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The growth of many breast tumors is stimulated by estradiol (E2), which activates a classic

mechanism of regulation of gene expression and signal transduction pathways inducing cell

proliferation. Polyphenols of natural origin with chemical similarity to estrogen have been

shown to interfere with tumor cell proliferation. The aim of this study was to investigate

whether hydroxytyrosol (HT) and oleuropein (OL), two polyphenols contained in extra-virgin

olive oil, can affect breast cancer cell proliferation interfering with E2-induced molecular

mechanisms. Both HT and OL inhibited proliferation of MCF-7 breast cancer cells. Luciferase

gene reporter experiments, using a construct containing estrogen responsive elements able to

bind estrogen receptor alpha (ERa) and the study of the effects of HT or OL on ERa
expression, demonstrated that HT and OL are not involved in ERa-mediated regulation of

gene expression. However, further experiments pointed out that both OL and HT determined

a clear inhibition of E2-dependent activation of extracellular regulated kinase1/2 belonging to

the mitogen activating protein kinase family. Our study demonstrated that HT and OL can

have a chemo-preventive role in breast cancer cell proliferation through the inhibition of

estrogen-dependent rapid signals involved in uncontrolled tumor cell growth.
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1 Introduction

Breast cancer is the most frequent tumor and the major

cause of death among women in the United States [1]. The

proliferation of many breast tumor cells is stimulated by the

binding of 17b-estradiol (E2) to the estrogen receptor (ER)

isoforms, ERa and ERb. After binding their ligand, ERs

modify their conformation, interacting with chromatin and

regulating expression of genes involved in cell cycle regu-

lation [2]. For these reasons, molecules named antiestrogens

such as 4-hydroxytamoxifen (OHT), which have antagonistic

effect on ERs and show chemical similarity with estrogens,

are used in breast cancer therapy. However, recently it has

been demonstrated that estrogens can activate rapid signals

involving receptors other than ‘‘classic’’ ERs implicated in

cell proliferation [3].

Several epidemiological studies pointed out that food rich

in bioactive components, such as vitamins, flavonoids, and

polyphenols, could contribute to a low incidence of tumors.

This is due to the ability of these components to show
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protective actions or reverse pre-malignant lesions [4].

Among these substances, those with polyphenolic structure

have arisen particular interest.

Olive oil, in particular extra-virgin type, is rich of three

classes of polyphenoles (simple phenols such as hydro-

xytyrosol (HT), secoiridoid such as oleuropein (OL) and

lignans) that exhibit a remarkable antioxidant action [5] and

that are quickly absorbed by human intestine [6]. Lignans

inhibit colon, lung, skin, and breast cell line growth [7, 8].

These data have been confirmed in animal models, in parti-

cular, breast cancer tumor growth was blocked by treatment

with lignans [9]. It has been recently reported that HT may

exert a pro-apoptotic effect modulating expression of genes

involved in tumor cell proliferation of promyelocytes [10].

Moreover, recently it has been shown that OL and HT inhibit

proliferation of human MCF-7 breast cancer cell [11].

However, to date there are no studies on the molecular

mechanisms responsible for olive oil polyphenols chemopre-

ventive effects on tumor cells. Olive oil polyphenols present an

aromatic ring with a hydroxyl group, which is a feature of both

E2 and its antagonist tamoxifen (Fig. 1), this feature can

potentially be responsible for the observed anti-estrogenic

effects [12]. Aim of this study was to investigate whether

polyphenols HT and OL contained in extra-virgin olive oil,

determine anti-proliferative effects on breast cancer cells,

interfering with molecular mechanisms induced by estrogens.

2 Materials and methods

2.1 Cell cultures and treatments

Human MCF-7 (a gift from Dr. Ewa Surmacz, The Sbarro

Institute for Cancer Research and Molecular Medicine,

Philadelphia, USA) breast cancer cells were grown in

Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12)

supplemented with 10% fetal calf serum (Invitrogen, Milan,

Italy) and 1 mg/mL penicillin–streptomycin (complete

medium). Cell monolayers were subcultured onto 12-well

culture plates for proliferation experiments (1� 105 cells/

well), onto 24-well culture plates for transfection experiments

(5� 104 cells/well) and 100 mm dishes for protein extraction

(3� 106 cells/plate) and used for experiments 48 h later. Cells

were treated in serum-free medium for the indicated times

with OHT (Tocris Bioscience, Ellisville, Missouri, USA), E2,

glycosylated OL and HT (Sigma St Louis, MO, USA).

