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Abstract

Soy protein and isoflavones (genistein and daidzein) have been demonstrated to increase quinone reductase (QR) activity, protein, andmRNA in animal and cell
culturemodels. However, theirmechanismof action has not been completely characterized. Additionally, it has not been determined if equol, a daidzeinmetabolite,
can modulate QR activity and expression. Estrogen receptor beta (ERβ) is thought to be involved in stimulating QR gene transcription by anti-estrogens and
phytoestrogens, along with nuclear factor erythroid 2-related factor 2 (Nrf2). This study tested the hypothesis that genistein, daidzein and equol increase quinone
reductase activity, protein and mRNA via ERβ and Nrf2 binding to the QR antioxidant response element (ARE). QR expression and activity were determined using
TaqMan polymerase chain reaction, protein immunoblots and activity assays. Molecular events were investigated using luciferase reporter gene assays and
chromatin immunoprecipitation (ChIP). Hepa-1c1c7 cells were treated with control [0.1% (v:v) dimethyl sulfoxide (DMSO)]; 1 μmol/L β-naphthoflavone (positive
control); 5 μmol/L resveratrol (ChIP positive control for ERβ binding) and 1, 5 and 25 μmol/L genistein, daidzein or equol. Treatment durationswere 1 h (ChIP), 24 h
(mRNA and luciferase assays) and 24 and 48 h (protein and activity). Genistein, daidzein and equol increased QR activity, protein and mRNA, with daidzein and
equol having more of an impact at physiologic concentrations (1 and 5 μmol/L) compared to genistein. Furthermore, the study results demonstrate that genistein,
daidzein and equol interact with the QR ARE and that daidzein and equol act via both ERβ and Nrf2 binding strongly to the QR ARE.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Quinone reductase or NQO1 (QR) [NAD(P)H:quinone oxidoreduc-
tase; DT-diaphorase] is a phase II xenobiotic metabolizing enzyme
which catalyzes the obligatory two-electron reduction of a wide range
of endogenous and exogenous quinones and quinoid compounds [1]
and protects cells against reactive oxygen species generated by
quinones and related electrophilic compounds [2]. Induction of QR
activity has been suggested to assist in chemoprevention against
cancer and chemical toxicity by natural or synthetic compounds [3,4].
Conversely, QR polymorphisms or experimental disruption of the
gene is associated with increased susceptibility to carcinogenesis and
toxicity [5,6].

QR is a cytosolic enzyme expressed in a variety of mammalian
tissues and cell types and is highly induced by arylhydrocarbon
receptor (AhR) agonists such as 2,3,7,8-tetrachlorodibenzo-p-dixoin,
polycyclic aromatic hydrocarbons and by phenolic antioxidants such
as 2-t-butylbenzene-1,4-diol [7]. Dietary flavonoids from a variety of
☆ Supported by University of California, Davis faculty research grant;
USDA Agricultural Research Service CRIS# CA-D⁎-NTR-6316-H.

⁎ Corresponding author. Tel.: +1 530 752 0160; fax: +1 530 756 8966.
E-mail address: fmsteinberg@ucdavis.edu (F.M. Steinberg).

0955-2863/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jnutbio.2010.07.008
fruits, vegetables and beverages have also been shown to be potent
inducers of this enzyme [8,9]. Soy phytochemicals can modulate both
phase I and II enzymes in the xenobioticmetabolizing system [10–13].
In vivo and in vitro experiments have demonstrated that soy and soy
phytochemicals specifically induce QR activity [14–16].

Expression of phase II enzymes is regulated in part through
activation and translocation of the redox-sensitive transcription
factor nuclear factor erythroid 2-related factor 2 (Nrf2) into the
nucleus where it forms a heterodimer with other transcription factors
and binds to the antioxidant response element (ARE) of genes such as
QR, initiating transcription [17–20]. The molecular mechanism
whereby isoflavones regulate hepatic QR transcription is not known
with certainty. They may play a role in modulating kinase pathways
affecting AhR or Nrf2, or as a factor which disrupts Nrf2-Keap1
association and therefore increasing Nrf2 translocation [1,20–23].
Another possible mode of action recently reported in breast cancer
cells is for phytoestrogens to act through estrogen receptor beta
(ERβ) transactivation at the ARE of the QR enhancer region, similar to
the actions of anti-estrogens [24].

