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The formation of reactive lipid aldehydes, 4-hydroxynonenal (HNE) is shown to be derived from fatty
acid hydroperoxides through the oxidative process. Among its known effects in cytotoxicity, HNE has
been implicated in apoptotic cell death. To delineate its putative role as a potential mediator, we in-
vestigated the mechanism by which HNE induces apoptosis of endothelial cells (ECs). The anti-pro-
liferative effects of HNE were tested through MTT assay after exposure to various concentrations
(5~15 μM) of HNE. We observed apoptotic bodies with propidium iodide staining, and measured the
HNE induction of endothelial apoptosis by flow cytometry assay. We observed that cells exposed to
HNE for 24 hr resulted in increased poly(ADP-ribose) polymerase cleavage and up-regulation of Bax.
Data on the HNE action strongly indicated the involvement of reactive species, namely, intracellular
ROS, nitrite, and peroxynitrite. To obtain evidence on the implication of ROS and peroxynitrite in
HNE-induced apoptosis, a ROS scavenger, N-acetylcysteine (NAC), and a peroxynitrite scavenger,
penicillamine, were tested. Results clearly indicate that the induction of apoptosis by HNE was effec-
tively inhibited by NAC and penicillamine. Based on the present data, we conclude that the endothe-
lial apoptosis induced by HNE involves both ROS generation and peroxynitrite activity. Our new data
could lead to a redefinition of HNE action on apoptosis in ECs.
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Introduction

In recent years, many studies presented evidence pointing

to the involvement of reactive aldehydes and other lipid per-

oxidative byproducts in various pathophysiological proc-

esses, including aging, diabetes mellitus, atherosclerosis, and

cancer [16,29]. Among the major reactive aldehydes, 4-hy-

droxynonenal (HNE) derived from lipid peroxidation proc-

ess from arachidonic acids, linoleic acids, or their hydro-

peroxides can be accumulated in relatively large amounts

under oxidatively stressed conditions, namely it has shown

to be largely responsible for the cytotoxic effects associated

with oxidative stress [8,32], as detected in several diseases,

such as, atherosclerosis, diabetes, and Parkinson's disease

[17,35]. The formation of HNE and HNE-protein conjugates

could be important biological deleterious instigators, as oxi-

dative stress-induced apoptosis is believed to be involved

in those chronic diseases. In fact, HNE has been shown to

be a potential inducer of apoptotic cell death [23].

Apoptosis, a form of cell death characterized by cell

shrinkage, chromatin condensation, and DNA fragmenta-

tion, can be induced by a variety of stimuli. The role of radi-

cals in apoptosis become apparent with the following evi-

dence: (a) reactive intermediates influence the cellular redox

status [3], therefore, apoptosis [27], and (b) antioxidants can

attenuate apoptosis [2,28]. Based on the reactivity of reactive

oxygen species (ROS) on the modification of various intra-

cellular molecules, it was previously reported that ROS in-

duced apoptosis in a concentration-dependent manner [22].

In addition, changes in the redox status by oxidative stress

modulate subsequent effects on specific downstream kin-

ases, phosphatases, and transcription factors, which can alter

the cell’s sensitivity to apoptotic stimuli [1].

Another major oxidant derived form nitric oxide (NO) is

peroxynitrite. NO synthesized with inducible NO synthase

(iNOS) plays a key role in the host’s defense mechanism,

however, is also known to cause tissue damage [6]. Some

of the cytotoxic effects of NO are related to the production

of peroxynitrite formed during the rapid reaction of NO and

superoxide [4]. The formation of peroxynitrite from the inter-

action between NO with the superoxide radical anion (∙O2
-
)

is at nearly the diffusion limit rate [14]. Peroxynitrite is a
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powerful oxidant and nitrating agent capable of modifying

lipids [24], proteins [15], and DNA [7]. Indeed, peroxynitrite

was known to display an important role affecting cell metab-

olism and signaling pathway [18]. One earlier study reported

that treating endothelial cells with increasing concentrations

of nitric oxide induced apoptosis by peroxynitrite [33].

Regarding the HNE effect on apoptosis, many recent stud-

ies suggest that HNE induces apoptosis in many different

cell types [5,30]. In vitro studies have revealed that at rela-

tively high concentrations (~50 μM), HNE caused rapid cell

death associated with the depletion of sulfhydryl groups and

the inhibition of key metabolic enzymes [8]. HNE induces

cell growth and DNA synthesis at low concentrations, thus

preventing NO production [11,26]. Although many studies

have reported that HNE induced apoptosis, the precise

mechanism underpinning HNE-induced apoptosis of endo-

thelial cells through ROS and peroxynitrite generations has

not been thoroughly investigated. In this study, we at-

tempted to define the mode of HNE-induced apoptosis of

endothelial cells by showing the involvement of ROS and

peroxynitrite. The data also showed two potent scavengers

– N-acetylcysteine (NAC) and penicillamine – effectively

blunting and protecting endothelial cells from HNE-induced

apoptosis.

