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The olive leaf extract oleuropein exerts
protective effects against oxidant-induced
cell death, concurrently displaying pro-
oxidant activity in human hepatocarcinoma
cells
Elias N. Katsoulieris

Institute of Biosciences and Applications, National Center for Scientific Research ‘Demokritos’, Athens, Greece

Objectives: Oleuropein (OP), the predominant natural constituent of leaves of the olive tree, exerts anti-
inflammatory and antioxidant effects. The purpose of this study was to assess the protective effects of OP
under the conditions of paraquat (PQ)-induced oxidative stress in vitro, using the human hepatocarcinoma
cell line, HepG2.
Methods: Cell viability and death were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay and 4′,6-diamidino-2-phenylindole-propidium iodide staining,
respectively. Superoxide anion and lipid peroxidation levels were evaluated using nitroblue tetrazolium
and thiobarbituric acid-reactive substances assays, respectively. Apoptosis was assessed by measuring
poly(ADP-ribose) polymerase (PARP) and caspase-3 (Casp-3) cleavage via immunoblotting and
immunofluorescence analyses.
Results: PQ induced a decrease in cellular viability by promoting necrosis through a mechanism involving
superoxide generation and nuclear translocation of cleaved Casp-3. Co-treatment with OP afforded
significant protection against the suppressive effects of PQ, as evident from increased cell viability,
reduction of Casp-3 immunofluorescence, and normalization of β-tubulin expression levels. Unexpectedly,
these OP-mediated protective effects were associated with increased superoxide and malondialdehyde
generation and PARP cleavage.
Discussion: OP protects HepG2 cells against PQ-induced necrosis by suppressing Casp-3 cleavage while
concomitantly acting as a pro-oxidant agent. This paradoxical mechanism of action of OP requires further
investigation.
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Introduction
Olive oil, the cornerstone of the Mediterranean diet, is
proposed to contain the main etiological factor for the
reduced all-cause death rate in these countries.1 Olive
oil is composed of various compounds that individually
display potent antioxidant activity, including tocopher-
ols and phenolic compounds.2 In addition, olive tree
leaf extract constituents are of pharmacological interest,
in view of their protective activity against oxidant-
induced damage in vitro3 and in vivo.4 A major constitu-
ent of olive leaf extracts that has attracted considerable
research attention is oleuropein (OP).

OP is a phenolic compound found in the leaves and
seeds of olive trees belonging to the Olea europae
family that can be dietetically obtained.5 The com-
pound has been identified as a hydroxytyrosol
(HTyr) ester that is absorbed in the small intestine
and colon of animals6 and humans,7 degraded to
HTyr in the large intestine,8 binds circulating human
lipoproteins,9 and is excreted in urine as glucoronide
conjugates.7 Several studies have provided evidence
of the antioxidant10 and anticancer11 effects of OP,
validating its therapeutic potential.

OP exerts antioxidant effects either directly by redu-
cing reactive oxygen species (ROS) generation and
subsequent damage12 or indirectly through modulat-
ing endogenous antioxidant enzymes, as appropriate,
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to overcome oxidant-induced stress.13 In addition,
anticancer properties of OP have been documented.
Specifically, OP has been shown to induce apoptosis
in human promyelocytic leukemia (HL60),14 prostate
cancer,15 cervical carcinoma,16 and human colorectal
cancer (HT-29)11 cells. In many cases, the anti-prolif-
erative and pro-apoptotic effects of OP on tumor
cells are elicited via pathways involving ROS gener-
ation and oxidative stress. Conversely, OP has been
reported to mediate antioxidant effects and promote
cell survival in HL-6017 and thyroid cancer12 cells.
Thus, the issue of whether the action of OP on malig-
nant cells is strictly pro-oxidant or antioxidant remains
to be established.
In the present study, the human hepatocarcinoma

cell line, HepG2, used previously to demonstrate OP-
induced cytoprotective effects against toxic insult,18

was employed as an in vitro malignant cell model.
The main aims were to primarily evaluate whether
OP mediates a cytoprotective effect against oxidant-
induced stress and to further ascertain whether OP
can act as an anti-tumor agent in HepG2 cells via
modulation of intracellular redox states, as reported
for other malignant cell lines.