The aim of the current study was to examine hepatic QR enzyme
levels and nuclear events involved in gene regulation in response to
soy isoflavone aglycones genistein, daidzein and the daidzein
metabolite equol. This is of importance for extending knowledge
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about potential roles of isoflavones in cancer prevention. Isoflavones
circulate in physiologic form predominately as conjugates following
biotransformation in intestinal epithelium and liver, while the
intracellular forms are not known with certainty. In this in vitro
study, we used commercially available aglycones at physiologic
concentrations (1 and 5 μmol/L) that represent the low and high
values of human serum genistein concentrations after the consump-
tion of a soy rich meal [25–29]. Furthermore, the 24-h time points
(used to measure luciferase activity, and QR mRNA, protein and
activity) cover the human peak serum genistein concentrations of
∼6.5 h followed by a half-life of ∼10 h [30]. We tested the hypothesis
that soy isoflavones increase QR via ERβ and Nrf2 binding to the QR
ARE in mouse Hepa-1c1c7 cells treated with soy isoflavones. The
mechanisms of QR regulation were investigated by using luciferase
reporter gene assays, chromatin immunoprecipitation techniques,
polymerase chain reaction (PCR) analysis, Western immunoblots and
enzyme activity assays.

2. Methods and materials

2.1. Chemicals and reagents

Genistein, daidzein, equol, and resveratrol (ChIP positive control for ERβ binding)
were purchased from Indofine Chemical Company. β-naphthoflavone was purchased
from Sigma-Aldrich and used as a positive control for QR activity, Western blot,
TaqMan PCR, and luciferase reporter gene assays. Cell culture medium and reagents
were purchased from Invitrogen. Quinone reductase (QR) and actin antibodies were
purchased from Santa Cruz Biotechnology. Western blot buffers and reagents were
purchased from Bio-Rad Laboratories and Santa Cruz Biotechnology. QR TaqMan
reagents, primers, and probe were purchased from Applied Biosystems. Estrogen
receptor beta (ERβ) and nuclear factor erythroid 2-related factor 2 (Nrf2) antibodies
used in the chromatin immunoprecipitation (ChIP) assays were purchased from Santa
Cruz Biotechnology. Unless noted otherwise, all chemicals were purchased from
Sigma-Aldrich or Fisher Scientific.

2.2. Cell culture and treatments

Hepa-1c1c7 cells, purchased from American Type Culture Collection, were grown
in 75-cm2 flasks in an incubator at 37°C and 5% CO2, with Minimum Essential Medium,
10% charcoal-treated fetal bovine serum (qualified), and 1% penicillin/streptomycin
(all purchased from Invitrogen). The medium was changed every 3 d, and when
confluency was observed the cells were split using trypsin. Cell culture experiments
were done in triplicate and repeated three times.

Hepa-1c1c7 cells were exposed to control [0.1% (v:v) DMSO]; 1 μmol/L β-
naphthoflavone (positive control); 5 μmol/L resveratrol (ChIP positive control) or 1, 5
and 25 μmol/L genistein, daidzein or equol (all aglycones). The treatment durations
were for 1 h (ChIP), 24 h (mRNA and luciferase assays) and 24 and 48 h (QR activity and
protein). QR activity, protein, mRNA, QR ARE luciferase activity and ChIP were
measured at the appropriate time points to determine if genistein, daidzein and equol
increase QR via ERβ and Nrf2 binding to the QR ARE. The concentrations used in this
study (1–25 μmol/L) were less than the concentrations (5–40 μmol/L) of genistein and
daidzein treatment to Hepa-1c1c7 cells reported previously without evidence of toxic
effects or disruption of cell viability [15].

2.3. Quinone reductase activity assay

The QR activity assay was based on the Prochaska method [31]. In summary, Hepa-
1c1c7 cells were seeded in 96-well plates at a density of 104 cells per well and grown in
an incubator at 37°C and 5% CO2 for 24 h. The medium was removed and replaced with
fresh medium containing the appropriate phytochemical concentrations. After the cells
were treated for 24 or 48 h, themediumwas removed and replacedwith 50 μl digitonin
lysing solution for 10min at 37°C and 5% CO2. The 96-well plates were transferred to an
orbital shaker for 10min at 100 rpm and 25°C. Protein was measured using the Bio-Rad
protein assay (Bio-Rad Laboratories), based on the Bradford method. Cytosolic QR 1
activity was measured in 96-well plates by following the conversion of glucose 6-
phosphate+NADP to 6-phospho-gluconate+NADPH by glucose 6-phosphate dehy-
drogenase. The reactions that followed were NADPH+menadione to menadiol+NADP
by QR 1 and the linked reduction of thiazolyl blue tetrazolium bromide. This reduction
was measured spectrophotometrically at 600 nm for 5 min. The fold of control
increases were obtained by dividing the treated values by the control values.

