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Abstract: The final bio-metabolites of lipid peroxidation (LPO) such as 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA) have been suggested to mediate the oxidative stress-linked pathological incidences. Natural phytochemicals such as
polyphenolic compounds in green tea have been known in preventing the LPO induced cellular growth inhibition and
apoptosis. We investigated that green tea ethanol extracts (GTE) inhibit LPO-induced apoptosis in ECV 304 cells. GTE had
time- or dose-dependent anti-apoptotic effects as evidenced by changes in cell morphology, MTT assay, DNA fragmentation,
LPO production, and the Western blotting for apoptotic expression. In the 4-HNE-induced apoptosis model, GTE 10-20 µg/
mL decreased cell death through decreasing LPO production. GTE protected 4-HNE induced apoptosis, as evidence with
down regulation of mitochondrial signaling such as cytochrome C and caspase-3 activity. GTE increased bcl2, survival
signaling protein, compared to 4-HNE alone within 6 hr incubation. Since polyphenols in GTE are effective antioxidants in
endothelial ECV 304 cells, we suggested that natural polyphenols might be anti-atherosclerotic.
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Introduction

Novel facts that phytochemicals or polyphenolics, which
have been known to be abundantly present in the natural
foods until now, have various physiological activities have
been of increasing interest (1). These molecules play a role
as a natural herbal substance that maintains the integrity of
capillaries and supports the functions of vitamin C, the
natural anti-oxidant (2). They also suppress the synthesis of
free radicals and then have anti-oxidative, anti-bacterial,
anti-cancer, and anti-inflammatory effects, thus lowering
the incidences of cardiovascular diseases and cancer (3-6).
An intake of soy products (e.g., green tea, wine, soybean
paste, tofu, and soybean oil), which have a plenty amount
of phytochemicals or polyphenolics, has been reported to
be effective in preventing the inflammatory vascular
diseases (7,8). Green tea extract contains high level of
polyphenols (a bioflavonoid), and it’s also a rich source of
epigallocatechin gallate (EGCG), that’s over 200 times
more potent than vitamin E in fighting free radicals and
pro-oxidants (7,8). Quercetin and EGCG lower the
synthetic rate of oxidized low density lipoprotein (OxLDL)
with the ability to remove the free functional groups and
thereby inhibit the proliferation of atherosclerotic plaque
(9). It has also been reported that the above molecules were
effective in reducing the inflammatory responses associated
with allergy, having an anti-cancer effect, and decreasing
low density lipoprotein (LDL) oxidation (10). In Japanese
epidemiological study, the concentrations of serum
cholesterol, triglyceride, and lipoproptein were lower in the

elderly who drank more than 10 cups of tea a day (11,12).
According to an animal experiment using rats, green tea, or
tea was effective in markedly suppressing the size of tumor
and the number of tumor cells (13).

4-Hydroxy-2E-nonenal (4-HNE) and malondialdehyde
(MDA) are major peroxide products of dietary polyunsaturated
fatty acids (PUFA) are a conjugated-acetaldehyde molecule
with an in vivo toxicity (14,15). The correlation between 4-
HNE and atherosclerosis has been examined by Ruef et al.
(16) in Germany from 2001 (17). A mitogenic effect
depending on the concentration of 4-HNE was observed in
the vascular endothelial cells. It has also been reported that
4-HNE is involved in inducing the synthesis of NFκB, a
major transcription factor for apoptosis which is sensitive
to the oxidation-reduction reactions (18). Furthermore,
epidermal growth factor (EGF) induced the signal
transduction system for receptor cells in HECV-304, the
endothelial cells lining the human aorta and the concentration
of OxLDL was simultaneously elevated (19). However,
there were no direct evidences that either 4-HNE or
OxLDL is involved in the apoptosis (20). Moreover, few
studies have examined whether a dietary-induced synthesis
of 4-HNE increases OxLDL and its in vivo and in vitro
effect on the apoptosis of endothelial cells (17).

