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Abstract

Phytoestrogens have attracted attention as being safer alternatives to hormone replacement therapy (HRT) and as chemopreventive reagents for breast
cancer because dietary soy isoflavone intake has been correlated with reduction in risk. To identify safe and effective phytoestrogen candidates for HRT and
breast cancer prevention, we investigated the effects of daidzein, genistein, coumestrol, resveratrol and glycitein on cell growth, cell cycle, cyclin D1 expression,
apoptosis, Bcl-2/Bax expression ratio and p53-dependent or NF-κB-dependent transcriptional activity in MCF-7 breast cancer cells. Phytoestrogens, except for
glycitein, significantly enhanced estrogen-response-element-dependent transcriptional activity up to a level similar to that of 17β-estradiol (E2). E2 increased
cell growth significantly, coumestrol increased cell growth moderately, and resveratrol and glycitein reduced cell growth. Phytoestrogens, except for glycitein,
stimulated the promotion of cells to G1/S transition in cell cycle analysis, similar to E2. This stimulation was accompanied by transient up-regulation of cyclin D1.
While genistein, resveratrol and glycitein all increased apoptosis and reduced the Bcl-2/Bax ratio, resveratrol reduced this ratio more than either genistein or
glycitein. Moreover, resveratrol significantly enhanced p53-dependent transcriptional activity, but slightly reduced NF-κB-dependent transcriptional activity. On
knockdown analysis, genistein, resveratrol and glycitein all reduced the Bcl-2/Bax ratio in the presence of apoptosis-inducing stimuli, and estrogen receptor (ER)
α silencing had no effect on these reductions. In contrast, in the absence of apoptosis-inducing stimuli, only resveratrol reduced the ratio, and ERα silencing
abolished this reduction. Thus, resveratrol might be the most promising candidate for HRT and chemoprevention of breast cancer due to its estrogenic activity
and high antitumor activity.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Estrogens and estrogen receptor (ER) play an important role in
the etiology of breast cancer. In ER-positive MCF-7 breast cancer
cells, 17β-estradiol (E2) induces rapid and transient up-regulation of
cyclin D1 [1–4], followed by promotion to G1/S transition of the cell
cycle [2–4]. Although the mechanism of cyclin D1 up-regulation is
still controversial, it may be indirectly regulated via CRE [5], AP-1
[5,6] and/or Sp1 site [7] by ligand-bound ER through interaction with
other DNA-binding transcriptional factors. Alternatively, it could be
up-regulated via nongenomic signaling pathways of the ER [8]. E2
also induces antiapoptotic effects via an increased Bcl-2/Bax ratio
[9,10], the reduction of which is considered a marker for mitochon-
drial contribution to apoptosis [9,11,12]. Taken together, E2 is likely
to contribute to the development and/or progression of breast cancer
through cell cycle progression and antiapoptotic effects, as well as
through other known or yet unknownmechanisms for tumor growth
regulation.
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Estrogens with or without progestin have been used for hormone
replacement therapy (HRT) in postmenopausal women, but they
increase the risk of breast cancer. In recent years, phytoestrogen
supplements such as extracts from soy and red clover have become
attractive as safer alternatives, and their efficacy has been investi-
gated in clinical trials [13–15]. Phytoestrogens are natural plant
substances found in food that exert weak estrogen-like activity
towardmammals. For example, daidzein, genistein and glycitein exist
in soybeans and soy products; coumestrol exists in mung bean
sprouts and alfalfa sprouts; and resveratrol exists in grape skins and
red wine. Previous epidemiological studies have reported a correla-
tion between dietary intake of soy isoflavones such as genistein and a
reduction in risk for breast cancer in China [16], the Netherlands [17]
and Japan [18]. A meta-analysis of 18 epidemiological studies has
revealed that soy intake is associated with a small reduction in breast
cancer risk [19]; however, the effects of phytoestrogens on cancer
prevention are still controversial [20–22]. Furthermore, genistein and
daidzein, commonly studied soy isoflavones, have been reported to
stimulate the growth of cancer cells in vivo and in vitro [21,23–27],
suggesting an elevated breast cancer risk associated with some
phytoestrogens. Therefore, it is important to assess the estrogen-like
effects and antitumor effects of individual phytoestrogens.
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In this study, we investigated phytoestrogens to identify safer and
more effective candidates for HRT and breast cancer prevention. We
examined the effects of several kinds of dietary phytoestrogens,
including daidzein, genistein, coumestrol, resveratrol and glycitein, on
cell growth, cell cycle progression, expression of cyclin D1, apoptosis
and the Bcl-2/Bax expression ratio, as well as p53-dependent or NF-
κB-dependent transcriptional activity, on ER-positive breast cancer
cells.We also performed experimentswith andwithout E2 to simulate
premenopausal or postmenopausal status and to acquire useful
information for HRT in postmenopausal women and breast cancer
prevention in premenopausal and postmenopausal women.

