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Exact mechanisms underlying the initiation and progression of
estrogen-related cancers are not clear. Literature, evidence and
our studies strongly support the role of estrogen metabolism-
mediated oxidative stress in estrogen-induced breast carcinogen-
esis. We have recently demonstrated that antioxidants vitamin C
and butylated hydroxyanisole (BHA) or estrogen metabolism
inhibitor a-naphthoflavone (ANF) inhibit 17b-estradiol (E2)-
induced mammary tumorigenesis in female ACI rats. The objec-
tive of the current study was to identify the mechanism of
antioxidant-mediated protection against E2-induced DNA dam-
age and mammary tumorigenesis. Female ACI rats were treated
with E2 in the presence or absence of vitamin C or BHA or ANF
for up to 240 days. Nuclear factor erythroid 2-related factor 2
(NRF2) and NAD(P)H-quinone oxidoreductase 1 (NQO1) were
suppressed in E2-exposed mammary tissue and in mammary
tumors after treatment of rats with E2 for 240 days. This suppres-
sion was overcome by co-treatment of rats with E2 and vitamin C
or BHA. Time course studies indicate that NQO1 levels tend to
increase after 4 months of E2 treatment but decrease on chronic
exposure to E2 for 8 months. Vitamin C and BHA significantly
increased NQO1 levels after 120 days. 8-Hydroxydeoxyguanosine
(8-OHdG) levels were higher in E2-exposed mammary tissue and
in mammary tumors compared with age-matched controls. Vita-
min C or BHA treatment significantly decreased E2-mediated
increase in 8-OHdG levels in the mammary tissue. In vitro studies
using silencer RNA confirmed the role of NQO1 in prevention of
oxidative DNA damage. Our studies further demonstrate that
NQO1 upregulation by antioxidants is mediated through NRF2.

Introduction

Estrogens have been implicated in the development of breast cancer
(1–3). However, the exact mechanisms by which estrogens exert their
carcinogenic effects remain elusive. A growing body of clinical and
epidemiological literature, our studies and those of others strongly
support the role of estrogen metabolism-mediated oxidative stress in
estrogen-induced breast carcinogenesis (1,2,4–8). Estrogen-mediated
tumor induction is suggested to depend on formation of estrogen
DNA adducts and oxidative stress resulting from redox cycling of
estrogen metabolites as well as on estrogen receptor-dependent
pathway of estrogen-induced cell growth (1,2,9–15). The estrogen re-
ceptor-independent pathway involves metabolism of 17b-estradiol (E2)
to catechol estrogens 2-hydroxyestradiol (2-OHE2) and 4-hydroxyes-
tradiol (4-OHE2) (14). While 2-OHE2 is known to have putative
chemo-protective characteristics, 4-OHE2 is known to generate oxidant

stress and possess genotoxic potential (15–18). 4-Hydroxyestradiol
undergoes oxidative metabolism to form electrophilic quinones, which
readily react with DNA to produce depurinating adducts (2,15,18). In
addition, redox cycling of quinones and semiquinones results in the
formation of free radicals and reactive oxygen species, thereby creating
more opportunities for genetic damage (19,20). NAD(P)H-Quinone
oxidoreductase 1 (NQO1) is a key enzyme involved in defense against
reactive oxygen species and inhibition of neoplasia (21,22). NQO1
converts E2-quinones back to E2-catechols, thus making E2-quinones
unavailable for reaction with DNA and oxidative stress (23–26).

The transcription of many phase II antioxidant defense genes is
suggested to be regulated by nuclear transcription factor nuclear factor
erythroid 2-related factor 2 (NRF2) (27–29). The transcription factor
NRF2 binds to the antioxidant response element (ARE) in the promoter
regions of genes encoding these antioxidant defense enzymes to in-
crease their transcription (30,31). NQO1 contains ARE sequence in
the promoter region and is known to be regulated by NRF2 (32).

