
Journal of Steroid Biochemistry & Molecular Biology 94 (2005) 431–443

Comparative study of oestrogenic properties of eight
phytoestrogens in MCF7 human breast cancer cells

A. Matsumura, A. Ghosh, G.S. Pope, P.D. Darbre∗

Division of Cell and Molecular Biology, School of Animal and Microbial Sciences, The University of Reading,
P.O. Box 228, Whiteknights, Reading RG6 6AJ, UK

Received 26 August 2004; received in revised form 3 November 2004; accepted 17 December 2004

Abstract

Previous studies have compared the oestrogenic properties of phytoestrogens in a wide variety of disparate assays. Since not all phytoe-
strogens have been tested in each assay, this makes inter-study comparisons and ranking oestrogenic potency difficult. In this report, we
have compared the oestrogen agonist and antagonist activity of eight phytoestrogens (genistein, daidzein, equol, miroestrol, deoxymiroestrol,
8-prenylnaringenin, coumestrol and resveratrol) in a range of assays all based within the same receptor and cellular context of the MCF7
human breast cancer cell line. The relative binding of each phytoestrogen to oestrogen receptor (ER) of MCF7 cytosol was calculated from
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he molar excess needed for 50% inhibition of [3H]oestradiol binding (IC50), and was in the order coumestrol (35×)/8-prenylnaringeni
45×)/deoxymiroestrol (50×) > miroestrol (260×) > genistein (1000×) > equol (4000×) > daidzein (not achieved: 40% inhibition at 104-fold
olar excess) > resveratrol (not achieved: 10% inhibition at 105-fold molar excess). For cell-based assays, the rank order of potency (est

n terms of the concentration needed to achieve a response equivalent to 50% of that found with 17�-oestradiol (IC50)) remained very simila
or all the assays whether measuring ligand ability to induce a stably transfected oestrogen-responsive ERE-CAT reporter gene,
n terms of proliferation rate after 7 days or cell growth in terms of saturation density after 14 days. The IC50 values for these three assa
n order were for 17�-oestradiol (1× 10−11 M, 1× 10−11 M, 2× 10−11 M), and in rank order of potency for the phytoestrogens, deoxym
trol (1× 10−10 M, 3× 10−11 M, 2× 10−11 M) > miroestrol (3× 10−10 M, 2× 10−10 M, 8× 10−11 M) > 8-prenylnaringenin (1× 10−9 M,
× 10−10 M, 3× 10−10 M) > coumestrol (3× 10−8 M, 2× 10−8 M, 3× 10−8 M) > genistein (4× 10−8 M, 2× 10−8 M, 1× 10−8 M)/equol

1× 10−7 M, 3× 10−8 M, 2× 10−8 M) > daidzein (3× 10−7 M, 2× 10−7 M, 4× 10−8 M) > resveratrol (4× 10−6 M, not achieved, no
chieved). Despite using the same receptor context of the MCF7 cells, this rank order differed from that determined from rece

ng. The most marked difference was for coumestrol and 8-prenylnaringenin which both displayed a relatively potent ability to
3H]oestradiol from cytosolic ER compared with their much lower activity in the cell-based assays. Albeit at varying concentrations
he eight phytoestrogens (all except resveratrol) gave similar maximal responses to that given by 17�-oestradiol in cell-based assays wh
akes them full oestrogen agonists. We found no evidence for any oestrogen antagonist action of any of these phytoestrogens at co
f up to 10−6 M on either reporter gene induction or on stimulation of cell growth.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Phytoestrogens are compounds produced naturally in
lants and which have the ability to interfere with oestrogen

∗ Corresponding author. Tel.: +44 118 9875123x7035/7025;
ax: +44 118 9310180.
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action either by interacting directly with oestrogen recep
or indirectly by modulation of endogenous oestrogen con
trations[1,2]. Early studies noted adverse effects on fert
in animals that had been grazing on plants rich in phy
strogens[3]. Today, there is a wide interest in phytoestrog
for their potential health benefits in countering menopa
symptoms and in lowering incidence of hormone-depen
diseases including breast cancer[4].
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Such diverse actions of phytoestrogens may involve non-
oestrogen mediated mechanisms, such as inhibition of protein
tyrosine kinases[2,5,6], inhibition of cell cycle progression
[2,6–8], inhibition of DNA topoisomerase[2,6,9,10], inhi-
bition of angiogenesis[2,6,11,12]or as antioxidants[2,6].
Other actions include alteration of levels of steroid hormone
binding globulin (SHBG)[2,13], disruption of oestrogen
metabolism[2,14]or alteration to cellular levels of oestrogen
receptors[15,16]. However, a major mechanism of their ac-
tion is thought to result from their ability to interact directly
with oestrogen receptors[1,2]. Phytoestrogens could there-
fore interfere with endogenous oestrogen action either by act-
ing as agonists in their own right at times of low endogenous
oestrogen or by acting as antagonists at times of higher en-
dogenous oestrogen levels. The molecular basis of oestrogen
action involves the binding to intracellular receptors (ER�,
ER�), which function as ligand-activated transcription fac-
tors [17]. Therefore, phytoestrogen effects could result ei-
ther from their competition for binding to ER� and/or ER�,
or from inducing patterns of gene expression different from
those induced by 17�-oestradiol. In this respect, it is inter-
esting that some phytoestrogens have been reported to bind
more strongly to ER� than to ER� [18] and that the two recep-
tors have different patterns of tissue distribution[19]. More
recent studies have begun to identify specific phytoestrogen-
regulated genes[20].
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present in sheep suffering fertility problems following the
grazing on subterranean clover[25], but ability for metabolic
conversion of daidzein can vary in the human population
[2,26]. In MCF7 cells, genistein has been shown to have
a biphasic effect on cell growth[27]. Low concentrations
stimulate cell growth and enhance pS2 gene expression[28],
whilst high concentrations (above 10�M) inhibit cell growth
by blocking the cell cycle at the G2-M phase[7,29]. The pro-
liferative action of genistein at low concentrations can be
inhibited by antioestrogen[16] indicating that it is an oe-
strogen receptor-mediated mechanism. However, the inhibi-
tion of cell growth at high concentrations is not prevented
by antioestrogen or oestrogen[16], indicating it is not ER-
mediated, but may be due to other mechanisms including
inhibition of tyrosine phosphorylation[7,30].

