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Wedelolactone induces growth of breast cancer cells by stimulation of
estrogen receptor signalling
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A B S T R A C T

Wedelolactone, a plant coumestan, was shown to act as anti-cancer agent for breast and prostate
carcinomas in vitro and in vivo targeting multiple cellular proteins including androgen receptors,
5-lipoxygenase and topoisomerase IIa. It is cytotoxic to breast, prostate, pituitary and myeloma cancer
cell lines in vitro at mM concentrations. In this study, however, a novel biological activity of nM dose of
wedelolactone was demonstrated. Wedelolactone acts as agonist of estrogen receptors (ER) a and b as
demonstrated by transactivation of estrogen response element (ERE) in cells transiently expressing either
ERa or ERb and by molecular docking of this coumestan into ligand binding pocket of both ERa and ERb.
In breast cancer cells, wedelolactone stimulates growth of estrogen receptor-positive cells, expression of
estrogen-responsive genes and activates rapid non-genomic estrogen signalling. All these effects can be
inhibited by pretreatment with pure ER antagonist ICI 182,780 and they are not observed in ER-negative
breast cancer cells. We conclude that wedelolactone acts as phytoestrogen in breast cancer cells by
stimulating ER genomic and non-genomic signalling pathways.

ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Steroidal estrogens are important signalling molecules that act
via genomic and non-genomic transduction mechanisms. Phytoes-
trogens are plant-derived compounds that structurally and/or
functionally mimic mammalian estrogens by direct interaction
with nuclear and extranuclear estrogen receptors (ERs) [1].
Phytoestrogens belong to diverse classes of compounds and are
Abbreviations: AP-1, activator protein 1; CHFCS, charcoal stripped fetal bovine
serum; CCND1, cyclin D1; CTSD, cathepsin D; DMEM, Dulbecco’s modified Eagle’s
medium; DMSO, dimethyl sulfoxide; ECL, enhanced chemiluminescence; ER,
estrogen receptor; ERE, estrogen-responsive element; ERK, extracellular receptor
kinase; FCS, fetal calf serum; HEK-293, human embryonic kidney 293 cell line; JNK,
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinases; PDB, protein
data bank; PBS, phosphate buffered saline; PI3K, phosphatidylinositol-4,5-bispho-
sphate 3-kinase; RLU, relative light units; RPMI, Roswell Park Memorial Institute
medium; SDS–PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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believed to provide benefits to human health although this is still
matter of intense debate [2].

Wedelolactone is naturally occurring coumestan isolated from
Eclipta alba and Wedelia calendulacea [3]. Traditional Asian and
South American medicine uses these plants to treat hepatitis,
snake venom poisoning and viral infection [3,4]. Compounds
extracted from Wedelia chinensis synergistically suppress growth
of prostate cancer cell lines both in vitro and in vivo [5,6].
Furthermore, the growth inhibitory and proapoptotic effects of
wedelolactone itself were documented in various cancer cell lines
including breast, colon, hepatocellular, pituitary and neuroblasto-
ma [7–11]. The anti-cancer effects of wedelolactone have been
attributed to the inhibition of various protein kinases (IKK, FAK,
ERK, PKC), androgen receptor, DNA topoisomerase IIa, and
5-lipoxygenase [5–13].

Wedelolactone is structurally related to another natural coume-
stan, a coumestrol (Fig. 1). Coumestrol is a phytoestrogen acting as
agonist of both ERa and ERb [14,15]. Although wedelolactone was
suggested to act as phytoestrogen [16,17], any direct evidence for this
statement has not been published yet. Interestingly, Lim et al.
reported the absence of the luciferase reporter gene expression from
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Fig. 1. Chemical structures of coumestans, 17b-estradiol and genistein.
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ERE in wedelolactone-treated breast cancer MCF-7 cells [18].
Moreover, Xu et al. recently reported anti-estrogenic properties of
3-butoxy-1,8,9-trihydroxy-6H-benzofuro[3,2-c]benzopyran-6-one,
the new wedelolactone derivative [19]. Therefore, the aim of this
study is to analyze the estrogenic properties of wedelolactone in
breast cancer cells in detail. We show that wedelolactone acts as
phytoestrogen indeed by stimulating genomic and non-genomic
signalling from estrogen receptors.