Methods
General experimental procedures
Unless otherwise stated, all chemicals and reagents were
obtained from Sigma-Aldrich. OP was isolated at the
Department of Pharmacognosy and Natural Product
Chemistry, Faculty of Pharmacy, University of Athens.
An initial stock of OP was prepared by dissolving the
powder in dimethyl sulfoxide (DMSO) to yield a final
0.1 M solution. Lower concentrations were prepared
from serial dilutions of stock solution in Dulbecco’s
Modified Eagle’s Medium (DMEM). The final para-
quat (PQ) and FeSO4 solutions were prepared following
dissolution of the respective powders in DMEM.

Culture of human hepatocarcinoma HepG2 cells
HepG2 cells were obtained from the European
Collection of Cell Cultures (www.ecacc.org.uk). Cells
were maintained in 75 cm2 flasks in DMEM contain-
ing 10% (v/v) heat-inactivated fetal bovine serum, 1%
non-essential amino acid solution, 5.5 mmol/l
glucose, 100 U/ml penicillin, and 50 μg/ml strepto-
mycin (designated as ‘supplemented DMEM’) and
grown at 37°C in a humidified atmosphere of 5%
CO2 and 95% air. Following sub-culture in 0.1% (w/
v) trypsin and 0.02% (w/v) ethylenediaminetetraacetic
acid (EDTA, Versene), cells were seeded, as appropri-
ate, in supplemented DMEM containing 5% (v/v)
FBS in 25 cm2 flasks or plates. Final incubations
were performed with sub-confluent cultures of
HepG2 cells in the passage range 25–48 in sup-
plemented DMEM containing 1% (v/v) FBS.

Measurement of cell viability and death
Cell viability was assessed via measurement of enzy-
matic conversion of the yellow tetrazolium salt 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) into purple formazan, as described
previously.19 Evaluation of the mode of cell death
for each treatment was based on staining with 4′,6-dia-
midino-2-phenylindole (DAPI)-propidium iodide
(PI).19 Specifically, nuclei of apoptotic cells appeared
blue with intense chromatin condensation and apopto-
tic body formation. In contrast, post-apoptotic and
necrotic cell nuclei-stained pink due to entry of PI
through damaged sites on the plasma membrane.
For DAPI-PI staining, HepG2 cells were plated in
24-well plates at a density of 10,000 cells/well, and
1000 randomly distributed nuclei counted per sample
and scored as morphologically normal, apoptotic, or
necrotic using an inverted fluorescence microscope.

Measurement of superoxide production
Superoxide anion production was assessed using the
nitroblue tetrazolium (NBT) assay,19 as described pre-
viously. Briefly, HepG2 cells (2 × 106 cells/well) were
cultured in six-well plates until ∼80% confluency
before incubation with a medium containing the treat-
ment agent (PQ, OP, or both) and 25 μg/ml (30 μmol/
l) NBT. After 24 hours, the medium was discarded and
70% (v/v) methanol was added to terminate the reac-
tion. Following rinsing with 100% methanol, the resul-
tant blue formazan crystals were solubilized in a
1:1.167 mixture of potassium hydroxide (2 M) and
DMSO, and absorbance read at 690 nm.

Measurement of lipid peroxidation
Production of hydroxyl radicals (·OH) and malondial-
dehyde (MDA) in sub-confluent HepG2 cells cultured
in 25 cm2 flasks (∼4 × 106 cells/flask) in the presence
of FeSO4+H2O2, OP, or both was evaluated using the
thiobarbituric acid-reactive substances (TBARS)
assay.20 Briefly, sub-confluent HepG2 cells were incu-
bated with each treatment solution for 24 hours, har-
vested in 0.5 ml ice-cold 1.15% potassium chloride
(KCl) containing 3 mM EDTA, and sonicated on ice
for 60 seconds. Following centrifugation at 500g for
10 minutes at 4°C, 500 μl supernatant or 19-tetra-
methoxypropan (TMOP) used for the preparation of
MDA standards21 was added separately to 3 ml phos-
phoric acid and 1 ml TBA solution [1% (v/v) phos-
phoric acid, 1% (w/v) TBA in 50 mM NaOH
containing 15 μl of 2% (v/v) butylated hydroxytoluene
in ethanol], and the resulting solution heated in a
water bath at 95°C for 45 minutes. Thereafter, 4 ml
n-butanol was added to the mixture and the chromo-
gen formed was extracted into the butanol layer,
which was separated from the aqueous layer by cen-
trifugation at 2000g for 20 minutes. Absorbance was
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measured at 540 nm using a UV-1700 SHIMADZU
spectrophotometer.