2. Materials and methods

2.1. Reagents

E2, daidzein, genistein, coumestrol, resveratrol, glycitein and activated charcoal
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dextran was obtained from
Fluka Biochemica (Buchs, Switzerland). The ER antagonist ICI 182,780 was obtained
from Tocris Bioscience (Ellisville, MO, USA).

2.2. Cells and culture

The human breast cancer cell line MCF-7 was maintained in Dulbecco's modified
Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (Equitech-bio, Inc., Kerrville, TX, USA), 100 U/ml penicillin G sodium and
100 μg/ml streptomycin sulfate (Invitrogen) at 37°C in a humidified atmosphere
containing 5% CO2.

2.3. Plasmids and reporter gene assay

The estrogen-responsive reporter plasmid ptk-ERE-Luc [28] was kindly provided
by Dr. S. Hayashi. The pRL-SV40 control vector (Toyo Ink Mfg. Co., Tokyo, Japan) was
used as internal control for transfection efficiency. Estrogen response element (ERE)-
dependent transcriptional activity was measured using a luciferase assay, as described
previously [29], with slight modification. Briefly, after 4 days of cultivation in phenol-
red-free DMEM (SAFC Biosciences, Lenexa, KS, USA) supplemented with 10% dextran-
coated charcoal-treated fetal bovine serum (DCC-FBS), cells were seeded in phenol-
red-free DMEM supplemented with 10% DCC-FBS on 24-well plastic culture plates.
Cells were transiently transfected with 200 ng of ptk-ERE-Luc reporter plasmid and 4
ng of pRL-SV40 control vector using Lipofectamine Reagent (Invitrogen), in accordance
with the manufacturer's instructions. The cells were then cultured in the presence or in
the absence of 10−5 M phytoestrogen with or without 10−8 M E2 for 24 h, and the
luciferase activity of lysates was measured using the PicaGene Dual SeaPansy
Luminescence Kit (Toyo Ink Mfg. Co.) and a MicroLumatPlus microplate luminometer
LB96V (EG&G Berthold, Bad Wildbad, Germany). Transfection efficiency was
normalized against Renilla luciferase activity using the pRL-SV40 control vector. To
assess p53-dependent or NF-κB-dependent transcriptional activities, we transfected
the p53-Luc plasmid (Stratagene, La Jolla, CA, USA) or pNF-κB-Luc plasmid
(Stratagene) into cells using the same method as for the ptk-ERE-Luc plasmid. For
analysis of p53-dependent transcriptional activities, cells were cultured with or
without reagents for 48 h.

2.4. Colony formation assay

Colony formation assays were performed as previously described [29], with slight
modification. Briefly, after 4 days of cultivation in phenol-red-free DMEM supple-
mented with 10% DCC-FBS, 1×104 cells were seeded in phenol-red-free DMEM
supplemented with 10% DCC-FBS and agar (0.3% agar for the top layer and 0.5% agar for
the base layer) in the presence or in the absence of 10−5 M phytoestrogen with or
without 10−8M E2 or 10−6M ICI 182,780, and then colonies were counted in triplicate,
under a microscope, after 14 days.

2.5. Flow cytometry

Cell cycle profile was analyzed by staining DNA with propidium iodide in
preparation for flow cytometry with the BD LSR/CellQuest system (Becton Dickinson,
San Jose, CA, USA). Briefly, after 4 days of cultivation in phenol-red-free DMEM
supplemented with 5% DCC-FBS, cells were cultured in the presence or in the absence
of 10−5 M phytoestrogens with or without 10−8 M E2 for 24 h, harvested and
suspended in 1.12% sodium citrate containing 0.1% Nonidet P40 (Nacalai Tesque,
Kyoto, Japan) and 250 μg/ml RNase A (Sigma-Aldrich), and incubated for 30 min at
room temperature. Thereafter, cells were stained with 50 μg/ml propidium iodide
(Calbiochem, San Diego, CA, USA) for 30 min at room temperature. A DNA histogram
was obtained by analyzing 25,000 cells with the ModFitLT program (Verity Software
House, Inc., Topsham, ME, USA). For analysis of apoptosis, after cells had been
cultured in the presence or in the absence of 10−5 M phytoestrogens with or without
10−8 M E2 or 10−6 M ICI 182,780 for 5 days in media containing 0.5% DCC-FBS,
attached cells, together with floating cells, were collected and fixed with 80% ethanol
and subjected to flow cytometry. Apoptosis was quantified as the fraction of the cell
population in sub-G1.