The present study was intended to examine the role of two known
prototypic antioxidants vitamin C (Vit C) and butylated hydroxyani-
sole (BHA) on NQO1 protein expression and role of NQO1 in pre-
vention of oxidative DNA damage during breast carcinogenesis in an
ACI rat model of breast cancer. Vitamin C is one of the most prevalent
antioxidative components of fruits and vegetables (33). It has also
been used as a dietary supplement intended to prevent oxidative
stress-mediated chronic diseases such as cancer, cardiovascular dis-
ease, hypertension, stroke, and neurodegenerative disorder (34–37).
However, some studies have suggested that dietary Vit C supplemen-
tation is harmful and may cause DNA damage (38,39). BHA is one of
the several widely used antioxidants food additives that has been
suggested to provide protection against chemical carcinogens (40).
The exact mechanisms for the anticarcinogenic activity of BHA ad-
ministered subsequent to carcinogen administration remain unknown
(40). The anticarcinogenic activity of BHA is often ascribed to the
ability of BHA to act as a free radical scavenger and/or to induce
‘phase II’ metabolic enzymes (41,42). In our previous studies, we
have demonstrated that antioxidants Vit C and BHA significantly in-
hibit E2-induced breast cancer (5,6). Metabolism of E2 to catechol
estrogens through cytochrome P450 (Cyp) enzymes 1A1 and 1B1 is
suggested to play an important role in the formation of estrogen-DNA
adducts as well as in generation of oxidative stress (2,15,18).
Our recent studies also demonstrate that a-naphthoflavone (ANF)
a Cyp1A1/1B1 inhibitor completely abrogates E2-induced breast can-
cer in female ACI rats (5).

The role of NQO1 in prevention of E2-induced breast cancer
by antioxidants Vit C or BHA or E2-metabolic inhibitor ANF has
not been explored. In this study, we suggest that NQO1 may play
an important role in the prevention of E2-induced oxidative DNA
damage and breast carcinogenesis by antioxidants Vit C and BHA.

Materials and methods

Treatment of animals and histopathologic analysis

Female ACI rats (4 weeks of age; Harlan Sprague Dawley, Indianapolis, IN)
were housed under controlled temperature, humidity and lighting conditions.
After a 1 week acclimatization period, rats were divided into following differ-
ent groups: (i) Control, (ii) E2, (iii) BHA, (iv) BHA þ E2, (v) Vit C, (vi) Vit C
þ E2, (vii) ANF and (viii) ANF þ E2. Rats were implanted subcutaneously
with 3 mg E2 pellets. E2 pellets were prepared in 17 mg cholesterol as a binder
as described previously (1,43). Control, Vit C, BHA and ANF groups received
17 mg cholesterol pellet only. Vitamin C (1%) was administered in drinking
water. BHA (0.7%) and ANF (0.2%) were fed to animals through phytoestro-
gen-free AIN76A diet (Dyets, Bethlehem, PA). Water was given ad libitum to
all the animals. Each of the eight treatment groups were divided into four
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subgroups, containing at least 10 rats in each subgroup. Each subgroup un-
derwent treatments as described above for 7, 15, 120 or 240 days, respectively. At
the end of the experimental time period, animals were anesthetized using iso-
flurane and euthanized. Mammary (both tumor and normal), uterus, lung, liver,
spleen, heart, brain, thymus and kidney tissues were removed and snap frozen in
liquid nitrogen for future analyses. Frozen tissues were stored at �70�C. Portions
of the excised tissues were stored in 10% buffered formalin for histopathological
evaluations. Tumor incidence and the number of tumor nodules per rat were
counted at the time of dissection. Animal protocols used in the current study
were approved by the Institutional Animal Care and Use Committee.