Deoxymiroestrol and its derivative miroestrol have been
reported as phytoestrogens with high oestrogenic potency
[31], but their action in MCF7 cells has only ever been
reported once and then only on their ability to antagonize
antioestrogen action[32]. 8-Prenylnaringenin is a phytoe-
strogen found in hops and found to be a potent stimulator
of Ishikawa cell growth[33] and of E-cadherin-dependent
aggregation in MCF7 cells[34].

Coumestrol is a phytoestrogen found in alfalfa and animal
foodstuffs and is thought to have potent oestrogenic activ-
ity. However, reported relative binding affinities have varied
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In order to investigate these mechanisms further, stu
ave been carried out in a wide variety of in vitro ass
owever, not all phytoestrogens have been tested in ea
ay, which makes both inter-study comparisons and ran
estrogenic potency difficult[2]. Assays have varied fro
inding to rodent uterine receptors or to recombinant re

ors (either full length or ligand binding domain), to ge
xpression assays in yeast, to reporter gene assays in
ell lines, to assay of endogenous oestrogen-regulated
n human cell lines and then finally comparing to effects
rowth of the oestrogen-sensitive MCF7 human breast
er cell line[2,21–24]. Variations in the reported poten
f phytoestrogens may relate as much to differing cel
eceptor content and differing cellular context as to dif
nces in the phytoestrogen actions. Insight into phytoe
en actions in different cell types is not gained usefully
omparing action of one phytoestrogen in one cell type
ction of another phytoestrogen in a different assay in
ther cell type. Many of such comparisons may turn ou
e correct, but validation can only be achieved through

orming for each phytoestrogen, all assays (ER binding,
xpression and cell proliferation) within each cell line. In
eport, we have made a direct comparison between th
trogenic actions of phytoestrogens in a range of assa
ased in a single cell line, the MCF7 human breast ca
ell line.

Genistein and daidzein are isoflavones found in huma
ts in leguminous plants, especially soybeans[1,2]. Equol is
related phytoestrogen derived from metabolism of daid

1,2]. Equol was actually the major form of phytoestro
-

n
s

rom <0.01% in sheep uterus to 94% for some human
1], oestrogen-responsive reporter gene expression has
eported in yeast, HeLa, LeC9 and prostate cells[1], and no
tudies have been reported on MCF7 cell growth[22].

Resveratrol, a polyphenolic compound found in gra
nd wine, has a variety of biological effects, among whic
estrogenic activity is thought to contribute to the cardio
entive effects associated with red wine consumption[35].
ike genistein, resveratrol has been reported to give a b
ic response on cell growth, but the differences in conce
ions between stimulatory (3–22�M) and inhibitory (above
5–44�M) responses are rather smaller[36–38]. One repor
ttests to an ability of resveratrol to function as a super
ist to reporter gene expression in MCF7 cells, produci
reater maximal response than oestradiol[36], but this may
e promoter and receptor dependent[39] and relate to th
resence of steroid response elements in the lucifera
orter gene[40]. Despite these reported superagonist eff

n vitro [36], resveratrol is too weak in its oestrogenic acti
o allow any measurable oestrogenic response in an in
terotrophic assay[41].

In this study, we have made a comparison
ween the oestrogenic activities of eight phytoestro
genistein, daidzein, equol, miroestrol, deoxymiroestro
renylnaringenin, coumestrol and resveratrol) in a varie
ssays all based in the same MCF7 cell system, so that
omparisons can be made within the same receptor an
ular context. We have compared their relative ability to b
o oestrogen receptors of MCF7 cell cytosol, their rela
bility to induce a stably transfected oestrogen-respo
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reporter gene (ERE-CAT) in MCF7 cells, and their relative
ability to stimulate growth of MCF7 cells. Using the same
cells, we have then compared their abilities to antagonise the
action of oestradiol in both reporter gene expression and cell
growth assays.

