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The present study examined the effect of dietary genistein, a soy
isoflavone, on breast cancer patients who take tamoxifen, an
antiestrogen treatment, using a preclinical model. The interaction
of various doses of genistein with tamoxifen on the growth of
estrogen receptor-positive breast cancer MCF-7 cells was investi-
gated by subcutaneously injecting MCF-7 cells into the flank of
ovariectomized athymic mice. Animals were randomized into eight
experimental groups with 10–13 mice per group: control (C), estro-
gen (E) (0.08 mg E implant), tamoxifen (T) (3 mg T implant),
estrogen 1 tamoxifen (E 1 T), tamoxifen 1 500 p.p.m. genistein
(T1G500), estrogen1 tamoxifen1 250 p.p.m. genistein (E1 T1
G250), estrogen 1 tamoxifen 1 500 p.p.m. genistein (E 1 T 1
G500) and estrogen 1 tamoxifen 1 1000 p.p.m. genistein
(E 1 T 1 G1000). Treatment of tamoxifen significantly reduced
the estrogen-induced MCF-7 tumor prevalence and tumor size.
This inhibitory effect of tamoxifen was significantly negated by
the low doses of dietary genistein (250 and 500 p.p.m.), whereas
the 1000 p.p.m. genistein did not have the same effect. Cells har-
vested from tamoxifen-treated tumors retained estrogen respon-
siveness of their progenitor MCF-7 cells, indicating that the
abrogating effect of genistein on tamoxifen-treated tumor growth
was not caused by a diminished tamoxifen response but directly
by genistein. The low doses of dietary genistein abrogated the in-
hibitory effect of tamoxifen potentially by acting on the tumor cell
proliferation/apoptosis ratio and the messenger RNA (mRNA) ex-
pression of cyclin D1 in addition to regulating themRNA expression
of progesterone receptor. Therefore, data from the current study
suggest that caution is warranted regarding the consumption of
dietary genistein by breast cancer patients while on tamoxifen ther-
apy.

Introduction

Breast cancer is the most common type of cancer among women in the
USA and accounts for one in four newly diagnosed female cancer cases
(1). More than 75% of breast cancer cases occur in postmenopausal
women (2). In addition, women diagnosed with breast cancer usually
experience more menopausal symptoms than healthy women (3). Men-
opausal symptoms that are caused by reduced hormonal levels, primarily
estrogen and progesterone, can be relieved with hormone replacement

therapy (HRT). However, long-term use of HRT is associated with the
increased risk of developing breast cancer (4), and further work has
shown that estrogen receptor-positive (ERþ) breast cancer incidence
decreased following the drop in HRT use that began in 2002 (5). The
decrease was particularly pronounced among women aged 50–69 years,
a group in which HRT use was the most common. Given these reports, in
an effort to avoid the risk of recurrence, women with breast cancer may
seek alternative options to relieve menopausal symptoms, which could
include dietary supplements commonly available on the market.

Isoflavones, with soybeans as the most significant source, are a group
of plant-derived compounds that have similar chemical structures to the
female hormone, 17b-estradiol (estrogen). Due to this structural
similarity, isoflavones can bind to estrogen receptors (ERs) and exhibit
estrogen-like properties (6). High dietary intake of soybean foods has
been associated with lower risk of breast cancer among Asian women,
particularly for prepubertal exposures (7), which has helped to promote
the perception that consuming soy isoflavones is safe or even beneficial
for breast cancer prevention and treatment. This assumption may not be
correct. Since �75% of breast cancers are ERþ (8), patients are likely
to be treated with endocrine therapy using either tamoxifen or
aromatase inhibitors (9,10). Although aromatase inhibitors show advan-
tages over tamoxifen in treating breast cancer in postmenopausal
women, tamoxifen is still being widely used as an antiestrogen drug
throughout the world (11). We have previously examined the interaction
of a soy isoflavone, genistein, with one of the aromatase inhibitors,
letrozole, on the growth of aromatase-expressing MCF-7Ca tumor cells,
and the result indicated that genistein negated the inhibitory effect of
letrozole (12). In the present study, we examined the combined effect of
tamoxifen and genistein on human breast MCF-7 tumor growth in mice.
Tamoxifen acts by competing with estrogen for ER binding and then
inhibiting the actions of estrogen on ER-mediated gene transcription,
DNA synthesis and cancer cell growth (13). Since isoflavones can act as
estrogen agonists at physiologically relevant doses (14), the clinical
response to tamoxifen therapy may be affected if coadministered with
dietary isoflavones, thereby decreasing its efficacy.