Cell culture and knockdown studies

Non-tumorigenic breast epithelial cell line MCF-10A was purchased from
American Type Culture Collection. Experiments were performed in passages
two to six of cells sub-cultured from a frozen stock. MCF-10A cells were grown
in Dulbecco’s modified Eagle’s medium/F12 (50:50) media (Mediatech, Hern-
don, VA). Twenty-four hours prior to treatment, cells were washed twice with
phosphate-buffered saline (PBS) and then grown in phenol red-free Dulbecco’s
modified Eagle’s medium/F12 (50:50) supplemented with 5% charcoal dextran
stripped horse serum (Cocalico Biologicals, Reamstown, PA). Cells were treated
with E2 (10 and 50 nM), Vit C (250 lM and 1 mM), BHA (250 lM), ANF
(10 lM), dicumarol (100 lM), Vit C þ E2, BHA þ E2, ANF þ E2 for up to
48 h. Treated cells were washed with PBS and used for DNA 8-hydroxydeox-
yguanosine (8-OHdG) and western blot analyses according to established meth-
ods. Small interfering RNAs against NQO1 (Ambion, Austin, TX) and NRF2
(Santa Cruz Biotechnology, Santa Cruz, CA) were used to silence the respective
genes in MCF-10A cells. Cells were transfected with 20 nmol/l of siNQO1 or
siNRF2. Scrambled small interfering RNA (Santa Cruz Biotechnology, Santa
Cruz, CA) was used as a negative control. MCF-10A cells transfected with
siNQO1 or siNRF2 were treated with 50 nM of E2 for 48 h and used for
DNA 8-OHdG analysis.

Western blot analysis

Approximately 50 mg ACI rat mammary, mammary tumor, uterus, lung, liver,
brain, heart, spleen, thymus and kidney tissues were homogenized in a tissue
protein extraction buffer (T-PER, Thermo Scientific, IL) using a PRO 200 rotor
stator homogenizer (PRO Scientific, CT). Homogenized samples were centri-
fuged at 10 000g and the clear supernatant was saved and used for western blot
analyses. MCF-10A cell lysates were prepared in RIPA buffer with protease
inhibitor cocktail (Sigma Chemicals, MO). The Pierce BCA Protein Assay kit
was used to determine protein concentrations (Pierce, Rockford IL). Eighty
microgram total protein from ACI rat tissues or 30 lg protein from MCF-10A
cells was size fractionated on a 12% sodium dodecyl sulfate–polyacrylamide
gel, and transferred onto a polyvinylidene difluoride membrane (Millipore
Corp., Billerica, MA) under standard conditions (44,45). Polyvinylidene
difluoride membranes were blocked in 5% dry non-fat milk/PBS/0.05%
Tween-20 at room temperature for 2 h. Affinity purified goat polyclonal anti-
body against NQO1 or NRF2 (Santa Cruz Biotechnology, Santa Cruz, CA) was
diluted 1:1500 in PBS/0.05% Tween-20 and used for immunodetection.
Chemiluminescent detection was performed using the BM Chemilumines-
cence Detection kit (Roche, Indianapolis, IN) and Alpha Innotech FluorChem
HD2 (Alpha Innotech, San Leandro, CA) gel documentation system. Mem-
branes probed for NQO1 were reprobed with a-tubulin monoclonal rat anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA) using the methods
described above. Intensities of the bands were quantified and normalized using
AlphaEase FC StandAlone software (version 6.0.0.14; Alpha Innotech).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed with MCF-10A
cells using ChIP Assay Kit (USB Corporation, Cleveland, OH) as suggested by
the manufacturer. In brief, MCF-10A (�5 � 108) cells grown in 100 mm tissue
culture dishes were treated with Vit C (1 mM) or BHA (250 lM) in the presence
or absence of E2 (10 nM) for 2 h and cross-linked with 1% formaldehyde and
then sonicated. Soluble chromatin was collected and incubated on a rotating
platform with goat polyclonal antibody against NRF2 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) overnight at 4�C. The DNAwas recovered and subjected to
real-time polymerase chain reaction (PCR) analysis using primers flanking ARE
of the human NQO1 gene promoter. The NQO1 ARE primers used for the end
point real-time PCR amplification using SYBR green method (Qiagen, Valencia)
were as follows: forward primer 5#-CAGTGGCATGCACCCAGGGAA-3# and
reverse primer 5’-GCATGCCCCTTTTAGCCTTGGCA-3#. Amplification of in-
put chromatin before immunoprecipitation at a dilution of 1:50 was used as
a positive control. ChIP without any antibody served as a negative control.
The assays were carried out in three replicates. Agarose gel electrophoresis
and Ct (cycle threshold) values for the amplified products for ChIP DNA and
input DNA samples were used to represent the results.