Materials and Methods

Cells and cell culture conditions

YPEN-1 rat prostate endothelial cells (ECs) were obtained

from ATCC (American Type Culture Collection, Manassa,

VA, USA). The cells were grown in Dulbecco's Modified

Eagle Medium Media (DMEM) with 5% fetal bovine serum

(GIBCO BRL, Grand Island, NY, USA) in a humidified 5%

CO2 at 37°C containing 100 U/ml penicillin, 100 mg/ml

streptomycin (GIBCO BRL), and 2.5 mg/l amphotericin B

(Sigma-Aldrich, St. Louis, MO, USA).

MTT assay for cell viability

The proliferation of cells was assessed by using the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide (MTT, Sigma-Aldrich) assay, which is based on the

conversion of MTT to MTT-formazan by mitochondrial en-

zyme as previously described [31].

Flow cytometry analysis

The treated cells were trypsinized, and fixed in 95% etha-

nol at 4°C for 40 min. Prior to analysis, cells were again

washed with PBS, suspended in cold propidium iodide (PI,

Sigma-Aldrich) solution, and incubated in the dark for 30

min. Flow cytometry analyses were performed by a flow cy-

tometry system (Becton Dickinson, San Jose, CA, USA).

Staining and nuclear structure examination

Cells were incubated with 5~15 μM HNE (Cayman, Ann

Arbor, MI, USA) for 24 hr. Then cells were washed with

PBS containing 1% bovine serum albumin (PBS-B) and fixed

with 70% ethanol containing 0.5% Tween 20 at 4°C for 30

min.  Fixed cells were washed with PBS-B, and stained with

PI solution (50 μg/ml in PBS) for 30 min. The stained cells

were washed twice with PBS-B and observed using a fluo-

rescence microscope at ×320 magnification.

Protein measurement by Western blotting

Cells were harvested and washed twice in PBS at 4°C.

Total cell lysates were lysed in lysis buffer [40 mM Tris (pH

8.0), 120 mM NaCl, 0.5% NP-40, 0.1 mM sodium orthovana-

date, 2 μg/ml aprotinin, 2 μg/ml leupeptin and 100 μg/ml

phenymethylsulfonyl fluoride (PMSF)]. The supernatant was

collected and protein concentrations were then measured

with protein assay reagents (Pierce, Rockford, IL, USA).

Equal amounts of proteins were boiled for 2 min and chilled

on ice, subjected to 8-12% SDS-PAGE, and electrophoreti-

cally transferred to a nitrocellulose membrane. Monoclonal

antibodies to Bcl-2 and polyclonal antibodies to Bax and

poly(ADP-ribose) polymerase (PARP) were purchased from

Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).

Monoclonal antibody to β-actin (Sigma-Aldrich) was used

as an internal control. Peroxidase-labeled donkey anti-rabbit

immunoglobulin and peroxidase-labeled sheep anti-mouse

immunoglobulin were purchased from Amersham Life

Science (Arlington, IL, USA). The proteins were visualized

with the enhanced chemiluminescence (ECL) detection sys-

tem (Amersham Life Science).

Measurement of intracellular ROS

2,7-Dichlorodihydrofluorescin-diacetate (H2DCFDA) was

oxidized to fluorescent 2,7-dichlorofluorescin (DCF) by ROS

[20]. A stock solution of 12.5 mM H2DCFDA in 100% EtOH

was stored at -20°C. Working solution with 25 μM

H2DCFDA diluted from the stock solution was placed on

ice in the dark immediately prior to the study. The fluo-

rescence intensity of DCF was measured by using a micro-
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plate fluorescence spectrophotometer FL 500 (Bio-Tek

Instruments, Winooski, VT, USA) with excitation and emis-

sion wavelengths of 485 nm and 530 nm.

Quantification of NO2
-
/NO3

-
and peroxynitrite

Resulting NO2
- was mixed with a Griess reagent [10] to

form a purple azo dye. The absorbance of the product dye

at 540 nm was measured by a flow-through spectro-

photometer. However, NO3
-

became NO2
-

in the presence

of NO2
-

reductase and NADPH in Griess assay. The absorb-

ance of the product dye at 540 nm was measured with a

microplate reader [10].