2.2 Cell proliferation assay

Before treatments cells were maintained in serum- and red

phenol-free medium for 24 h. Treatments were allowed for

48 h, to control (basal) cells it was added the same amount of

vehicle alone (DMSO) that never exceeded the concentration

of 0.01% (v/v). [3H]Thymidine incorporation was evaluated

after a 6 h incubation with 1mCi of [3H]thymidine (Perkin-

Elmer Life Sciences, Boston, MA, USA) per well. Cells were

washed once with 10% trichloroacetic acid, twice with 5%

trichloroacetic acid, and lysed in 500mL of 0.1 mol/L NaOH

at 371C for 30 min. The total suspension was recovered and

added to 10 mL optifluor fluid (Packard, USA) before being

counted in a b-counter.

2.3 Transfections

Before transfection, complete medium was removed, and

0.5 mL of DMEM/F12 without phenol red, serum or anti-

biotics was added to the plates. Transfection was performed

using Fugene6 reagent (Roche Diagnostics, Mannheim,

Germany), following the manufacturer’s instruction. Plas-

mids were used at the concentration of 0.5mg/well for the

XETL [13] promoter-luciferase reporter plasmid, of 10 ng/well

for the b-galactosidase control vector (Promega, Promega

Italia S.R.L.). Four hour after transfection, the medium was

removed and replaced with DMEM/F12 without phenol red,

serum or antibiotics and supplemented with the indicated

concentrations of treatments for 24 h. Cells were lysed using

the passive lysis buffer (Promega), and enzymatic activities

were assayed using the Luciferase (Promega) and b-galacto-

sidase (Ambion, Austin, TX, USA) assay systems following

the manufacturer’s instructions. The firefly luciferase values

of each sample were normalized by b-galactosidase activity

and data were reported as relative light units (RLU) values.

2.4 Western blot analysis

Cells were maintained in serum- and phenol red-free

medium for 24 h before being treated in order to study ERa
Figure 1. E2, OHT, olive oil polyphenols OL and HT chemical

structures.
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expression, and for 72 h before being treated to evaluate

ERK1/2 phosphorylation. After treatments, MCF-7 cells

were lysed in ice-cold RIPA buffer containing protease

inhibitors (20 mmol/L Tris, 150 mmol/L NaCl, 1% Igepal,

0.5% sodium deoxycholate, 1 mmol/L EDTA, 0.1% SDS,

1 mmol/L phenylmethylsulfonyl fluoride, 0.15 units/mL

aprotinin, and 10 mmol/L leupeptin). Lysates were sonicated

for 2 min in an ultrasounds waterbath in ice-cold water

(Progen Scientific), and centrifuged at 13 000 rpm for

10 min at 41C. Protein content was determined by the

Bradford method. Proteins were separated on 11% SDS-

polyacrylamide gel and then electro-blotted onto a nitro-

cellulose membrane. Blots were incubated overnight at 41C

with (a) anti-ERa (F-10) antibody (1:500) (Santa Cruz

Biotechnology, Santa Cruz, CA, USA), (b) anti-pERK1/2

antibody (1:1000) (Cell Signaling Technology, Celbio, Milan,

Italy) (c) anti-ERK1/2 antibody (1:1000) (Cell Signaling

Technology) and (d) anti-b-tubulin antibody (1:1000) (Santa

Cruz Biotechnology). Membranes were incubated with

horseradish peroxidase-conjugated secondary antibodies

(Amersham Pharmacia Biotech, Cologno Monzese, Italy)

and immunoreactive bands were visualized with the

enhanced chemiluminescence Western blotting detection

system (Amersham Biosciences). Anti-ERK1/2 or anti-b-

tubulin antibodies were used on stripped membranes to

ensure equal loading of proteins.

2.5 Data analysis and statistical methods

Pooled results from triplicate experiments were analyzed

using one-way ANOVA with Student-Newman–Keuls

multiple comparison methods, using SigmaStat.

3 Results

3.1 HT and OL inhibit E2-induced MCF-7 cell growth

The first aim of this study was to investigate if both HT and

OL are able to influence E2-induced breast cancer cells

proliferation. As expected, 10 nM E2 was capable of signifi-

cantly increasing MCF-7 cells growth, while 1 mM OHT was

able to completely inhibit E2 effect (Fig. 2). The use of

increasing doses of HT or OL determined statistically

significant dose-dependent inhibition of E2-induced prolif-

eration when used in the 10–75 mM range (Fig. 2).