NQO1 activity assay

NQO1 enzymatic activity was determined using a colorimetric assay with
2,6-dichlorophenolindophenol (DCPIP) as a substrate to oxidize NADPH to
NADPþ (46). Cytosolic fractions were prepared from ACI rat mammary tumor
and mammary tissues as described previously (47) and used for quantification
of NQO1 activity. Briefly, the mammary tumor and mammary tissues were
homogenized in four volumes of 1.14% KCl solution containing 10 mM ethyl-
enediaminetetraacetic acid, pH 7.5. The cytosolic fraction was prepared from
the homogenate by successive centrifugation at 10 000g for 20 min and then
100 000g for 1 h. Protein estimation was carried out using Pierce BCA Protein
Assay kit (Pierce, Rockford, IL). Ten microgram cytosolic protein from mam-
mary or mammary tumor tissue in 200 lmol/l NADPH and Tris–HCl buffer
consisting of 25 mmol/l Tris–HCl, pH 7.4, 0.7 mg/ml BSA, were read at 600
nm immediately after adding 40 lmol/l DCPIP for five time points, spanning 5
min with 1 min intervals in a microtiter plate at 27�C. Duplicate reactions with
the addition of 20 lmol/l dicumarol were run to determine the rate difference
from uninhibited to dicumarol-inhibited protein samples.

8-OHdG estimation

8-OHdG, a ubiquitous marker of oxidative stress-mediated DNA damage was
estimated in E2-treated ACI rat mammary, mammary tumors and MCF-10A
cells in the presence or absence of Vit C, BHA or ANF. siNQO1- or siNRF2-
transfected MCF-10A cells were also treated with E2 and used for isolation of
DNA for 8-OHdG analysis. DNA was isolated from the mammary tumors and
mammary tissues from all the treatment groups treated for 240 days. MCF-10A
cells treated with E2 in the presence and absence of antioxidants (Vit C and
BHA), ANF and dicumarol were also used for isolation of DNA for 8-OHdG
estimation. DNA was isolated using DNeasy blood and tissue kit (Qiagen,
Valencia, CA) according to the supplier’s protocols with some modifications.
Diethylenetriamine pentaacetic acid (0.1 mM) and ascorbic acid (2 mM) were
used throughout the DNA isolation process to avoid possible spurious DNA
oxidation. DNase-free RNase (Sigma-Aldrich, St. Louis, MO) was used to
degrade RNA as per supplier’s recommendations. The RNA-free DNA thus
obtained was used to estimate 8-OHdG levels using Oxiselect oxidative DNA
damage ELISA-kit (Cell Biolabs, San Diego, CA) according to supplier’s
protocols with some modifications (48). Briefly, 20 lg DNA was digested with
10 U DNase 1 (Qiagen, Valencia, CA) at 37�C for 30 min in presence of 100
mM MgCl2 and 1 M Tris-HCl (pH 7.4). After digestion of DNA with DNase 1,
pH of digested DNA was adjusted to 5.2 with 3 M sodium acetate (pH 5.2) and
DNA reaction mixture was subjected to 1 ll of nuclease P1 (1 U/ll) digestion
for 1.5 h at 37�C. After 1.5 h of incubation, 1 M Tris-HCl (pH 8.0) was used to
bring the pH back to 7.4, followed by treatment with 1 ll of alkaline phos-
phatase (1 U/ll stock) for 1 h. The reaction mixture was then subjected to 1 ll
of each phosphodiesterase I (0.01 U/ll) and phosphodiesterase II (0.01 U/ll)
digestion for 30 min at 37�C. The reaction mixture was centrifuged for 5 min at
6000g and the supernatant was used for 8-OHdG ELISA assay.