Genistein, the major isoflavone present in soybeans, at physiological
doses stimulates the growth of ERþ breast cancer cells (14–17), thus
having the potential to negate the efficacy of tamoxifen. Several animal
studies have investigated the combined effect of isoflavones and tamox-
ifen on mammary tumor growth. Ju et al. (18) demonstrated that dietary
genistein at 1000 p.p.m. abrogated the inhibitory effect of tamoxifen on
ERþ human breast cancer MCF-7 cells in ovariectomized athymic
mice. Liu et al. (19) reported that a diet supplemented with a low dose
of total isoflavones (211 p.p.m.) abrogated the effect of tamoxifen in
preventing cancer in ErbB2/neu transgenic mice, whereas a diet with
a high dose of total isoflavones (491 p.p.m.) did not have the same
effect. A similar response was observed by Constantinou et al. (20),
showing that genistein (140 p.p.m.) counteracted the effect of tamoxifen
on tumor incidence, tumor latency and survival rate in rats. These
reports indicated that soy isoflavone-containing diets fed to rodents
increased tumor growth in the presence of tamoxifen, suggesting that
the combination of genistein and tamoxifen may negatively affect
breast cancer development. An opposite effect, however, was also
observed in other studies, providing evidence that genistein given with
tamoxifen elicited synergistic effects on the inhibition of tumor growth,
both in vitro and in vivo (21–23). Considering this conflicting evidence,
the concurrent use of dietary genistein with tamoxifen remains a safety
concern and needs further investigation.

We have previously demonstrated that a diet containing 1000 p.p.m.
genistein abrogated the inhibitory effect of tamoxifen (2.5–5.0 mg) on
MCF-7 cells in the presence of a 0.25 mg estrogen implant in ovariec-
tomized athymic mice (18). In the current study, to better represent
plasma estrogen levels in postmenopausal women, we decreased the
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index; PR, progesterone receptor.
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amount of estrogen in the implant to 0.08 mg. Furthermore, considering
the differential effects of genistein on cancer cell growth, we conducted
a comprehensive analysis to investigate the interaction of genistein at
several dietary levels (250, 500 and 1000 p.p.m.) with tamoxifen, using
the previously utilized model to determine whether dietary genistein
could negate the beneficial effect of tamoxifen at different dietary levels.

Materials and methods

Materials

Minimal essential medium (MEM) and phenol red-free MEM were purchased
from the Media Facility at the University of Illinois at Urbana-Champaign. Bovine
calf serum (BCS) was purchased from Hyclone (Logan, UT). MatrigelTM matrix
was obtained from BD Biosciences (San Jose, CA). The AIN-93G semi-purified
diet was purchased from Research Diets (Brunswick, NJ). Estrogen, tamoxifen,
cholesterol and ICI 182 780 were purchased from Sigma–Aldrich (St Louis, MO).
Genistein was purchased from Indofine Chemical Company (Hillsborough, NJ).

Cell culture

MCF-7 cells were maintained in MEM supplemented with 5% BCS, 100 U/ml
penicillin, 100 lg/ml streptomycin and 1 nM estrogen at 37�C in a humidified
5% CO2 incubator. One week prior to cell inoculation, the media was switched to
phenol red-free MEM containing 5% charcoal dextran-stripped BCS. The cells
were collected at 70% confluence using trypsin/ethylenediaminetetraacetic acid,
counted and suspended in MatrigelTM matrix for injection.

Silastic implants

Three types of silastic implants (cholesterol, estrogen and tamoxifen) were
prepared as described (18). The cholesterol implant (Chol) contained 3 mg
cholesterol. The estrogen implant (E) contained 0.08 mg estrogen and 3.76 mg
cholesterol (1:47 estrogen:cholesterol). The tamoxifen implant (T) contained
3 mg tamoxifen and 9 mg cholesterol. Both ends of the silastic tubing were
sealed with medical silicone adhesive. The implants were sterilized with 70%
ethanol and conditioned with PBS before implantation.

Animals and diets

Female athymic nude mice were purchased from Charles River Laboratories
(Wilmington, MA). Mice were ovariectomized at 21 days of age by the vendor
and were allowed 7 days for acclimation after arrival. Each animal was housed
separately with free access to food and water. Artificial light was provided with
a 12 h light/dark cycle. The AIN-93G semi-purified diet was selected as a base
diet as it has been established to meet all nutritional requirements of mice (24).
Instead of soybean oil, corn oil was used to prepare the diet to eliminate any
additional components of soy being added into the diet. Animal care was
conducted in accordance with protocols approved by the Institutional Animal
Care and Use Committee at the University of Illinois at Urbana-Champaign.

Study design

Mice were randomly divided into eight groups with 10–13 animals per group:
control (C), estrogen (E), tamoxifen (T), estrogenþ tamoxifen (Eþ T), tamoxifen
þ 500 p.p.m. genistein (T þ G500), estrogen þ tamoxifen þ 250 p.p.m. genistein
(E þ T þ G250), estrogen þ tamoxifen þ 500 p.p.m. genistein (E þ T þ G500)
and estrogen þ tamoxifen þ 1000 p.p.m. genistein (E þ T þ G1000). Animals in
the control and estrogen groups received a cholesterol or an estrogen implant in
the inter-scapular region, respectively. Animals in the T and T þ G500 groups
received a tamoxifen implant and animals in the E þ T, E þ T þ G250, E þ T þ
G500, E þ T þ G1000 groups received both estrogen and tamoxifen implants.
Two days after the implantation, MCF-7 cells were injected subcutaneously at 1 �
105 cells in 40 ll MatrigelTM per site into four sites on the flank of each mouse and
dietary treatment was initiated. The animals in the Tþ G500, E þ T þ G250, E þ
T þ G500, E þ T þ G1000 received the AIN-93G diet supplemented with either
500, 250, 500 or 1000 p.p.m. genistein, respectively. The remaining animals re-
ceived the control AIN-93G diet. Food intake and body weight were measured
regularly throughout the study.