2.4. Protein extraction and western immunoblot analysis

Hepa-1c1c7 cells were seeded in 100 mm culture dishes at a density of 106 cells
per dish and grown in an incubator at 37°C and 5% CO2 until ∼90% confluent. The
medium was replaced with fresh medium containing the appropriate phytochem-
ical concentrations, followed by treatment of the cells for 24 and 48 h. The cells
were washed with ice-cold phosphate-buffered saline (PBS) and protease inhibitor
cocktail (Sigma), followed by the addition of 100 μl cell lysis buffer [20 mmol/L
HEPES, 1 mmol/L EDTA, 10% (v:v) glycerol, 1% (v:v) Triton X-100 and protease
inhibitor cocktail] [32]. The cells were collected with a rubber policeman and
dispensed into 1.5-ml tubes on ice. The lysates were incubated on ice for 1 h with
intermittent vortexing every 10 min, followed by centrifugation at 12,000×g for 10
min at 4°C. The cytosolic supernatants were collected and stored at −80°C until
further analysis.

Western blots were performed on 24 and 48 h treatment groups. Protein was
measured using the Bio-Rad assay. Protein (50 μg cytosolic protein/well) was
loaded and separated on 12% sodium dodecyl sulphate polyacrylamide gel
electrophoresis gels (Bio-Rad Laboratories). The separated proteins were blotted
onto PVDF membranes and incubated with blocking reagent (TBS [Tris Buffered
Saline, with 5% milk and 0.05% Tween 20] Blotto A, Santa Cruz Biotechnology)
overnight at 4°C. The proteins were probed with antibodies directed against QR or
actin at a concentration of 1:200 for 1 h. The membranes were washed with TBS [10
mmol/L Tris-HCl, 150 mmol/L NaCl, 0.05% (v:v) Tween 20, pH 8.0]. The membranes
were subsequently exposed to horseradish peroxidase-linked donkey anti-goat IgG
antibodies (1:5000) for 1 h and washed with TBS, followed by a TBS wash without
Tween 20. Western blot signals were detected using enhanced chemiluminescence
(ECL) according to the manufacturer's instructions (Santa Cruz Biotechnology).
Immunoquantitation was determined using the ChemiDoc XRS densitometric
scanning imager (Bio-Rad Laboratories).

2.5. RNA extraction and real-time PCR (TaqMan) analysis

Hepa-1c1c7 cells were seeded in six-well plates at a density of 106 cells per well
and grown in an incubator at 37°C and 5% CO2 for 24 h. The mediumwas replaced with
fresh medium containing the appropriate phytochemical concentrations, followed by a
24-h treatment period. The cells were lysed, and the mRNA was isolated following the
manufacturer's instructions for the RNeasy Plus mini kit (Qiagen). Single-stranded
cDNA was synthesized using oligo (dT) primers and SuperScript II Reverse
Transcriptase (Invitrogen) by following the manufacturer's protocol. TaqMan PCR
was utilized to quantify the amount of QR mRNA (National Center for Biotechnology
Information [NCBI] Reference Sequence NM 008706.5) for the various treatments using
primers and probe from Applied Biosystems. The cycle parameters were as follows:
first cycle at 50°C for 2 min, followed by 95°C for 10 min, and 40 cycles at 95°C for 15 s,
followed by 60°C for 1 min. The comparative Ct method was used to determine the fold
induction for each treatment, with actin used as the internal standard.

2.6. Plasmids

The 5′-upstream region of nqo1 cloned into the pGL3-Basic (Promega) luciferase
reporter vector to create -1016/nqo5′-luc, was generously provided by Dr. John D.
Hayes (Biomedical Research Centre, Ninewells Hospital and Medical School, University
of Dundee, Scotland, UK). The plasmid containing the luciferase construct was
propagated in competent Escherichia coli cells (Genesee Scientific). Plasmid DNA was
prepared using the QIAprep Spin Miniprep kit (Qiagen). The pRL-TK Renilla reporter
vector (Promega) was used as an internal control.