Statistical analyses

Statistical analyses were performed by using Sigma Plot 11.0 (Systat Software,
San Jose, CA) or IBM SPSS Statistics 19 software (IBM, Armonk, NY). One-
way analysis of variance and least significant difference post-hoc analysis was
used to calculate P values for comparisons of NQO1 protein expression and
8-OHdG levels among all groups of treated animals. The unpaired t-test analysis
was used to calculate P values for comparisons of NQO1 enzymatic activity
between treated animals and respective age-matched controls. One-way analysis
of variance with least significant difference post-hoc analysis was also used to
compare 8-OHdG levels in MCF-10A cells among different treatment and con-
trol groups. Fisher’s exact test was used to compare tumor incidence between
two treatment groups. A P value ,0.05 was considered significant.

Results

E2 treatment decreases NQO1 protein expression

NQO1 protein expression was quantified in E2-treated female ACI rat
mammary tissue and mammary tumors by western blot analyses.
NQO1 protein expression was significantly decreased in mammary
tissue of rats treated with E2 for 240 days and in mammary tumors
(Figure 1A). Treatment of MCF-10A cells in vitrowith E2 (10 nM) for
24 h also significantly decreased NQO1 protein expression compared
to vehicle-treated cells (Figure 1B). Our recently published studies
indicate that the morphology of the rat mammary tissue changes
following estrogen treatment for 7 days (4). Therefore, we quantified
NQO1 protein expression in mammary tissue during earlier time
points after 7, 15 and 120 days of E2 treatment. There was no change
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in NQO1 messenger RNA (mRNA) and protein expression during
early time points of E2 exposure (7 and 15 days) but after 120 days
of E2 treatment, NQO1 mRNA and protein levels were significantly
increased compared to control mammary tissue and declined after
8 months (Figures 1A and 2A and mRNA data not shown). Parallel
to NQO1 mRNA expression, NRF2 mRNA expression in mammary
tissues also did not change up to 15 days of E2 treatment and signif-
icantly increased after 120 days and then significantly decreased both
in the mammary tissues as well as in tumors after 240 days of E2
treatment (data not shown).

Antioxidants reverse E2-mediated decrease in NQO1 protein expression

We have recently demonstrated that treatment with Vit C or BHA or
ANF significantly inhibit E2-induced breast carcinogenesis (5,6).
Therefore, we were interested in finding out if these changes mirror
changes in the protein expression of NQO1, a key enzyme respon-
sible for converting E2-quinones to catechols. Western blot analyses

demonstrated that treatment with antioxidants Vit C or BHA for 240
days inhibited E2-mediated decrease in NQO1 protein expression in
ACI rat mammary tissue (Figure 1A). Time course studies suggest
that the increase in NQO1 protein expression following BHA or Vit C
treatment was apparent after 120 days of treatment (Figure 2B and C).
The fold changes in NQO1 protein expression in mammary tissue of
BHA, BHA þ E2, Vit C and Vit C þ E2 treatment groups were 1.61,
1.79, 1.84 and 1.66, respectively, after 120 days of treatment (Figure 2B
and C) and 2.43, 2.07, 2.32 and 2.11, respectively, after 240 days of
treatment compared to sham-operated age-matched controls (Figure
2B and C and Table I). ANF treatment did not induce NQO1 protein
expression but it inhibited E2-mediated decrease in NQO1 protein
expression (Figure 1A). BHA (250 lM) and Vit C (1 mM) treatment
reversed E2-mediated decrease in NQO1 protein expression and sig-
nificantly increased NQO1 protein expression in vitro in MCF-10A
cells (Figure 1B). The fold changes in NQO1 protein expression in
MCF-10A cells treated with E2, BHA, BHA þ E2, Vit C and Vit C þ
E2 for 24 h were 0.61, 1.75, 1.61, 1.65 and 1.67, respectively, com-
pared to vehicle-treated cells.