Tumor growth monitoring

MCF-7 tumors were measured weekly using a caliper from 4 weeks post-cell
inoculation. Tumor size was determined by calculating the cross-sectional area
using the formula length/2 � width/2 � 3.14 and each tumor was considered
separately when calculating the mean tumor size for individual treatment
groups. Total of estimated tumors for each group was calculated as animal
number multiplied by 4, as MCF-7 cells were injected into four sites on the
flank of each mouse. Tumor-free number for each group was calculated as total
of estimated tumor subtracted by total of palpable tumor. Tumor prevalence
was calculated as the percentage of total of palpable tumors relative to total of
estimated tumors for each group at the end of the study.

Tumor cell characterization

Tumors from the E þ T þ G250, E þ T þ G500 and E þ T þ G1000 groups
were harvested for primary cell culture. The tumors were minced and transferred
to cell culture plates. The harvested cells were maintained in MEM supple-
mented with 5% BCS and 1 nM estrogen. One week prior to treatment, the
media was switched to phenol red-free MEM containing 5% charcoal dextran-
stripped BCS. MCF-7 cells and the tumor cells were seeded in 24-well plates at
5000 cells per well and treated with estrogen (1 nM), estrogen (1 nM) þ
tamoxifen (1 lM) or estrogen (1 nM) þ ICI 182 780 (1 lM) for 6 days. MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used
to determine cell viability. Optical density at 570 nm was measured and
normalized against the control. The experiment was repeated three times.

Analysis of proliferation and apoptosis in tumors

Harvested tumor samples were fixed in 10% formalin and embedded in paraffin
blocks, cut into 5 lm sections and placed on microscopic slides. Cell prolifer-
ation in tumors was determined using immunohistochemical staining for the cell
proliferation marker, Ki-67, as described (18). In brief, the slides were incubated
with a 1:3000 primary anti-human Ki-67 antibody (Pharmingen, San Diego, CA)
at 24�C in a humidified chamber for 2 h and then incubated with a biotinylated
anti-mouse secondary antibody (VECTASTAIN Elite ABS reagent; Vector
Laboratories, Burlingame, CA) for 30 min at room temperature. Positive cells
were stained brown with 3,3#-diaminobenzidine tetrahydrachloride, and
background cells were stained blue with hematoxylin. Cell apoptosis in tumors
was analyzed using In situ cell death detection kit (Roche Diagnostics GmbH,
Mennheim, Germany) and terminal deoxynucleotidyl transferase biotin-deoxy-
uridine triphosphate nick end labeling (TUNEL) staining was performed follow-
ing the manufacture’s procedure. Positive cells were green fluorescent and
background cells were blue fluorescent. Both the positive and the background
cells in Ki-67 or TUNEL staining were counted in a given field of tissue under an
AxioSkop 40 microscope (Carl Zeiss, Thornwood, NY). Six tumors within the
range of mean ± standard error from individual treatment groups were selected
for proliferation and apoptosis molecular analyses. A total of 30 fields from the
six tumors per experimental group were randomly selected for evaluation. Data
are presented either as proliferative index (PI) or apoptotic index (AI) as the
percentage of proliferative or apoptotic cells in a given area of tumor tissue.

Analysis of gene expression in tumors

Harvested tumors were immediately frozen in liquid N2, and RNA was extracted
as described (18). Complementary DNA was generated using SuperScript First-
Strand Synthesis System for RT–PCR (Invitrogen, Carlsbad, CA) following the
company’s protocol. The messenger RNA (mRNA) expression of an estrogen-
responsive gene progesterone receptor (PR) and a cell cycle-regulated gene
cyclin D1 was analyzed using ABI Prism 7900HT Sequence Detection System
(Applied Biosystems, Foster City, CA). 36B4 housekeeping gene was used as
internal control and the results were normalized to the value of36B4 gene using the
DDCT method (25). The primers were ordered from Integrated DNATechnologies
(Coralville, IA) and the sequences for each gene were: PR (forward: 5#-GAAC-
CAGATGTGATCTATGCAGGA-3#; reverse: 5#-CGAAAACCTGGCAATGAT-
TTAGAC-3#); cyclin D1 (forward: 5#-AGAGGCGGAGAACAAAC-3#; reverse:
5#-GGCACAAGAGGCAACGAA-3#) and 36B4 (forward: 5#-CGACCTG-
GAAGTCCAACTAC-3#; reverse: 5#-ATCTGCTGCATCTGCTTG-3#).

