinal cord

tissue of ALS patients. Ann Neurol 44:819–824

Peng ZF, Koh CH, Li QT, Manikandan J, Melendez AJ, Tang SY,

Halliwell B, Cheung NS (2007) Deciphering the mechanism of

HNE-induced apoptosis in cultured murine cortical neurons:

transcriptional responses and cellular pathways. Neuropharma-

cology 53(5):687–698

Petrosillo G, Ruggiero FM, Pistolese M, Paradies G (2001) Reactive

oxygen species generated from the mitochondrial electron

transport chain induce cytochrome c dissociation from beef-

heart submitochondrial particles via cardiolipin peroxidation.

Possible role in the apoptosis. FEBS Lett 509:435–438

Poli G, Schaur RJ (2000) 4-Hydroxynonenal in the pathomechanisms

of oxidative stress. IUBMB Life 50:315–321

Rabacchi SA, Friedman WJ, Shelanski ML, Troy CM (2004)

Divergence of the apoptotic pathways induced by 4-hydroxy-

nonenal and amyloid beta-protein. Neurobiol Aging 25(8):1057–

1066

Raza H, John A (2006) 4-hydroxynonenal induces mitochondrial

oxidative stress, apoptosis and expression of glutathione S-trans-

ferase A4-4 and cytochrome P450 2E1 in PC12 cells. Toxicol

Appl Pharmacol 216(2):309–318

Romero FJ, Bosch-Morell F, Romero MJ, Jareno EJ, Romero B,

Marin N, Roma J (1998) Lipid peroxidation products and

antioxidants in human disease. Environ Health Perspect 106:

1229–1234

Sayre LM, Zelasko DA, Harris PL, Perry G, Salomon RG, Smith MA

(1997) 4-Hydroxynonenal-derived advanced lipid peroxidation

end products are increased in Alzheimer’s disease. J Neurochem

68:2092–2097

Selley ML (1998) (E)-4-hydroxy-2-nonenal may be involved in the

pathogenesis of Parkinson’s disease. Free Radic Biol Med 25:

169–174

Sengpiel B, Preis E, Krieglstein J, Prehn JH (1998) NMDA-induced

superoxide production and neurotoxicity in cultured rat hippo-

campal neurons: role of mitochondria. Eur J Neurosci 10:1903–

1910

Soh Y, Jeong KS, Lee IJ, Bae MA, Kim YC, Song BJ (2000)

Selective activation of the c-Jun N-terminal protein kinase

pathway during 4-hydroxynonenal-induced apoptosis of PC12

cells. Mol Pharmacol 58:535–541

Stewart MJ, Malek K, Crabb DW (1996) Distribution of messenger

RNAs for aldehyde dehydrogenase 1, aldehyde dehydrogenase 2,

and aldehyde dehydrogenase 5 in human tissues. J Invest Med

44:42–46

Tang SC, Lathia JD, Selvaraj PK, Jo DG, Mughal MR, Cheng A, Siler

DA, Markesbery WR, Arumugam TV, Mattson MP (2008) Toll-

like receptor-4 mediates neuronal apoptosis induced by amyloid

beta-peptide and the membrane lipid peroxidation product

4-hydroxynonenal. Exp Neurol 213(1):114–121

Walsh DM, Selkoe DJ (2004) Deciphering the molecular basis of

memory failure in Alzheimer’s disease. Neuron 44:181–193

Wang B, Wang J, Zhou S, Tan S, He X, Yang Z, Xie YC, Li S, Zheng

C, Ma X (2008) The association of mitochondrial aldehyde

dehydrogenase gene (ALDH2) polymorphism with susceptibility

to late-onset Alzheimer’s disease in Chinese. J Neurol Sci

268(1–2):172–175

Xu D, Guthrie JR, Mabry S, Sack TM, Truog WE (2006) Mitochon-

drial aldehyde dehydrogenase attenuates hyperoxia-induced cell

death through activation of ERK/MAPK and PI3K-Akt pathways

in lung epithelial cells. Am J Physiol Lung Cell Mol Physiol

291:966–975

Yoritaka A, Hattori N, Uchida K, Tanaka M, Stadtman ER, Mizuno Y

(1996) Immunohistochemical detection of 4-hydroxynonenal

protein adducts in Parkinson disease. Proc Natl Acad Sci USA

93:2696–2701

Zarkovic K (2003) 4-hydroxynonenal and neurodegenerative dis-

eases. Mol Aspects Med 24(4–5):293–303

Zimatkin SM, Rout UK, Koivusalo M, Bühler R, Lindros KO (1992)

Regional distribution of low-Km mitochondrial aldehyde dehy-

drogenase in the rat central nervous system. Alcohol Clin Exp

Res 16(6):1162–1167

422 Neurotox Res (2011) 19:412–422

123


	Overexpression of Aldehyde Dehydrogenase-2 Attenuates Neurotoxicity Induced by 4-Hydroxynonenal in Cultured Primary Hippocampal Neurons
	Abstract
	Introduction
	Materials and Methods
	Primary Hippocampal Neurons Culture
	Plasmid Construct and Transfection
	Quantitative RT-PCR Analysis
	Western Blot Analysis
	Immunocytochemistry and Antibodies
	Measurement of Neurite Outgrowth and Branching
	Assess of Cell Death and Apoptosis
	Assess of Caspase-3 Activity
	Assess of ROS Level and Mitochondrial Transmembrane Potential
	Statistical Analysis

	Results
	Transient ALDH2 Transfection Induces Overexpression of ALDH2 mRNA and Protein in Hippocampal Neurons
	4HNE Inhibits Neurite Outgrowth in Cultured Hippocampal Neurons
	ALDH2 Protects Hippocampal Neurons Against 4HNE-Induced Neurite Damage
	4HNE Induces Neuronal Death in Cultured Hippocampal Neurons
	Overexpression of ALDH2 Decreases Neuronal Death Induced with 4HNE
	4HNE Induces Apoptotic Neuronal Death in cultured Hippocampal Neurons
	ALDH2 Overexpression Rescues Hippocampal Neurons from Apoptosis Evoked by 4HNE
	Effect of ALDH2 on the Loss of Mitochondrial Transmembrane Potential Caused by 4HNE
	Effect of ALDH2 on 4HNE-Induced Increase in Intracellular Reactive Oxygen Species Level

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


