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Increased intake of phytoestrogens may be associated with a
lower risk of cancer in the breast and several other sites,
although there Is controversy surrounding this activity. One of
the mechanisms proposed to explain the activity of phytoes-
trogens is their ability to bind and activate human estrogen
receptor a (ER«) and human estrogen receptor § (ERp). Nine
phytoestrogens were tested for their ability to transactivate ERa
or ERp at a range of doses. Mammary adenocarcinoma (MCF-7)
cells were co-transfected with either ERx or ERf, and an
estrogen-response element was linked to a luciferase reporter
gene. Dose-dependent responses were compared with the
endogenous ligand 17f-estradiol. Purified genistein, daidzein,
apigenin, and coumestrol showed differential and robust trans-
activation of ERa- and ERp-induced transcription, with an up to
100-fold stronger activation of ERp. Equol, naringenin, and
kaempferol were weaker agonists. When activity was evaluated
against a background of 0.5 nM 17p-estradiol, the addition of
genistein, daidzein, and resveratrol superstimulated the system,
while kaempferol and quercetin were antagonists at the highest
doses. This transfection assay provides an excellent model to
evaluate the activation of ERx and ERp by different phytoes-
trogens in a breast cancer context and can be used as a
screening bioassay tool to evaluate the estrogenic activity of
extracts of herbs and foods. Exp Biol Med 230:558-568, 2005
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Introduction

Phytoestrogens are secondary metabolites produced in a
wide variety of plants that induce biologic responses in
vertebrates and can mimic or modulate the actions of
endogenous estrogens, usually by binding to estrogen
receptors (ERs; Ref. 1). The broad classes of phytoestro-
genic compounds include isoflavonoids, coumestans, lig-
nans, and stilbenes (2, 3). Specific classes of isoflavonoids
include the flavones (e.g., apigenin), flavonols (e.g.,
quercetin, kaempferol), flavanones (e.g., naringenin), iso-
flavones (e.g., genistein, daidzein, equol), and anthocyani-
dins. Coumestrol is a coumestan and resveratrol, a stilbene
(3-5). All are biphenolic compounds with structures
resembling natural and synthetic estrogens. Soybeans and
clover, alfaifa sprouts, and oilseeds (e.g., flaxseed) are the
most significant dietary sources of isoflavones, coumestans,
and lignans, respectively, but phytoestrogens are found in a
wide number of foodstuffs such as soy beans, black beans,
onions, and citrus fruits, as illustrated in Table 1 (3).

Epidemiologic evidence supports a protective effect of
high phytoestrogen diets to reduce the incidence of certain
hormone-responsive cancers, such as breast and prostate
cancer (6). Relative to Asian countries, the incidence and
mortality from breast cancer is much higher in the Western
world. The contributing factors to this differential effect are
various; however, several studies have focused on the
environmental, and specifically dietary, differences among
these two parts of the world. Immigration studies have
shown that rates of breast cancer in first-generation
immigrants are low, but they increase in the second and
subsequent generations, presumably due to intake of an
increasingly Western diet (7, 8). Much of the epidemiologic
studies have focused on isoflavones and soy, but interest is
increasing in the protective effects of lignans in breast
cancer (9). Average daily dietary intake of soy and
isoflavones in Asian countries is estimated to be 50 g
daily and 30 mg daily, respectively, while in the West the
intake is closer to 1 g daily and 1 mg daily of each (10).
The lower breast cancer incidence in Asian countries has
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Table 1.
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Phytoestrogens Tested and Food Sources

Maximal reported range

Phytoestrogen Chemical of plasma levels
COrxtmoi I;?agme Chemical name class Common food sources in humans (M)
Apigeni '-trihydroxyflavone Flavone Celery (69), chamomile, None reported
Pigenin 5.7:4" trihydroxyt licorice (70), parsley (71)
-di coumestan Coumarin  Alfalfa, broccoli (72), None reported

Coumestrol 7,12-dihydroxy red clover, sprouts (73) 7
Daidzei "-dihydroxyisoflavone Isoflavone  Soy products, black beans (73) 5 X 1077 (74, 75)
E::J(Lz'eln ?/':’-idslo?;avan)éiol Isoflavone  Metabolite of daidzein (76) 8 x 10': (75)
Genistein 5.7 4" rihydroxyisoflavone Isoflavone  Tofu, black beans (73) 9 x 10:B (74, 75)
Kaempferol 357 4'-tetrahydroxyflavone Flavonol  Kale, endive, leek, tumnip tops (69) 7 X 10 . (77)
Naringenin o 4',_trihydroxyﬂavanone Flavanone Grapefruit and othlerdcn(us (78) 1.5 X 10:6 579)

ans-3.4'-tri stilbene  Stilbene  Peanuts, grapes, ltadori tea, 2 x 107 (81, 82)
Resveratrol trans-3,4'-trihydroxy: ed wine (80) |
Quercetin 3,5,7,3'4’-pentahydroxyflavone  Flavonol  Widespread including apple,

7 X 1077 (77, 83)
onions, kale, broccoli,

French beans (69)

also been correlated to early exposure to phytoestrogens
through breast milk (1.