2. Material and methods

2.1. Chemicals and plasmids

Wedelolactone, 17b-estradiol, and ICI 182,780 were all pur-
chased from Sigma–Aldrich (Sigma, St. Louis, MI). The ERE-luc
plasmid was obtained from Panomics, Inc. (Panomics, Inc.,
Fremont, CA); pCDNA3.1-nv5-ERb, pEGFP-C1-ERa described by
Stenoien et al. and Wittmann et al. were obtained from Addgene
(Addgene, USA) [20,21], CMV-bgal and p3TP-lux were described
previously [22].

2.2. Cell culture

The human breast cancer cell lines MDA-MB-231 (often
referred as ER-negative but expressing low amount of ERb),
MCF-7 and T47D (both expressing ERa and ERb) were cultured in
RPMI 1640 medium supplemented with 10% FCS, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin in a
humidified atmosphere of 5% CO2 at 37 �C. Human embryonic
kidney 293 cell line (HEK-293) was grown in DMEM supplemented
with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/
ml streptomycin. Both wedelolactone and 17b-estradiol were used
in 10 nM concentrations. To inhibit ER activation, cells were
pretreated with 100 nM ICI 182,780 for 4 h.

2.3. Cell proliferation assay

To test proliferation rates, 1 �105 MDA-MB-231, MCF-7 and
T47D cells were seeded in 2 ml of growth medium in 6-well plates.
Next day, the cells were washed with PBS and growth medium was
replaced with RPMI 1640 lacking phenol red supplemented with
2% charcoal stripped fetal bovine serum (CHFCS), 2 mM L-glutamin,
100 U/ml penicillin, and 100 mg/ml streptomycin (steroid depleted
medium). Next day, the cells were pretreated with either
antiestrogen ICI 182,780 or solvent (DMSO) in fresh steroid
depleted medium. Then, the cells were exposed to wedelolactone,
17b-estradiol or DMSO as a solvent for three days. Cells were
counted daily using Casy1RT cell counter (Roche-Innovatis, Basel,
Switzerland). To determine EC50 values, MCF-7 and T47D cells
were exposed to various concentrations of wedelolactone for three
days and counted. EC50 values were calculated using GraphPad
PRISM 6 software (GraphPad-San Diego, CA, USA).

2.4. Determination of ER and AP-1 activities by the luciferase reporter
assay

To test transactivation rates of ER and AP-1, 5 �105 cells were
seeded in 2 ml of regular growth medium in 6-well plates and
cultured for 24 h. Transfection was performed using 8 ml of the
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) with a
mixture containing 1 mg of reporter plasmid (ERE-luc or p3TP-lux)
and 1 mg of CMVbgal reference plasmid. Six hours later, the
medium was replaced with the steroid-depleted medium with/
without 100 nM ICI 182,780 for 4 h. Then, 10 nM wedelolactone,
10 nM 17b-estradiol or DMSO were added. Cells were incubated for
24 h, harvested and processed for luciferase and b-galactosidase
assays as described elsewhere [22]. The luciferase activity of each
sample was normalized for transfection efficiency according to the
b-galactosidase activity.

2.5. Immunoblotting

Cells were seeded at the density 5 �105 cells/well in growth
medium in 6-well plates. Next day, the cells were washed with PBS
and exposed to 100 nM ICI 182,780 or solvent in steroid depleted
medium for 4 h. Then, the cells were treated with 10 nM
wedelolactone, 10 nM 17b-estradiol or DMSO for 30 min (analysis
of rapid non-genomic ER signalling) or 24 h (analysis of genomic ER
signalling). Cells were harvested and lysed by boiling in a buffer
containing 0.1 M Tris (pH 6.8),16% v/v glycerol, 3.2% w/v SDS,10% v/
v b-mercaptoethanol, and 0.005% w/v bromophenol blue for 5 min.
Cell lysates were subjected to SDS–PAGE and immunoblotted.
Sample loading was normalized according to the protein
concentration determined by DC protein assay (Biorad, Hercules,
CA). Blots were probed with anti-p-c-Jun (Ser 73), anti-c-Jun
(6OA8, Cell Signalling Technology, Inc., Beverly, MA), anti-cyclin
D1, anti-c-Myc, anti-ERK 1 (sc-246, sc-42 and sc-93, Santa Cruz
Biotechnology Inc., Heidelberg, Germany), anti-cathepsin D
(610801, BD Transduction Laboratories, San José, CA), or anti-p-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (4370, Cell Signalling
Technology, Inc., Beverly, MA) antibodies. To control for sample
loading, blots were probed with a a-tubulin specific antibody
(T9026, Sigma, St. Louis, MI). The blots were then probed with
secondary antibodies conjugated with peroxidase (Sigma, St. Louis,



78 T. Nehybova et al. / Journal of Steroid Biochemistry & Molecular Biology 152 (2015) 76–83
MI) and developed by standard ECL procedure using Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Billerica,
MA). Intensity of the bands was quantified by scanning densitom-
etry using the ImageJ image analysis software (NIH, Bethesda, MD)
and normalized according to the a-tubulin controls.