2.6. Real-time reverse transcription–polymerase chain reaction analysis

To determine the expression levels of cyclin D1, Bcl-2 and Bax, we performed real-
time reverse transcription–polymerase chain reaction (RT-PCR) using a Thermal Cycler
Dice Real Time System (Takara Bio, Inc., Shiga, Japan), in accordance with the
manufacturer's instructions. After 4 days of cultivation in phenol-red-free DMEM
supplemented with 5% DCC-FBS, cells were synchronized at G0/G1 by two additional
days of cultivation in phenol-red-free DMEM supplemented with 0.5% DCC-FBS.
Thereafter, we stimulated cells in the presence or in the absence of 10−5 M
phytoestrogens with or without 10−8 M E2 for 2 or 24 h, and total RNA was extracted
from cells using the RNeasy mini kit (Qiagen GmbH, Hilden, Germany). Total RNA was
subjected to cDNA synthesis using the PrimeScript RT reagent kit (Takara Bio, Inc.), and
real-time RT-PCR was performed using the SYBR Premix Ex Taq (Takara Bio, Inc.). The
Bcl-2/Bax ratio was calculated based on the expression levels of Bcl-2 and Bax.

2.7. Knockdown analysis for ERα

To investigate the involvement of ERα in the regulation of the Bcl-2/Bax mRNA
ratio by E2 and phytoestrogens, we seeded cells in phenol-red-free DMEM
supplemented with 10% DCC-FBS on a 24-well plastic culture plate and then
transfected them with 100 nmol of nontargeting negative control or ERα siRNA (On-
TARGETplus siRNA SMARTpool Reagents; Dharmacon, Lafayette, CO, USA). After 48 h of
cultivation under low (0.5%) or normal (5%) DCC-FBS conditions, cells were stimulated
in the presence or in the absence of 10−8 M E2 or 10−5 M phytoestrogen for 24 h, and
real-time RT-PCR for Bcl-2 and Bax was performed. The Bcl-2/Bax ratio was calculated
as described above. Silencing of ERα was confirmed by Western blot analysis, as
described previously [29], using anti-ERα rabbit polyclonal antibody (HC-20; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and anti-β-actin mouse monoclonal antibody
(AC-15; Sigma, St. Louis, MO, USA) as internal controls 48 h after siRNA transfection.

2.8. Statistical analysis

Data are expressed as the mean±standard deviation (S.D.) of at least three
independent experiments. Statistical analysis was performed using Tukey's multiple
comparison test, and Pb.05 was considered significant. In knockdown experiments,
results in control cells were compared with those in ERα siRNA-transfected cells using
Student's t test. Correlations between colony formation activity and G1/S transition of
the cell cycle, expression of cyclin D1, apoptosis and Bcl-2/Bax expression ratio were
analyzed using the Pearson Product–Moment Correlation Coefficient.
3. Results

3.1. Effects of estrogen and phytoestrogens on ERE-dependent
transcriptional activity

To confirm the estrogen-like effects of individual phytoestrogens,
we performed luciferase assays using ERE reporter plasmids. The
binding affinities of the phytoestrogens daidzein, genistein and
coumestrol for ERα are reported to be about 20,000-fold, 3000-fold
and 2000-fold weaker than that of E2, respectively [30,31]. We
performed experiments using a phytoestrogen concentration of 10−5

M, as this concentration is reportedly required for significant
activation of ERE-dependent transcriptional activity by daidzein,
genistein and resveratrol [32]. An E2 concentration of 10−8 M was
used in this study because themaximal plasma level of endogenous E2
in premenopausal women is between 10−9 and 10−8 M. As expected,
all the tested phytoestrogens, except for glycitein, significantly
enhanced transcriptional activity up to the level to which E2 alone
increases it (Pb.01), around a 40-fold to 70-fold increase. In
comparison, glycitein induced only about a 5-fold activation com-
pared with control (Fig. 1A). In the presence of E2, all phytoestrogens
stimulated ERE-dependent transcriptional activity cooperatively with
E2 (Fig. 1B). Since the transactivating properties of the phytoestrogens
at 10−5 M concentration were similar to those of E2 at 10−8 M
concentration, the following experiments were performed using
these concentrations.