2. Materials and methods

2.1. Chemicals

Genistein (98% purity) was purchased from Sigma (Poole,
UK). Daidzein (98% purity),dl-equol (97–98% purity),
(−)8-prenylnaringenin (98% purity), coumestrol (98–99%
purity) andtrans-resveratrol (98% purity) were all purchased
from Plantech (Reading, UK). The purity of the samples of
coumestrol and other phytoestrogens of commercial origin
was calculated from the relative magnitude of the phytoestro-
gen peak and any minor peaks due to impurities as revealed
by high pressure liquid chromatography (HPLC). Miroestrol
and deoxymiroestrol were prepared and supplied by Ishikawa
[32]. 17�-Oestradiol was purchased from Steraloids (Croy-
don, UK).

All compounds were made as stock solutions in ethanol
and diluted into culture medium. Stock solutions of genistein,
equol, 8-prenylnaringenin and resveratrol were prepared at
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(Invitrogen) supplemented with 5% (v/v) foetal calf serum
(FCS) (Invitrogen), 10�g/ml insulin (Sigma) and 10−8 M
17�-oestradiol in a humidified atmosphere of 10% carbon
dioxide in air at 37◦C. Cell stocks were sub-cultured at
weekly intervals by suspension with 0.06% trypsin/0.02%
EDTA (pH 7.3).

2.3. Competitive binding assay to ER of MCF7 cytosol

MCF7 human breast cancer cells were grown as mono-
layer cultures in phenol red-free RPMI 1640 medium
(Invitrogen) with 5% dextran–charcoal-stripped FCS
(DCFCS)[44] for a minimum of 3 days to deplete steroid
hormone levels in the cells. Cells were then harvested, pel-
leted and homogenised in eight volumes of buffer (10 mM
Tris–HCl, 1 mM EDTA, 2 mM dithiothreitol, 10% (v/v)
glycerol, 0.5 M NaCl, pH 7.4) at 4◦C. Homogenates were
centrifuged at 105,000×g for 1 h at 4◦C and the resulting
supernatant was stored in aliquots at−70◦C. Competitive
binding assays were performed on the cytosol using the
dextran-coated charcoal method as described previously[45].
Competition was assayed between the binding of [2,4,6,7-
3H]oestradiol (Amersham International, Bucks, UK) at
16× 10−10 M and 1–100,000-fold molar excess of unlabelled
compounds.
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0−2 M in ethanol. Stock solutions of daidzein, coumes
iroestrol and deoxymiroestrol were prepared at 10−3 M in
thanol (solubility in ethanol prevented solutions of 10−2 M
eing made).

For genistein, equol, 8-prenylnaringenin and resvera
ell culture experiments using 10−5 M concentrations wer
erformed by diluting the stock 10−2 M solutions at 1 in 100
v/v) in culture medium and controls were performed w
quivalent concentrations of ethanol. For concentration
0−6 M and below, stock solutions were serially diluted s

hat the dilution into culture medium was always 1 in 10,
v/v) and controls were performed with equivalent conc
rations of ethanol.

For daidzein, coumestrol, miroestrol and deoxymiroes
ell culture experiments using 10−6 M concentrations wer
erformed by diluting the stock 10−3 M solutions at 1 in 100
v/v) in culture medium and controls were performed w
quivalent concentrations of ethanol. For concentration
0−7 M and below, stock solutions were serially diluted s

hat the dilution into culture medium was always 1 in 10,
v/v) and controls were performed with equivalent conc
rations of ethanol.

.2. Culture of stock cells

MCF7 McGrath human breast cancer cells were kin
rovided by C.K. Osborne at passage number 390[42]. This
ell line is dependent on oestrogen for growth as desc
reviously[43]. Stock MCF7 cells were grown as monola
ultures in Dulbecco’s modified Eagle’s medium (DME
.4. Assay of stably transfected ERE-CAT reporter gen
n MCF7 cells

The ERE-CAT vector consisted of the oestrogen resp
lement (ERE) of the vitellogenin A2 gene from−331 to
295 bp cloned into the pBLCAT2 vector[46] upstream o

he thymidine kinase (tk) promoter (kindly provided by
arker). A clonal line of MCF7 cells stably transfected w

his vector was previously characterized and the assay
arried out exactly as published previously[47]. P-values
ere calculated using a two-tailed studentt-test, two-sampl
ssuming unequal variance, within the MS Excel 2000
are package.