Analysis of plasma estrogen concentrations

Blood samples were collected by cardiac puncture at the time of sacrifice and
centrifuged at 2500 g for 30 min at 4�C. Plasma estrogen levels were measured
using Estradiol ELISA kit following the company’s protocol (Alpha Diagnos-
tic International, San Antonio, TX). Briefly, 50 ll of each plasma sample was
transferred into an estrogen antibody-coated plate in duplicate. After 1 h of
incubation at 24�C, the plate was read at 450 nm using a lQuant plate reader
(Bio-Tek Instruments, Winooski, VT). The limit of detection was 10 pg/ml and
the intra-assay coefficient of variation was ,3%.

Statistics

Tumor prevalence was analyzed using Fisher’s exact test. The remaining data
were analyzed with one-way analysis of variance with Fisher’s LSD post hoc
analysis using the SPSS statistical software (SPSS, Chicago, IL). Error bars in
all graphs represent standard error of the mean. P , 0.05 is considered
statistically significant.

Results

Low-dose dietary genistein negated the inhibitory effect of tamoxifen
on human breast cancer MCF-7 tumor growth and tumor prevalence
in mice

To examine the interaction of genistein at several dietary levels with
tamoxifen on tumor growth, 1 � 105 human breast cancer MCF-7
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cells were subcutaneously injected into mice. Silastic tubings of
estrogen (E) and/or tamoxifen (T) were implanted and genistein was
fed as a dietary supplement as described in Materials and methods. The
E group was terminated at week 22 due to tumor burden and the
remaining experimental groups were continued until 35 weeks post-cell
inoculation (Figure 1A). Figure 1B displays the average cross-sectional
tumor area for each group at the end of the treatment. No significant
differences were observed in the average tumor size between the
C (1.0 ± 0.7 mm2), T (2.2 ± 0.8 mm2) and T þ G500 groups (3.3 ±
1.1 mm2), indicating that tamoxifen alone or tamoxifen plus 500
p.p.m. genistein did not affect tumor growth in the absence of estrogen.
Exogenous estrogen significantly increased tumor size in the E group to

95.5 ± 13.2 mm2 when compared with the C group (P , 0.05), and
tamoxifen significantly inhibited the increase in tumor size induced by
estrogen. The tumor size in the E þ T group was reduced to 13.4 ± 6.5
mm2 (P, 0.05 when compared with the E group). The inhibitory effect
of tamoxifen on tumor growth was significantly abrogated by low doses
of dietary genistein in a dose-dependent manner (E þ T þ G250, 45.8 ±
12.7 mm2, P , 0.05; E þ T þ G500, 91.6 ± 25.4 mm2, P , 0.05),
whereas the high dose of genistein (E þ T þ G1000, 13.9 ± 3.1mm2) did
not negate the inhibitory effect of tamoxifen (E þ T, 13.4 ± 6.5 mm2) on
tumor growth.

Tumor prevalence for each group observed at termination (Table I)
was consistent with the result of tumor size analysis. Tumor
prevalence in the C, T and T þ G500 groups was ,20% with no
significant differences among these three groups. The E group showed
the highest prevalence of 95.8% when compared with the C group
(P , 0.001), whereas tamoxifen reduced the prevalence to 30.0%
when compared with the E group (P , 0.001). The low doses of
dietary genistein significantly negated the inhibitory effect of tamox-
ifen on tumor prevalence (E þ T þ G250, 65.4%, P, 0.01; E þ T þ
G500, 65.0%, P , 0.01), whereas tumor prevalence in the high dose
of genistein group (E þ T þ G1000, 46.2%, P 5 0.135) was not
significantly different from the E þ T group.

Tumor cells harvested from Eþ Tþ G-treated mice retained estrogen
responsiveness

To confirm that tumor cells retained their estrogen responsiveness,
tumor cells harvested from the E þ T þ G250, E þ T þ G500 and
E þ T þ G1000 animals, along with parental MCF-7 cells, were
cultured in vitro. The estrogen-dependent nature of MCF-7 cells
was confirmed, as 1 nM estrogen induced cell growth by 3.2-fold of
control, while 1 lM tamoxifen and 1 lM ICI 182 780 reduced the
stimulatory effect of estrogen to ,2-fold of control (P , 0.05)
(Figure 2). Under the same condition, the growth of the harvested
tumor cells from the E þ T þ G250, E þ T þ G500 and E þ T þ
G1000 animals was similar to that seen with MCF-7 cells, in that,
estrogen stimulated cell growth by 3.5- to 3.9-fold and tamoxifen and
ICI 182 780 inhibited cell growth to ,1.8-fold of control (P , 0.05)
(Figure 2). Although individual differences among tumor cells
existed, the overall responsiveness to estrogen and antiestrogens dem-
onstrated that these tumors after 35 weeks treatment retained their
original estrogen-dependent phenotype.
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Fig. 1. Low-dose dietary genistein negated the inhibitory effect of tamoxifen
on human breast cancer MCF-7 tumor growth in athymic nude mice.
(A) Tumor growth curves over 35 weeks. (B) Average tumor size at
termination. Female ovariectomized athymic nude mice received
subcutaneous injection of 1 � 105 MCF-7 cells and were randomly assigned
into eight groups: (i) control (C), (ii) estrogen (E), (iii) tamoxifen (T), (iv)
estrogen þ tamoxifen (E þ T), (v) tamoxifen þ 500 p.p.m. genistein (T þ
G500), (vi) estrogen þ tamoxifen þ 250 p.p.m. genistein (E þ T þ G250),
(vii) estrogen þ tamoxifen þ 500 p.p.m. genistein (E þ T þ G500) and (viii)
estrogen þ tamoxifen þ 1000 p.p.m. genistein (E þ T þ G1000). Estrogen,
tamoxifen and cholesterol implants were subcutaneously implanted
accordingly, and the T þ G500, E þ T þ G250, E þ T þ G500 and E þ T þ
G1000 group animals received diets supplemented with 500, 250, 500 and
1000 p.p.m. genistein, respectively. Data are presented as mean ± standard
error (SE) and analyzed using one-way analysis of variance. Bars with
different letters indicate significant differences at the level of 0.05.