Concentration equal or above 100mM were toxic. The

presence of ERK1/2 inhibitor PD98059 (PD) reproduced the

effect previously reported [14, 15].

3.2 HT and OL effects on ERa transactivation

The proliferation data led us to investigate if HT and OL

could have an anti-estrogenic action. To demonstrate this

hypothesis we used a reporter plasmid named XETL [13]

containing the firefly luciferase gene driven by a tyrosine

kinase promoter containing an ER responsive element.

Transfection of MCF-7 cells with XETL followed by treat-

ment with 10 nM E2 determined a 15-fold induction

compared with transfected but untreated (basal) cells, while

the anti-estrogen OHT (1 mM) did not determine any change

in luciferase activity (Fig. 3).

No statistically significant differences in luciferase activ-

ity were determined after treatment with OL (10 mM)

(Fig. 3), while 10mM HT determined a significant induction

comparable to that obtained with E2 used at 1000-fold lower

concentration (10 nM) (Fig. 3).

When OHT was used in combination with E2, it was able

of inhibiting luciferase reporter gene induction by 80%

(Fig. 4). Co-treatments of E2 plus HT or OL, at concentra-

tions that showed anti proliferative effects (10–75 mM), did

not change E2-induced luciferase expression (Fig. 4).

Western analysis after 24 h treatment with 10 nM E2

determined as expected a decrease in ERa expression

compared with untreated cells (Fig. 5). OHT 1mM used in

combination with E2 was able to block E2 effect allowing for

ERa normal expression (Fig. 5). The presence of HT and OL

(10–75 mM) did not interfere with E2 action and ERa
expression was maintained at the same levels observed with

E2 alone (Fig. 5). These results suggest that OL and HT are

not able to interfere with estrogen action through competi-

tion with ERs, which are responsible for activation of gene

expression.

Figure 2. HT and OL effects on E2-inducted MCF-7 cell prolif-

eration. MCF-7 cells were treated with 10 nM E2 in the absence or

in the presence of the indicated concentrations of HT, OL, OHT

and PD. Cellular proliferation was evaluated by [3H] Thymidine

incorporation analysis. Columns, mean of three independent

experiments each performed with triplicate samples expressed

as percent of basal; bars, SE. (��po0.01 compared with basal

and �po0.01 compared with E2 treated sample).
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3.3 OL and HT inhibit E2-dependent ERK1/2

activation

Recently it has been demonstrated that estrogens can acti-

vate alternative pathways, in addition to mechanisms of

regulation of gene expression, capable of inducing, within a

few minutes, MAP kinases involved in cell proliferation [3].

For this reason we decided to investigate the possible

involvement of OL and HT in E2-dependent rapid activated

pathways. In particular, we studied ERK1/2 activation by

looking to their phosphorylation status. Figure 6 clearly

shows that E2-induced ERK1/2 activation was blocked by

both OL and HT, at all tested doses. However, only 10 mM

OL was able to reproduce inhibition levels similar to those

obtained with PD98089, a specific ERK1/2 inhibitor. As

previously shown OHT was able to only partially inhibit E2-

dependent kinases activation [15].

4 Discussion

In this study we have demonstrated that both OL and HT

are able to inhibit E2-dependent proliferation in human

breast cancer cells through a non-classic mechanism.

In the last decade the molecular mechanisms related to

the hormone dependency of breast tumors have been

extensively investigated [16]. There is a large body of

epidemiological and experimental evidences that support

the hypothesis that estrogens are strongly implicated in the

etiology of breast cancer with some carcinomas requiring

estrogen for continued growth and progression [17]. Upon

entering cells, E2 binds nuclear receptors, available as

different isoforms (estrogens receptors a and b; ERa and

ERb), inducing their dimerization and interaction with DNA

sequences that regulate gene transcription [18, 19]. Alter-

natively, rather than interacting directly with DNA, ERs bind

DNA-associated transcription factors stimulating or repres-

sing transcription [20].