Peroxynitrite activity was measured by monitoring the ox-

idation of DHR 123 by modifying the methods of Kooy et

al. [18]. A stock solution of 5 mM DHR 123 in dime-

thylformamide was purged with nitrogen and stored at

-20°C. The working solution with 5 μM DHR 123 diluted

from the stock solution was placed on ice in the dark imme-

diately prior to the study. The buffer of 90 mM sodium

chloride, 50 mM sodium phosphate (pH 7.4), and 5 mM po-

tassium chloride was purged with nitrogen and placed on

ice before use. Just before use, 100 μM diethylene-

triaminepenta acetic acid (DTPA) was added. Peroxynitrite

activity by the oxidation of DHR 123 was measured on a

microplate fluorescence spectrophotometer FL 500 (Bio-Tek

Instruments) with excitation and emission wavelengths of

485 nm and 530 nm at room temperature, respectively.

Statistical analysis

Values are expressed as the mean±SE. The statistical sig-

nificance of the differences between the treatments was de-

termined by the ANOVA test. Differences in the means be-

tween individual groups were assessed by Fischer’s

Protected LSD post-hoc test. Values of p<0.05, p<0.01, and

p<0.001 were considered statistically significant.

Results

Cytotoxic effects and HNE-induced apoptosis on

ECs

To investigate the cytotoxic effect of HNE on the viability

of ECs, the MTT assay was performed using various HNE

concentrations. The cells were treated with HNE at concen-

trations of 5, 10, 15, and 20 μM for 24 hr. HNE showed cyto-

toxic effects in a concentration-dependent manner. The IC50

value of HNE was approximately 8 μM (Fig. 1). Microphoto-

Fig. 1. Cytotoxic effect of HNE on ECs. Cells were treated with

various concentrations of HNE for 24 hr, and then the

percentage of cell survival was determined using the

MTT assay. Result is expressed as percentage of the ve-

hicle treated control ± SE of three separate experiments.

The significance was determined by the ANOVA test

(*p<0.05 vs. vehicle-treated control)

Fig. 2. Representative microphotographs of HNE-treated ECs.

Cells were plated at 2×104 cells per 60-mm plates, in-

cubated for 24 hr and treated with HNE for 24 hr. (A)

control, (B) 5 μM, (C), 10 μM, and (D) 15 μM. The cells

were photographed by phase contrast microscopy

(original magnification 320×).

graphs of HNE-treated ECs also showed distinct morpho-

logical changes and cell viability (Fig. 2). To determine

whether HNE induces apoptosis of EC, we used flow cy-

tometry to analyze cell cycle modulation in determining

whether HNE caused decreased endothelial viability (Fig.

3). Cells were accumulated at G2/M phase of cell cycle at

low concentrations of HNE treatments (Fig. 3A-C). An aug-

mentation in the sub-G1 phase of the cell cycle was observed

at high concentrations of HNE treatments (Fig. 3C-D). Next,

we examined structural changes in the nuclei after PI stain-

ing on HNE-treated cells. Greater nuclear fragmentation and

condensation were observed on cells treated with 10 μM
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Fig. 3. Increased apoptosis-related signals after treatment with

HNE. Cells were incubated with HNE for 24 hr, and ana-

lyzed flow cytometry. (A) control, (B) 5 μM, (C), 10 μM,

and (D) 15 μM. DNA contents were analyzed by flow

cytometry with PI staining. The cell cycle distribution

was calculated as the percentage of cells contained in

each phase with the CellQuest software (Becton

Dickinson Instruments). All experiments were per-

formed in triplicate and gave similar results.

HNE (data not shown). These results show that HNE causes

apoptosis on endothelial cells at a concentration of 10 μM

HNE.

It was reported that the Bcl-2 family is a major regulator

of apoptosis and that the Bcl-2/Bax ratio appears to be an

important determinant in the regulation of apoptosis [34].

To investigate the involvement of the Bcl-2 family, Bcl-2 and

Bax expression levels were measured by Western blotting.

The basal expression levels of Bcl-2 were down-regulated,

whereas expression of Bax was up-regulated by HNE treat-

ment (Fig. 4). Also, PARP (116 kD) was significantly cleaved

into the 89 kD fragment (Fig. 4). These results suggest that

HNE treatment plays a key role in inducing apoptosis,

through up-regulation of Bax expression and cleavage of

PARP of ECs.

Augmentation of ROS, nitrite, and peroxynitrite

generation through HNE treatment

ROS reportedly plays a key role in inducing cellular apop-

tosis [13], and contributes to cellular injury on treated HNE.