Fig. 1. Effects of estrogen and phytoestrogens on ERE-dependent transcriptional activity and cell growth. To assess transcriptional activity, we transiently transfected MCF-7 cells with
the ptk-ERE-Luc reporter plasmid, together with the pRL-SV40 control vector, and then cultured them in the presence or in the absence of 10−5 M phytoestrogen alone (A) or with
10−8M E2 (B). The lysates were assayed for luciferase activity, and activities relative to those of control were determined. To determine the effects on cell growth, we performed colony
formation assays in the presence or in the absence of 10−5 M phytoestrogen alone (C) or with 10−8 M E2 (D). Results are representative of at least three independent experiments.
Columns, means; bars, S.D. ⁎Pb.05, compared with control; ⁎⁎Pb.01, compared with control; #Pb.05, compared with E2; ##Pb.01, compared with E2; Tukey's multiple comparison test.
cont, control; dai, daidzein; gen, genistein; cou, coumestrol; res, resveratrol; gly, glycitein.
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3.2. Effects of estrogen and phytoestrogens on colony formation activity
in soft agar

To evaluate the effects of E2 and phytoestrogens on cell growth, we
performed colony formation assays in soft agar. E2 significantly
increased the number of colonies (Pb.05), while coumestrol moder-
ately increased the number of colonies. Resveratrol and glycitein
reduced the number of colonies by 30% and 38% of the original colony
numbers, respectively. The number of colonies that resulted when
cells were treated with genistein, resveratrol or glycitein was
significantly less than the number of colonies that resulted when
cells were treated with E2 (Pb.05 for genistein and Pb.01 for
resveratrol and glycitein; Fig. 1C). In the presence of E2, only
coumestrol significantly increased the number of colonies compared
with control (Pb.01). On the other hand, resveratrol and glycitein
dramatically inhibited the stimulatory effect of E2 on cell growth,
resulting in 28% and 1% reduction of the original colony numbers,
respectively. Daidzein and genistein treatment moderately increased
cell growth in the presence of E2 (Fig. 1D). These data suggest that
resveratrol might have its greatest antitumor effect independent of
the presence of E2, despite showing inconsistency with estrogenic
effects measured by reporter gene assay (Fig. 1A and B).

3.3. Effects of estrogen and phytoestrogens on cell cycle distribution and
expression of cyclin D1

Tumor growth is likely to be regulated both by cell cycle control
and by apoptosis. To understand the mechanism of the effects of
phytoestrogens on tumor growth, we first analyzed cell cycle
distributions using flow cytometry. E2 and all the phytoestrogens
significantly decreased the size of the fractions in G1 and increased S
and G2/M fractions compared with control (Pb.01 for all); however,
the effect of glycitein was less than those of E2 and other phytoestro-
gens (Fig. 2A). The combination of the phytoestrogenswith E2 showed
no effect on E2-mediated cell cycle distributions (Fig. 2B).

We also examined the expression of cyclin D1 in G0/G1-phase-
synchronized cells using real-time RT-PCR. Cyclin D1 is a gene
product that has been reported to be involved in the G1/S transition of
the cell cycle [2–4]. E2 and all the phytoestrogens, except for glycitein,
transiently up-regulated cyclin D1 expression in 2 h (Fig. 2C),
comparable to the effect of E2 previously reported [1–4]. The
combination of the phytoestrogens with E2 showed no cooperative
or inhibitory effect on cyclin D1 expression (Fig. 2D). These results are
consistent with those of the G1/S transition in flow cytometry (Fig. 2A
and B). However, these effects on cell cycle regulation and cyclin D1
up-regulation were not consistent with cell growth results (Fig. 1A
and B), suggesting that regulation of the cell cycle may not be central
to the involvement of phytoestrogens in controlling cell growth.
3.4. Effects of estrogen and phytoestrogens on apoptosis, Bcl-2/Bax ratio
and p53-dependent or NF-κB-dependent transcriptional activity

In addition to regulation of cell cycle progression, tumor growth is
also regulated by apoptosis. To investigate the proapoptotic or
antiapoptotic effects of E2 and phytoestrogens, we next used flow
cytometry to determine the sub-G1 fraction, which is defined as the
fraction of cells containing less DNA than cells in G1 after culturing



Fig. 2. Effects of estrogen and phytoestrogens on cell cycle distribution and cyclin D1 mRNA expression. For cell cycle analysis, MCF-7 cells were cultured in the presence or in the
absence of 10−5M phytoestrogen alone (A) or with 10−8M E2 (B) for 24 h, and cell cycle profile was analyzed by flow cytometry. To detect the level of cyclin D1mRNA expression, we
cultured G0/G1-phase-synchronized cells in the presence or in the absence of 10−5M phytoestrogen alone (C) or with 10−8 E2 (D) for 2 or 24 h. Total RNA extracted from the cells was
subjected to cDNA synthesis and real-time RT-PCR. Results are representative of at least three independent experiments. Columns, means; bars, S.D. ⁎Pb.05, compared with control;
⁎⁎Pb.01, compared with control; #Pb.05, compared with E2; ##Pb.01, compared with E2; Tukey's multiple comparison test. cont, control; dai, daidzein; gen, genistein; cou, coumestrol;
res, resveratrol; gly, glycitein.
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cells in low serum conditions to induce apoptosis. E2 decreased the
fraction of apoptotic cells, whereas genistein, resveratrol and glycitein
increased it. Daidzein and coumestrol induced no obvious changes
(Fig. 3A). The combination of phytoestrogens with E2 induced effects
similar to those induced by phytoestrogens alone (Fig. 3B).