.5. Cell proliferation experiments

Cells were added to the required volume of phe
ed-free RPMI 1640 medium containing 5% DCFCS

concentration of about 0.2× 105 cells/ml and plated i
onolayer in 0.5 ml aliquots into 24-well plastic tiss

ulture dishes (Nunc). After 24 h, the medium was chan
o phenol red-free RPMI 1640 medium supplemented
% DCFCS with or without supplements of 17�-oestradio
nd/or phytoestrogen. Culture medium was changed

inely every 3–4 days in all experiments. Cell counts w
erformed by counting released nuclei on a model ZBI C

er Counter, as described previously[48]. Doubling time o
he cells was calculated as a function of the slope of the l
lot of log10 (cell number) against time. Doubling time w
alculated as log102/slope.P-values were calculated usi
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a two-tailed student’st-test, two-sample assuming unequal
variance, within the MS Excel 2000 software package.

3. Results

3.1. Experimental strategy

The chemical structures of the eight phytoestrogens in-
cluded in this study are given inFig. 1. Oestrogen ago-
nist activity was assessed for a range of concentrations for
each phytoestrogen using a variety of assays all based in
MCF7 human breast cancer cells: (1) ligand ability to bind
to ER from MCF7 cell lysates in a competitive binding as-
say; (2) ligand ability to regulate expression of a stably
transfected oestrogen-responsive reporter gene (ERE-CAT)
in MCF7 cells; (3) ligand ability to regulate the proliferation
of oestrogen-dependent MCF7 cells.

The action of each phytoestrogen in the presence of 17�-
oestradiol was also assayed on regulation of the ERE-CAT
reporter gene in MCF7 cells and on growth of MCF7 cells.
17�-Oestradiol was used at the lowest concentration for max-
imal response (10−10 M). Any genuine oestrogen antagonist
property of these phytoestrogens should be visible as a reduc-
tion in response to 17�-oestradiol when using a concentration
of phytoestrogen below that needed to produce full agonist re-
s seen
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showing a 50% inhibition at 1000-fold molar excess and
needing 100,000-fold molar excess for near complete inhibi-
tion (94%). Equol was the next most effective giving a 50%
inhibition at 4000-fold molar excess, but complete inhibition
could not be achieved within the solubility range of equol
in this assay. For daidzein, a 40% inhibition was achieved at
10,000-fold molar excess, but again higher concentrations
could not be assayed due to the solubility of daidzein. Resver-
atrol was very weak in this assay and even at 100,000-fold
molar excess gave only a 10% inhibition of [3H]oestradiol
binding. Control experiments showed that [3H]oestradiol
binding was inhibited by 96% by 10-fold molar excess and
by 100% by 100-fold molar excess of diethylstilboestrol.
Previous work using the same assay in our laboratory has
shown that the glucocorticoid, dexamethasone has no effect
on [3H]oestradiol binding at the concentrations tested of up to
100,000-fold molar excess[47]. A summary of these results
is given inTable 1by calculating for each phytoestrogen the
molar excess needed for 50% inhibition of [3H]oestradiol
binding.

3.3. Ligand ability to increase expression of ERE-CAT
reporter gene in MCF7 cells

The ability of each phytoestrogen to regulate gene expres-
sion was tested using a stably transfected oestrogen-sensitive
r ncer
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ponse when administered alone. Inhibitory responses
s concentrations of phytoestrogen increased from 10−6 to
0−5 M in both the presence and absence of 17�-oestradio
ere associated with toxicity in the cells and not due to
trogen antagonism via ER.

The receptor content of MCF7 human breast cancer
as been accepted as mainly ER�, although ER� can be de

ected in MCF7 cells[49]. In our MCF7 McGrath huma
reast cancer cells, ER� is weakly detectable after 35 cyc
f PCR using 1�g whole cell RNA in the one-step Qiag
T-PCR kit (data unpublished).

.2. Ligand binding to ER of MCF7 cell lysates

Since the first step in the action of any oestrog
ompound involves the binding of ligand to an intracell
eceptor[17], experiments began by determining the rela
ffectiveness of these eight phytoestrogens in bindin
R of MCF7 cell cytosol. In a single point competit
inding assay, ERs from MCF7 human breast cancer
ere incubated at 4◦C for 18 h with 16× 10−10 M [2,4,6,7-

H]oestradiol and the extent of inhibition of binding w
etermined with increasing concentrations of each of the

oestrogens in turn.Fig. 2shows that [3H]oestradiol binding
ould be inhibited almost completely by coumestrol (95
-prenylnaringenin (96%) and deoxymiroestrol (95%
000-fold molar excess. Miroestrol was less effective
eoxymiroestrol in this assay, inhibiting [3H]oestradiol bind

ng by 78% at 1000-fold molar excess. Genistein was the
ost effective phytoestrogen at displacing [3H]oestradiol
eporter gene (ERE-CAT) in MCF7 human breast ca
ells [47]. Using a clonal line of MCF7 cells containi
stably integrated ERE-CAT reporter gene, cells were

rived of steroid for 7 days and then CAT gene expres
as assayed after 24 h of treatment with varying conce