The mechanisms for the protective effect of phytoes-
trogens are unclear. One theory is that the presence of these
low-affinity, low-potency ligands for ERs can reduce {he
effect of potent endogenous estrogens such as estradiol
When they are present in sufficient quantities, with the net
effect of antagonizing the estrogen-responsive system (12).
The abundance of isoflavones relative to endogenou.s
estrogens could explain their bioactivity despite their
weaker binding. Setchell and Cassidy (I13) showed that
Consumption of 50 mg/day of isoflavones in an adult can
8ive rise to plasma concentrations ranging from 200-3200
M, whereas endogenous plasma estradiol levels range from
0.14-0.28 pmol/ml (14). In addition, phytoestrogens have a
Wweaker affinity for serum proteins such as albumin anq sex
hormone—binding globulin, which renders a relatively
8reater proportion of unbound phytoestrogens (14). A
humber of the pleiotropic molecular effects of phytoestro-
gens, including modulation of cell-signaling patbways,
regulation of the cell cycle, stimulation of apoptosis, and
antioxidant activities, may occur independently of ER
binding (15, 16).

However, the health consequences of phyt(.)estrog(?n
exposure is perhaps not universally beneficial and, in f:ertam
situations, could increase disease risk, particularly with use
of dietary supplements that could provide excsaedin.gly high
levels of phytoestrogens relative to those provided in whole
foods (12). The potential adverse effects could include
Procarcinogenic effects in peri- and postmenopausal women
taking supplements to ameliorate menopausal symptqms,
potential effects of natural antiestrogens on repfoductlo.n,
and developmental effects on children prenatally (in thf': diet
of the mother) and postnatally (e.g., in soy-based infant
formulas; Ref. 17). The known divergent chemical and
biologic properties already identified of the phytoestrogens

make it important to evaluate each individually and in the
context of delivery as food or dietary supplement.
Phytoestrogens have the ability to bind the ER due to
their biphenolic structure, which is required for the ligand-
receptor association (18). They can act like partial ER
agonists or antagonists. Several phytoestrogens show a
pattern of differential binding to the two ER subtypes, ERa
and ERP, with stronger binding to ERB as evaluated by
tadioligand-binding assay (19). The ER is part of the
steroid/retinoid receptor gene superfamily, a class of soluble
DNA-binding proteins that acts as ligand-activated enhancer
factors (20). On ligand binding, the ER initiates transcrip-
tional activation by binding to specific palindromic
sequences called estrogen-response elements (EREs) in the
promoters of target genes (21). However, non-ERE-driven
transcriptional activation (e.g., via AP-1) has also been
described (22). The differential effects of agonists and
antagonists on receptor activity in a given cell context have
been ascribed to different conformations of the receptor-
ligand complex, as well as by differences in interaction with
transcriptional coactivator and corepressor proteins and
other transcription factors (23). Compounds showing
varying degrees of agonist-antagonist activity, depending
on the cell type and target gene, are referred to as selective
ER modulators (22, 24). Many phytoestrogenic compounds
have additional cellular activities not ascribed to activation
of the ERs, such as regulation of cell-signaling pathways,
and can have activity in inhibiting proliferation and
inducing apoptosis in ER-negative breast cancer cell lines
(e.g., MDA-MB-231), as well as in ER-positive lines (e.g.,
MCEF-7; Ref. 25).
The two ER subtypes have significant sequence
homology in amino acids in their DNA-binding domains
(96%), but lesser in the ligand-binding domain (53%).
Based on these homologies it is predicted that ERpB
recognizes the same EREs as ERq, but that the receptors
bind distinct sets of ligands and, indeed, ERa- and ERB-
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specific ligands have been identified (genistein and
coumestrol are considered ERB-selective agonist ligands;
Refs. 20, 26). The “classical” ER, ERa, has been detected in
the uterus, mammary glands, liver, central nervous system,
cardiovascular system, bones, and urogenital tract in
humans (27, 28). Originally cloned from rat prostate, ER
has been found to have a wide tissue distribution with the
richest expression in the central nervous system, cardiovas-
cular system, lungs, kidneys, urogenital tract, mammary
glands, colon, immune system, and reproductive organs
(27, 29). Estrogen receptor § may negatively regulate cellu-
lar proliferation and have a protective role in normal breast
(30). Currently, there is great interest in identifying ERf-
specific agonists for therapeutic uses in several diseases,
including cancer (31). In addition, as use of pharmacologic
hormone-replacement therapy for the treatment of meno-
pausal symptoms is waning, interest in the identification of
natural sources of estrogens has increased (24).