Table I. Low-dose dietary genistein negated the inhibitory effect of
tamoxifen on tumor prevalence in mice

Total
estimated
tumors

Palpable
tumors

Tumor
free

Tumor
prevalence

C 48 3 45 6.3%
Ea 48 46 2 95.8%
T 48 9 39 18.8%
E þ Ta,b 40 12 28 30.0%
T þ G500 44 9 35 20.5%
E þ T þ G250a,b,c 52 34 18 65.4%
E þ T þ G500a,b,c 40 26 14 65.0%
E þ T þ G1000a,b 52 24 28 46.2%

Total of estimated tumors for each group was calculated as animal number for
each group multiplied by 4, as MCF-7 cells were injected into four sites on the
flank of each mouse. Tumor-free number for each group was calculated as total
of estimated tumor subtracted by total of palpable tumor. Tumor prevalence for
each group was calculated as total of palpable tumor divided by total of
estimated tumor number. Fisher’s exact test was used to calculate the P value
between two experimental groups. No significant difference was observed
between the C, T and T þ G500 groups. The differences between the T, T þ
G500 groups and the E, E þ Tand E þ T þ G-treated groups were not analyzed.
aSignificantly different with the C group, P , 0.001.
bSignificantly different with the E group, P , 0.001.
cSignificantly different with the E þ T group, P , 0.01.
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Low-dose dietary genistein abrogated the inhibitory effect of
tamoxifen on the ratio of proliferation to apoptosis in tumor cells

To test the interaction of dietary genistein with tamoxifen on tumor
cell proliferation and apoptosis, tumors from the five groups (E, E þ
T, E þ T þ G250, E þ T þ G500 and E þ T þ G1000) were collected.
Tumors from the remaining groups were excluded from evaluation
due to size limitation. The PIs and AIs of the experimental groups are
displayed in Figure 3A and B. Tamoxifen treatment significantly re-
duced the PI to 40.6 ± 2.4% when compared with the E group (53.6 ±
3.0%) (P , 0.05). This inhibitory effect of tamoxifen on cell pro-
liferation was abrogated by low doses of dietary genistein in a dose-
dependent manner (E þ T þ G250, 50.9 ± 1.8%, P , 0.05; E þ T þ
G500, 61.6 ± 2.1%, P , 0.05). The high dose of genistein (E þ T þ
G1000, 50.6 ± 2.5%) also significantly negated the inhibitory effect of
tamoxifen on cell proliferation (P , 0.05). The significant difference
(P , 0.05) in the AI between the E (3.6 ± 0.2%) and E þ T groups
(10 ± 1.4%) indicated that tamoxifen reversed the effect of estrogen
on cell apoptosis. The low doses of dietary genistein (E þ T þ G250,
5.8 ± 0.8%, P , 0.05; E þ T þ G500, 4.4 ± 0.6%, P , 0.05)
significantly abrogated the inducing effect of tamoxifen on cell apo-
ptosis, whereas the high dose of dietary genistein (E þ T þ G1000,
15.5 ± 2.4%) exhibited a significant synergistic effect with tamoxifen
(P, 0.01). The PI:AI ratio was also examined, as it has been reported
to be more informative than either index alone as an indication of net
cell production (26). As shown in Figure 3C, tamoxifen significantly
decreased the PI:AI ratio when compared with the E group (P ,
0.05). The low doses of dietary genistein abrogated this inhibitory
effect of tamoxifen on PI:AI ratio in a dose-dependent manner
(P , 0.05), whereas the high dose of dietary genistein did not affect
the PI:AI ratio when compared with the E þ T group.