To examine the molecular mechanisms of the effects of phytoes-
trogens on apoptosis, we investigated the expression of the Bcl-2
antiapoptotic and Bax proapoptotic genes in G0/G1-phase-synchro-
nized cells using real-time RT-PCR and determined the Bcl-2/Bax
ratio. A reduction in this ratio is a marker for mitochondrial
involvement in apoptosis. The ratio was reduced by genistein,
resveratrol and glycitein in 24 h independent of the presence of E2,
with a significant reduction by resveratrol (Fig. 3C and D). These
results are consistent with apoptosis status determined by flow
cytometry (Fig. 3A and B).

The Bcl-2 promoter is regulated negatively by p53 [33] and
positively by NF-κB [34]. Conversely, the Bax promoter is regulated
positively by p53 [35] and negatively by NF-κB [36]. Taken together,
activation of the p53 signaling pathway and/or inhibition of the NF-κB
signaling pathway might decrease the Bcl-2/Bax ratio. To investigate
the mechanisms of the effects of phytoestrogens on the Bcl-2/Bax
ratio, we determined p53-dependent and NF-κB-dependent tran-
scriptional activities. Daidzein, genistein, resveratrol and glycitein
significantly enhanced p53-dependent transcriptional activity (Pb.01
for daidzein, genistein and resveratrol; Pb.05 for glycitein), while E2
and coumestrol had no effect on the p53-dependent transcriptional
activity (Fig. 3E). On the other hand, daidzein, genistein, coumestrol
and glycitein tended to increase NF-κB-dependent transcriptional
activity, whereas resveratrol slightly reduced it by 20% (Fig. 3F). As
only resveratrol enhanced p53-dependent transcriptional activity,
but not NF-κB-dependent transcriptional activity, this alteration
might be a possible mechanism of reducing the Bcl-2/Bax ratio by
resveratrol.
3.5. Correlations between colony formation activity and G1/S transition,
cyclin D1 expression, apoptosis and Bcl-2/Bax ratio

To understand whether cell cycle regulation or apoptosis is more
important in regulating tumor growth mediated by phytoestrogens,
we investigatedwhether colony formation activity correlates with G1/
S transition, cyclin D1 expression, apoptosis or the Bcl-2/Bax ratio in
the presence or in the absence of estrogen and phytoestrogens. In
cells treated with or without estrogen or phytoestrogens, no
correlation was observed between cell growth activity and G1/S
transition (r=−.254, P=.583; Fig. 4A), and little correlation was seen
between cell growth and expression of cyclin D1 after 2 h (r=.598,
P=.156; Fig. 4B). On the other hand, a significant negative correlation
was observed between cell growth activity and apoptosis (r=−.944,
P=.001; Fig. 4C), and a weaker correlation was observed between cell
growth activity and the Bcl-2/Bax ratio (r=.703, P=.078; Fig. 4D),
suggesting considerable involvement of apoptosis and reduction in
the Bcl-2/Bax ratio in the regulation of cell growth mediated
by phytoestrogens.

3.6. Analysis of ER involvement in cell growth, apoptosis and regulation
of the Bcl-2/Bax ratio

As ERs have an important role in the etiology of breast cancers, it is
important to evaluate the involvement of ER in the effects of