Therefore, the aim of the current study is to elucidate the
effect of 4-HNE or MDA on the mechanisms by which
anti-oxidative and anti-apoptotic activity in the vascular
endothelial cells which were priorly treated with 4-HNE or
MDA, major peroxide products of dietary unsaturated fatty
acids.

Materials and Methods

Cell culture and treatments Human endothelial ECV
304 cells were provided by Japanese Collection of Research
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Bioresources. ECV 304 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, San Diego,
CA, USA) with 5% fetal bovine serum (FBS) and antibiotics
(gentamycin sulfate) at 37oC in a humidified incubator
containing 5% CO2. To study the effects of extract fatty
acids on cell growth rate, ECV 304 cells were exposed to
different concentrations of fatty acids or lipid peroxides
(LPO) from 1 to 48 hr. Fatty acids completely dissolved in
ethanol were dried under argon gas and immediately exposed
to 100% FBS, as described (21). Final concentrations of
fatty acids and FBS in media were 50 µM/L and 1%,
respectively. Green tea was obtained from AmorePacific
Corporation (Seoul, Korea). Green tea ethanol extract (GTE)
was repeatedly soaked in 70% ethanol and incubated at
45oC for 12 hr, then the extract was filtered by Whatman®

paper (W&R Balston, Ltd., Kent, UK) and concentrated
under the reduced pressure system. GTE were dissolved in
dimethyl sulfoxide (DMSO) with final concentrations in
media, 10-20 µg/mL.

Cell proliferation and toxicity Viability of ECV 304
cells after the treatment with GTE against or fatty acids such
as linoleic acid (LA), docosahexaenoic acid (DHA), or
arachidonic acid (AA) was determined by following the
protocol supplied in the CellTiter 96 NonRadioactive Cell
Viability Assay kit (Promega, Madison, WI, USA) by
using (3-(4,5-dimehythiazol-2-yl)-2,5-diphenyltetrazolium)
(MTT) as a substrate. ECV 304 cells were placed in 24-
well plates and treated with 50 µM/L fatty acids for 12, 24,
and 48 hr as described above.

Fatty acids incorporation After breaking up the ECV
304 cells, lipid was extracted using the modified Folch
method (22). Methyl esters of the lipids were prepared in
a chloroform/methanol/NaCl (3:47:48 by volume) solution
with the methylation reagent (BF3-methanol/methanol/
benzene, 25:55:20 by volume), and an internal standard
was added. The mixtures were reacted in a heating block
for 90-100 min to produce methyl esters. A gas chromatograph
(HP 5890 II Plus; Hewlett Packard, Palo Alto, CA, USA)
was used to separate the fatty acids, which were then
compared with the standard fatty acids (Sigma-Aldrich, St.
Louis, MO, USA) for quantification.

LPO production Both 4-HNE and MDA derived from
peroxidation of PUFA were measured as convenient
indices for LPO after culturing the cells under the same
conditions using LPO kit (Calbiochem Co., San Diego,
CA, USA). Whole cell lysates from 3×106 cells were
prepared by 3 repeated cycles of freeze/thaw in distilled
water. Diluted samples (200 µL volume) were added into
650 µL of 10.3 mM/L N-methyl 2-phenylindole. Methane
sulfonic acid (15.4 mol/L; final volume 150 µL) was added
to mix the sample, which was then incubated at 45oC for
40 min. After cooling on ice, 4-HNE and MDA products
were measured at 596 nm in comparison to the standard
curves.

Caspase-3/-7 activity Using the Apo-OneTM Homogeneous
caspase-3/-7 assay kit from Promega (Madison), the
amount of fluorescent product generated is proportional to
those of caspase-3/-7 cleavage producers in the sample.

ECV 304 cells were grown at a density of 2×105 cells/mL
in each 96-well plate. After the treatment with fatty acids
or LPOs for indicated times, the caspase-3/-7 reagent was
added into each well of the plate at a 1:1 ratio of reagent
to sample. After incubation for 5 hr at 37oC, the fluorescence
of each well was determined at the excitation and emission
wavelengths at 485±20 and 530±25 nm, respectively.