We have adapted a transfected breast cancer bioassay
system that has sensitivity up to ! pM for 17B-estradiol. In
this assay system, either ERa or ERf is overexpressed by
transient transfection. When the receptor is activated by the
test ligand, the receptor forms a dimer that binds the
estrogen response element, activating transcription of the
luciferase reporter gene. In the studies presented we
compared the abilities of genistein, daidzein, equol,
apigenin, naringenin, kaempferol, quercetin, coumestrol,
and resveratrol to activate a luciferase gene reporter system
in two sets of transfected MCF-7 breast cancer cells. By
altering the expression of ERa and ERf in a breast cancer
environment, this assay may be useful to evaluate the
activity of not only individual isolated compounds, but also
of undefined extracts of whole foods and dietary supple-
ments in a physiologically relevant model. Because of the
endogenous expression of both ERs (weaker expression
ERf), it is expected that necessary ER coactivators and
corepressors are present in this cell line, something that may
not be found in ER-negative cell lines. Conducting the assay
with ligand alone versus against a background level of 17§-
estradiol allowed assessment of estrogenic versus antiestro-
genic activity of this panel of phytoestrogens. This assay
represents a flexible, sensitive, reproducible, and selective
screening assay for transactivation capacity of various
naturally derived estrogenic ligands in which activity on
ERa and ERP can be compared in a parallel system.

Materials and Methods

Chemicals. Genistein, daidzein, equol, apigenin,
naringenin, kaempferol, quercetin, resveratrol, and 17p-
estradiol were purchased from Sigma Chemical Co. (St.
Louis, MO); coumestrol was purchased from Indofine
(Somerville, NJ). Phytoestrogens were dissolved in 100%
ethanol (EtOH; Aldrich Chemical Co., Milwaukee, WI) and
stored at —80°C. Purity of the stock solutions was verified
for most of the phytoestrogens by high-performance liquid
chromatography in the UCLA/NIH Clinical Nutrition

Research Unit Nutritional Biomarker Core Laboratory.
Concentrations were confirmed by absorbance measure-
ments at the appropriate wavelength where the extinction
coefficient was known.

Plasmids. The laboratory of Thomas Scanlan at the
University of California, San Francisco, graciously provided
plasmids containing either ERa (psG5-HEQ), ERB (psGS5-
hERp, 485 aa), or an estrogen-response element (ERE;
EREII-Luciferase GL450) linked to the luciferase reporter
gene. The HEO plasmid contains a point mutation that elicits
a lower background response. Use of these plasmids in cell
transient transfection systems, including in HeLa and MCF-
7 cells, has been previously described (22). We transformed
Escherichia coli strain DH5a with these plasmids and used
bacteria to amplify the plasmids to obtain microgram
quantities. An additional B-galactosidase-expression plas-
mid (CMV-; Promega, Madison, WI) was obtained from a
commercial source and co-transfected in the assay system as
an internal standard. Plasmid DNA was prepared using a
commercially available kit (Qiagen Mega-kit; Qiagen,
Valencia, CA).

Cell Culture, Transfection, and Luciferase
Assays. The MCF-7 cells (ATCC HTB-133; American
Type Culture Collection, Rockville, MD) were maintained
and subcultured in media containing Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12), with 10% heat-inacti-
vated fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin (Life Technologies, Grand Island, NY), and
bovine insulin (10 pg/ml; Sigma Chemical). They were
kept in nongelatinized 75 cm?® flasks (Corning Incorpo-
rated, Coming, NY) under humidified conditions at 5%
CO,. One day before transfection, the cells were plated in
24-well plates (Corning Incorporated) at a concentration of
8 X 10* cells per well. For transfection, maintenance media
was aspirated and 100 ul of transfection mix was added.
Transfection mix consisted of 0.5 pg DNA divided over
the three plasmids (i.e., ERa or ERB, ERE-Luc, and CMV-
B), cationic liposome-based TransFast transfection reagent
(1.5 pl/well; Promega), and phenol red-free DMEM/F12
medium. After an incubation of 1 hr for transfection,
experimental medium was added without removal of the
transfection media. The experimental medium was pre-
pared with phenol red-free DMEM/F12, 100 U/ml
penicillin, 100 pg/ml streptomycin (Life Technologies),
10% charcoal-stripped fetal bovine serum (HyClone,
Logan, UT), 10 pg/ml insulin (Sigma Chemical), and the
purified phytoestrogens. Phytoestrogen stocks were pre-
pared and stored at concentrations of 1-6 X 107 M,
depending on the compound. Phytoestrogen stocks were
diluted at 10-fold serial dilutions using cell-culture media
to produce treatment media containing compounds at 107
M to 107'° M. A 17B-estradiol standard was also added in
every plate at 10° M, and every experiment included an
estradiol standard curve with 10-fold dilutions from 107
M to 1072 M. A vehicle control containing 0.3% ethanol,
which was the maximal level of ethanol used in the treatment
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media, was included for each dose-response set. Each level
of compound was assayed in triplicate. Cells were incubated
for 48 hrs at 37°C, then media was aspirated and cells were
lysed with 100 pl of Reporter Gene Lysis Buffer (Promega).
After a freeze-thaw cycle to enhance lysis, lysates were
transferred to microcentrifuge tubes and stored at —80°C. For
the luciferase assay, 20 pl of lysate was added to 100 pl of
Luciferase Assay System (Promega). Luminescence was
measured with a single tube luminometer (Type TD 20/20;
Turner Designs, Sunnyvale, CA). For the internal standard, a
B-galactosidase assay kit (Promega) was used to assay
enzyme activity, using a 50:50 ratio of lysate to reagent.

