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4-hydroxynonenal (4-HNE) is a major aldehyde produced during the lipid peroxidation of x-6 polyunsat-
urated fatty acids. Recently, 4-HNE has been reported to contribute to the pathogenesis of neuronal diseases
such as Alzheimer’s disease. However, the role of 4-HNE in ischemic stroke is unclear yet. In this study, we
found that plasma 4-HNE concentrations were higher in the genetic stroke-prone rats (stroke-prone spon-
taneously hypertensive rats) and experimental stroke rats with middle cerebral artery occlusion (MCAO).
Moreover, administration of 4-HNE via intravenous injection before MCAO surgery not only enlarged cere-
bral ischemia-induced infarct area, but also increased oxidative stress in brain tissue, which was evidenced
by the enhanced ROS/MPA levels, and the reduced GSH/GSSG ratio and MnSOD levels. Overexpression of
aldehyde dehydrogenasesbcl-2 (ALDH2), an enzyme catalyses 4-HNE, rescued neuronal survival against
4-HNE treatment in PC12 cells. The plasma 4-HNE concentrations in patients with ischemic stroke were
higher than those in control subjects. In a small sample population (N = 60), the plasma 4-HNE concentra-
tion was positively correlated with the plasma homocysteine concentration, a risk factor for ischemic
stroke. Taken together, our study suggests that the plasma 4-HNE level is a potential biomarker for ischemic
stroke.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Cerebral ischemic stroke is a leading cause of mortality and
morbidity worldwide [1]. At present, tissue plasminogen activator
(tPA) is the only therapy for acute ischemic stroke approved by the
Food and Drug Administration of United States [2,3]. However, the
strict 3-h time window represents a major obstacle for the use of
intravenous injection of tPA [2,3]. Thus, identification of biochem-
ical markers for pathogenic alterations during cerebral ischemia
would contribute to the timely medical examination or interven-
tion, which may reduce the risk of cerebral ischemia occurrence.

Previous studies have shown that the toxic reactive oxygen spe-
cies (ROS) and other chemical active factors could be produced by
hypoxic cells and accumulated in the infarct area during cerebral
ischemia [4,5]. In fact, oxidative stress is widely accepted as a
fundamental mechanism of neuronal damage in ischemic stroke.
Furthermore, items with antioxidant activity, including dietary
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supplements such as grapes [6] and red wine [7], or compounds such
as resveratrol [8,9], albumin [10] and dehydroascorbic acid [11],
have been shown to be able to reduce stroke-related brain damage
in animal models. Lipid peroxidation, the oxidative degradation of
lipids, is also implicated in the pathogenesis of ischemia stroke
[12,13]. The peroxidation of polyunsaturated fatty acids in mem-
brane phospholipids continues until the substrate is completely
consumed or termination occurs due to antioxidants, leading to
structural or functional damage. The toxic effects of lipid peroxida-
tion products such as malondialdehyde [14] and thiobarbituric acid-
reactive substances [15] in ischemic stroke have been documented.

4-hydroxynonenal (4-HNE), an a,b-unsaturated hydroxyalkenal
produced by lipid peroxidation, is widely recognized as a specific
marker of oxidative stress [13]. Okun et al. [16] and Nagotani
et al. [17] reported that 4-HNE protein level in the ischemic cere-
bral cortex increased within 2 h of stroke induction. However,
the role of plasma 4-HNE level during ischemic stroke has never
been studied. Whether the plasma 4-HNE level is changed during
cerebral ischemia? If the answer is yes, then the plasma 4-HNE
level may be a potential biochemical marker for cerebral ischemia
and is very useful for predicting or diagnosing ischemic stroke. In
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the current investigation, we studied this possibility in genetic
stroke-prone rats (stroke-prone spontaneously hypertensive rat,
SHR-SP), experimental stroke rat with middle cerebral artery
occlusion (MCAO), and human patients.
2. Materials and methods

2.1. Animals and reagents

Male SHR-SP and age-matched control rats (Wistar-Kyoto rats,
WKY), which were originated from the Charles River Breeding Lab-
oratories (Tokyo, Japan), were purchased from the National Labora-
tory Animal Breeding and Research Center of the National Science
Council, Taiwan. Procedures using laboratory animals were ap-
proved by the Institutional Animal Care and Use Committee of
Kaohsiung Medical University.