2.6. Molecular docking

The three-dimensional structures of 17b-estradiol (ZINC ID:
ZINC13520815) and wedelolactone (ZINC ID: ZINC6483512) were
downloaded from the ZINC database [23]. The output files in Sybyl
mol2 format were converted into AutoDock Vina [24] compliant
pdbqt format by MGLTools [25]. The crystal structure of human
estrogen receptors alfa (PDB ID: 2QSE chain B) and beta (PDB ID:
1QKM) were used as the targets for the molecular docking. All
ligands and water molecules were removed from both structures.
The hydrogen atoms were added to the targets with H++ server
[26] at pH 6.8. The Gasteiger charges and AutoDock atom types
were assigned to targets by MGLTools. The ligand binding domains
of both receptors were selected as target regions for the docking
performed by AutoDock Vina. The region selected for docking was
represented by the box of 20 Å � 16.25 Å � 15 Å centered at ERa
residues A350, L346 and L384. The coordinates of the grid center
were subsequently transferred to the aligned structure of ERb. The
interaction of ligands with the active site residues was determined
by PoseView [27].

2.7. Statistical analysis

Data are presented as mean � SD. Statistical comparisons
between groups were performed by Student’s t-test. p < 0.05
was considered to be statistically significant.
Fig. 2. The effect of wedelolactone on proliferation of ER-positive (T47D, MCF-7) and 

182,780 or solvent for 4 h and subsequently incubated with/without 10 nM wedelolacto
medium. The data represent the mean values from three independent experiments. Error
the number of wedelolactone or 17b estradiol -treated cells from the number of contr
3. Results

3.1. Wedelolactone stimulates proliferation of the ER-positive human
breast cancer cells

To examine the effects of wedelolactone on proliferation of
breast cancer cells, ER-positive (T47D, MCF-7) and ER-negative
(MDA-MB-231) cells were cultured for 72 h in estrogen-free
medium with/without 10 nM wedelolactone and enumerated
daily. 17b-estradiol-treated cells were used as positive controls.
To assess the involvement of ER in the wedelolactone-controlled
growth of breast cancer cells, we pretreated the cells with the ER
inhibitor ICI 182,780 for 4 h. The growth curve profiles documented
that wedelolactone significantly stimulated proliferation
ER-positive but not ER-negative cells and that growth-stimulatory
effect of wedelolactone was abolished by pretreatment with ICI
182,780 (Fig. 2). To assess EC50 values, MCF-7 and T47D cells were
exposed to various concentrations of wedelolactone for three days
and counted. This analysis revealed that MCF-7 cells are more
sensitive to lower concentrations of wedelolactone than T47D cells
(EC50—9.52 nM for MCF-7, 18.28 nM for T47D, Fig. 3).

3.2. Wedelolactone activates nuclear ERs in breast cancer cells

To determine whether wedelolactone regulates activities of
nuclear estrogen receptors, we measured expression of ER-specific
luciferase reporter (ERE-luc) in transiently transfected ER-positive
(T47D, MCF-7) and ER-negative (MDA-MB-231) cells upon
treatment with wedelolactone or 17b-estradiol. We found that
wedelolactone significantly activated transcription from ERE in
ER-positive but not ER-negative cells and that this effect was
inhibited by pretreatment with ICI 182,780. Interestingly, wede-
lolactone significantly reduced transcription from ERE in estradiol-
ER-negative (MDA-MB-231) cell lines. The cells were pretreated with 100 nM ICI
ne (w), 10 nM 17b-estradiol (e2) or DMSO for 24, 48 and 72 h in steroid-depleted

 bars indicate the standard deviations. * indicates a significant (p < 0.05) difference of
ol DMSO-treated cells.