Western blotting
Total protein was extracted from HepG2 cells using
modified protein extraction buffer. Following centrifu-
gation at 10 000g for 30 minutes at 4°C, supernatants
were collected and assayed for protein content using
the Bradford assay. In total, 60 μg protein was
loaded onto each lane of an sodium dodecyl sulfate
(SDS) gel and allowed to separate at 120 V for 90
minutes. Proteins were transferred to nitrocellulose
membranes (Amersham) at 4°C and 100 V for 80
minutes. Next, membranes were blocked using 5%
(w/v) powdered milk for 1 hour and incubated with
primary antibodies overnight at 4°C. Rabbit polyclo-
nal anti-poly ADP-ribose polymerase (PARP) (Cell
Signaling Technology, Bioline Scientific, Athens,
Greece; 1:1000 dilution), mouse monoclonal anti-β-
tubulin (1:500 dilution), and mouse monoclonal anti-
GAPDH (1:1000 dilution) were used as the primary
antibodies. Following incubation with the appropriate
HRP-conjugated antibodies for 1 hour, protein bands
were visualized using an ECL Plus chemiluminescent
detection system (Amersham). Densitometric analysis
was performed using ImageJ, and individual results
normalized using the corresponding GAPDH value.

Fluorescence microscopy
For immunofluorescence experiments, cells were fixed
with 4% formaldehyde in PBS for 10 minutes, washed
twice with PBS, and blocked for 1 hour in solution
containing 0.05% Tween and 5% (v/v) FBS in PBS.
Cells were incubated with primary antibodies (rabbit
polyclonal anti-cleaved caspase-3 (Casp-3) (Cell
Signaling Technology; 1:200 dilution) and mouse
monoclonal anti-β-tubulin; 1:400 dilution) in PBS
containing 5% FBS and 0.01 Tween overnight at
4°C. The next day, cells were washed twice with PBS
and incubated with Alexa Fluor 488 and 594 second-
ary antibodies (Thermo Scientific, Athens, Greece)
for 1 hour at room temperature, followed by two
PBS washes and subsequent examination under a con-
focal laser scanning microscope (Carl Zeiss). Five to
seven confocal microscopic fields were taken for each
treatment group and analysis for corrected total fluor-
escence was performed. At least 20 cells per treatment
were examined using ImageJ.

Statistical analysis
Results are expressed as mean± standard deviation of
the mean (SEM) for n independent observations.
Statistical differences between the mean values of
groups were determined using either unpaired t-tests
for comparison of two means or one-way analysis of
variance (ANOVA), followed by Dunnett’s post-sig-
nificance test for comparison of multiple means with

commercially available software (Graphpad Prism,
version 4.0, Graphpad Software, San Diego, CA,
USA). The level of significance was set at P< 0.05.

Results
OP partially restores HepG2 cell viability in the
presence of PQ, but has no effect on cellular
viability as a sole treatment agent
Treatment of HepG2 cells with various concentrations
of OP (10−8–10−4 mol/l) for 24 hours did not affect
cell viability, as evident from unchanged MTT
reduction (Fig. 1A). To induce oxidative stress and
specific superoxide anion generation, the cationic pes-
ticide, PQ, was employed. Treatment of cells with
0.5 mmol/l PQ for 24 hours led to 51.5% cell death.
Notably, co-treatment with OP (10 or 100 μmol/l)

Figure 1 Measurement of HepG2 cellular viability with the
MTT assay following 24 hours treatment with (A) increasing
concentrations of oleuropein and (B) PQ with or without
oleuropein. Results are expressed as means± SEM of four to
six independent experiments, with at least three replicates
each. **P< 0.01 vs. PQ-treated cells.
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for 24 hours partially improved cell viability by
13–18% (Fig. 1B; P< 0.01).