The 4-HNE was purchased from Cayman Chemical Company
(USA). The 2,3,5-triphenyltetrazolium chloride (TTC) were pur-
chased from Sigma–Aldrich. OxiSelect™ 4-HNE ELISA kit was pur-
chased from Cell Biolabs Inc. (San Diego, CA). Homocysteine ELISA
kit was purchased from IBL-America (Immuno-Biological Laborato-
ries, Minneapolis, MN). Assay kits for mycophenolic acid (MPA),
ROS, reduced glutathione (GSH), oxidized glutathione (GSSG) and
manganese superoxide dismutase (MnSOD) were purchased from
Cayman Chemicals (Ann Arbor, MI). Antibodies against aldehyde
dehydrogenasesbcl-2 (ALDH2), bax, bcl-X/L and bad were pur-
chased from Millipore Chemicon International (Temecula, CA,
USA). Antibodies against p62, LC3 and beclin-1 were purchased
from Cell Signaling Biotechnology (Danvers, MA, USA). Antibody
against tubulin was from Sigma. Enhanced chemiluminescence
and protease/phosphatase inhibitors were purchased from Pierce
(Rockford, IL, USA).

2.2. MCAO surgery and infarct area quantification

MCAO was performed as described previously [18] with some
modification. During all surgical procedures, the rats were anesthe-
tized via inhalation of 2% isoflurane in O2 delivered via face mask
during surgery. Body temperature was maintained by a heating
system coupled to a rectal thermistor probe. The left jugular vein
was cannulated for drug administration. Rats were placed under
an operating microscope and the right MCA was exposed. A mono-
filament nylon (3–0) was introduced retrogradely into the MCA
and occluded, a distance of 20–22 mm from the carotid bifurcation.
After surgery, rats were maintained in a warm environment using a
100-W lamp. After 2 h of MCAO, rats were re-anesthetized and the
intraluminal suture was carefully removed. In control animals, sur-
gery was also carried out but the MCA was left intact (Control
group). For 4-HNE administration, rats were injected with 0.1 ml
of saline or 4-HNE (10 mg/ml) via the left jugular vein at 20 min
before MCAO surgery. At 24 h after MCAO, rats were killed for var-
ious examinations after neurological deficits scoring. The brain was
isolated and cut into 6 sections. The sections were put in a glass
Petri dish containing 2% TTC solution to determine the infarct area
(the infarct area was white). The ratio of infarct area was measured
using ImageJ software (National Institutes of Health, Bethesda,
MD) [19].

2.3. Samples and biochemical assays

For evaluating ROS, MPA, GSH/GSSG and MnSOD levels in in-
farct brain tissue, another set of rats were subjected to 4-HNE
injection and followed by MCAO surgery. At 24 h after MCAO, the
fresh infarct brain tissues were harvested and homogenated with
RIPA buffer plus protease inhibitors [20]. After centrifuging
(3000 rpm, 10 min), the supernatant was harvested and stored at
�80 �C until assayed. The assays of ROS, MPA, GSH/GSSG and
MnSOD were performed according to the manufacturer’s instruc-
tions. The color intensity was measured by TECAN microplate fluo-
rometer (TECAN, Research Triangle Park, NC) [21].

The plasma 4-HNE levels were measured using OxiSelect™ 4-
HNE ELISA kit. (Cell Biolabs, San Diego, CA, USA). Briefly, 50 ll plas-
ma was diluted with PBS to 100 ll. The samples were then added
into the 96-well protein binding plate overnight at 4 �C. The absor-
bance was detected at 450 nm after incubation with a mouse
monoclonal anti-HNE–His antibody followed by HRP-conjugated
secondary anti-mouse antibody. The plasma 4-HNE concentrations
were calculated according to the standard curve.