Dietary genistein and tamoxifen interacted to regulate cyclin D1 and
PR mRNA levels in the presence of estrogen

Tumors from the E, E þ T, E þ T þ G250, E þ T þ G500 and E þ
T þ G1000 groups were collected for mRNA analysis. Tumors from
the remaining groups were excluded from evaluation due to size lim-

itation. The cell cycle-regulated gene marker cyclin D1 and the estro-
gen-responsive gene marker PR were evaluated to examine the
interaction of dietary genistein with tamoxifen on their gene expres-
sion in the presence of estrogen .The relative mRNA expression of
cyclin D1 was normalized to the E group and is displayed in
Figure 4A. A significant decrease in the E þ T group (0.21-fold over
the E group) was observed when compared with the E group (P ,
0.05). The low doses of dietary genistein (E þ T þ G250, 0.92-fold
over the E group; E þ T þ G500, 1.50-fold over the E group) signif-
icantly abrogated the inhibitory effect of tamoxifen on cyclin D1 gene
expression (P , 0.05), whereas the high dose of dietary genistein did
not alter the effect of tamoxifen on cyclin D1 gene expression. The
relative mRNA expression of PR, normalized to the E group, is dis-
played in Figure 4B. Tamoxifen significantly reduced the relative PR
gene expression to 0.11-fold over the E group (P , 0.05). Dietary
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Fig. 2. Tumor cells harvested from the E þ T þ G-treated mice retained the
estrogen-dependent phenotype as MCF-7 cells. Tumors harvested from the
E þ T þ G250, E þ T þ G500 and E þ T þ G1000 animals were processed
and the harvested tumor cells were cultured in vitro to evaluate the
responsiveness to estrogen. The tumor cells were treated with estrogen
(1 nM), estrogen (1 nM) þ tamoxifen (T, 1 lM) or estrogen (1 nM) þ ICI
182 780 (I, 1 lM) for 6 days, and cell viability was determined using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Data
are the average of four independent experiments and presented as mean ±
standard error (SE). Data are analyzed using one-way analysis of variance.
Bars with different letters indicate significant differences at the level of 0.05.

Fig. 3. Low-dose dietary genistein negated the effect of tamoxifen on cell
proliferation and apoptosis in human breast cancer MCF-7 tumors. Paraffin
tumor sections from five treatment groups (E, E þ T, E þ T þ G250, E þ T þ
G500 and E þ T þ G1000) were analyzed using Ki-67
immunohistochemical staining (cell proliferation) and TUNEL assay (cell
apoptosis). (A) PI: average percentage of proliferating cells in a given field.
(B) AI: average percentage of apoptotic cells in a given field. (C) PI:AI: the
ratio of PI to AI. Data are presented as mean ± standard error (SE) and
analyzed using one-way analysis of variance. Bars with different letters
indicate significant differences at the level of 0.05.
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genistein significantly counteracted the inhibitory effect of tamoxifen
on PR gene expression at the three dietary levels (P , 0.05).

Genistein modulated plasma estrogen levels in the presence of
exogenous estrogen and tamoxifen

Plasma estrogen concentrations for each treatment group are
displayed in Figure 5. The plasma estrogen level in the C group
was 45 ± 6 pg/ml, and no significant differences in plasma estrogen
levels were observed between the C, T and T þ G500 groups,
indicating that tamoxifen alone or tamoxifen plus genistein did not
affect plasma estrogen concentration in the absence of exogenous
estrogen. Silastic E tubings significantly elevated the plasma estrogen
level to 119 ± 16 pg/ml when compared with the C group (P, 0.05),
and tamoxifen reduced the elevated plasma estrogen concentration to
80 ± 11 pg/ml (P, 0.05). All three genistein-supplemented diets, E þ
T þ G250, E þ T þ G500 and E þ T þ G1000, further significantly
reduced plasma estrogen concentration to 50 ± 5 pg/ml, 52 ± 4 pg/ml
and 31 ± 6 pg/ml (P , 0.05) when compared with the E þ T group,
whereas no significant differences were observed among the three
levels of dietary genistein-treated groups. No significant differences
were observed between the C group and the three levels of dietary
genistein-treated groups as well.

Discussion

Currently, tamoxifen is the standard endocrine therapy for breast
cancer in premenopausal women (27–29) and also being widely used
to treat breast cancer in postmenopausal women, either as monother-
apy or combined with aromatase inhibitors (11). Due to their reduced
estrogen levels, menopausal women experience symptoms such as hot
flashes, sleeping disorders and mood swings, which are exacerbated
by antiestrogen treatment. Traditionally, HRT has been used to relieve

these symptoms, but many oncologists do not recommend HRT to
breast cancer patients due to the concern that it may increase the risk
of tumor recurrence, which, directly or indirectly, results in 28–91%
of breast cancer patients using one or more alternative therapies
without the knowledge of their physicians (30). This indicates that
many breast cancer patients, possibly also being treated with
tamoxifen, self-medicate with complementary treatments, including
soy isoflavones, without proper guidance. Genistein, the major soy
isoflavone, has been reported to bind to ER and exhibit weak but
substantial estrogenic effects (6,15,31). Thus, if genistein negates
the effect of tamoxifen, the simultaneous consumption of genistein
and tamoxifen may lead to an undesirable outcome for breast cancer
patients.