Antioxidant-mediated change in NQO1 protein expression is tissue
specific

Antioxidants Vit C or BHA reversed E2-induced decrease in NQO1
protein expression in ACI rat mammary tissues after 240 days of
treatment (Figure 1A). We also analyzed NQO1 protein expression
in brain, heart, kidney, liver, lung, spleen, thymus and uterus of ACI
rats treated with BHA or Vit C in the presence or absence of E2 for
240 days and compared with age-matched control tissues. NQO1 pro-
tein expression was detected in all organs analyzed with variable
levels of expression (Figure 3). However, E2-mediated decrease in
NQO1 protein was observed only in uterus, a known E2 responsive
organ that behaved like mammary tissue as far as NQO1 protein
expression is concerned. BHA treatment significantly increased
NQO1 protein expression in kidney, liver, spleen, thymus and uterus,
whereas Vit C increased NQO1 protein expression in liver and uterus
only (Figure 3). While Vit C alone did not alter NQO1 protein levels
in the spleen and thymus, co-treatment with E2 suggests an increase in
the expression of NQO1 protein in these two organs (Figure 3).

Antioxidants increase NQO1 enzyme activity

NQO1 enzyme activity was evaluated in cytosolic fractions of the
mammary tumors and mammary tissues of rats treated with E2,
BHA, BHA þ E2, Vit C and Vit C þ E2 for 240 days and from
age-matched controls. NQO1 activity was significantly decreased in
mammary tumors and mammary tissue of rats treated with E2 com-
pared to age-matched control mammary tissue (Table I, P , 0.05).
However, significant increase in NQO1 enzyme activity was observed
in mammary tissue of rats treated with BHA, BHA þ E2, Vit C or Vit C
þ E2 for 240 days, compared to age-matched control mammary tissue
(Table I, P , 0.05).

Antioxidants upregulate NQO1 via NRF2-mediated pathway

NRF2-mediated regulation of NQO1 has been suggested previously
(24,27,30,31). We examined whether antioxidants BHA and Vit C
upregulate NQO1 expression in rat mammary tissue in NRF2-dependent
fashion. We quantified NRF2 protein expression by western blot anal-
yses in E2-treated female ACI rat mammary tissue and mammary tu-
mors as well as BHA and Vit C-treated mammary in the presence or
absence of E2. NRF2 protein expression was significantly decreased
in mammary tissue and mammary tumors of rats treated with E2 for
240 days (Figure 4A). While Vit C or BHA treatment significantly
increased NRF2 protein expression (Figure 4A), a simultaneous de-
crease in NQO1 protein expression in E2-treated mammary tissue
and mammary tumors and increase in NQO1 protein in Vit C- and
BHA-treated mammary tissues suggested that NRF2-mediated regula-
tion of NQO1 may be involved (Figure 4A). Decreased NQO1 protein
expression after silencing NRF2 in MCF-10A cells was demonstrated
(Figure 4B). To further confirm whether inhibition of NQO1 after E2