To evaluate the antiestrogenic activity of the various
ligands, the previously described protocol was used in
competition experiments whereby a background dose of 5 X
107'° M 17p-estradiol was included in the full.range of
phytoestrogen doses. The chosen level of es.tra(%ml repre-
sents approximately 80% of the maximal activation of the
bioassay system (a subsaturating level). .

Data Analysis. The software program Prism 4.0
(GraphPad Software Inc., San Diego, CA) was used for data
analyses. Levels of luciferase transcription for ea.ch
phytoestrogen tested were compared with 17B-estradiol
(E») at 10° M (positive) and vehicle (0.3% ethanol;
negative) controls. The levels of relative luciferase activity
were divided by the B-galactosidase values to correct for
well-to-well variation. The maximal achievable response of
the native ligand (17p-estradiol) was set at 100%, and
responses for individual phytoestrogens were calculated as a
percentage of the estradiol response. Mean values were
calculated from triplicate wells averaged over three experi-
ments. The effective concentration that elicits a half-
maximal response (ECso) was estimated for gach c'ompound
using nonlinear regression analysis with a sigmoidal dose-
response model provided by the software package. Inter-
and intraassay coefficients of variation (CVs) were calcu-
lated based on the error on multiple measurements of the
17p-estradiol positive control included in three wells on
every plate. For the competition assays, the response of 1
UM 17B-estradiol was set at 100%, and responses for
different levels of added phytoestrogens Were calculated as a
percentage of the estradiol response. A one-way ANOYA
was performed for each compound at each ER, with
Dunnett’s posttest used to compare each treatment level to
untreated control.

Results

The aim of the study was to evaluate differential
transcriptional activation of the two ERs, ERa and ERp, by
phytoestrogens commonly found in foods. Celis transiently
transfected with either ERa or ERB and the ERE-reporter
plasmid were incubated with either 17B-estradiol orone of a
panel of phytoestrogens/metabolites. An overview of the
chemical names, chemical class, common natural source o.f
the phytoestrogens tested, and reported plasma values is
given in Table 1.

The natural ligand 17B-estradiol induced a reproducible
response in our system in a range from 107 to 107'°M; the
response with either ERo or ERP activation was equivalent
(Fig. 1). The sensitivity of the assay under the given
conditions reaches 1 pM for 17B-estradiol, and the 17-
estradiol response reaches a plateau beginning at 1 nM. The
interassay CV was calculated to be 8%, and the intraassay
CV was calculated to be 7% for the ERa system and 6% for
the ERPB system. A validation experiment conducted with
reporter gene only, devoid of supplemented ER, showed
that the maximal response at the highest dose of 17p-
estradiol was only 38% that of the response with ERa (data
not shown). v

Activation of luciferase transcription after treatment
with the phytoestrogens genistein, daidzein, equol, apigenin,
naringenin, kaempferol, quercetin, resveratrol, or coumes-
trol at log doses from 107'° M to 107> M was compared with
the maximal response of luciferase transcription at 1 uM
17B-estradiol. Transcriptional activity at each dose is shown
in Figure 2 as a percentage of the maximal response with
17B-estradiol treatment. The baseline response, representing
background responsiveness in the absence of ligand, was
<20% of the estradiol response in almost all cases. We
found that genistein, daidzein, coumestrol, and apigenin
each elicited a robust full dose~response in ERE-mediated
gene transcription in the range of 10 M 1o 10°° M,
especially at ERf (Fig. 2). However, coumestrol did not
fully stimulate the system relative to estradiol (V,,,, was

Estradiol
1201 o

100- .