Western blotting for the cell signaling Whole cell
extracts from LPO or fatty acids treated cells with GTE or
without GTE (3×106 cells) were prepared in a buffer: 10
mM/L Tris-HCl, 2 mM/L ethylene diamine tetraacetic acid
(EDTA), 1µM/L leupeptin, β-mercaptoethanol, 2mM/L EDTA,
α-2-macroglobulin, 100µM/L phenylmethylsulfonylfluoride
(PMSF), and 250 mM/L sucrose. After the extracts were
centrifuged (14,000×g for 20 min), the resulting supernatants
were subjected to immunoblot analyses against each target
protein such as mitogen-activated protein kinase (MAPK),
caspase-3/-8/-9, and cytochrome C (Santa Cruz Biotechnologies,
Santa Cruz, CA, USA). The conjugated 2nd antibodies
against above proteins were purchased from PharMingen
(San Diego, CA, USA). The β-actin was used as a control
protein. Each immunoreactive antigen was visualized by
using the SuperSignal West Pico ECL kit (Thermo Fisher
Scientific, Rockford, IL, USA) and exposed to Kodak
BioMaxTM XAR film (Sigma-Aldrich) to identify the target
proteins.

Statistical analysis Experimental results shown were
repeated more than 3 times, unless otherwise indicated.
Statistical analyses were performed using Student's t-test
for the comparisons between 2 groups and one-way analysis
of variance (ANOVA) test for the comparisons among 3 or
more groups. A p<0.05 was considered statistically significant.

Results and Discussion

Rate of cell influx of dietary fatty acids (FA) The rate
of FA influx in the cells which were treated with LA and
DHA 50 µM was represented in Fig. 1. The rate of the
influx of LA was approximately 2.5 times higher in the LA
treatment group than that in the control group and the DHA
group. The rate of the influx of DHA was 5.0 times higher
in the DHA group than the LA group and the control
group. These results indicate that DHA had a higher influx
rate into the endothelial cells than LA. By contrast, the rate
of the influx of AA (20:4, n6) fatty acids was 4.7 times
higher in the vascular endothelial cells which were treated
with LA than the control group and approximately 17
times higher than the DHA group. Based on the findings
that the rate of the synthesis of LA into AA was markedly
higher in the DHA group than the groups where other fatty
acids were treated, the discrepancy compared to other
groups can be interpreted as the effect due to the change of
eicosanoid metabolism. Isolating phospholipid of plasma
membrane such as phosphatidyl ethanolamine, DHA is well
incorporated into cell rather than LA. These results indicate
the significant values compared to the overall one (data not
shown). It is therefore essential for the different tendency
of the influx of fatty acids as well as the fluidity of cell
membrane to isolate each phospholipid and then to
examine the distribution of fatty acids.
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Production of LPO (MDA+4-HNE) according to FA
treatment The sample was treated with the representative
w-6 FA, LA 50 µM, and w-3 FA, DHA 50 µM. The total
amount of the resulting, final peroxide product, LPO, was
significantly increased following 12 hr and 48 hr culture in
the DHA group compared to LA, respectively (Fig. 2A).
However, in previous study, amount of LPO following 24
and 48 hr cultivation with 50 µM of AA was increased by
approximately 1.2 times compared to the LA or DHA
treatment. There was a significant difference in the LPO
production between the administration of dietary AA and
LA even though AA was synthesized from LA in vivo.
DHA treatment significantly (p<0.01) produced total LPO,
4-HNE and MDA, compared to LA corresponding to
increasing incubation times. Even though DHA produced
MDA more than 4-HNE in quantity, 4-HNE production in
DHA was more differences than MDA in DHA compared