2.7. DNA transfection and luciferase reporter gene assay

At ∼90% confluency, Hepa-1c1c7 cells were cotransfected with 0.1 μg of −1016/
nqo5′-luc plasmid and 0.1 μg of pRL-TK Renilla reporter vector using Lipofectamine
2000 (Invitrogen), according to the manufacturer's guidelines. After 24 h of
transfection, the cells were treated with control [0.1% (v:v) DMSO]; 1 μmol/L β-
naphthoflavone (positive control) or 1 and 5 μmol/L genistein, daidzein, equol or
resveratrol for 24 h. Following treatment, firefly (−1016/nqo5′-luc) and Renilla
luciferase activities were measured using the Dual-Glo Luciferase Assay System
(Promega) and a Wallac 1420 luminometer (PerkinElmer). Background luminescence
was subtracted using nontransfected cells, and luciferase activities were normalized to
the internal control Renilla luminescence.

2.8. Chromatin immunoprecipitation assay

Hepa-1c1c7 cells were seeded in three 100 mm culture dishes at a density of
106 cells per dish for each treatment and grown in an incubator at 37°C and 5% CO2

until confluent. The medium was replaced with fresh medium containing the
appropriate phytochemical concentrations. The cells were treated with control
[0.1% (v:v) DMSO]; 1 μmol/L β-naphthoflavone or 5 μmol/L genistein, daidzein,
equol or resveratrol for 1 h. The cells were processed using the ChIP-IT Enzymatic
kit (Active Motif). Briefly, the procedure was initiated by cross-linking the proteins
to DNA via 1% formaldehyde to the culture dishes for 10 min on a rocking platform
at room temperature. The cross-linking was stopped with the addition of glycine
solution. The cells were scraped with a rubber policeman using 2 ml of scraping
solution (PBS supplemented with 0.5 mmol/L phenylmethanesulfonyl fluoride
[PMSF]) and pooled from three plates, followed by centrifugation for 10 min at
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720×g. The protocol was continued according to the manufacturer's instructions.
During the ChIP procedure, ERβ and Nrf2 antibodies (2 μg each) were added to the
pre-cleared chromatin in 0.65-ml siliconized tubes and incubated overnight on a
rotator at 4°C. The QR ARE DNA (obtained from the ChIP procedure) was analyzed
using PCR with previously described primers [33] and Platinum Taq High Fidelity
(Invitrogen). The cycle parameters were as follows: first cycle at 94°C for 2 min, 35
cycles at 94°C for 20 s, 55°C for 30 s, 68°C for 30 s and a final extension at 68°C for 7
min. PCR products were resolved on a 1% agarose gel containing ethidium bromide,
and visualized under UV illumination using the Bio-Rad imaging system.

2.9. Statistical analysis

Data are expressed as means±S.D. All data were analyzed using SigmaStat
version 3.5 for Windows (Systat Software). Data were analyzed using analysis of
variance (ANOVA), followed by Student-Newman-Keuls post hoc test that compared
treatments to control. An α level of .05 was used to determine significance. The
graphs for the figures were prepared using GraphPad Prism version 5.02 for Windows
(GraphPad Software).

3. Results

3.1. Daidzein and equol increase quinone reductase activity at
physiologic concentrations

Enzymatic activity assays demonstrated that QR is modulated by
genistein, daidzein and equol. Treatment of the Hepa-1c1c7 cells
with daidzein and equol at 1, 5 and 25 μmol/L for 24 and 48
h significantly increased QR specific activity at each concentration
and time point (Fig. 1A and B). Daidzein resulted in 1.21–1.42-fold
of control increased QR activity, and equol treatment yielded 1.28–
Fig. 1. Quinone reductase activity expressed as fold increases for Hepa-1c1c7 cells treated for 24
for Hepa-1c1c7 cells treated for 24 h and normalized to β-actin. Representative quinone reduc
actin. For the enzyme activity, TaqMan, and Western immunoblot assays, Hepa-1c1c7 cells we
(NF), or 1, 5, and 25 μmol/L genistein (Gen), daidzein (Daid), or equol. Groups indicated by ⁎ (P
means±S.D. from 3 separate experiments performed in triplicate.
1.65-fold of control increases compared to control [0.1% (v:v)
DMSO]. In contrast, 1 μmol/L genistein treatment did not signifi-
cantly increase QR activity at either time point. Treatment with the
higher concentrations of 5 and 25 μmol/L resulted in QR activity
which was increased 1.28–1.63-fold of control compared to control.
The cells treated with 1 μmol/L of the positive control β-naphtho-
flavone (NF) strongly increased QR activity after 24 and 48 h (1.91
and 2.0 fold of control, respectively).