Fig. 3. Effects of estrogen and phytoestrogens on apoptosis, Bcl-2/Bax mRNA ratio and p53-dependent or NF-κB-dependent transcriptional activity. To examine apoptosis, we cultured
MCF-7 cells in the presence or in the absence of 10−5M phytoestrogens alone (A) or with 10−8M E2 (B) for 5 days under 0.5% serum conditions, and the ratio of the sub-G1 fraction was
analyzed with flow cytometry. The expression of Bcl-2 and Bax mRNA was determined using real-time RT-PCR in the presence or in the absence of 10−5M phytoestrogen alone (C) or
with 10−8 M E2 (D) for 2 or 24 h, and then the Bcl-2/Bax mRNA ratios were calculated. To assess p53-dependent (E) or NF-κB-dependent (F) transcriptional activity, we transiently
transfected MCF-7 cells with the p53-Luc or pNF-κB-Luc plasmid, together with the pRL-SV40 control vector, and then cultured them in the presence or in the absence of 10−8M E2 or
10−5 M phytoestrogen. Each lysate was assayed for luciferase activity, and activities relative to those of control were determined. Results are representative of at least three
independent experiments. Columns, means; bars, S.D. ⁎Pb.05, compared with control; ⁎⁎Pb.01, compared with control; #Pb.05, compared with E2; ##Pb.01, compared with E2; Tukey's
multiple comparison test. cont, control; dai, daidzein; gen, genistein; cou, coumestrol; res, resveratrol; gly, glycitein.
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phytoestrogens. Therefore, we investigated the effects of phytoestro-
gens on colony formation and apoptosis in the presence of ICI
182,780. Furthermore, to determine whether ERα is involved in the
reduction of the Bcl-2/Bax ratio by genistein, resveratrol and glycitein,
we performed ERα knockdown analysis under normal (5% serum) or
apoptosis-inducing (0.5% serum) conditions.

On colony formation assay, ICI 182,780 and the combination of all
phytoestrogens with ICI 182,780 significantly reduced the number of
colonies by 81% and 80–88% of the original colony numbers,
respectively (Pb.01). Resveratrol and glycitein especially enhanced
the inhibitory effect of ICI 182,780 with 88% and 85% reduction of the
original colony numbers, respectively, but they were not significant
compared to that of ICI 182,780 alone (Fig. 5A). On apoptosis analysis,
ICI 182,780 and the combination of all phytoestrogens with ICI
182,780 significantly increased the number of apoptotic cells (Pb.01
for all); combined treatment of genistein, resveratrol or glycitein with
ICI 182,780 significantly increased the number of apoptotic cells
compared to treatment with ICI 182,780 alone (Pb.01; Fig. 5B). These
data suggested that the apoptosis-inducing effect of genistein,
resveratrol and glycitein is exerted via an ER-independent pathway.

Transfection of siRNA for ERα drastically decreased the level of
ERα protein expression (Fig. 5C). Under low serum conditions,
genistein, resveratrol and glycitein reduced the Bcl-2/Bax ratio in
control siRNA-transfected cells (Fig. 5D), resembling the results for
G0/G1-phase-synchronized cells (Fig. 3C). ERα silencing showed no
effect on the reduction of the Bcl-2/Bax ratio by genistein, resveratrol
and glycitein (Fig. 5D). These data suggest that these three
phytoestrogens enhance induction of apoptosis in the presence of
apoptosis-inducing stimuli via an ERα-independent pathway. In the
presence of E2, the Bcl-2/Bax ratio in ERα siRNA-transfected cells was
significantly lower than that in control siRNA-transfected cells (Fig.
5D), indicating functional repression of ERα as a positive control of
siRNA transfection. Under normal serum conditions, only resveratrol
significantly reduced the Bcl-2/Bax ratio in control siRNA-transfected



Fig. 4. Correlations between cell growth and G1/S transition, cyclin D1 expression, apoptosis and Bcl-2/Bax ratio in MCF-7 cells cultured in the presence or in the absence of 10−8 M
estrogen or 10−5 M phytoestrogen. Cell growth (from Fig. 1C) is compared with the G1 fraction of the cell cycle (from Fig. 2A) (A), as well as with cyclin D1 expression (from Fig. 2C)
(B), sub-G1 fraction (from Fig. 3A) (C) and the Bcl-2/Bax ratio (from Fig. 3C) (D). Data were analyzed using the Pearson Product–Moment Correlation Coefficient. cont, control; dai,
daidzein; gen, genistein; cou, coumestrol; res, resveratrol; gly, glycitein.

Fig. 5. Analysis of ER involvement in cell growth, apoptosis and regulation of the Bcl-2/Bax ratio. To determine the involvement of ER in the effects of phytoestrogens on cell growth, we
performed colony formation assays in the presence or in the absence of 10−5 M phytoestrogen with 10−6 M ICI 182,780 (A). To examine the involvement of ER in the effects of
phytoestrogens on apoptosis, we cultured MCF-7 cells in the presence or in the absence of 10−5M phytoestrogen with 10−6M ICI 182,780 for 5 days under 0.5% serum conditions, and
the ratio of the sub-G1 fraction was analyzed with flow cytometry (B). The expression of ERα protein in MCF-7 cells transfected with a nontargeting negative control or ERα siRNA was
confirmed by Western blot analysis 48 h after transfection with siRNA (C). MCF-7 cells were then cultured for 24 h in the presence or in the absence of 10−8 M E2 or 10−5 M
phytoestrogen, and the Bcl-2/Bax ratio was determined under 0.5% (D) or 5% (E) serum conditions. Results are representative of at least three independent experiments (A, B, D and E).
Columns, means; bars, S.D. ⁎⁎Pb.01, compared with control; #Pb.05, compared with E2; ##Pb.01, compared with E2; Tukey's multiple comparison test; †Pb.05, ††Pb.01, Student's t test.
cont, control; dai, daidzein; gen, genistein; cou, coumestrol; res, resveratrol; gly, glycitein; ICI, ICI 182,780.
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cells, and this effect was abolished by ERα siRNA transfection (Fig.
5E). Thus, the proapoptotic effect by resveratrol may be mediated, at
least in part, via ERα, in contrast with the effect observed in the
presence of apoptosis-inducing stimuli.