2.4. Cell culture, vector construction and transfection

PC12 cells were obtained from Bioresource Collection and Re-
search Center (Hsinchu, Taiwan) and maintained in RPMI-1640
medium (Sigma), which contains 2 mM glutamine, 1.5 g/l sodium
bicarbonate, 4.5 g/l glucose, 10 mM HEPES and 1 mM sodium pyru-
vate, supplemented with 10% fetal bovine serum (Invitrogen, Carls-
bad, CA, USA) in 5% CO2 incubator at 37 �C [22]. For vector
construction, the full-length ALDH2 gene was amplified by poly-
merase chain reaction (PCR) from mouse liver tissue and subcloned
into pIRES2-EGFP vector (Invitrogen). The control vectors or vec-
tors carrying ALDH2 gene were transfected into PC12 cell using
Lipofectamine™ LTX with Plus™ (Invitrogen) according to the
manufacturer’s instruction [23].

2.5. Immunoblotting

Immunoblotting analyses on tissue extracts were performed as
described previously [24]. Samples were subjected to 10% SDS–
PAGE, and transferred onto PVDF membranes at 100 V for 1�2 h.
After being blocked in blocking buffer with 5% (w/v) nonfat milk
and 0.1% (v/v) Tween 20 in phosphate-buffered saline for 4 h, the
membrane was incubated with specific primary antibody and then
followed by HRP-labeled secondary antibody. The membranes
were then detected using the enhanced chemiluminescence sys-
tem as described previously [25].

2.6. Human patients

Twenty-four human subjects were included in this study: 24
men with ischemic stroke (mean age, 67 years; median National
Institutes of Health Stroke Scale 18) and 36 age-matched normal
men. Informed consent was obtained according to an established
protocol approved by the Ethic Committee of Kaohsiung Medical
University. In ischemic patients, plasma was obtained by finger-
stick using a commercial dry plasma collection device (Chemcard
Plasma Collection Device) within 3 h from symptom onset and
frozen at �80 �C until assayed. The ELISA assays of plasma 4-
HNE and homocysteine were performed according to the manu-
facturer’s instructions and laboratory validated protocols. The
absorbance of each well on a microplate reader was read at
450 nm [26].

2.7. Statistical analysis

Data are expressed as mean ± SD. Differences were evaluated by
two-tailed Student’s t test. Linear regression analysis was performed
to evaluate the correlation between plasma homocysteine and
4-HNE concentrations. Statistical significance was set at P < 0.05.
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3. Results

3.1. Higher plasma 4-HNE concentrations in SHR-SP and MCAO rats

As shown in Fig. 1A, the plasma 4-HNE concentrations in 6-
month old SHR-SP were significantly higher than those in age-
matched WKY rats. Next, we tested whether plasma 4-HNE con-
centrations can be induced in experimental ischemic stroke model.
As expected, at 24 h after MCAO surgery, the plasma 4-HNE con-
centrations in MCAO rats were higher than those in control rats
(Fig. 1B). These results suggest that the plasma 4-HNE levels were
increased by cerebral ischemia and might be an important feature
of ischemic stroke.
3.2. Administration of 4-HNE aggravated ischemic brain damage,
increased oxidant stress and enhanced apoptosis/autophagy in MCAO
model

We administrated saline (control) or 4-HNE in rats, and per-
formed MCAO surgery on these rats twenty minutes later. As
shown in Fig. 2A, 4-HNE treatment enlarged the cerebral infarct
area in MCAO rats by approximately 50%. It did not induce cerebral
infarct in sham-operated rats. We also measured several parame-
ters of oxidative stress. In sham-operated rats, 4-HNE slightly
changed the ROS levels (Fig. 2D) and GSH/GSSG ratio (Fig. 2E). In
MCAO rats, 4-HNE induced intensive changes of oxidative stress
parameters. It not only increased MPA (Fig. 2B) and ROS (Fig. 2C)
levels, but also decreased GSH/GSSG ratio (Fig. 2D) and MnSOD
(Fig. 2E) levels, indicating that 4-HNE treatment further increased
oxidative stress in the cerebral ischemia condition.