Fig. 4. Expressions of Bcl-2, Bax, and PARP proteins in ECs

treated with HNE. Cells were incubated with HNE for

24 hr and total cell lysates were prepared and immuno-

blotted with antibodies against Bcl-2, Bax, PARP, and β

-actin, and ECL detection. A representative blot is shown

from three independent experiments.

The HNE-treated group produced significantly higher ROS

levels compared to the untreated group in the formation of

the fluorescence of DCFDA (Fig. 5A). This result suggests

that HNE contributes to increase of intracellular ROS in ECs.

To determine the effects of increased NO production, the

amount of nitrite accumulated in the culture medium was

measured (Fig. 5B). Results showed that the levels of nitrite

were increased in a dose-dependent manner. Part of the cy-

totoxic effects of NO are related to the production of perox-

ynitrite, a more potent oxidant and cytotoxic agent, which

is formed by the rapid reaction between NO and superoxide

[4]. As shown in Fig. 5C, it showed the amount of peroxyni-

trite was increased as the level of nitrite was increased. In

the previous experiments, we found that HNE-induced

apoptosis was followed by increased levels of ROS, nitrite

and peroxynitrite. As Fig. 5 indicates, HNE produced ROS,

nitrite, and peroxynitrite in a concentration-dependent man-

ner to correlate with apoptotic activity.

Inhibition of HNE-induced apoptosis by NAC and

penicillamine

ROS-induced oxidative stress is a common mediator of

apoptosis. The ability of ROS-mediated oxidative stress to

provoke apoptosis as a result of massive cellular damage

has been associated with the depletions of cellular anti-

oxidants, such as GSH, lipid peroxidation, and alterations

in proteins and nuclei [25]. In this study, in order to demon-

strate whether ROS and peroxynitrite are involved in

HNE-induced apoptosis, an ROS scavenger NAC, and a per-

oxynitrite scavenger penicillamine, were used. Prior treat-

ment of cells with 250 μM NAC or 250 μM penicillamine
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Fig. 5. Induction of ROS, nitrite, and peroxynitrite production

by HNE. (A) Cells were treated with 15 μM HNE at vari-

ous time. Intracellular ROS levels were measured as de-

scribed in Materials and Methods. HNE treatment in-

creased ROS generation in a time-dependent manner. (B)

Cells were treated with 15 μM HNE for 24 hr, after which

nitrite accumulation in the culture medium was meas-

ured as described in Materials and Methods. (C) Cells

were treated with 15 μM HNE for 24 hr, after which

peroxynitrite production was measured by monitoring

the oxidation of DHR 123 as described in Materials and

Methods. The results are resented as means±SE of three

independent experiments. The significance was de-

termined by ANOVA test (*p<0.05, **p<0.01, and

***p<0.001 vs. vehicle-treated control).

for 1 hr was followed by a HNE treatment for an additional

24 hr. The MTT assay showed significant potentiation of

Fig. 6. Inhibition of HNE-induced apoptosis by NAC and

penicillamine. Cell viability (A) and expression levels

of Bcl-2, Bax, and PARP proteins (B) were determined

in HNE-treated cells as described in figure legends of

Figs. 1 and 4. (A) Cells were incubated with 15 μM HNE

for 24 hr after pre-treatment with 250 μM NAC or 250

μM penicillamine for 1 hr and examined by MTT assay.

The results are represented as means±SE of three in-

dependent experiments. The significance was de-

termined by ANOVA test (*p<0.05 vs. vehicle-treated

control; #p<0.05 vs. 15 μM HNE). (B) Total cell lysates

were prepared and immunoblotted with antibodies

against Bcl-2, Bax, PARP, and β-actin, and ECL

detection. A representative blot is shown from three in-

dependent experiments. NAC, N-acetyl cysteine; Pen,

penicillamine.

HNE-induced cytotoxicity.

Results in Fig. 6A shows that in the treatment of ECs

with anti-oxidants, the cells were able to recover from the

suppressed viability induced by HNE. Using Western blot-

ting, NAC and penicillamine showed protection of ECs from

HNE-induced apoptosis. The data also showed that the

up-regulation of Bax and PARP cleavage was inhibited by

the treatments of both anti-oxidants (Fig. 6B). Therefore,

these data clearly indicate that the implication of ROS and
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peroxynitrite in the induction of apoptosis by HNE.

Discussion

Much of the research demonstrates that HNE, a reactive

byproduct of lipid peroxidation, plays a key role in oxidative

stress induced apoptosis. Although the involvement of HNE

in the induction of apoptosis is documented on ECs [12],

we wanted to establish whether HNE induced apoptosis of

ECs implicates ROS and peroxynitrite. Our results from this

study led to a conclusion that this is most likely.