Fig. 3. Determination of growth-response and EC50 values for wedelolactone-treated MCF-7 and T47D cell lines. The cells were treated with various concentrations of
wedelolactone (w) for three days, counted and EC50 values were determined using GraphPad PRISM 6 software (GraphPad-San Diego, CA, USA). The data represent the mean
values from three independent experiments.
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treated ER-positive cells suggesting a competitive interaction of
both compounds with ERs (Fig. 4).

3.3. Wedelolactone acts as agonist of both ERa and ERb

Previous studies have shown that naturally occurring steroidal
compounds can interact with both ERa vs. ERb. This is also the case
of coumestrol [14,15,28]. To determine transactivation activity of
wedelolactone for ERa and ERb, we used similar procedure as
described in chapter 3.2. Nevertheless, human embryonic kidney
cells (HEK-293) were used for transfection instead, as they express
neither ERa nor ERb receptors [29]. The cells were co-transfected
with reporter plasmids together with plasmid coding for either
ERa or ERb, pretreated with ICI 182,780 or solvent and exposed to
wedelolactone, 17b-estradiol or DMSO for 24 h. We found that
transactivation activity from ERE increased in the presence of
wedelolactone 3.1-fold in ERa-expressing cells and 4.3-fold in
ERb-expressing cells. Again, this increase was inhibited by
pretreatment with ICI 182,780 (Fig. 5). When both ERa- or ERb-
expressing cells were treated simultaneously with wedelolactone
and 17b-estradiol, a significantly lower induction of the ERE
transactivation was observed when compared with cells treated
with 17b-estradiol only. This finding suggests that wedelolactone
can interfere with interactions of 17b-estradiol with both ERa and
ERb (Fig. 5).
Fig. 4. Wedelolactone transactivates the ERE-driven reporter gene in ER-positive
breast cancer cells. The T47D, MCF-7 and MDA-MB 231 cells were transiently
transfected with ERE-luc and CMVb-gal plasmids, pretreated with 100 nM ICI
182,780 or solvent and subsequently treated with 10 nM wedelolactone (w), 10 nM
17b-estradiol (e2) or DMSO for 24 h. The cells were harvested and assayed for
luciferase and b-galactosidase activities. Normalized luciferase activity is indicated
in arbitrary light units. The data represent the mean values from three independent
experiments. Error bars indicate the standard deviations. * indicates a significant
(p < 0.05) difference in the relative luciferase activities between wedelolactone or
17b-estradiol-treated cells and the control DMSO-treated cells.
3.4. Wedelolactone binds into the ligand binding pockets of both ERa
and ERb

The ability of AutoDock Vina to reproduce experimental binding
mode of the natural ligand 17b-estradiol complexed with ERa was
tested prior predicting the binding mode of wedelolactone in both
receptors. The root-mean-square deviation in position of all heavy
atoms between the experimental binding mode available in the
crystal structure (PDB ID: 1ERE) and the best-scoring binding
mode from docking was only 0.7 Å. Similarly, when the best-
scoring binding mode of 17b-estradiol docked into ERb was
compared with 17b-estradiol taken from the aligned crystal
structure of hERa, the root-mean-square deviation was also only
0.7 Å, confirming the ability of AutoDock Vina to correctly
reproduce the studied complexes.

In total, three and four binding modes were obtained for
wedelolactone in ERa and ERb, respectively. The best binding
mode could be identified unambiguously for wedelolactone in ERb
based on the binding energy. The binding energies of the first two
binding modes of wedelolactone in ERa were comparable. Since
the most relevant binding modes of 17b-estradiol were: (i) similar
in both ERa and ERb and (ii) accurately reproduced by the binding
energy derived by AutoDock Vina, the best-scoring binding mode
of wedelolactone in ERa similar to mode identified in ERb was
selected as the most relevant one (Table 1 and Fig. 6).
Fig. 5. Wedelolactone induces transactivation functions of both ERa and ERb in
HEK-293 cells. The cells were transiently transfected with ERE-luc and CMVb-gal
plasmids together with plasmid coding for either ERa or ERb, pretreated with
100 nM ICI 182,780 or solvent and subsequently treated with 10 nM wedelolactone
(w), 10 nM 17b-estradiol (e2) or DMSO for 24 h. The cells were harvested and
assayed for luciferase and b-galactosidase activities. Normalized luciferase activity
is indicated in arbitrary light units. The data represent the mean values from three
independent experiments. Error bars indicate the standard deviations. * indicates a
significant (p < 0.05) difference in the relative luciferase activities between
wedelolactone or 17b-estradiol-treated cells and the control DMSO-treated cells.