to LA. (Fig 2B) LPO at 48 hr in DHA group was very
similar to LPO production when 20 µM of LPO were
treated for 12 hr. (data not shown) We found that the
cytotoxic effect produced cell death to a significant extent
following the treatment with LPO as the concentration of
LPO was increased as same as in other studies (23,24).
However, the cytotoxic effect of endothelial cells appeared
from more than 200 µM of LPO, therefore, the trial had
been performed below 100 µM. The synthesis of 4-HNE or
MDA or rate of synthesis was also evaluated. This showed
that the MDA/4-HNE ratio was significantly lower in the
DHA group than the LA group, which indicates that the
synthesis rate of 4-HNE was relatively higher. In addition,
MDA did not show consistent results in ECV 304 cells as
previously described in other cells. Accordingly in the
current study, protective effects of ginseng against LPO
were based on 4-HNE instead of MDA, a representative of
LPO.

Effect of GTE on the cytotoxicity following 4-HNE
treatment The sample was treated with GTE (10 µg/mL)
against 4-HNE-induced ECV 304 cells at different concentrations
of 50, 100, and 200 µM to examine the inhibitory effect of
the cytotoxicity. As the result in Table 1, GTE decreased
the cell death at all culture times up to 48 hr, but a
significant difference was found at 12 hr incubation. In
more detail, when 4-HNE and GTE were co-cultured for
12, 24, and 48 hr, the cytotoxic effect was suppressed at a
rate of 37.5, 22.9, and 9.9% with 4-HNE 50 µM, at a rate
of 21.5, 10.3, and 0.9% with 4-HNE 100 µM and at a rate
of 8.5, 8.9, and 11.1% with 4-HNE 200 µM. These results
indicate that GTE extract suppressed the cytotoxic effect of
4-HNE treatment but it was not effective at higher
concentration of 4-HNE. Therefore, the LPO production
and Western blotting were examined at higher concentration
of GTE (20 µg/mL).

Inhibition of GTE on LPO production in 4-HNE
induced cells The sample was treated with GTE 20 µg/
mL together with 4-HNE 50 µM. This showed that the cell
death was significantly decreased to a greater extent
following the treatment with a 20 µg/mL of GTE than that
with a 10 µg/mL of GTE even at an initial time of 1 and 3
hr. As the culture time is prolonged, however, the difference

Fig. 1. The distribution of various fatty acids in EVC 304 cells originated from 50 µM of LA and DHA treatments. PA I, palmitic
acid; PA II, palmitoleic acid; SA, stearic acid; OA, oleic acid; LA, linoleic acid; EA, eicosaenoic acid; DA, dihomocolumbinic acid; EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid. *p<0.05, **p<0.01.

Fig. 2. Changes of LPO concentration in LA, DHA, and LPO
treated ECV 304 cells. LA and DHA-induced total LPO
production (µM/mg protein) according to incubation time (A) and
the relative percents of the control in total LPO, MDA, and 4-
HNE production (B).
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between GTE 10 and 20µg/mL became negligible. Therefore,
in LPO and the Western blot, 4-HNE 50 µM was treated
with GTE 20 µg/mL (Fig. 3). Following a 1 hr culture of 4-
HNE, LPO production was increased by approximately 3
times compared to the control group. With the concomitant
treatment with GTE 20 µg/mL, however, the amount of
LPO was decreased by 50%. The inhibitory effect of GTE
on the synthesis of LPO showed a statistical significance
until a 6 hr culture, but the concentration must be elevated
if the culture is performed for a longer period of time.

The polyphenolic constituents of green tea are amphphilic
substances that increase the rate of influx of plasma
membrane. It was therefore assumed that a minimal amount
of GTE would be sufficient for the effectiveness. This was
confirmed based on the findings that the effect of GTE 10
or 20 µg/mL disappeared after 24 hr in such events as cell
proliferation or LPO production.