Neuronal damage caused by ischemia involved apoptosis and
excessive autophagy. As shown in Fig. 2F, 4-HNE administration
further increased levels of apoptotic proteins, evidenced by the de-
creased bcl-2/bax and bcl-X/L/bad ratios in MCAO rat brain tissue.
Moreover, the 4-HNE administration increased autophagic pro-
teins levels, evidenced by the enhanced p62, beclin-1 and LC3-II
expressions (Fig. 2G).
3.3. Overexpression of ALDH2 rescued neuronal survival against 4-
HNE treatment in PC12 cells

ALDH2 can metabolize 4-HNE and is responsible for the detox-
ification of 4-HNE. Thus, we overexpressed ALDH2 in PC12 neuro-
nal cells (Fig. 3A) to test whether overexpression of ALDH2 can
protect against 4-HNE-induced neuronal toxicity. As shown in
Fig. 3B, 4-HNE-induced decrease of cell viability in PC12 cells
was partly blocked by ALDH overexpression. The LDH leakage
Fig. 1. Plasma 4-HNE concentrations are higher in SHR-SP and MCAO rats. (A) The
plasma 4-HNE concentrations in SHR-SP and normal control WKY rats (N = 10). (B)
The plasma 4-HNE concentrations in control rats and MCAO rats at 24 h after MCAO
surgery (N = 10). SHR-SP, stroke-prone spontaneously hypertensive rat; MCAO,
middle cerebral artery occlusion.
induced by 4-HNE treatment was also partly blocked by overex-
pression of ALDH2 (Fig. 3C).
3.4. Plasma 4-HNE concentrations are higher in patients with ischemic
stroke and positively correlated with plasma homocysteine
concentrations

Next, we studied the plasma 4-HNE concentrations in human
patients. Interestingly, the plasma 4-HNE concentrations in pa-
tients with ischemic stroke were higher than those in control peo-
ple (P = 0.029, Fig. 4A). Moreover, we studied the correlation
between the plasma concentrations of 4-HNE and homocysteine,
a well-established risk factor for ischemic stroke [27]. As shown
in Fig. 4B, a positive correlation was found between plasma con-
centrations of 4-HNE and homocysteine (r2 = 0. 36, P = 0.005).
4. Discussion

In the present study, using a genetic stroke model (SHR-SP) and
an experimental stroke model (MCAO), we found that plasma 4-
HNE concentrations could be induced by ischemic stroke. This re-
sult prompted us to further evaluate the influence of 4-HNE on
neuronal damage during ischemic stroke in vivo. As expected, the
administration of 4-HNE before MCAO surgery markedly enlarged
the cerebral ischemia-induced infarct area, and increased oxidative
stress in brain tissue. Overexpression of ALDH2 rescued neuronal
survival against 4-HNE treatment in PC12 cells. Furthermore, the
plasma 4-HNE concentrations of patients with ischemic stroke
were higher than those in control subjects. At last, in a small sam-
ple population, we found that the plasma 4-HNE levels were posi-
tively correlated with plasma homocysteine levels. Based on these
results, we proposed that the plasma 4-HNE level may be a bio-
marker for ischemic stroke.

This is the first report describing the enhanced plasma 4-HNE
concentration during ischemic stroke in rat model and humans.
Previously, 4-HNE concentrations were found to be elevated in
the ventricular fluid of subjects with Alzheimer’s disease [28]
and Parkinson’s disease [29]. McKracken et al. reported that 4-
HNE immunoreactivity was increased in human hippocampus tis-
sue after global ischemia [30], which was confirmed by later re-
ports [16,17], indicating that local oxidant stress was induced by
cerebral ischemia. Our data provide the first evidence that the plas-
ma 4-HNE levels were also enhanced in ischemia stroke, suggest-
ing the increased systemic oxidative stress.