60- * ERa
A ERB

RLU (%)

0 T 1 T T

cr 13 <12 <11 <10 -9 8 7 6
Log [Estradiol] (M)

Figure 1. Dose-response curve for 17f-estradiol. The MCF-7 cells
were transiently transfected with one of two expression plasmids
containing ERa (circle) and ERS (triangle) plus a luciferase reporter
plasmid containing the ERE. Stock 17B-estradiol was diluted 10-foid
from 107® M to 1072 M and included in the experimental media.
Transcriptional activity is represented as relative light units (RLUs)
calculated as percentage of the maximal induction by estradiol (1076 M)
and presented normalized to B-galactosidase activity. Nonlinear
regression analysis was performed using a sigmoidal dose-response
model. Data presented are the means + SEM of three experiments,
with each dose assayed in triplicate wells.
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90%), and the major metabolite of daidzein, equol, was only
a partial agonist (V,.x was 57%). Naringenin and quercetin
were also weak agonists, as was resveratro] (except for the
107 M dose at ERB).

The ECso was estimated for each of the phytoestrogens
with a full dose-response curve and these values are
summarized in Table 2. The ECsos ranged from 107° to
10’M and from 107 to 107''M for ERa and ER,
respectively. For ERa, we were only able to calculate an
ECs for the response to coumestrol and genistein; each had

Genistein

Daidzein

HARRIS ET AL

an approximately 100-fold greater sensitivity for activating
transcription via ER[} compared with ERa.

When a background of estradiol was present, individual
phytoestrogens displayed differing activities (Figure 3). In
the case of kaempferol and quercetin, which had minimal
agonist activity, the highest doses were able to compete with
estradiol for receptor binding and transcriptional activation
(about 42% inhibition relative to 0 M phytoestrogen for both
kaempferol and quercetin at ER ). However, the compounds
genistein and daidzein, which had robust estrogenic-activat-

o] T T

T

T T T
-0 9 8 -7 -6 -5
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120 o o + ERa
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204 § //
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Quercetin Resveratrol Coumestrol
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Figure 2. Dose-response curves for isolated phytoestrogens. Cells containing either ERa (circle) or ERB (triangle) and the ERE reporter
plasmid were incubated with either genistein, daidzein, equol, apigenin, naringenin, kaempfero!, quercetin, resveratro!, or coumestrol at levels
between 1075 M and 107'° M. Transcriptional activity is represented as RLUs calculated as percentage of the maximal induction by estradio!
(107® M) and presented normalized to B-galactosidase activity. Nonlinear regression analysis was performed using a sigmoidal dose-response
model. Data points represent the means + SEM of three experiments, with each dose assayed in triplicate wells.
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Table 2. The ECs, Values for 17B-Estrad;ol
of Various Compounds for ERa and ERp

_Compound ECso for ERa (M)  ECsy for ERB (M)
17B-estradiol 6.4 x 107" 39 x 10_;‘
Apigenin ND 1.4 x 10_8
Coumestrol 1.6 X 1078 1.6 X 10_6
Daidzein ND 28 X 10_8
Equol ND 1.7 X 10_9
Genistein 46 x 1077 34 % 10~7
Kaempferol ND 1.6 X 10_7
Naringenin ND 51 %X 10
Resveratrol ND ND
Quercetin ND ND

——

A sigmoidal dose-response curve model was fit to the datg shown
in Figure 2 to determine ECgo. ND indicateg ECs not determined due
to lack of full dose response to the given ligand.

ing capacity especially at ER, at the highest doses sl}owed
activity well above the maximal activation capacity of
107 M estradiol alone (up to 218% for genistein and 151%
for daidzein at ERP), indicating that estradiol alone do§s not
Maximally stimulate the system. Resveratrol also e).(hlblted
additive agonist activity when presented with estradiol. The
other phytoestrogens (i.e., apigenin, naringenin, coumestrol)
did not compete with estrogen activity, although each had
agonist activity when tested in the system alone.

Discussion

In this study, we present a breast cancer bioassay
System in which MCF-7 cells are transiently transfected
With ERa or ERP and the estrogenic response was measured
through an ERE-response element linked to a luciferase
Teporter gene. The MCF-7 cell line was chosefn because
endogenous expression of ERs in MCF-7 cells is predom—
inantly ERo. with weak expression of ERP, suggesting that
the full complement of coactivators and corepressors
Necessary for full ER activity are present in this line (32).