OP-mediated protection against PQ-induced cell
death involves suppression of necrosis
Treatment of HepG2 cells with PQ (0.5 mmol/l) for 24
hours resulted in 39.5% necrotic cell death, with no
significant changes in apoptotic rates, compared to
control (Fig. 1C). Cells concomitantly incubated
with PQ (0.5 mmol/l) and OP (100 μmol/l) for 24
hours displayed reduced necrosis by 16% as well as a
trend of increased apoptosis, compared to PQ-only-
treated cells (Fig. 1C). One morphological difference
between necrotic cells of the PQ-only- and PQ+OP-
treated groups was that the cells of the latter group
appeared post-apoptotic/necrotic whereby nuclei
were stained pink and possessed apoptotic bodies.
This finding signifies that necrosis in the PQ+OP
group occurs as a secondary event following apoptosis
induction. Application of OP alone reduced the basal
apoptotic rate by 1.7%, with no effect on necrosis
(Fig. 1C).

OP further potentiates superoxide anion and
MDA production in HepG2 cells
Incubation of cells with either 0.5 mmol/l PQ or
100 μmol/l OP for 24 hours induced a significant
increase in superoxide production in HepG2 cells.
Notably, simultaneous incubation of cells with both
agents for 24 hours yielded a greater increase in super-
oxide levels, compared to those recorded upon treat-
ment with the individual agents (Fig. 2A). PQ failed
to induce lipid peroxidation and MDA adduct for-
mation in HepG2 cells, although this has been
observed in other cell lines in vitro.22 To overcome
this issue, a solution of Fe2SO4+H2O2 was employed
to stimulate the Fenton reaction for producing .OH
radicals. As expected, incubation of HepG2 cells
with 0.5 mmol/l Fe2SO4+ 100 μmol/l H2O2 for 24
hours promoted the production of MDA adducts,
compared to untreated cells, and co-incubation with
100 μmol/l OP for 24 hours induced a further increase
in MDA adduct formation, compared to 0.5 mmol/l
Fe2SO4+ 100 μmol/l H2O2 alone (Fig. 2B).

OP enhances PARP cleavage and partially
restores β-tubulin expression upon co-
incubation with PQ
Incubation of cells with 100 μmol/l OP for 24 hours
did not affect PARP levels, while treatment with
0.5 mmol/l PQ for 24 hours induced a four-fold
increase in PARP cleavage (Fig. 3A and B) and sup-
pressed β-tubulin expression by 43% (Fig. 3A and
C). In cells co-incubated with 0.5 mmol/l PQ+
100 μmol/l OP for 24 hours, PARP cleavage was aug-
mented six-fold and the β-tubulin level partially
restored, compared to PQ-only-treated cells (Fig. 3).

PQ promotes Casp-3 cleavage and nuclear
translocation of fragments while OP suppresses
Casp-3 cleavage
Treatment of cells with PQ (0.5 mmol/l) for 24 hours
triggered a 2.4-fold increase in Casp-3 cleavage, com-
pared to control, as well as nuclear translocation of the
Casp-3 fragments (Fig. 4A and B). Treatment of cells
with OP (100 μmol/l) did not affect Casp-3 cleavage
relative to control cells, based on comparable immu-
nofluorescence findings between the two groups.
However, cells co-treated with OP and PQ displayed
significantly reduced PQ-induced Casp-3 cleavage
(Fig. 4A and B).