4-HNE has neurotrophic effect at low concentrations (0.8–2.8
lM), activating signaling pathways through increasing basal and
GTP-stimulated phospholipase C, adenylate cyclase, and decreasing
ornithine decarboxylase activities [31]. However, 4-HNE is cytotoxic
in high concentration (>10 lM). It can disturb calcium homeostasis,
inhibit DNA and RNA synthesis, block mitochondrial respiration and
induce membrane disintegration [32]. Because the plasma 4-HNE
levels were increased by �3-fold during ischemia, we considered
that the increase of plasma 4-HNE concentration might impact on
the neuronal injury caused by cerebral ischemia. As expected, we
found that the administration of 4-HNE markedly enlarged the in-
farct area, as well as increased apoptotic and autophagic protein lev-
els in infarct brain tissues. While apoptosis is a well-described event
contributing to neuronal damage in cerebral ischemia [33], autoph-
agy is a new concept and focus in recent studies on ischemic stroke
[34]. As a double-edged sword, autophagy is a process for turnover of
intracellular organelles and molecules, and protects cells during
stress responses [35]. Mild autophagy is neuroprotective [36–38],
whereas excessive autophagy is vital and neurotoxic [39–41].
Although some previous studies have described the relationship be-
tween neuronal oxidative stress and autophagy [42,43], the effect of



Fig. 2. 4-HNE treatment augmented cerebral infarct area, increased oxidative damage and aggravated apoptosis/autophagy in MCAO model. (A) Representative image and
quantitative analysis of infarct area in sham-operated rats and MCAO rats with or without 4-HNE administration. The rat brain was harvested at 24 h after MCAO surgery and
stained with 2% TTC solution. The white area was infarct brain tissue (N = 10). (B–E) Levels of MPA, ROS, GSH/GSSG ratio and MnSOD in brain tissue (N = 10). (E)
Representative image and quantitative analysis of immunoblotting of apoptotic proteins (bax, bcl-2, bad and bcl-X/L) in brain tissues from MCAO rats and MCAO rats with 4-
HNE. Tubulin was used as a loading control (N = 4). (F) Representative image and quantitative analysis of immunoblotting of autophagic proteins (p62, LC3 and beclin-1) in
brain tissues from MCAO rats and MCAO rats with 4-HNE. Tubulin was used as a loading control (N = 4).

Fig. 3. Overexpression of ALDH2 rescued neuronal survival against 4-HNE treatment in PC12 cells. (A) Representative immunoblotting image of overexpression of ALDH2 in
PC12 cells. (B) Overexpression of ALDH2 partly blocked the decrease of cell viability induced by 4-HNE treatment (30 lM) (N = 8). (C) Overexpression of ALDH2 partly
prevented the LDH leakage induced by 4-HNE treatment (30 lM) (N = 8).

Fig. 4. Plasma 4-HNE concentrations in human patients with ischemic stroke and the correlation between plasma 4-HNE and homocysteine concentrations. (A) ELISA assay
showing the plasma 4-HNE concentrations in human patients with ischemic stroke and control people. Plasma of ischemic patients was harvested with 3 h from symptom
onset. (B) Correlation between plasma 4-HNE and homocysteine concentrations in a small sample population (N = 60). Hcy, homocysteine.
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4-HNE on autophagy has never been studied. In our study, 4-HNE
further increased the expressions of autophagic proteins in MCAO
rat brain tissue, suggesting 4-HNE may induce excessive autophagy.

A large number of results from clinical studies have confirmed
that the elevated plasma homocysteine concentration is a potent
risk factor for cardiovascular disease, including ischemic stroke
[27,44]. In humans, we found that plasma 4-HNE concentrations
were positively correlated with plasma homocysteine levels. This
result indicates that the people with higher plasma homocysteine
level, who are at high risk for stroke, also have a high plasma 4-
HNE level. However, the sample size of our study is relatively small
(N = 60). Consequently, future large-scale prospective controlled
clinical investigations are warranted to assess the exact role of
plasma 4-HNE concentrations in ischemic stroke.

In summary, we demonstrated that the plasma-4HNE levels
were higher in genetic stroke rats, experimental stroke rats and pa-
tients with ischemic stroke. 4-HNE administration augmented
cerebral infarct area, increased oxidative stress, and enhanced
apoptosis/autophagy in MCAO rats. Overexpression of ALDH2, an
enzyme can detoxify 4-HNE, rescued neuronal survival against 4-
HNE treatment in PC12 cells. Moreover, in a small-size population,
we found that the plasma 4-HNE levels were positively correlated
with homocysteine levels, a well-known risk factor for ischemic
stroke. All these results indicate that the plasma 4-HNE level
may be a potential biochemical marker for ischemic stroke.
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