€ transactivational activity of nine commonly found
Phytoestrogens was determined in this assay. As others have
Shown in various transactivation assays in seve-ral mamma-
lian cell types, we found that genistein, daidzeln., apigenin,
and coumestrol selectively promote ERB-medlgted tran-
Scription (19, 33-36). We also assessed the agonist activity
of equol, a metabolite of daidzein that is proc%uced by the
action of intestinal bacterial metabolism in a subset
(approximately 33%) of humans (37, 38). In our assay
System, equol also exhibited partial agonist activity;
however, its maximal activation was only about' half that
of daidzein at ERP. The ability to produce equol in the gut
has been associated with lower risk of breast cancer in
Premenopausal women; “equol producers” show p}asma
Steroid hormone profiles associated with a 102v7ered risk of
breast cancer (39). Plasma levels up to 8 X 107" M of e.quol
have been reported in equol producers (14), a value higher
than the ECsq we found for activity at ERB (Table 2). .
The greater affinity of the phytoestrogens for ERp is

thought to be significant in cancer prevention, as ERP has
been proposed to exert a protective role against cancer.
Gustafsson (27) hypothesized that the ratio of ER relative
to ERa in a given tissue may be important to determine the
susceptibility of a tissue to estrogen-induced carcinogenesis.
It is also postulated that ERo and ERP have different or
even opposite biologic actions, demonstrating a yin-yang
relationship (40). The ERB may negatively regulate cellular
proliferation and have a protective role in normal breast
(30); therefore, there is substantial interest in ER f3-selective
ligands (27, 40). One molecular mechanism for ERp
selectivity by isoflavones appears to involve their capacity
to create an activation function-2 surface of ERP that has a
greater affinity for coregulators than ERgy (35). In addition,
ERo and ER can heterodimerize and, when coexpressed in
the same cell, ERB exerts an inhibitory action on ERq-
mediated gene expression (41). We did not complete an
ERa and ER cotransfection in our system, but it is possible
that endogenous ERq or ERB expression could alter the
activity of the exogenously introduced receptor and could
account for some differences in results relative to other
systems using ER-negative cell types. However, because we
are overexpressing the ERs artificially, one might assume
that the contribution of the exogenous receptors would
supersede that of the endogenous.

The activity of the phytoestrogens is mediated not only
through activation of the ER, but also vig extragenomic
actions. For example, other cellular actions of genistein have
been described, such as inhibition of tyrosine kinase
activity, modulation of transforming growth facior B1
signaling pathways, regulation of cell-cycle checkpoints
including G,M arrest, inhibition of DNA topoisomerase If
activity, and antioxidant activity (42-44). The mechanisms
of these actions are not well understood, but there is
increasing evidence that distinct pools of ERs localize to the
plasma membrane and play roles i
due to estrogenic ligands (41).

An interesting finding of our system is that when
genistein and daidzein were coincubated with a background
dose of 17B-estradiol, the activity of these phytoestrogens
with 17B-estradiol was additive. As other competitive binding
assays of these isoflavones have shown that they can compete
with 17B-estradiol for binding the receptor, albeit with lower
affinity, this result might have been unexpected (45, 46).
However this “superagonist” effect has been previously seen
in stably transfected T47T breast cancer cells treated with
genistein (47) and in MVLN cells (an MCF-7 derivative,
which has been stably transfected with a vitellogenin-A2
promoter/luciferase reporter construct) treated with genistein,
daidzein, or resveratrol (48). The additive agonist activity
shows that the capacity of the assay is not maximized by the
highest dose of 17B-estradiol. The mechanisms for this effect
is unknown, but because the binding affinities of these
compounds to the ERs are thought to be only a fraction of that
of 17B-estradiol (especially at ERo; Ref. 19), this activity may

potentially be due to extragenomic actions of these ligands, as
previously described.

n some of the responses
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Figure 3. Phytoestrogen response in the presence of estradiol. Cells containing either ER« (light shading) or ER (dark shading) and the ERE
reporter plasmid were incubated with either genistein, daidzein, apigenin, naringenin, resveratrol, kaempferol, quercetin, or coumestrol, at doses
between 10~ Mand 10~® M in media containing 0.5 nM estradiol. Transcriptional activity is represented as RLUs calculated as a percentage of
the maximal induction by estradiol (1078 M) and presented normalized to B-galactosidase activity. The 0 M treatment contains estradio! media
but no ligand, and the control (ctri). is a vehicle control (0.3% EtOH). Bars represent the means -+ SEM of three experiments, with each dose
assayed in triplicate wells. One-way ANOVA with Dunnett’s posttest was performed for each compound at each ER. Treatment means that are

significantly different from control are indicated as *P < 0.05 and **P < 0.01.