ions of either 17�-oestradiol or phytoestrogen. The res
re shown inFig. 3, which is divided into two parts (A an
) for ease of graphical representation. The values for�-
estradiol in A and B are the same but are duplicated
omparative purposes. All data inFig. 3 represent one sin
le experiment carried out for all phytoestrogens at the s

ime.
CAT activity in this experiment was increased from a b

evel with no oestrogenic compound added (5947± 340 dpm
4C-acetyl transferred/h/104cells) to a maximal level a
0−10 M 17�-oestradiol (23,982± 271 dpm 14C-acety

ransferred/h/104cells) and this represented a four-f
nduction (P< 0.001). Comparison of the relative concen
ion of each phytoestrogen needed to increase CAT rep
ene activity above basal levels showed the order of po
f the phytoestrogens to be deoxymiroestrol > miroestro
renylnaringenin > coumestrol > genistein/equol > daidz
resveratrol. Miroestrol and deoxymiroestrol increa
AT gene expression at the lowest concentrations.

hough both miroestrol and deoxymiroestrol at 10−9 M
oncentrations increased CAT gene expression to the
evel as 17�-oestradiol, at 10−10 M concentrations, CA
ctivity was increased to a greater extent by deoxym
trol (13,930± 353 dpm 14C-acetyl transferred/h/104cells)
han miroestrol (10,024± 246 dpm14C-acetyl transferred
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Fig. 1. Comparison of the chemical structures of 17�-oestradiol, genistein, daidzein, equol, coumestrol, 8-prenylnaringenin, miroestrol, deoxymiroestrol and
resveratrol.



436 A. Matsumura et al. / Journal of Steroid Biochemistry & Molecular Biology 94 (2005) 431–443

Fig. 2. Competitive binding of eight phytoestrogens to ER� from MCF7
human breast cancer cells. In single point competitive binding assays,
16× 10−10 M [2,4,6,7-3H]oestradiol was incubated with cytosol plus the
stated molar excess of unlabelled diethylstilboestrol (DES) (solid square,
solid line), deoxymiroestrol (solid star, dotted line), 8-prenylnaringenin
(solid arrow pointing right, solid line), coumestrol (open arrow pointing left,
dotted line), miroestrol (solid hexagon, solid line), genistein (solid arrow
pointing up, solid line), equol (solid diamond, solid line), daidzein (open ar-
row pointing down, dotted line) or resveratrol (solid circle, solid line). Error
bars represent the mean± S.E. of triplicate assays.

h/104cells) (P< 0.001). 8-Prenylnaringenin did not increase
CAT activity to the levels seen with 17�-oestradiol until
at a concentration of 10−7 M. Coumestrol, genistein, equol
and daidzein all reached maximal induction at 10−6 M
concentrations. Resveratrol was the least active phytoe-
strogen in this assay and at 10−5 M still only gave an
increase in CAT activity equivalent to 69% of that seen with
17�-oestradiol.

Inevitably, increase in CAT gene expression at higher con-
centrations of phytoestrogens was limited by issues of sol-
ubility. However, in as far as concentrations above 10−6 M
could be studied without increasing the level of ethanol ve-
hicle above a dilution of 1/1000 (v/v), it is interesting to note
that 8-prenylnaringenin gave lower CAT gene expression at
10−5 M than at 10−6 M concentrations (P= 0.004). A small
reduction was also found for genistein (P= 0.038) but that
with equol (P= 0.109) was not significant. No reduction was
observed for resveratrol, which continued to show an increase
in CAT gene expression from 10−6 to 10−5 M. These results
are summarized inTable 1by calculating for each phytoe-
strogen the concentration needed to achieve an increase in
CAT gene expression equivalent to 50% of that seen with
17�-oestradiol.

3.4. Ligand ability to stimulate proliferation of MCF7
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uman breast cancer cells

MCF7 human breast cancer cells are dependent o
trogen for their proliferation in monolayer culture[43]. Cell
rowth assays showed that each of these eight phyto
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Fig. 3. Regulation by eight phytoestrogens of CAT gene expression from a stably transfected ERE-CAT gene in MCF7 human breast cancer cells. Cells were
grown in RPMI 1640 medium/5% DCFCS for 7 days, and then in the same medium for a further 24 h with no addition (given at 0 molar concentration) or with
either 17�-oestradiol or each phytoestrogen alone at the molar concentrations indicated. The results are presented graphically with CAT activity expressed as
disintegrations per minute (dpm) of14C-acetyl transferred to chloramphenicol in 1 h per 10,000 cells. As this was a clonal stably transfected cell line, it was
not necessary to normalise for transfection efficiency. Symbols on graph A are as follows: 17�-oestradiol (solid square, solid line), deoxymiroestrol (solid
star, dotted line), miroestrol (solid hexagon, solid line), equol (solid diamond, solid line), daidzein (open arrow pointing down, dotted line), resveratrol (solid
circle, solid line). Symbols on graph B are as follows: 17�-oestradiol (solid square, solid line) (as on graph A for comparison), 8-prenylnaringenin (solid arrow
pointing right, solid line), coumestrol (open arrow pointing left, dotted line), genistein (solid arrow pointing up, solid line). Error bars are thestandard error of
triplicate wells.

gens could increase proliferation of MCF7 cells after 7 days
(Fig. 4) or 14 days (Fig. 5), although requiring varying con-
centrations. Since these growth assays were not set up as
one single experiment and plating densities varied, compari-
son was achieved by expressing the results as the percentage
number of doublings with the phytoestrogen compared with
the number of doublings with 10−8 M 17�-oestradiol in that
same assay. The results are presented inFigs. 4 and 5, each of
which is divided into two parts (A and B) for ease of graphical
representation. The values for 17�-oestradiol in A and B of
each figure are the same but are duplicated for comparative
purposes.