The ER is quite promiscuous in ligand binding [21, 22],

and many non-steroidal compounds of dietary and envir-

onmental origin have been found to possess estrogenic

activity [23, 24]. Molecules contained in foods, such as

quercetin and genestein, active ingredients in soy products,

Figure 3. HT and OL effects on ERa basal activation. MCF-7 cells

were transiently transfected with XETL reporter plasmid and

treated with E2, HT, OL and OHT, at the indicated concentrations.

Data were normalized to the co-expressed b-galactosidase

expression vector and expressed as RLU (RLU). Results repre-

sent the mean7SD of data from three independent experiments,

each performed in triplicate. �po0.01 compared with basal.

Figure 4. HT and OL effects on E2 induced ERa activation. MCF-7

cells were transiently transfected using XETL reporter plasmid

and treated with E2 alone or combined with HT, OL and OHT, at

the indicated concentrations. Data were normalized to the co-

expressed b-galactosidase expression vector and expressed as

RLU. Results represent the mean7SD of data from three inde-

pendent experiments, each performed in triplicate. (��po0.01

compared with basal and �po0.01 compared with E2 treated

samples).

Figure 5. HT and OL effects on ERa protein expression. MCF-7

cells were left untreated (basal) or treated for 48 h with E2 alone

or in combination with HT, OL and OHT at the indicated

concentration. Total cell extracts were submitted to western blot

analysis, using anti-ERa (dil. 1:4000) antibody. b-tubulin was

used as loading control. These results are representative of three

independent experiments with similar results.
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for their structural analogy with estrogens have been named

‘‘phytoestrogens’’. These compounds exert a wide range of

hormonal and non-hormonal activities in animals,

suggesting that diets rich in these compounds may have

physiological effects in humans.

OL and HT are phenolic compounds present in olive oil.

The aromatic ring present in both molecules is a feature

common to E2 (Fig. 1). This common structure can lead to

suppose a possible mechanism of action of these

compounds correlated to their capacity to compete with

estrogens for ER binding sites. This hypothesis arises from

the observation that phytoestrogens with an analogue

phenolic structure, such as quercetin and genestein, can

modulate E2 effect on MCF-7 breast cancer cell prolifera-

tion, as a consequence of competition with ERs [25].

It has previously been reported that genistein and quer-

cetin, exert their estrogenic effects through direct binding

and activation of the ERs [26, 27].

Quercitin and genistein behave differently at different

concentrations in human MCF-7 breast cancer cells. A

previous study provided mechanistic insights into the mode

of action of the two abundant dietary phytoestrogens [25]. At

relatively low concentrations, genistein and quercetin are

full agonists for ERa and ERb, and induce proliferation of

ER-dependent breast cancer cells. In the same cells, they are

cytotoxic in an ER-independent fashion at concentrations

that are reached only in humans with a soy-rich diet.

To classify distinct molecules as weak agonists, selective

ER modulators or antiestrogens, it is essential to study their

action also in the presence of endogenous estrogens.

Therefore, we have examined the dose-dependent effects of

OL and HT in comparison to E2-induced cell proliferation in

human MCF-7 breast cancer cells.

Similarly to what previously published [25], proliferation

studies showed that MCF-7 cells increase their rate of

proliferation in response to E2, the presence of OL and HT

are able to interfere with E2-dependent MCF-7 proliferation

in a dose-dependent manner, however when used concen-

trations higher than 100 mM the two compounds show

cytotoxic effects. Recent studies pointed out that similar

concentrations of HT (100 mM) determine apoptotic

phenomena in promyelocytes in leukemia models but not in

normal cells [10].

The observed anti-proliferative effects suggest an anti-

estrogenic action of the two molecules. To show ability of

different molecules to activate endogenous ERa a reporter

gene for nuclear ERs named XETL has been utilized in

transfection experiments for trans-activation studies [25]. In

our trans-activation assay E2 was able to induce XETL

transactivation at levels similar to those previously seen in

breast cancer cells [25]. The same experiment demonstrated

that only HT, but not OL, is a strong activator of ERa,

determining an induction of reporter gene similar to that

seen with E2. However when used in combination with E2

neither HT nor OL were able to interfere with E2-induced

gene transactivation. These data suggest that HT could be

able to bind ERa but with a low affinity. For this reason HT

is not able to compete with E2, a competition that becomes

effective in the presence of OHT.

E2 is known to down-regulate the levels of ERa in breast

cancer cell lines through an increased turnover of the

E2-activated ERa protein and a reduced transcription rate of

its own gene [28]. This down-regulation represents

an additional hallmark of ERa activation by an agonist.