Table 1
Binding energies of protein–ligand complexes.

Predicted binding energy (kcal/mol)

Binding mode 17b-estradiol Wedelolactone

hERa hERb hERa hERb

1 �10.1 �10.5 �7.3 �7.4
2 �9.0 �8.8 �7.2 �6.6
3 �8.8 �8.8 �5.5 �6.5
4 �8.5 �8.4 N/A �6.4
5 N/A �7.6 N/A N/A

N/A—the binding mode not available, the relevant binding modes are in bold.

Fig. 6. Comparison of the most relevant binding modes of wedelolactone in human
ERa (A) and ERb (B). The ligand binding cavities of both receptors are represented
by the gray surface. The residues providing key interactions with wedelolactone are
represented by cyan sticks.
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Besides the hydrophobic contacts, wedelolactone could form
B-stacking interaction with F404 (hERa) and F356 (hERb) and three
hydrogen bonds with following residues: H524/H475, R394/346 and
G521/G472 of hERa/hERb, respectively (Fig. 6). The natural ligand
Fig. 7. Wedelolactone increases expression of CCND1, MYC and CTSD in breast cancer ce
with 100 nM ICI 182,780 or solvent and then exposed to 10 nM wedelolactone (w), 10 nM
were resolved by SDS–PAGE and analyzed by immunoblotting. To control for sample lo
17b-estradiol was stabilized by the same specific interactions as
wedelolactone with one extra hydrogen bond formed to E353 in ERa
and E305 in ERb, respectively (data not shown). This additional
interaction could be responsible for predicted higher affinity of this
ligand compared to wedelolactone. A computational molecular
modelling therefore confirmed the ability of wedelolactone to bind
into the ligand binding pockets of both ERa and ERb.

3.5. Wedelolactone activates expression of ER-regulated genes in
ER-positive breast cancer cells

To further confirm that wedelolactone activates genomic
ER-signalling pathway, we analyzed expression of selected
representatives of ER-regulated genes (CCND1, MYC, CATHD) in
breast cancer cells upon treatment with wedelolactone or 17b-
estradiol by immunoblotting. We found that wedelolactone and
17b-estradiol increased production of proteins encoded by all
studied genes in ER-positive but not ER-negative breast cancer cells
and that this increase was inhibited by pretreatment with ICI
182,780 (Fig. 7).

3.6. Wedelolactone activates the non-genomic ER signalling in breast
cancer cells

Besides functioning via nuclear ERs (genomic ER signalling),
estrogens have also been shown to act more rapidly via
extranuclear ERs resulting in activation of various kinase signalling
pathways (non-genomic ER signalling) [30]. To analyze the effect of
wedelolactone on non-genomic ER signalling, breast cancer cells
were exposed to 10 nM wedelolactone for 30 min and the amount
of phosphorylated forms of ERK and c-Jun proteins were
determined by immunoblotting. We observed that phosphoryla-
tion of both ERK and c-Jun proteins increased upon treatment with
wedelolactone or 17b-estradiol and that this increases was
prevented by pretreatment with ICI 182,780 (Fig. 8).

3.7. Wedelolactone stimulates transactivation by AP-1

The c-Jun protein homodimerizes or heterodimerizes with Fos
or other Jun-related proteins to form transcription factor complex
AP-1 [31]. The wedelolactone—induced increase of the c-Jun
phosphorylation (Fig. 8) suggests that this coumestan might be
capable of modulating activity of AP-1. To investigate whether
wedelolactone regulates activity of AP-1, we measured the
luciferase expression from p3TP-lux plasmid in transiently
transfected T47D, MCF-7 and MDA-MB 231 cells treated with
wedelolactone, 17b-estradiol or DMSO in steroid-depleted media
for 24 h. We found that wedelolactone significantly activated
transcription from the AP-1-specific reporter in ER-positive T47D
and MCF-7 cells but not ER-negative MDA-MB-231 cells and that
this activation was abolished by pretreatment with ICI 182,780
(Fig. 9).
lls in ER-dependent fashion. T47D, MCF-7 and MDA-MB-231 cells were pretreated
 17b-estradiol (e2) or DMSO for 24 h. Cells were harvested and extracted proteins
ading, the blots were probed with a a-tubulin-specific antibody.