3.2. Daidzein and equol increase mRNA at physiologic concentrations

QR mRNA was measured to determine if the soy isoflavones
induce QR at the gene transcription level. Daidzein and equol both
significantly increased QR mRNA following 24 h treatment of Hepa-
1c1c7 cells with isoflavone concentrations of 1, 5 and 25 μmol/L (Fig.
1C). The mRNA levels were induced by 1.8–3.7-fold of control
compared to controls [0.1% (v:v) DMSO]. Positive control NF also
increased mRNA at its 1 μmol/L (9.17-fold of control) concentration.
Genistein increased QR mRNA at 25 μmol/L (3.5-fold of control) but
not following treatment at the lower concentrations.

3.3. Genistein, daidzein and equol increase quinone reductase protein
at 48 h

Western immunoblot assays were performed to support the
increases in QR activity and mRNA following exposure to soy
isoflavones. Hepa-1c1c7 cells treated with 1 μmol/L NF (positive
h (A) and 48 h (B). Real-time (TaqMan) PCR analysis (C) of the quinone reductase gene
tase Western immunoblots (D) for Hepa-1c1c7 cells treated for 48 h and normalized to
re treated with control [0.1% (v:v) DMSO], positive control 1 μmol/L β-naphthoflavone
b.05) or ⁎⁎ (Pb.001) differ significantly compared to control. The results are expressed as



Fig. 3. Representative chromatin immunoprecipitation assays for ERβ (A) and Nrf2 (B)
binding to the QR ARE in Hepa-1c1c7 cells. The cells were treated with control [0.1% (v:
v) DMSO], 1 μmol/L β-NF or 5 μmol/L genistein, daidzein, equol or resveratrol (positive
control for ERβ binding) for 1 h. ERβ and Nrf2 antibodies (2 μg each) were added to the
pre-cleared chromatin. Negative IgG (2 μg) and input DNA (C) were used as controls.
Primers specific to the mouse QR ARE were used for PCR analysis. Groups indicated by
⁎⁎ (Pb.001) differ significantly compared to control. The results are expressed as means
±S.D. from three separate experiments.

846 E.B. Froyen, F.M. Steinberg / Journal of Nutritional Biochemistry 22 (2011) 843–848
control) or 25 μmol/L genistein, daidzein or equol for 48 h strongly
increased QR protein (Pb.001) compared to control [0.1% (v:v) DMSO]
and normalized to actin (Fig. 1D). The less sensitive Western
immunoblots (compared to the enzyme activity and TaqMan assays)
did not result in strong changes in protein levels following 24
h treatment conditions, nor were there any significant changes at the
lower concentrations (1 and 5 μmol/L) even after 48 h, despite
induction of enzyme activity and mRNA at these concentrations and
time points (data not shown). Cell viability as assessed by visual
inspection of cell morphology and trypan blue exclusion indicated
excellent cell viability with no evidence of toxicity at the treatment
concentrations used.

3.4. Genistein, daidzein and equol increase luciferase activity in cells
transiently transfected with the QR antioxidant response element

Physiologic concentrations (1 and 5 μmol/L) of genistein,
daidzein and equol activate the QR antioxidant response element
as demonstrated by Hepa-1c1c7 cells transiently transfected with
the –1016/nqo5′-luc reporter plasmid. 24 h treatment of soy
isoflavones genistein, daidzein, equol or positive controls NF and
resveratrol resulted in significantly increased luciferase expression
and activity for each treatment (Pb.001) compared to DMSO
control and normalized to Renilla luciferase activity (Fig. 2). The
magnitude of change was similar for each of the isoflavones,
ranging from 1.3- to 2.4-fold induction, with daidzein having the
strongest effect.