We have demonstrated that estrogen silastic tubing implanted in
athymic mice was able to produce blood estrogen at similar levels
with those observed in postmenopausal women and thus is an appro-
priate model for postmenopausal breast cancer (32). Using this
postmenopausal animal model, we reported that 1000 p.p.m. genistein
negated the inhibitory effect of tamoxifen on MCF-7 breast tumor
growth in athymic mice implanted with a 0.25 mg E silastic tubing
(18). In the present study, we evaluated the effect of the interaction
between tamoxifen and various doses of dietary genistein on
mammary tumor growth using the previously utilized model but with
a lower dose of estrogen silastic implant (0.08 mg) to better represent
blood levels of estrogen in postmenopausal women. Our results
revealed that the 0.08 mg E implant produced a circulating estrogen
level of 119 ± 16 pg/ml (0.4 nM), whereas the implantation of
a 1–2 mg estrogen pellet generated circulating estrogen levels of
2–3 nM in mice that were similar to levels observed in premenopausal
women (32). The low dose of estrogen presented here was sufficient to
stimulate MCF-7 tumor growth and this stimulation effect was
significantly inhibited by tamoxifen, indicating a successful establish-
ment of a postmenopausal ERþ breast cancer model.

Previous reports have demonstrated that genistein can act as an
estrogen agonist and stimulate ERþ cancer cell growth both in vitro
and in vivo (14,15,17,33). Our laboratory has reported that 250, 500
and 1000 p.p.m. genistein increased MCF-7 tumor growth in a
dose-dependent manner in the absence of exogenous estrogen and
tamoxifen (14). These doses of dietary genistein produced plasma
levels of total genistein in the range of 1.4–3.3 lM (14), which were
similar to those in humans consuming high soy isoflavones-containing
diets (34–36). Thus, to evaluate the interaction between genistein and
tamoxifen, the same doses of genistein were utilized and we hypoth-
esized that genistein would abrogate the inhibitory effect of tamoxifen
on tumor growth induced by estrogen in a dose-dependent manner. In
the present study, we observed that the two lower doses of genistein
(250 and 500 p.p.m.) abrogated the inhibitory effect of tamoxifen on

Fig. 4. Dietary genistein interacted with tamoxifen to regulate cyclin D1 and
PR mRNA levels in human breast cancer MCF-7 tumors. Paraffin tumor
sections from five treatment groups (E, E þ T, E þ T þ G250, E þ T þ G500
and E þ T þ G1000) were collected for gene expression analysis using real-
time PCR. Data were expressed as the relative mRNA levels to the E group.
(A) cyclin D1. (B) PR. Data are presented as mean ± standard error (SE) and
analyzed using one-way analysis of variance. Bars with different letters
indicate significant differences at the level of 0.05.

Fig. 5. Dietary genistein interacted with tamoxifen to regulate plasma
estrogen levels in mice bearing human breast cancer MCF-7 tumors. Data are
presented as mean ± standard error (SE) and analyzed using one-way
analysis of variance. Bars with different letters indicate significant
differences at the level of 0.05.
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tumor prevalence and tumor size of MCF-7 tumors in a dose-dependent
manner, whereas the high dose of genistein (1000 p.p.m.) did not
interfere with the antitumor action of tamoxifen. Our results were sim-
ilar to an earlier study conducted by Liu et al. (19) showing that a diet
containing 211 lg/g total isoflavone abrogated the preventative effect of
tamoxifen on MCF-7 tumor growth in MMTV-wt-erbB-2/neu
transgenic mice. The percentage of tumor-free mice in this group was
reduced to 46.8% when compared with 87.5% in the tamoxifen-treated
group, whereas a diet containing 491 lg/g total isoflavone had no
impact. These results suggested that low doses of dietary genistein
may interfere with tamoxifen, thereby decreasing its efficacy on breast
cancer treatment. However, there were some reports showing that
genistein synergistically enhanced the preventive effect of tamoxifen
on the growth of MCF-7 tumors in mice (22). This inconsistency to our
result was probably caused by the interaction of genistein with different
estrogen and tamoxifen levels. In the present study, we used a lower E
silastic implant that caused a more relevant tumor growth rate. We also
used lower tamoxifen levels (3 mg in a slow releasing silastic implant),
whereas Mai et al. (22) used 25 mg in a more rapidly releasing pellet.
Thus, the interaction of genistein with lower E2 and tamoxifen levels
was the most likely reason for differences in the two studies.