4. Discussion

Recently, some phytoestrogens have been considered as alter-
natives to HRT in postmenopausal women and as chemopreventive
reagents, especially against hormone-dependent tumors. In this
study, we investigated potential candidates for HRT and/or chemo-
prevention of breast cancer by analyzing the effects of several kinds of
dietary phytoestrogens on tumor cell growth, cell cycle and apoptosis.
Our results indicate that coumestrol stimulates growth, but not
apoptosis, independent of the presence of E2. Although coumestrol is
found in several foods such as mung bean sprouts [37], alfalfa sprouts
[37] and supplements made from kudzu [38], the amount is
considerably low [37,38]. Therefore, it is unlikely that coumestrol
from foods or supplements would increase the risk of breast cancer,
even though the relationship between coumestrol and risk of cancer
has not been well elucidated.

We also investigated the effects of soy isoflavones such as
daidzein, genistein and glycitein, which are contained in soybeans,
soy products [22,37] and supplements made from soy extract, red
clover extract and semipurified isoflavones [15,38,39]. Their concen-
trations in foods and supplements are relatively high compared with
the concentrations of other phytoestrogens [15,38,39]. In this study,
specific characteristics were found for each phytoestrogen. Daidzein
showed no antitumor activity in the absence of E2 and only a partial
suppressive effect on E2-stimulated tumor growth. Genistein showed
a similar effect on cell growth as daidzein, and only genistein induced
apoptosis, as well as a slight reduction in the Bcl-2/Bax ratio. Glycitein
repressed cell growth, induced apoptosis and slightly reduced the Bcl-
2/Bax ratio. The effect of glycitein on endogenous ER transactivation
was much weaker compared with the effect of the other phytoestro-
gens. A higher dose of glycitein may induce a stronger transactivation
of endogenous ER; however, this was not examined in this study.

Among the isoflavones obtained from foods such as soy and soy
products, genistein is the most abundant phytoestrogen. On the other
hand, some supplements predominantly contain daidzein [13,38].
Therefore, the risk of breast cancer may be a concern when
administering these supplements, as our results indicate that daidzein
causes a slight cell-stimulating effect in the absence of E2, which may
lead to an increased risk of breast cancer in postmenopausal women
taking supplements containing these phytoestrogens. In fact, elevated
serum concentrations of phytoestrogens (which are higher than those
in our experiments) in postmenopausal women administered these
supplements, especially daidzein, have been reported [13]. However,
the effect of such supplements on the risk of breast cancer has not
been well documented.

Resveratrol, which is contained in grape skin, and its products such
as red wine repressed cell growth, induced apoptosis and significantly
reduced the Bcl-2/Bax ratio independent of the presence of E2. Because
it stimulated the transcription of endogenous ER and proapoptotic
effects, this phytoestrogen is the most promising candidate as an HRT
alternative and chemopreventive reagent for breast cancer. However,
themechanism bywhich resveratrol represses cell growth needs to be
further investigated. In synchronized cells, genistein appears to up-
regulate both Bcl-2 and Bax in 24 h, resveratrol appears to up-regulate
only Bax and glycitein appears to induce small changes in the
expression of these two genes (data not shown). These effects result
in a greater reduction in the Bcl-2/Bax ratio by resveratrol compared to
reduction by genistein or glycitein, suggesting different mechanisms
involved in the induction of apoptosis mediated by these three
phytoestrogens. Moreover, resveratrol appears to enhance p53-
dependent transcriptional activity and to slightly reduce NF-κB-
dependent transcriptional activity, indicating a possible mechanism
of reducing the Bcl-2/Bax ratio through regulation of the Bcl-2 and Bax
promoters by p53 and NF-κB [33–36].