Discussion
Considerable evidence supports the protective and
antioxidant effects of OP against various pathological
states, from metabolism to cancer. Data from the
current study demonstrate that although OP partially
rescues HepG2 cells against oxidant-induced
damage, the compound itself displays pro-oxidant
activity without exerting toxic effects. Since OP and
PQ individually promote superoxide generation, it

Figure 2 OP potentiates oxidant production in HepG2 cells.
(A) Measurement of superoxide anion production with the
NBT assay in cells treated with PQ, OP, or both for 24 hours.
(B) Measurement of lipid peroxidation (MDA) with the TBARS
assay in cells treated with FeSO4+H2O2, OP, or both for 24
hours. Results are expressed as mean± SEM of six
independent experiments for NBT and three independent
experiments for MDA. *P< 0.05 and **P< 0.01 vs. untreated
control.
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was reasonable to expect a robust increase in superox-
ide levels when both compounds were included in the
treatment medium. Similarly, OP potentiated MDA
generation, which was augmented further upon
inclusion of FeSO4+H2O2 in medium, clearly indi-
cating that OP stimulates ROS production in HepG2
cells.
OP-induced redox perturbation had no effect on

HepG2 cell viability, as evident from the unchanged
MTT reduction and the absence of cleaved PARP
signal. The non-toxic effects of OP were further con-
firmed with DAPI-PI results and lack of cleaved
Casp-3 signal. Consistently, incubation of HepG2
cells with OP for 48 hours did not induce PARP clea-
vage (data not shown). Rather, OP improved cell via-
bility and normalized β-tubulin expression, which were
compromised by PQ,23 supporting the theory that it
partially restores cytoskeletal HepG2 cell integrity.
The protection afforded by OP against PQ-induced

cell death involved a significant reduction in necrotic
cell death levels, accompanied by suppression of
Casp-3 cleavage. Although nuclear translocation of
Casp-3 is fundamentally associated with apoptosis in
HepG224 and other cell types,25 Casp-3 is also
reported to be involved in necrotic cell death,26

which may be the case here.
Three lines of evidence presented here suggest that

OP-mediated protection is actually due to a delay in
cell death onset as well as a shift from the necrotic
pathway to apoptosis. Firstly, necrosis in the combined
treatment group (PQ+OP) appeared to follow an
apoptosis event (based on the finding of apoptotic
bodies engulfed within necrotic nuclei). Secondly, sig-
nificant increase in cleaved PARP levels in the com-
bined treatment group, compared to PQ-only-treated
cells, was observed. This finding is of particular impor-
tance, as it reveals a shift to apoptosis.27 Thirdly, the
protective effects of OP on cellular viability were lost
following 48 hours treatment with PQ
(Supplementary Material). Accordingly, it is con-
cluded that OP enables HepG2 cells to initially cope
better with PQ insult and survive longer, prior to
entering a more regulated cell death phase, rather
than experiencing necrosis instantly as is the case for
PQ-treated cells.

The possibility that the protective properties of OP
may be mediated via upregulation of antioxidant
enzyme levels and/or activity cannot be ruled out. In
this case, the initial boost of superoxide and hydroxyl
radicals may either be an artifact,28 which seems unli-
kely since superoxide is generated intracellularly, or
the beginning of a preconditioning mechanism
initiated by OP, which, in turn, protects against PQ-
induced ROS-mediated cell damage. To provide
more comprehensive data, a detailed study is required
with emphasis on the intracellular antioxidant enzyme
levels. In support of this theory, OP has been shown to
positively regulate the hepatic endogenous antioxidant
enzyme system in rats.13 Alternatively, OP-induced
MDA production could be explained by the fact that
OP itself is oxidized by ROS,29 generating peroxides.
This scenario reflects the antioxidant potency of OP
through its potential function as a target shield for
ROS, inhibiting the oxidation of other subcellular
compartments (e.g. proteins, lipids, and DNA).30

The manner in which OP-induced ROS accumu-
lation affects cell viability is of significant interest
and a subject of controversy. As discussed below, OP
and HTyr exert differential and even opposite effects
on the viability and redox state of cells, depending
on (i) the cell type used (tumorous or non-malignant),
(ii) concentration of the applied agent, and (iii) dur-
ation of exposure to the agent. While OP and HTyr
mainly appear to exert antioxidant effects in non-
malignant hepatic tissue,10,31 they are believed to