Apoptosis as determined by flow cytometry analysis was

detected when ECs were treated with HNE at concentrations

over 10 μM for 24 hr. Nuclear fragmentation and con-

densation were visible with PI staining. To confirm the

quantitative data, Bcl-2 and Bax protein were examined us-

ing Western blotting because the Bcl-2 family proteins have

been reported as major regulators for apoptosis. In this

study, we found that the expression of pro-apoptotic Bax

was up-regulated, while the anti-apoptotic protein, Bcl-2 was

down-regulated, in contrast to the control group. Also, the

PARP protein (116 kD) was significantly cleaved to the 89

kD fragment. The data indicated that HNE induced apopto-

sis on ECs through alterations in the Bcl-2 family proteins.

The redox status of cells modulated by various sources

including reactive species, oxidants, and lipid peroxides that

are generated as a consequence of aerobic metabolism is a

prime determinant for the cellular homeostasis [21]. Thus

redox imbalance has a great impact on the cell signaling

pathways by activating gene expression of many re-

dox-sensitive transcription factors, such as NF-κB, which

consecutively activate apoptosis or necrosis [13]. Although

ROS has been reported to play a substantial role in apoptosis

[9,19], their involvements in the HNE induced apoptotic ac-

tivity has yet to be documented.

Evidence we obtained from the current study strongly

suggests that in the absence of reactive species, the apoptotic

potency of HNE diminishes greatly. To validate the findings,

scavengers, NAC and penicillamine were used in our study.

We found that they prevented the activation of Bax and

PARP expression and blocked apoptosis. Moreover, NAC

and penicillamine blocked nuclear condensation (data not

shown) and blocked expression of apoptosis signals, sug-

gesting that HNE produces ROS and peroxynitrite for in en-

dothelial cell death.

If our observation can be measured in other cell systems,

it requires a re-evaluation of the putative mechanisms so

far outlined in HNE-induced apoptosis. Further study is

needed to investigate HNE-inducted apoptosis in the pres-

ence of anti-oxidants. In conclusion, this present study dem-

onstrated that for HNE-induced apoptosis of ECs, ROS and

peroxynitrite may play a substantial role. Further inves-

tigation into the involvement of reactive aldehydes in cell

death at the molecular levels in the presence of anti-oxidants

should provide a clearer picture on the specific mode of

apoptotic reactive aldehydes’ action.
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초록：4-Hydroxynonenal에 생성된 ROS와 peroxynitrite를 통한 내피세포의 세포사에 관한 연구

정상운․이수복․이지영․호세인 모하메드 악바르․김동환․장정윤․윤정현․정해영․김남득*

(부산대학교 약학대학 약학과)

지질과산화로부터 생성된 aldehyde 중 4-hydroxynonenal (HNE)는 산화적 손상과 관련된 다량의 arachidonic

acids, linoleic acids 등으로부터 생성될 수 있다. 그러므로 HNE는 산화적 스트레스와 관련된 세포사에서 중요한

매개인자로 작용을 할 수가 있을 것이다. 본 연구는 HNE가 세포사를 유발할 것이라 가정하고, 먼저 흰쥐 전립선

유래 내피세포인 YPEN-1 세포에서 세포독성을 측정하였다. 세포생장 저해능력은 HNE를 5~15 μM 농도로 처리

하여 형태적 변화와 MTT assay를 통하여 결과를 관찰하였다. 그 결과 HNE가 이 세포에서 핵형의 변화와 세포사

를 유발시키는 것을 각각의 실험을 통해 확인이 되었다. 또한 이 사실을 단백질의 변화를 통하여 확인을 할 수가

있었다. HNE를 24시간 처리한 세포에서 poly(ADP-ribose) polymerase 단백질 분절이 매개되었고 Bax의 발현량

이 증가하였다. 또한 세포내의 활성 산소종들을 발생시켰다. 이에 생성된 활성 산소종과 peroxynitrite가 세포사

와 관련이 있는가를 밝히기 위하여 이들의 포식자들인 N-acetylcysteine과 penicillamine을 본 연구에서 사용하였

다. 이들 포식자들에 의해 HNE에 의해 유도되는 세포사가 억제가 되었기에 산화적 활성화가 HNE에 의해 유도

된 세포사와 관련이 있음을 알 수 있었다. 이러한 결과들은 HNE가 내피세포에서 ROS와 peroxynitrite 생성을

통하여 세포사를 일으킨다는 사실을 뒷받침해 준다.