The growth of MCF7 cells was increased after 7 days
from 0.56–1.21 doublings without added oestrogen to
2.76–4.70 doublings with 10−8 M 17�-oestradiol, and
after 14 days from 0.80–2.83 doublings without added
oestrogen to 4.68–6.54 doublings with 10−8 M 17�-
oestradiol. Comparison of the relative concentration of
each phytoestrogen needed to increase cell proliferation
above basal levels showed the order of potency of the
phytoestrogens to be deoxymiroestrol > miroestrol > 8-
prenylnaringenin > coumestrol / genistein/equol > daidzein >
resveratrol, and this was similar whether considering
proliferation after 7 or 14 days in culture. Although both
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Fig. 5. Effects of different concentrations of each of eight phytoestrogens on the proliferation of MCF7 human breast cancer cells in monolayer culture. Cells
were grown for 14 days in phenol red-free RPMI 1640 medium/5% DCFCS with no further addition (given at 0 molar concentration) or with either 17�-oestradiol
or each phytoestrogen alone at the molar concentrations indicated. The results are presented graphically as the percentage of number of doublings with the
phytoestrogen compared with the number of doublings with 10−8 M 17�-oestradiol in that same assay. Symbols on graph A are as follows: 17�-oestradiol
(solid square, solid line), deoxymiroestrol (solid star, dotted line), miroestrol (solid hexagon, solid line), equol (solid diamond, solid line),daidzein (open arrow
pointing down, dotted line), resveratrol (solid circle, solid line). Symbols on graph B are as follows: 17�-oestradiol (solid square, solid line) (as on graph A for
comparison), 8-prenylnaringenin (solid arrow pointing right, solid line), coumestrol (open arrow pointing left, dotted line), genistein (solid arrow pointing up,
solid line). Error bars are the standard error of all nine values from triplicate dishes with 10−8 M 17�-oestradiol and triplicate dishes with phytoestrogen.

miroestrol and deoxymiroestrol at 10−9 M concentrations
increased cell growth to a similar level as 17�-oestradiol,
at 10−10 M concentrations, cell proliferation was increased
to a greater extent by deoxymiroestrol than miroestrol after
both 7 and 14 days. 8-Prenylnaringenin did not increase cell
proliferation to the levels seen with 17�-oestradiol until at a
concentration of 10−8 M at either 7 or 14 days. Coumestrol,
genistein and equol, all reached maximal induction at
10−7 M concentrations after 7 or 14 days. Daidzein reached
maximal induction at 10−6 M concentrations after 7 days,
although 10−7 M allowed maximal growth after 14 days.
Resveratrol was the least active phytoestrogen in this assay

and at 10−5 M still only gave a partial growth response after
7 and 14 days compared with 17�-oestradiol.

As for CAT reporter gene assays (see above), studies on
cell growth at higher concentrations of phytoestrogens were
limited by issues of solubility. However, in as far as concen-
trations above 10−6 M could be studied without increasing
the level of ethanol vehicle above a dilution of 1/1000 (v/v),
it is interesting to note that several of the phytoestrogens gave
reduced cell proliferation at 10−5 M than at 10−6 M concen-
trations. This was true for genistein after 7 days (P< 0.001)
and 14 days (P= 0.009), and to a lesser extent for equol after
14 days (P= 0.014). 8-Prenylnaringenin at 10−5 M resulted
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in complete loss of cell proliferation since cell numbers were
not significantly different from the plating density after 7
days (P= 0.480) or 14 days (P= 0.578). However, the oppo-
site effect was observed for resveratrol, which continued to
give an increase in cell proliferation from 10−6 to 10−5 M.
These results are summarized inTable 1by calculating for
each phytoestrogen the concentration needed to achieve an
increase in cell proliferation after either 7 days or 14 days
equivalent to 50% of that seen with 17�-oestradiol.