Figure 3 Effects of OP on PQ-induced changes in the levels
of β-tubulin expression and PARP cleavage in HepG2 cells. (A)
Western blot image. (B) Densitometric analysis of PARP
expression. (C) Densitometric analysis of β-tubulin
expression. Results were normalized using the
corresponding GAPDH values. Data represent means± SEM,
n= 4. *P< 0.05 and **P< 0.01 vs. untreated control, ANOVA,
Dunnett’s post-test.
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generate an ROS-mediated apoptotic cascade in
tumorous cell lines, as reported for HL-60,32 breast
cancer,33 and prostate cancer15 cells. The debate on
antioxidant and pro-oxidant actions of OP in malig-
nant cells has been fueled by studies demonstrating
that OP acts via an antioxidant mechanism to
protect against oxidant-induced damage,17 but also
to induce apoptosis.12 In addition, even in the same
model system, the protection afforded by OP or
HTyr against oxidant-induced cell damage17 does
not necessarily correlate with protection against
oxidant-induced cell death.32

HTyr has been previously shown to exert potent
antioxidant properties in HepG2 cells challenged
with oxidants.34 The results agree with those of
Goya et al. in terms of cellular protection against
oxidant-induced cell death, but not the oxidative
boost observed in the presence of OP in medium.
Accordingly, it is concluded that the properties of
OP are different from those of its metabolite, HTyr.
Moreover, PQ in rodent liver is detoxified by cyto-
chrome P450 (CYP) enzymes35 that display com-
promised activity upon HTyr treatment.31 The issue
of whether CYP inhibition due to OP exists in

Figure 4 Cleaved caspase-3 immunofluorescence in HepG2 cells treated with OP (100 μmol/l), PQ (0.5 mmol/l) or both for 24
hours. (A) Confocal images and (B) analysis of corrected total cell fluorescence.
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our model system and contributes to the increase
in oxidative stress, possibly due to longer-term
maintenance of PQ within the cell, remains to be
clarified.
The concentration of OP applied to the test system

and the duration of exposure are potential key deter-
minants of the biological properties of the compound
in malignant cells. Concentrations of OP ranging from
1 to 10 μmol/l have been shown to exert antioxidant
and DNA protective activities,17 while doses greater
than 100 μmol/l result in cell death.36,37 Several
studies have demonstrated OP-induced apoptosis fol-
lowing prolonged treatment, e.g. 72 hours incu-
bation.15,33 Here, we have elucidated the early events
underlying the observed improvement in viability of
HepG2 cells under PQ insult following treatment
with high concentrations of OP.
Although the evidence reported here lacks validity

for use in an in vivo model, these data have provided
critical information on the drawbacks of OP treatment
in an in vitro model of hepatocyte cell injury. Growth
and proliferation of tumor cells is largely dependent on
increased ROS,38,39 which, in many instances, serve as
intracellular signaling mediators of growth, while in
non-tumor cells, excessive ROS generation coincides
with initiation of cytotoxic signaling cascades.
Considering a protective role of OP in HepG2 cells,
it may therefore be reasonable to suggest that the com-
pound acts via upregulation of intracellular ROS to
maintain the growth capacity of HepG2 cells as well
as set up a pro-oxidant preconditioning environment
to defend against oxidant insult (e.g. PQ). In support
of this theory, viability was further increased in cells
treated with OP for 48 hours, compared to untreated
cells (Supplementary Material). In contrast, as a
potential anti-tumor agent, OP could sensitize cells
to oxidative stress whereby prolonged treatment (e.g.
over 72 hours) results in apoptotic cell death, an
assumption that seems unlikely in view of the data pre-
sented here.
The current findings do not challenge the current

view of OP as a strong antioxidant substance, but indi-
cate opposing effects in in vitro models depending on
the cell type used in each case, raise concerns on the
tight balance between oxidant and antioxidant states,
and depict the risk of generalizing in vitro findings
while attempting to characterize the true properties
of OP. Care should therefore be taken when selecting
a tumor cell line as a model for hepatotoxicity
studies, since hepatoprotective agents such as OP
may also possess anti-tumor effects, making the deri-
vation of accurate conclusions difficult. Based on the
collective findings to date, it is concluded that the
‘precise’ balance of pro-oxidant and antioxidant
states, as discussed by Halliwell,39 is crucial for deter-
mining cell fate.
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