Resveratrol had no agonist activity except at the very
highest dose at ERpP; our data are in agreement with
receptor-binding data showing weak affinity of resveratrol
for both ERa and ERP (49). However, resveratrol also
exhibited an additive agonist activity in conjunction with
17B-estradiol. Gehm et al. (50, 51) studied this effect in
MCEF cells transiently and stably transfected with a luciferase
reporter gene and treated with resveratrol. The additive
action was seen at micromolar doses of resveratrol in MCF
cells, but not in BG-1 ovarian carcinoma cells. Suboptimal

doses of 17f-estradiol and resveratrol were additive, but
maximal activation by resveratrol was not further increased
by 17B-estradiol, suggesting that both compounds activate
the same receptor (50). Conversely, coumestrol, which had
strong agonist activity especially at ERP, had no inhibitory
activity when presented with 17B-estradiol.

The other flavonoid compounds naringenin, kaempfer-
ol, and quercetin exhibited weak agonist activity at either
receptor. The relative magnitude of the maximal agonist
response for these three compounds roughly parallels the
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relative transactivation activity found in HEK293 cells
transiently transfected with ERa and ERP (19). In addition,
naringenin has been previously shown to be only v.veakly
estrogenic in the MVLN assay (52). However, in the
competition experiments, kaempferol and quercetin, but not
naringenin, inhibited 17B-estradiol activity by some 42% at
the highest doses at both receptors, indicating that these th
compounds may have estrogen antagonistic activity: Anti-
estrogen activity of quercetin has been reported prc?vnously;
for example, 1 pM quercetin inhibits estrogen-stimulated
growth of MCF-7 cells (53). ‘
Our results also support the structure-activity relauor?-
ships that have been shown to be essential for estroger}lc
activity. Structural similarity of the phytoestrogeps with
17B-estradiol is based on the phenolic ring required for
binding to the ER, as well as the presence of t'wo hydrf)xy
groups. The ER-binding ability and transcriptional activa-
tion appear to be dependent on the position of the t?y.droxyll
groups, where maximal potency is achieved at po§mons 4
hydroxy on the phenolic B ring, in combination with th_e 7-
position hydroxy on the A ring (54). For an}agomst:c
Properties, however, the 5’ hydroxy/4'-keto grouping on the
A/C ring has been suggested to be of importance (54). The
Structural difference between genistein and kaempfero}
(shifting of the phenolic B ring from the 2’ to the 3
Position) results in a 10-fold lower potency in ER' blnd'mg
and in our assay, transcriptional activity. Likewise,
oxidation of kaempferol to quercetin results in another 10-
fold lower potency in ER binding (54). Our results support a
similar relationship. ‘
This system proves to be a sensitive assay Fo differ-
entiate response to ERo and ERP by estrogen-like com-
Pounds. The sensitivity of the assay under the given
conditions reaches the picomolar level for 17p-estradiol.
This sensitivity is comparable or greater than reporte‘d
elsewhere for estradiol response at both ERa and ERB in
several transfected mammalian cell lines (19, 34—3'6, 55).
The reported sensitivity of the MVLN assay is approxumately
the same for the prototype agonist 17p-estradiol (subnano-
molar levels of estradiol), as we found in our assay (.56)..
Our system is unique in that transcripti‘onal activation
by the ERB can be directly compared with that (?f the
classical receptor ERo. This bioassay system was vglldated
to be specific for the ER in preliminary .agomst and
antagonist experiments comparing 17B-est'rad101 0.1 pM)
with diethylstilbestrol (DES; 1 uM), tamox1fen (5 uM), and
ICI 182,780 (1 uM). As expected from previous reports, we
found robust stimulation of both ERo and ER with single
doses of 17p-estradiol and DES, with activity at or below
control levels with tamoxifen and ICI 182,780 (dat.a .not
shown). These results were confirmatory of the original
report of Paech ez al. (22) showing activation of both ERa
and ERP in HeLa cells by 17f-estradiol and DES and
antagonism by raloxifene, tamoxifen, and ICI 164,384 at the

same doses. As previously seen, 17-estradiol was able to
activate both ER isomers with similar potency, as shown in
Figure 1. Table 2 shows that the ECsqs for activation by
17B-estradiol at both ERs are comparable. The ECsqs for
17B-estradiol in similar transfection systems using ERo and
ERP have not generally been reported; therefore, making
comparisons to previously published values is difficult.
Using a radioligand receptor-binding assay, Kuiper er al.
(57) reported dissociation constant (Ky) values for 17B-
estradiol binding in the nanomolar range, with similar
values for both ERa and ERP. Similarly, Tremblay er al.
(58) found that Cos-1 cells transfected with murine ERo and
ERP showed similar luciferase activation curves; ligand-
binding analysis calculated similar K s of 0.2 nM for ERa
vs. 0.5 nM for ERB. In a system using HepG2 cells
transfected with both rat receptors, calculated ECsys were 5-
fold different between ERq and ERB (032 nM and 1.5 nM,
respectively; Ref. 36). Our system exhibited greater
sensitivity by order of magnitude, as our calculated ECs4s
were 0.06 nM and 0.04 nM (Table 2).