In breast cancer, ER status is one of the most important prognostic
factors and determinants of treatment strategy. Therefore, we
determined whether ER is involved in the induction of apoptosis by
genistein, resveratrol and glycitein. Under low serum conditions,
which are apoptosis-inducing stimuli, all three phytoestrogens
induced a reduction in the Bcl-2/Bax ratio, with significant decreases
by resveratrol and glycitein. As ERα silencing was ineffective at
reducing the Bcl-2/Bax ratio (Fig. 5D), these phytoestrogens appear to
enhance the proapoptotic effect by low serum stimuli via an ERα-
independent pathway. In addition, genistein, resveratrol and glycitein
also induced ER-independent apoptosis (Fig. 5B). Resveratrol and
glycitein enhanced the inhibitory effect of ICI 182,780 (Fig. 5A),
suggesting the ER-independent cell growth inhibition by these two
phytoestrogens. Although we could not detect ER-independent cell
growth inhibition by genistein, it might be possible that the inhibitory
effect of ICI 182,780 on cell growthmay have been too strong to detect
additionalminor effects by genistein. As resveratrol has been reported
to induce apoptosis via other signaling pathways such as p53
activation [40] or rapid dissociation of mitochondrial membrane
potential [41], these mechanisms may be involved in the ERα-
independent induction of apoptosis.

Under normal serum conditions, which are poor apoptosis-
inducing stimuli, resveratrol, but not genistein or glycitein,
significantly reduced the Bcl-2/Bax ratio, which is abolished by
ERα silencing. Thus, resveratrol may induce proapoptotic effects
even in the absence of apoptosis-inducing stimuli, at least in part
via ERα, contrary to the mechanism in the presence of apoptosis-
inducing stimuli. Among the phytoestrogens we examined, resver-
atrol seems to exert the strongest proapoptotic effect, most likely
through ER-independent mechanisms and, at least in part, ER-
dependent mechanisms.

E2 acts through the ER signaling pathway, including the classical
pathway via ERE; transcriptional regulation by ER through interaction
with other DNA-binding transcriptional factors such as c-Fos/c-JunB
(AP-1) [42,43] and Sp1 [44]; or a nongenomic pathway such as rapid
activation of Src/MAP kinase [45], PI3 kinase/Akt [46], IP3-PKC-α [47]
and cAMP [48] signaling pathways. Although the intact helix 12 of ERα
is required for E2-induced ERE-dependent transactivation, it is not
necessarily required for transactivation by resveratrol [49]. Therefore,
E2 and phytoestrogens are considered to show different effects on
apoptosis, via both ER-dependent and ER-independent signaling
pathway. In this study, genistein, resveratrol and glycitein seemed to
induce apoptosis via an ER-independent pathway and did not activate
MAP kinase and Akt (preliminary data; data not shown), which are
reported to be regulated by E2 through ER nongenomic pathways
[45,46]. From these findings, we speculated that MAP kinase and Akt
activation via ER might not be involved in apoptosis induction by
phytoestrogens at least under our experimental conditions. Although
Bcl-2 is up-regulated by estrogen [9,50,51] and we found significantly
enhanced p53-dependent transcriptional activity and slightly reduced
NF-κB-dependent transcriptional activity by resveratrol, further
analysis is needed to understand the detailedmechanism of apoptosis
regulation by individual phytoestrogens.

In addition to the type of phytoestrogen, concentration may play a
major factor. Genistein administered at a lower physiological level
elicits an expression pattern suggestive of increased mitogenic
activity, and genistein administered at a higher pharmacological
level induces a pattern that likely contributes to increased apoptosis
[52]. Furthermore, in vitro and in vivo studies have shown that low
levels of phytoestrogens stimulate cell growth [21,23–27], while
higher levels of phytoestrogens repress cell growth [21,24]. This study
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used the higher pharmacological level of phytoestrogens (10−5 M),
which is comparable to the serum level when dietary supplements
are administered [13]. Under these conditions, most of the phytoes-
trogens maintained their estrogenic activities and cell-cycle-stimu-
lating effects similar or equivalent to those observed at the
physiological level of endogenous estrogen. Thus, the pharmacolog-
ical concentration of phytoestrogens may be potent enough to
stimulate cell growth.

In conclusion, we found a significant negative correlation
between tumor growth activity and apoptosis, suggesting that
apoptotic action might be the major factor leading to repression of
cell growth. Moreover, resveratrol might be the most promising
candidate for HRT and breast cancer chemoprevention due to its
estrogen-like activity and high antitumor activity. Although further
animal experiments and studies of molecular mechanisms in other
cancer cell lines are necessary to clarify the risks and benefits
associated with phytoestrogens, our findings can be applied to the
development of novel, safer strategies for HRT in postmenopausal
women and chemoprevention of breast cancer.
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