If the activity of anti-oxidative enzymes (e.g., glutathione
peroxidase) is decreased due to 4-HNE, the intracellular
oxidation-reduction reactions are blocked and the resulting
breakdown of signal transduction system causes a series of
cascades leading to apoptosis (21,25). Under this background,
our results were in agreement with the reports by Rah et al.
(23) that GTE transmitted the cellular signals to block the
oxidation-reduction reactions and polyphenolic constituents
suppressed the apoptosis due to hydrogen peroxide or
xanthine oxidase. Kaneko et al. (26) maintained that
polyphenolics removed LOOH of LA which had a toxic
effect in HUVEC. Above effect was particularly powerful
when constituents of green tea, EGCG monoglucosid and
EGCG diglucoside catechin were treated (27). Furthermore,
as other mechanisms by which 4-HNE of polyphenolics is
removed, its role for supply of NADPH and glutathione
associated with pentose phosphate pathway must also be
considered. It has been reported that quercetin as well as
EGCG not only inhibits the synthesis of OxLDL associated
with the pathogenesis of atherosclerosis but also alleviates
OxLDL-induced cytotoxicity (28). Jeong et al. (29) reported
that green tea was also effective in suppressing the apoptosis
of neuroblastoma cells, SH-SY5Y cells.

Anti-apoptotic effect After the sample was treated with
4-HNE 50 µM, the cell death also occurred at an initial
time of culture and the morphological changes featuring
the necrosis were severe after 48 hr. But this was alleviated
using GTE 20 µg/mL. Also in the experiment where the

presence of apoptosis was confirmed with H33342
immunofluorescence study, the progression of apoptosis
was demonstrated using DHA (data not shown). In pilot
study, the results of caspase-3 activity which was performed
to identify the basic mechanisms by which LPO causes
apoptosis were as follows: when the sample was treated
with 40 µM LPO for 1, 8, 12, 24, and 48 hr, the activity of
caspase-3 was increased by 2.3 times (19,764 RFLU) from
8 hr on compared to the control group (8,651 RFLU). The
activity of caspase-3 was increased by 3 times (26,010
RFLU) compared to the control group. While the activity
of caspase-3 was persisted for 24 hr, it was decreased to 8
hr level at a 48 hr treatment. But these measurements were
converted to the percentile value relative to the control
group, as shown in Fig. 4A. To put this in another way, the
activity of caspase-3 was increased following the treatment
with LA and DHA 50 µM/L compared to that 10 µM/L
LPO except 48 hr. This was assumed to be a series of
apoptosis associated with the damage of mitochondria as
an initial mechanism which responds to the oxidative stress
mitochondria. The expression of MARK, an early stage of
signal transduction system, was examined. This showed
that no significant changes in the expressions of p38 MAP
kinase and extracellular signal-regulated kinase (ERK), except
for that of C-jun N-terminal kinase (JNK), were observed in
association with LPO treatment (Fig. 4B). Based on these
findings, it can therefore be inferred that LPO is involved in
the mechanisms of apoptosis by increasing the activity of
JNK, an early stage of signal transduction system.

The activity of caspase, which was formerly increased in
the group where 4-HNE was treated, was reduced by the
treatment with GTE. Based on the findings that the amount
of phophorylated I-kappa B (IκB) was increased, the

Table 1. Differences in absorbance for MTT analysis with 10 µg/mL treatment of green tea ethanol extracts (GTE) after the
different concentration of 4-HNE were treated in ECV 304 cells1)

12 hr 24 hr 48 hr

Control 2)z†0.327±0.00a***3) z†0.350±0.02b*** z†0.542±0.01c***

4-HNE 50 µM x†0.271±0.01a*** x†0.253±0.00a*** y†0.361±0.02b***

4-HNE 50 µM+GTE x†0.292±0.01b*** w†0.274±0.01a*** x†0.379±0.02c***

4-HNE 100 µM w†0.254±0.00b** v†0.198±0.00a** v†0.187±0.01a**

4-HNE 100 µM+GTE y†0.269±0.00b* y†0.214±0.01a* y†0.188±0.01a*

4-HNE 200 µM x†0.174±0.03c*** w†0.151±0.01b*** x†0.088±0.01a***

4-HNE 200 µM+GTE w†0.187±0.01c** v†0.169±0.01b** w†0.139±0.01a**

1)Values are the mean±SD.
2)xyzMeans in the same column sharing different superscript are significantly different among groups (†p<0.0001).
3)abcMeans in the same row sharing different superscript are significantly different among groups (*p<0.05,**p<0.001,***p<0.0001).