3.5. Daidzein and equol strongly increase the binding of ERβ and Nrf2 to
the QR antioxidant response element

ChIP assays were used to determine amechanism for the increased
-1016/nqo5′-luc activity in the transfected cells observed with
genistein, daidzein and equol treatments. ERβ has been shown to
bind to the QR ARE in MCF-7 cells with resveratrol treatment, but not
genistein [24]; thus, we investigated if genistein, daidzein and equol
might increase ERβ and Nrf2 binding to the QR ARE in Hepa-1c1c7
cells. The cells were treated for 1 h with control [0.1% (v:v) DMSO]; 1
μmol/L NF or 5 μmol/L genistein, daidzein, equol or resveratrol
(positive control for ERβ binding). Daidzein, equol and resveratrol
strongly increased the binding of ERβ to the QR antioxidant response
element (Pb.001) compared to control (Fig. 3). The increases ranged
from 2.0–2.7-fold of control, with daidzein having the strongest effect.
In contrast, genistein and NF had a lower impact on ERβ binding, with
Fig. 2. Firefly luciferase activity for Hepa-1c1c7 cells transiently transfected with
the quinone reductase antioxidant response element. The cells were treated with
control [0.1% (v:v) DMSO], 1 μmol/L β-naphthoflavone (NF) (positive control), or 1
and 5 μmol/L genistein, daidzein, equol, or resveratrol for 24 h. Groups indicated
by ⁎⁎ (Pb.001) differ significantly compared to control. The results are expressed
as means±S.D. from three separate experiments, and normalized to Renilla
luciferase activity.
approximately 1.5 fold of control increases compared to control. All
treatments increased the binding of the transcription factor Nrf2 to
the QR ARE compared to control (Pb.001). The magnitude of change
ranged from 1.7 to 2.1-fold of control, with daidzein having the
strongest effect.
4. Discussion

Dietary isoflavones mediate effects on biotransformation enzymes
and ultimately on cancer prevention, but the underlying mechanisms
of the aglycones and their physiologic conjugates have not been fully
elucidated. This study demonstrates that soy isoflavone aglycones and
the metabolite equol modulate quinone reductase (QR) at the
molecular level by interacting with the QR antioxidant response
element (ARE) and increasing the binding of estrogen receptor beta
(ERβ) and nuclear factor erythroid 2-related factor 2 (Nrf2).
Genistein, daidzein and equol increased QR activity, protein and
mRNA under the experimental conditions employed in our work.
Physiologic concentrations (1 and 5 μmol/L) of daidzein and equol
treatments resulted in significant increases in QR mRNA and activity.
The results of the transient transfections with −1016/nqo5′-luc

image of Fig. 2
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reporter plasmid are similar to findings with sulforaphane increasing
−1016/nqo5′-luc activity in Hepa-1c1c7 cells [33] and of other
phytochemicals such as epigallocatechin gallate (ECGC) [34]; thus,
certain phytochemicals have the ability to increase ARE-luciferase
reporter gene transactivation. To our knowledge, this is the first study
to report genistein, daidzein and equol interact with the QR
antioxidant response element.

The increases in QR activity observed in this study are similar to
other studies using cell culture [15], mice [35], rats [14,36] and our
previous study where hepatic QR activity was increased in male and
female Swiss Webster mice fed 1500 mg/kg daidzein; yet, genistein
did not impact hepatic QR activity compared to controls [37]. The
more robust induction of QR activity by daidzein compared to
genistein in this study differs from Wang et al. [38] who treated
colonic cells with various concentrations of genistein and daidzein. An
explanation for this difference might be different cell types and study
design. We noted relatively larger increases in mRNA which were not
reflected completely in activity. The observation of increases in QR
protein and mRNA agree with Bianco et al. [24].

Equol has not been studied to determine its impact on QR
activity, protein andmRNA in a cell culture model. Equol is produced
from the intestinal bacterial metabolism of daidzein and might be
responsible for some of the effects observed with daidzein in
previous animal studies. Approximately 30–50% of humans are
equol producers, whereas all rodents produce equol [39]. Therefore,
this can account for some of the differing results seen in human [40],
cell culture [15,38] and animal studies [36,39,41], regarding
daidzein. Furthermore, approximately 50% of equol circulates in an
unbound form, and both equol and genistein have similar high
binding affinities to ERβ, making them both candidates for
modulating gene expression via ERβ [39,42].