Fig. 8. Wedelolactone increases phosphorylation of ERK and c-Jun proteins. Cells were pretreated with 100 nM ICI 182,780 or solvent for 4 h and subsequently exposed to
10 nM wedelolactone (w), 10 nM 17b-estradiol (e2) or DMSO for 30 min. Cells were harvested and extracted proteins were resolved by SDS–PAGE and analyzed by
immunoblotting. To control for sample loading, the blots were probed with a a-tubulin-specific antibody.
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4. Discussion

In the 1980s, epidemiological studies correlated lower inci-
dence of breast cancer in Asian women with their significantly
higher intake of phytoestrogens when compared to women in
Europe and North America [32,33]. Moreover, the increase in
breast cancer incidence has been demonstrated in the descendants
of women, who have migrated from countries with low breast
cancer incidence, as they adopt new dietary and lifestyle habits
[34]. These observations initiated an extensive research on the
relation between phytoestrogen intake and breast cancer preven-
tion. However, data collected from animal and human studies to
date have not provided clear conclusion to recommend high
phytoestrogen intake to reduce breast cancer risk. Unanswered
questions also remain regarding the effects of phytoestrogens to
women at high risk of breast cancer and those already diagnosed
with breast cancer, the interaction of these compounds with
hormonal therapies in cancer patients, their effects on menopausal
symptoms and their action as endocrine disruptors [2,35,36].

Wedelolactone has been recently identified as anti-cancer
compound in breast cancer models both in vitro and in vivo
[7,10,13]. It belongs to the group of coumestans, plant polycyclic
aromatic secondary metabolites, with coumestrol being the most
studied of this group. Both genomic and non-genomic mechanisms
have been proposed to mediate phytoestrogenic effects of
coumestrol [37,38]. Coumestrol binds to nuclear ERs and induces
expression of specific estrogen-responsive genes [37] but it also
initiates signalling from the extranuclear ERs by activation of
ERK1/2, JNK, PI3K and changes in Ca2+ fluxes [38,39]. Recently,
another coumestan—psoralidin—has been identified as ERa and
ERb agonist and regulator of endogenous ER-responsive genes in
breast and endometrial cancer cell lines [40]. In this study, we
Fig. 9. Wedelolactone stimulates transactivation by AP-1 in ER-positive breast
cancer cells. T47D, MCF-7 and MDA-MB 231 cells were transiently transfected with
p3TP-lux and CMVb-gal plasmids, pretreated with 100 nM ICI 182,780 or solvent
and subsequently treated with 10 nM wedelolactone (w), 10 nM 17b-estradiol (e2)
or DMSO for 24 h. The cells were harvested and assayed for luciferase and
b-galactosidase activities. Normalized luciferase activity is indicated in arbitrary
light units. The data represent the mean values from three independent
experiments. Error bars indicate the standard deviations. * indicates a significant
(p < 0.05) difference in the relative luciferase activities between wedelolactone or
17b-estradiol-treated cells and the control DMSO-treated cells.
describe that wedelolactone may act in similar manner. It
stimulates proliferation of ER-positive breast cancer cells, enhan-
ces transcription from ERE, induces expression of endogenous
ER-responsive genes and activates non-genomic ER-signalling
pathway. All these effects can be inhibited by pretreatment with a
pure antiestrogen, ICI 182,780 and were not observed in
ER-negative breast cancer cells. We found wedelolactone to be
more potent stimulator of MCF-7 than T47D cell proliferation.
Moreover, MCF-7 cells exhibited lower EC50 value in proliferation
assay. This documents that MCF-7 cells are more sensitive to the
growth-promoting effect of nanomolar wedelolactone. Superior
sensitivity of MCF-7 cells to growth-stimulatory effects of other
phytoestrogen, genistein, was reported previously [41–43] and
attributed to higher ERa/ERb ratio detected in MCF-7 cells.

Moreover, we observed stimulation of AP-1 transactivation
activity in ER-positive breast cancer cells by wedelolactone as well.
The ability of estrogen/phytoestrogen to regulate activity of the
AP-1 transcription factor by genomic (e.g., interaction of ERs and
AP-1 on the AP-1-specific DNA-binding sites, recruitment of
coactivators, up-regulation of expression of the AP-1 components)
and non-genomic mechanisms (e.g., activation of MAPKs) was
established previously [44,45]. Notably, Sarveswaran et al.
reported that apoptosis induced by 10–30 mM wedelolactone in
prostate cancer cells is dependent on its ability to activate JNK [12].