While OHT behaves as an ER antagonist preventing

E2-induced receptor down-regulation, HT and OL

do not show antagonistic effects since they do not

interfere with ERa protein expression. These data further

support the hypothesis that OL and HT inhibit E2-mediated

MCF-7 cell proliferation through a mechanism which do

not involve the classic mechanism of regulation of gene

expression.

Instead of directly activating gene expression, after acti-

vation with E2 ERa or b can interact with c-Src and activate

the c-Src/Shc/Ras/Erk1/2 signal transduction pathway

[3, 29–33]. Interference with this activation pathway abolishes

Figure 6. OL and HT effects on ERK1/2 activation. MCF-7 cells

were maintained in basal (untreated) conditions or treated with

E2 in the presence or absence of HT, OL, PD and OHT at the

indicated concentrations for 15 min. Total cellular extracts were

subjected to western blot analysis, using anti-pERK1/2 antibody.

Total ERK1/2 was used as loading control. These results are

representative of at least three independent experiments with

similar results. Normalized optical densities were subjected to

statistical analysis, statistically significant differences are indi-

cated (��po0.01 compared with basal and �po0.01 compared

with E2).
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the hormone-dependent cell growth [31]. Furthermore, E2

can also activate the PI3-kinase/AKT pathway, a critical

component of the cell growth regulation [31, 34].

Recently, it has been revealed in a variety of cell lines that

the transmembrane receptor GPR30 can mediate estrogen

action [35, 36]. GPR30 couples to a trimeric G protein,

stimulating the cAMP pathway most likely through a Gas

[36] and Src through Gbg [37]. Subsequently, Src promotes

the shedding of heparin-binding EGF-like growth factor

and activation of the EGF receptor [38]. This in turn

activates a whole series of intracellular signalling events,

most notably the activation of mitogen-activated protein

kinases (MAPK) ERK1/2, PI3 kinase and phospholipase C

(reviewed in [39]). Further cellular responses lie downstream

of these signals, including the activation of the gene

fos [40].

E2 was shown to activate ERK1/2 phosphorylation in

MCF-7 cells [40]. Here we confirm these data, showing also

the ability of OL and HT to interfere with this activation. The

inhibitory effect of HT on ERK1/2 is in agreement with a

previous report indicating the inability of this compound to

induce expression of ERK1/2 dependent genes such as COX-

2 [41]. Moreover, the observation that PD blocks completely

ERK1/2 activation, but only partially MCF-7 E2-dependent

proliferation, suggests that other kinases can play a role in

rapid signals activated by E2 and controlling cell growth. Our

data address the hypothesis that HT and OL could inhibit the

estrogen-activated signal transduction pathway involving

GPR30 and epidermal growth factor (EGF) receptor.

This hypothesis is supported by the observation that other

natural substances with a phenolic structure, such as genestein

interfere with proliferation at different levels, inhibiting tyro-

sine kinase activity of EGF receptor [42]. Moreover we have

recently shown that the xenoestrogen atrazine stimulated

proliferation of ovarian cancer cells through the GPR30-EGF

receptor transduction pathway and through a cross talk with

ERa [43]. However further experiments will be necessary to

determine the mechanism of action of HT and OL in inhi-

biting MAPK phosphorylation. Experiments aimed to study

this mechanism are currently ongoing in our lab.

In conclusion, this study pointed out that both OL and

HT are able to inhibit E2 induced proliferation in human

breast cancer cells. This event requires the achievement of

high concentrations of polyphenols (in the mM range),

concentrations hardly reached in humans [6]. In fact, a

regular consumption of olive oil, like it happens in a

Mediterranean diet, allows to rich blood concentrations of

HT equivalent to 50–160 nM [44–46].

Moreover we cannot exclude that, in vivo, their action

may synergize with other molecules present in the diet with

a similar structure. Our data exclude OL and HT involve-

ment in classic estrogen-activated regulation of gene

expression, but point out a clear inhibition of E2-dependent

rapid signaling pathways which are able to induce, within a

few minutes, molecules involved in proliferation events,

such as MAPK.

Our study demonstrates that the intake of molecules with

phenolic structure (HT and OL) contained in extra virgin

olive oil may contribute to a chemopreventive action

through rapid modification of mitogen signals.
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