Fig. 3. Protective effects of GTE (20 µg/mL) on the 4-HNE-
induced LPO production (µM/mg protein) in ECV 304 cells.
GTE treatment significantly (**p<0.01) reduced LPO production
compared to 4-HNE until 6 hr incubation time.
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activity of nuclear factor kappa B (NFκB) was confirmed
to increase. This is associated with caspase-related signal
transduction system which was affected by the production
of cytochrome C by mitochondria (data not shown). That
is, these findings are identical to the progression to stress
mechanism that activate the expression of JNK with the
mediation of caspase activity stimulated by 4-HNE. NFκB
is a major factor that further progresses the atherosclerotic
changes in association with the oxidation-reduction reactions,
and it activates the transcription factors for mitogen-
activated proteins, MAPK and AP-1. It can therefore be
inferred that HNE-induced platelet-derived growth factor
(PDGF) synthesis is regulated by NFκB. This reflects the
decreased effect by GTE. Moreover, the expression of
mitochondrial damage signaling such as cytochrome C
related caspase-3 releasing was depressed by GTE and
anti-apoptotic protein, Bcl2, was increased until 1-6 hr to a
significant extent even though it showed no significant
difference compared to controls after (Fig. 5A, B, and C).

As the effects associated with apoptotic proteins, 4-HNE
caused a series of apoptosis of caspase-3/-8/-9 in association
with mitochondrial damage such as cytochrome C releasing.

But green tea suppressed this, as reported in other studies
(30,31). Particularly, Lie et al. (31) maintained that the
activity of caspase-3 due to the release of cytochrome C in
mitochondria was associated with the decreased concentration
of glutathione peroxidase. Jeong et al. (28) also reported
that the activity of caspase-3 was increased by OxLDL
whose level was elevated by the concurrent presence of
inflammatory responses and it was suppressed by various
flavonoides including green tea. Cytochrome C is definitely
increased during an early stage of culture period as the
concentration of LPO, one of the oxidative stress-related
factors, is increased. Its concentration was decreased by
green tea. Besides, the expression of Bcl2, anti-apoptotic
factor based on green tea, blocks the activation of
cytochrome C consituting the lower level of mechanism
and thereby suppresses the apoptosis. The expression of
Bcl2 was increased in the groups where EGCG, quercertin,
and hesperetin were concomitantly treated of various
flavonoides (28). Our results that the increased expression
of Bcl2 blocked cytochrome C - caspase-3/-8/-9 cascade
were observed at a 1 and 6 hr culture. No further suppression
of the expression of apoptotic protein might be associated

Fig. 4. Caspase-3 activities (% control) in 10 µM LPO and 50 µM of FAs treated groups (A) and LPO concentration-dependent
selective activation of MAPK compared to FAs treatment (B) in ECV 304 cells. JNK activity was activated by higher concentration
of LPO and DHA as indicated but p38 and ERK kinase were not activated.

Fig. 5. Effects of GTE 20 µg/mL on the expression of mitochondria damaged apoptotic proteins according to increasing
incubation times in 4-HNE induced oxidative stress of ECV 304 cells.
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with immediate early genes (IEG) (32). IEGs such as c-Jun
or c-Fos are key biomarkers for apoptosis that are closely
related to the growth, differentiation and development of
cells. IEGs, whose expression was increased, because of
oxidative stress increased the phosphorylation of JNK and
elevated the amount of its substrate, activating transcription
factor-2 and thereby promoted a series of NFκB - cytochrome
C - caspase-3/-8/-9 cascade. All of these phases were noted
to be blocked by green tea.
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