3.5. Ligand ability to reduce oestrogen stimulation of
ERE-CAT gene expression

Since oestrogenic compounds are generally expected
to display a spectrum of antagonist as well as agonist
properties, each phytoestrogen was tested for its ability to
reduce the increase in CAT reporter gene expression induced
by 10−10 M 17�-oestradiol. No significant reduction in
oestradiol-induced CAT activity was found with any of
the concentrations of any of the phytoestrogens tested
(Fig. 6).
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3.6. Ligand ability to reduce oestrogen stimulation of
MCF7 cell proliferation

Similarly, in anticipating antagonist as well as agonist
activity, each phytoestrogen was assayed for its ability to
antagonize the growth-promoting action of 10−10 M 17�-
oestradiol. No significant antagonism of oestradiol stimu-
lation of cell proliferation was found up to concentrations
of 10−6 M of any of the phytoestrogens after either 7 days
(Fig. 7) or 14 days (Fig. 8).

Inhibition of oestradiol-stimulated cell growth was found
when using phytoestrogen concentrations of 10−5 M after
7 days for genistein, equol and resveratrol (Fig. 7) and af-
ter 14 days for genistein and resveratrol (Fig. 8). At this
concentration of phytoestrogen, cell numbers increased be-
tween 7 and 14 days for both equol (P< 0.001) and resver-
atrol (P= 0.020) indicating a reduced cell proliferation rate.
For 10−5 M genistein, however, although cell numbers in-
creased from a plating density of 0.142± 0.016× 105 cells
per well to 0.429± 0.039× 105 cells per well after 7 days
(P= 0.006), cell numbers then fell between 7 and 14 days
to 0.305± 0.025× 105 cells per well (P= 0.076), indicating
cell death.
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4. Discussion

The oestrogen agonist and antagonist properties of eight
phytoestrogens (genistein, daidzein, equol, miroestrol, de-
oxymiroestrol, 8-prenylnaringenin, coumestrol and resver-
atrol) have been assayed in terms of their relative ability
to compete with [3H]oestradiol for binding to receptors of
MCF7 cell cytosol, to induce a stably transfected oestrogen-
responsive reporter gene (ERE-CAT) in the same MCF7 cell
line and to stimulate growth of the MCF7 cells (summary
in Table 1). This now enables a direct comparison between
all these phytoestrogens in terms of their relative potency in
different assays within the same receptor and cellular con-
text. The rank order of potency remained very similar for
all cell-based assays, whether measuring reporter gene ex-
pression, cell growth in terms of proliferation rate after 7
days or cell growth in terms of saturation density after 14
days. However, this did not follow the same rank order as
determined from receptor binding, despite using the same
receptor context. Correlation of the relative binding affinity
to receptor and cellular response has also been shown to be
limited for polychlorinated biphenyls in MCF7 cells[50] and
several xenoestrogens in rat adenocarcinoma cells[51]. Ex-
planation for such discrepancy may lie either in the relative
ability of the ligand–receptor complex to transactivate gene
expression or in the fate of the ligand within the cell, which
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vitro and this has also been the case in reported in vivo assays
over several decades[31].

In line with coumestrol but to a lesser extent, 8-
prenylnaringenin also displayed reduced oestrogenic activ-
ity in cell-based assays compared with its very potent ability
to displace [3H]oestradiol from total oestrogen receptor of
the same cell. The ability of 8-prenylnaringenin to bind to
MCF7 cytosolic ER was not dissimilar to that found for de-
oxymiroestrol and coumestrol, but it required higher concen-
trations for oestrogenic responses in every cell-based assay
compared with deoxymiroestrol. Oestrogenic activity of 8-
prenylnaringenin has not been previously reported in MCF7
cells nor have uterotrophic studies been published. How-
ever, the concentrations required for half-maximal response
in the MCF7 cell-based assays are in line with those re-
ported for alkaline phosphatase stimulation in Ishikawa cells
[33].

The phytoestrogens with weaker oestrogenic activity in
MCF7 cells (lower down onTable 1) showed similar rank
orders of potency across the receptor binding and cell-based
assays. Studies of receptor binding by [3H]oestradiol dis-
placement were limited for equol, daidzein and resveratrol
by issues of their solubility. Despite the relative inability of
resveratrol to displace [3H]oestradiol from receptor at 105-
fold molar excess (Fig. 2), increase to 106-fold molar ex-
cess did allow both induction of reporter gene expression
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The ability of coumestrol to act in the cell-based ass
as markedly reduced compared with its very potent ab

o displace [3H]oestradiol from cytosolic ER of the same c
he rank potency of coumestrol in terms of its relative bind
ctivity (RBA) determined here is in line with that describ

n previous publications[1], and this study demonstrates t
he weaker activity of coumestrol in the cell-based as
s not therefore related to the receptor context. Since co
trol was weaker in inducing reporter gene expression as
s cell growth, it might be that coumestrol-receptor dim
ave a relatively impaired ability to regulate gene expres

52]. However, since the receptor binding studies are ca
ut in a cell-free system devoid of metabolizing enzym

t is equally possible that metabolic conversion of cou
trol reduced its concentration within the MCF7 cell cont
hatever the mechanism, coumestrol cannot be consi

o have potent oestrogenic activity within the MCF7 cell
his may also explain anomalies in its atypical activity in
ivo rat uterine studies[53].