We observed that wedelolactone acts as agonist of both ERa
and ERb in the ERE-driven transactivation assay as well as the
ability of wedelolactone to bind into the ligand binding pockets of
both ERa and ERb in the molecular docking analysis. Interestingly,
when both estradiol and wedelolactone were administered
simultaneously, a lower induction of ERE transactivation was
observed when compared with the cells treated with estradiol
only. This finding suggests that wedelolactone partially antago-
nizes the stimulative effect of estradiol on both receptors.

Previously, the phytoestrogenic properties of wedelolactone
were suggested due to its structural similarity to coumestrol and
estrogenic activity of Wedelia plant extract but this hypothesis has
not been experimentally proved so far [16,17]. Moreover, recent
study by Lim et al. reported no effect of pure wedelolactone on the
ERE transactivation in MCF-7 cells which seems to be contradictory
to our results [18]. Comparing the experimental methodologies
between our study and the study by Lim et al., we found that while
we tested estrogenic effects of wedelolatone in steroid-depleted
media (no phenol red, 2% charcoal stripped bovine serum), Lim
et al. used regular media containing phenol red and 10% FCS [18].
Elimination of estrogenic compounds from tissue culture media
(phenol red, steroids presented in FCS) was reported to be
important for evaluation of estrogenic and anti-estrogenic effects
in estradiol-responsive breast cancer cell models [46,47]. When we
tested the ERE transactivation using the same experimental setup
as described by Lim et al. (media with phenol red and 10% FCS) [18],
no significant effect of wedelolactone on ERE transactivation was
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observed (3.40 � 0.52 RLU in DMSO-treated cells vs.
4.37 � 0.13 RLU in wedelolactone-treated cells, n = 3, p = 0.11), thus
confirming our hypothesis.

The phytoestrogen effect on cancer cells is reported to be
biphasic. Multiple studies described that phytoestrogens stimu-
lated growth of ER-positive but not ER-negative breast cancer cell
lines at low concentrations (0.01–10 mM) [48–51]. In contrast,
phytoestrogens inhibited growth and induced cell death in both
ER-positive and ER-negative cells at high concentrations (20–
100 mM) suggesting that their growth-inhibitory effect does not
depend on their estrogenic properties [48,50,51]. The ER-indepen-
dent growth-inhibitory, pro-apoptotic and anti-cancer effects of
phytoestrogens were attributed to inhibition of protein kinases,
cell cycle progression, DNA topoisomerases, angiogenesis and/or
their redox properties [39,50].

The biphasic effect of wedelolactone on cancer cells was
demonstrated as well. While in the previous studies, we and others
have reportedvarious growth-inhibitoryand pro-apoptoticeffectsof
mM wedelolactone in both ER-positive and ER-negative cells
[7,10,13,52], the presented study demonstrates its ER-dependent
growth-stimulatoryeffect in nM concentrations. The mechanisms of
anti-cancer effects of wedelolactone are presumably similar to those
used by other phytoestrogens as recently reviewed by us [39].

Only limited data are available about bioavailability of
wedelolactone in vivo. Tsai et al. reported that the plasma
concentration of wedelolactone was equal to 50 nM/l in mice
feeded daily with Wedelia chinensis extract for four weeks (4 mg/
kg) 24 h after the last feeding. However, when mice were fed with
wedelolactone alone for three weeks (2 mg/kg daily), wedelolac-
tone was undetectable in plasma 6 h after the last oral dose [6].
These data demonstrate poor bioavailability of wedelolactone.
Similarly, low bioavailability was also reported for coumestrol as
compared with other phytoestrogens including daidzein and
genistein [53]. Mallis et al. reported coumestrol Cmax value equal
to 70 nM/l in plasma of rats 4 h after single oral dose (3 mg/kg) but
the concentration of coumestrol dropped under 15 nM/l 8 h after
feeding [53]. As poor bioavailability complicates the use of
wedelolactone in pre-clinical studies, pharmaceutical formula-
tions of wedelolactone aiming to improve its bioavailability are
under testing [54].

5. Conclusions

In this study, we demonstrate that the natural coumestan
wedelolactone acts as phytoestrogen in nanomolar concentrations
by stimulating ER genomic and non-genomic signalling in breast
cancer cells. The estrogenic effects of wedelolactone should be
taken into account when evaluating its anti-cancer properties.
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