The phytoestrogens coumestrol, genistein, daidzein,
naringenin, apigenin, and kaempferol were tested in the
radioligand-binding system and showed an overall stronger
affinity for ERB (19). The bioassay presented here extends
these observations, is unique in offering a direct comparison
of the responses of isolated phytoestrogens for ERa and
ERP in a breast cancer context, and incorporates the entire
biologic phenomena of activation of transcription. The
estrogenic response of compounds has been shown to depend
heavily on the cell or tissue type due to the cell-specific
presence of corepressors and coactivators (22, 27, 31, 40, 59).

The levels of phytochemicals included in our assay are
thought to be achievable in vivo, as plasma concentrations
of daidzein, genistein, and equol have been determined to
be in the uM range after acute soy ingestion (Table 1; Ref.
). In another study, the plasma concentrations of total
phytoestrogens were estimated to be 2—4 HM following the
moderate consumption of soy products (60). These levels
are dependent on rates of metabolism and clearance, which
show considerable individual variation as seen with equol
production from daidzein (61). A relevant question is to
what levels of phytoestrogens, and in which form, are cells
exposed in vivo? Most of the phytoestrogens are converted
to glucuronide or sulfate conjugates in the small intestinal
cell and further metabolized in the liver. Therefore, the main
circulating form is the conjugated form (62, 63). However,
information in the literature is limited in regards to tissue
uptake and metabolism. Most likely the conjugated form is
reversed before absorption into the tissue. Based on
previous findings outlined in Table 1, which summarizes
maximal blood levels of the various phytoestrogens
reported in the literature (where available), the concen-
trations used in our experiments could be physiologically
relevant. Note that in many cases these plasma values
exceed the ECs, for activation of ERB. Granted, serum
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levels do not predict local metabolism at the level of the
breast, but we believe most of the conversion occurs at the
level of the gut and liver, which gives us some indication
that target tissue levels may be somewhat reflected by
plasma levels. One study that evaluated breast tissue levels
of phytoestrogens in soy-supplemented individuals before
aesthetic breast surgery is present in the literature (64). It
was found that genistein was undetectable in breast tissue
homogenate, but daidzein was present in approximately
100-fold lower levels than serum (64). Equol, however, was
present in higher concentrations in breast tissue (and
undetectable in serum). This study was run in only nine
women, and interindividual variability was great. Also, the
time between last supplement ingestion and breast tissue
sampling was 12 hrs or more, probably exceeding the half-
life of the compounds in blood and making interpretation of
the study still complex. In mice, gavage of tritiated
naringenin showed that 8 hrs after treatment the compound
accumulated in a multitude of tissues, including the uterus
and ovary reproductive organs and, to a lesser extent, in the
mammary glands (65). These studies suggest that consid-
ering their abundance in the diet, phytoestrogens may reach
sufficiently high levels in tissues, including breast, to exert
biologic effects and that the levels evaluated in our system
are physiologically achievable. However, the question of
tissue-level bioavailability of phytoestrogens is an issue that
merits further study.

This assay is useful not only to evaluate isolated
compounds, but also to evaluate extracts of whole foods and
herbal supplements. Future studies will identify actions and
interactions of sets of compounds as found in natural
products. A system that evaluates only ERa activity in
transfected yeast identified estrogenic activity in a number
of herbs including hops, licorice, soy, red clover, and fo-ti at
levels up to one eightieth the activity. of estradiol (for soy
aglycone; Ref. 66). The system presented here could be
useful to detect the estrogenicity of complex mixtures of
bioactive compounds as found in dietary supplements, food,
serum, and from environmental sources (67, 68). Additional
applications could include use in standardizing herbal
products before medicinal compounding, which will aid in
identifying variability among acquisitions.

In summary, our bioassay system distinguishes differ-
ential effects of phytoestrogens on the o and p isoforms of the
ER in abreast cancer cell environment. The differential effects
of individual phytoestrogens show that the bioactivity of each
must be independently evaluated. The direct comparison
between responses to the two ER isomers and in the presence
or absence of an estradiol background makes this assay an
important screening tool for natural estrogen surrogate
compounds (to prevent symptoms associated with estrogen
deficiency or identify environmental endocrine disruptors), or
for compounds that work antagonistically (which may be
important for natural selective ER modulator activity in a
given tissue). This provides insight into one facet of

phytoestrogen action, with the full picture requiring multiple
levels of study in vitro and in vivo.

The authors gratefully acknowledge the technical support of Eric
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