By contrast to coumestrol, deoxymiroestrol and mi
trol maintained an activity in cell-based assays in line
heir relative binding to receptor. As reported previously,
xymiroestrol acted at lower concentrations than miroe

n every assay[32], with deoxymiroestrol giving oestrogen
esponses at no more than 10-fold higher concentrations
7�-oestradiol and miroestrol around five-fold higher t
eoxymiroestrol. Thus, these phytoestrogens can be co
red as having potent oestrogenic activity in every ass
nd stimulation of cell growth at levels of 10−5 M resveratro
ompared with the required 10−11 M for 17�-oestradiol in
he same assays (Figs. 3–5). However, responses with resv
trol were all to a lesser extent than with 17�-oestradiol
nd therefore in as far as compound solubility is a limitat
esveratrol should be considered to be only a partial oest
gonist in MCF7 cells. Since in cell-based assays, daid
elative to equol required higher concentrations in line
eceptor binding activity, it would seem that metabolic c
ersion of daidzein to equol was not occurring in any m
easure in the MCF7 cells, and both these compound
bout attained the status of full oestrogen agonist in M
ells.

It is noteworthy that seven of the eight phytoestrog
all except resveratrol) gave similar maximal response
hat given by 17�-oestradiol, albeit at varying concentratio

hen expressed as percentages relative to 17�-oestradiol a
0−8 M as 100%, the responses ranged from 85 to 105

he CAT assay to 88–103% and 88–105% in the cell gro
ssays at 7 and 14 days, respectively. This similarity am

he seven phytoestrogens suggests that when bound
hey all have similar effectiveness and similar effective
o 17�-oestradiol itself in promoting gene expression and
roliferation via the expression of oestrogen-sensitive ge
hus, all these seven phytoestrogens could be describ

ull oestrogen agonists. This contrasts with compounds
s tamoxifen which bind quite strongly to MCF7 cytoso
R[47,54,55]but which only ever give reduced response
ell-based assays compared with 17�-oestradiol[56,57]and
an be described as partial oestrogen agonists.
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Discussion of the extent to which phytoestrogens can act
as oestrogen antagonists has been confused, and often mixed
with the described inhibitory responses to these compounds
at high concentrations of above 10−6 M. There seems now
to be a general consensus view that in MCF7 cells, genistein
has biphasic effects on cell growth such that at low concentra-
tions it acts as an oestrogen agonist through the ER[16,27,28]
whilst at higher concentrations (above 10�M) it inhibits cell
growth via non-ER pathways[7,16,29,30]. The results here
are in agreement with this biphasic action of genistein on cell
growth since alone it stimulated MCF7 cell growth at concen-
trations of 10−8 to 10−6 M, but cell growth was much reduced
at 10−5 M (Figs. 4 and 5), and this reduction at 10−5 M genis-
tein could not be reversed by the presence of 10−10 M 17�-
oestradiol (Figs. 7 and 8). Interestingly, 8-prenylnaringenin
also showed a similar biphasic response (Figs. 4 and 5) and
this has not been reported previously. Assay at 10−5 M was
not possible for deoxymiroestrol and miroestrol due to lim-
ited availability of material and not possible for coumestrol
and daidzein by limitations in solubility, and so it remains un-
known as to whether these phytoestrogens would behave in
a similar inhibitory manner if sufficient concentrations could
be tested. However, the reason for an inhibitory growth re-
sponse seen with equol and resveratrol at 10−5 M only in
the presence of 10−10 M 17�-oestradiol (Figs. 7 and 8) and
not in the absence of oestradiol (Figs. 4 and 5) deserves fur-
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sponse and were not inhibitory. Dose–response curves for all
eight of these phytoestrogens were carried out on oestradiol-
stimulated reporter gene expression and cell growth response
and no evidence was found for any oestrogen antagonist ac-
tion by any of these phytoestrogens at concentrations up to
10−6M (Figs. 6–8). This agrees with previous work on the
phytoestrogens coumestrol, genistein and zearalenone given
in the diet [70] and also our own previous work in vitro
with the xenoestrogens polychlorinated biphenyls[50,71]
and parabens[47,54,55]. This suggests either that the 17�-
oestradiol was not displaced from the receptor by any of the
concentrations of phytoestrogen or that if displacement did
occur that the phytoestrogen-ER complex was as effective
as the 17�-oestradiol-ER complex in these assays. This con-
trasts with compounds such as tamoxifen and its metabolite
4-hydroxytamoxifen[72,73] and faslodex[74], which can
compete with 17�-oestradiol for binding to receptor and in
doing so can reduce the overall oestrogenic response[74].
It also contrasts with the reported oestrogen antagonist ac-
tivity of genistein in an immature mouse uterine weight as-
say, which was also associated with displacement of 17�-
oestradiol by genistein[58,59]. These anomalies remain to
be resolved, but it would appear that the beneficial effects
of phytoestrogen on breast cancer are probably via pathways
other than antagonism of oestrogen action.
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n oestradiol-stimulated response at a concentration w
he compounds given alone gave less than full agonis
t
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