To further investigate the mechanism of QR modulation by soy
isoflavones, ChIP was utilized to identify transcription factors
involved in the increases in QR. The relative binding affinities (in
comparison to estradiol) for genistein, daidzein and equol to ERβ are
18.13, 0.79 and 1.87, respectively; however, the transactivation
activities are 84.76, 80.95, and 96.16 [43]. The transactivation
characteristics make these isoflavones potent candidates for mod-
ulating gene transcription. In this study, equol and daidzein
increased transcription of QR via both ERβ and Nrf2 strongly binding
to the QR antioxidant response element. The ChIP results for ERβ are
in agreement regarding resveratrol exposure but differ for genistein
treatment observed in the study by Bianco et al. [24] where a
different cell type (MCF-7 breast cancer cell) and treatment
concentration (1 μmol/L) were used. In addition to liver and breast,
ERβ is found in high concentrations in the prostate, epididymis, lung
and hypothalamus [42]. Therefore, there is the potential for
differential ERβ induction by isoflavones, reflecting tissue distribu-
tion and enrichment.

Possible explanations for the decreased impact of genistein
(compared to daidzein and equol) on QR include: (1) genistein
binding to ERα which precipitates Nrf2, inhibiting it from translocat-
ing into the nucleus and binding to the ARE, resulting in decreased
transcription of the QR gene [20,44,45]; however, genistein did not
decrease Nrf2 binding to the QR ARE in this study; (2) inducing
oxidation of the cysteine residues in ERβ, which has been shown to
inhibit ER-DNA interaction [46]; however, there are contradictory
results in Nrf2 or ERβ binding in the presence of genistein or in
combination with the antioxidant N-acetylcysteine (NAC) [24]; or (3)
kinase [20,47] and/or topoisomerase [48] inhibition.

There is support in the literature regarding kinase inhibition by
genistein [23,47,49–51]. Furthermore, signal transduction pathways
involving protein kinases can mediate activation of the AhR,
particularly when low-affinity AhR ligands are involved in xenobiotic
induction [15,52]. These effects would impair nuclear translocation of
AhR and therefore decrease binding to the xenobiotic response
element (XRE), which could result in a decrease in cross-talk with
ARE transcription factors and a lack of induction in QR gene
transcription [15,53]. In our study, genistein (1 and 5 μmol/L) did
not increase QR mRNA but did increase Nrf2 binding to the QR ARE,
which supports inhibition of AhR complex phosphorylation and
translocation and/or topoisomerase inhibition.

Nrf2 is required for both basal and inducible transcription of QR,
and induction of QR requires phosphorylation of Nrf2 by upstream
kinases and/or stabilization of Nrf2 via cysteine thiol modifications
and/or disruption of Nrf2-Keap1 complex by other means, with
subsequent translocation of Nrf2 into the nucleus, recruitment of
transcription factors and binding to response elements in the gene
promoter region [34]. The mechanism by which the AhR participates
in QR induction is not well understood. More studies need to be done
regarding protein factorsmediating the induction of phase II genes via
the AhR and potential cross-talk between the XRE and ARE dependent
signal transduction pathways. Furthermore, an ARE and XRE have
been discovered in the mouse and are close in proximity. This
suggests a functional overlap between the enhancers where Nrf2 and
AhR bind and mediate induction of QR [1,20,54], interacting directly
or through adaptor proteins [1,55–57].

In a recent study [58], Nrf2 mRNA and protein levels were not
altered in rats fed 2000 mg/kg genistein for 3 wk. It was suggested
that the induction of QR is not mediated via an Nrf2-dependent
pathway. However, in the current study, we observed an increase in
Nrf2 binding to the QR ARE in response to treatment with genistein,
daidzein and equol. Our ChIP results indicate that daidzein and equol
modulate QR via both Nrf2 and ERβ strongly binding to the ARE
similar to anti-estrogens, whereas genistein stimulates Nrf2 binding
and, to a lesser extent, ERβ binding. This later result is consistent with
the manner in which catechol estrogens mediate activation of the QR
ARE via upstream kinase phosphorylation and stimulation of Nrf2
nuclear translocation without involvement of ER [59].

In conclusion, soy isoflavones increase QR activity, protein, and
mRNA at physiologic and supraphysiologic concentrations in Hepa-
1c1c7 cells. The molecular mechanisms by which genistein, daidzein
and equol interact with the QR antioxidant response element differs,
with daidzein and equol modulating QR via both ERβ and Nrf2
binding strongly to the QR ARE, and genistein acting predominantly
via Nrf2, with less involvement of ERβ. This study extends previous
knowledge by elucidating mechanisms for the induction of QR,
thereby describing a process by which isoflavones can decrease the
risk for cancer.
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