The differential effect of dietary genistein at low lose or high dose
observed here on tumor growth in mice bearing MCF-7 tumors in the
presence of both estrogen and tamoxifen was probably due to the
ability of genistein to exhibit an estrogenic effect at low doses through
estrogen receptor-mediated pathways (15,37,38) and an inhibitory
effect at high doses via ER-independent mechanisms, such as induc-
tion of cell apoptosis and cell cycle arrest, protein tyrosine kinase
inhibition and topo-isomerase II inhibition (39–43). Although no
apparent interaction with tamoxifen was observed on tumor growth
in the current study, we previously showed that 1000 p.p.m. genistein
counteracted the effect of tamoxifen (18). In the previous study, we
used a 0.25 mg estrogen implant with a 2.5 mg (E:T 5 1:10) or a 5.0
mg (E:T 5 1:20) tamoxifen implant. Here, to better represent plasma
estrogen level in postmenopausal women, we reduced the amount of
estrogen in the implant to 0.08 mg and used a 3 mg tamoxifen silastic
tubing (E:T 5 1:37.5) to block the action of exogenous estrogen.
Thus, the 1000 p.p.m. genistein diet acted differently in the presence
of high or low ratio of E to T implants, suggesting that the interaction
of dietary genistein with tamoxifen was possibly affected by the ratio
of E to T implants, thus, by the plasma estrogen and tamoxifen levels.

Previous analyses of plasma estrogens in postmenopausal breast
cancer patients treated with tamoxifen have provided conflicting
results (44,45). In animal models, a trend of decrease in plasma
estrogen levels was observed in the tamoxifen-treated mice, although
it did not reach a level of statistical significance (18,46). Results from
the present study indicated that with the lower ratio of E to T implants,
tamoxifen significantly reduced plasma estrogen level increased by
E implants. Dietary genistein further reduced plasma estrogen levels,
which was consistent with what was shown previously (18). These
results suggested that genistein can, in an undefined manner, reduce
circulating estrogen levels, which may be an important factor in
determining the overall effect of genistein on tumor growth.

Acquired resistance of tumor cells to tamoxifen treatment has been
reported both in vitro and in vivo (47,48). Tumor cells may not react to
tamoxifen if they progress from the estrogen-dependent stage to the
estrogen-independent stage as observed in tamoxifen-resistant breast
cancer (49,50). Recently, tamoxifen downregulation of miR-451 and
consequent elevation of the key survival factor 14-3-3zeta have been
identified as a mechanistic basis of tamoxifen-associated development
of endocrine resistance (51), whereas genistein (25–50 lM) has been
shown to inhibit the expression of 14-3-3 protein in head and neck
cancer cells (52). Although there is no report on the association of low
doses of dietary genistein and the expression of 14-3-3 protein, based
on what we have seen, it is possible that low doses of dietary genistein
increases 14-3-3 expression in MCF-7 tumors and then elicits an
additive effect with tamoxifen on endocrine resistance. Thus, to
confirm that the abrogating effect of dietary genistein on tamoxifen-
treated tumor growth was not due to tamoxifen resistance, we

evaluated estrogen responsiveness of the tumors excised from mice
treated with tamoxifen and genistein. The result indicated that these
tumors retained estrogen responsiveness of the progenitor MCF-7 cells
as the estrogen antagonists, tamoxifen and ICI 182 780, significantly
inhibited cell proliferation induced by estrogen. This suggested that the
growth of tumors in genistein-treated animals was most probably due to
the effect from dietary genistein rather than a diminished response to
tamoxifen.

Genistein has been reported to regulate MCF-7 cell growth at the
transcriptional level. Genistein (1–10 lM) increased progesterone
receptor levels in MCF-7 cells in a dose-dependent manner (39) and
increased cyclin D1 synthesis and then stimulated MCF-7 cells to
enter the cell cycle in a manner similar to estrogen (53–55). Thus,
we further investigated the effect of genistein on the expression of PR
and cyclin D1 genes in the tumor cells in order to determine the
possible underlying mechanisms by which genistein negated the
inhibitory effect of tamoxifen on MCF-7 tumor growth. Our observa-
tion revealed that the interaction between dietary genistein and
tamoxifen on gene expression, in addition to tumor growth, was also
complicated. Tamoxifen treatment decreased the expression of PR
and cyclin D1 genes, while the effect of genistein on the inhibitory
effect of tamoxifen on the gene expression was not consistent.
Genistein at 1000 p.p.m. reversed the inhibitory effect of tamoxifen
on PR expression. Low doses of genistein negated the effect of ta-
moxifen on cyclin D1 expression in a dose-dependent manner,
whereas 1000 p.p.m. genistein did not have the same effect. The
observation on the gene expression of cyclin D1 was consistent with
that observed on the PI:AI ratio, tumor prevalence and tumor growth,
suggesting that genistein modulated the effect of tamoxifen on
estrogen-induced tumor growth, potentially through the regulation
of the cell cycle, in addition to acting through estrogen signaling.

In summary, the current study presents evidence that the low doses
of dietary genistein negate the inhibitory effect of tamoxifen, in the
presence of low blood estrogen levels, on ERþ MCF-7 tumor growth
in athymic nude mice by regulating cell proliferation and apoptosis.
This effect is also probably, at least in part, due to the regulation of the
ER-dependent signaling pathway. Although the high dose of dietary
genistein does not negate the inhibitory effect of tamoxifen on gross
tumor size, it still results in high tumor prevalence. Therefore, the
results from this study raise safety concerns of consuming dietary
isoflavone supplements across a broad range of internal exposures
in breast cancer patients, especially postmenopausal women, while
on tamoxifen treatment.
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