Fig. 1. Antioxidants reverse E2-mediated decrease in NQO1 expression.
Female ACI rats were treated with E2, BHA, BHA þ E2, Vit C, Vit C þ E2,
ANF and ANF þ E2 for 240 days as described in the Materials and methods
section. At the end of the experiment, mammary tumors and mammary
tissues were collected and used for western blot analysis for NQO1.
Intensities of the bands were quantified and normalized to a-tubulin. Fold
change compared to respective age-matched control mammary tissue was
calculated from at least three different animals in each group. (A) NQO1
protein expression is significantly decreased in E2-treated mammary tumor
and mammary tissues. Antioxidants BHA and Vit C increased NQO1 protein
expression and its level remains unchanged after treatment with ANF
compared to age-matched controls. The bar graph represents NQO1 protein
fold change (mean ± SEM) in mammary tumors and mammary tissues from
at least three different animals compared to age-matched control mammary
tissues. (B) E2 (10 nM) treatment of MCF-10A cells for 24 h decreased
NQO1 protein expression, whereas antioxidants BHA (250 lM) and Vit C (1
mM) significantly increased NQO1 protein levels. The bar graph represents
NQO1 protein fold change (mean ± SEM) in MCF-10A from at least three
different replicates compared to vehicle-treated MCF-10A. Significance was
determined by analysis of variance and least significant difference post-hoc
analysis. The symbols a, b and c indicate a P value ,0.05 between specific
treatment group and control, between specific treatment group and
E2-treated mammary and between specific treatment group and mammary
tumor, respectively.
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treatment and upregulation of NQO1 after antioxidant treatment is
through differential binding of NRF2 to NQO1 promoter ARE, we
carried out ChIP assay using MCF-10A cells. Following ChIP using
anti-NRF2 antibody, DNA was recovered and subjected to real-time
PCR analysis using PCR primers flanking the ARE of the human
NQO1 gene promoter. Figure 4C shows that E2 inhibited the binding
of NRF2 to the NQO1 gene promoter as shown by increase inCt values,

while antioxidants Vit C and BHA reversed E2-mediated inhibition by
enhancing NRF2 binding to the NQO1 promoter relative to E2 alone as
shown by decrease in Ct values compared to E2 treatment.

Antioxidants inhibit E2-mediated oxidative DNA damage

DNA 8-OHdG levels were quantified as a marker of oxidative DNA
damage in mammary tissues as well as in human mammary epithelial

Fig. 2. E2 inhibits, whereas BHA and Vit C increase NQO1 in time-dependent fashion. Female ACI rats were treated with E2, BHA, BHA þ E2, Vit C and Vit C þ
E2 for 7 to 240 days as described in the Materials and methods section. At the end of the experiment, mammary tumor and mammary tissues were collected.
Tissues were homogenized and approximately 80 lg protein was used for western blot analysis. Intensities of the bands were quantified and normalized to
a-tubulin. (A) NQO1 protein expression in mammary tumors and E2-treated mammary tissues after 7, 15, 120 and 240 days of treatment. The bar graph represents
NQO1 protein fold change (mean ± SEM) in mammary tumors and mammary tissues from at least three different animals compared to age-matched control
mammary tissues. (B) NQO1 protein expression in BHA and BHA þ E2-treated group mammary tissues after 7, 15, 120 and 240 days of treatment. The bar graph
represents NQO1 protein fold change (mean ± SEM) in mammary tissues from at least three different animals compared to age-matched control mammary tissues.
(C) NQO1 protein expression in Vit C and Vit C þ E2-treated group mammary tissues after 7, 15, 120 and 240 days of treatment. The bar graph represents NQO1
protein fold change (mean ± SEM) in mammary tissues from at least three different animals compared to age-matched control mammary tissues. ‘�’ indicates P
value ,0.05 compared to respective control mammary tissue.

Table I. NQO1 enzyme activity, protein expression, 8-OHdG levels and tumor incidence in female ACI rats after different treatments

Treatment NQO1 activity
(nmol reduced
DCPIP/min/lg protein)

NQO1 protein
expression
(fold change versus control)

8-OHdG levels
(fold change versus control)

Tumor incidence (%)

Control 0.12 ± 0.01 1.00 1.00 0
E2 0.08 ± 0.01� 0.47� 1.79� 82
Tumor 0.06 ± 0.01� 0.21� 2.98� ––
BHA 0.26 ± 0.01� 2.43� 0.89 0
BHA þ E2 0.27 ± 0.02� ,�� 2.07� ,�� 1.23�� 24��

Vit C 0.25 ± 0.02� 2.32� 0.95 0
Vit C þ E2 0.23 ± 0.01� ,�� 2.11� ,�� 1.02�� 29��

NQO1 enzyme activity, NQO1 protein expression and DNA 8-OHdG levels were measured in mammary tumors and mammary tissues from Control, E2, BHA, BHA
þ E2, Vit C and Vit C þ E2-treated rats after 240 days of treatment. Column one lists the different treatments each group of animals received. Column two shows the
NQO1 activity as an average of values obtained for at least five different animals ± SEM. Columns three and four show fold change in NQO1 protein expression and
DNA 8-OHdG levels, respectively, compared with age-matched control tissue. The percent tumor incidence in each treatment group after 240 days of treatment is
listed in column five. ‘�’ indicates a P value ,0.05 compared with respective control tissue and ‘��’ indicates P ,0.05 compared with E2-treated group.
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cell line MCF-10A after treatment with antioxidants in the presence or
absence of E2. 8-OHdG levels were also quantified in NQO1 knock-
down MCF-10A cells as well as NRF2 knockdown MCF-10A cells in
the presence or absence of E2. About 2- and 3-fold increases
(P ,0.05) in 8-OHdG levels were observed in E2-treated mammary
tissue and mammary tumors, respectively, compared to control mam-
mary tissue (Figure 5A and Table I). No significant differences in 8-
OHdG levels were detected in mammary DNA samples from Vit C-
, Vit C þ E2-, BHA-, BHA þ E2-, ANF- and ANF þ E2-treated
groups (Figure 5A). Treatment of MCF-10A cells with E2 for 48 h
significantly increased 8-OHdG levels compared to vehicle-treated
control (P , 0.05) but 8-OHdG levels were significantly decreased
after treatment of MCF-10A cells with Vit C, Vit C þ E2, BHA or
BHA þ E2 for 48 h relative to vehicle-treated MCF-10A cells (Figure
5B). No significant changes in 8-OHdG levels were detected in DNA
samples from ANF or ANF þ E2-treated MCF-10A cells compared to
controls (Figure 5B). Dicumarol treatment of MCF-10A cells signif-
icantly increased 8-OHdG levels compared to levels in vehicle-treated
MCF-10A cells (Figure 5B). Dicumarol is a known inhibitor of NQO1
and thus suggests the role of NQO1 in prevention of oxidative DNA
damage. Furthermore, a significant increase in 8-OHdG levels in siN-
QO1 or siNRF2 -transfected MCF-10A cells compared to scrambled
small interfering RNA transfected MCF-10A cells was detected (Fig-
ure 5B). Moreover, treatment with E2 further increased 8-OHdG lev-
els in siNQO1, and siNRF2-trasfected MCF-10A cells (Figure 5B).

Fig. 3. Antioxidant-mediated change in NQO1 protein expression is tissue
specific. Female ACI rats were treated with E2, BHA, BHA þ E2, Vit C and
Vit C þ E2 for 240 days as described in the Materials and methods section.
At the end of the experiment, kidney, heart, lung, liver, brain, spleen, thymus
and uterus tissues were collected. Western blot analysis was carried out to
investigate NQO1 protein expression in different tissues. NQO1 protein fold
changes in respective organ from at least three different animals compared to
respective control organ are represented at the top of each blot. ‘�’ indicates
P value ,0.05 compared to control mammary tissue.

Fig. 4. Antioxidants upregulate NQO1 via NRF2 -dependent pathway. (A) Female ACI rats were treated with E2, Vit C, Vit C þ E2, BHA and BHA þ E2 for
240 days as described in the Materials and methods section. At the end of the experiment, mammary tumor and mammary tissues were collected. Western blot
analysis was carried out to investigate NRF2 and NQO1 protein expression in mammary tumor and mammary tissues. The bar graph represents NRF2 and
NQO1 protein fold change (mean ± SEM) in mammary tumors and mammary tissues from at least three different animals compared to age-matched control
mammary tissues. ‘�’ indicates P value ,0.05 for NRF2 protein expression compared to respective control mammary. ‘��’ indicates a P value ,0.05 for NQO1
protein expression compared to respective control mammary. (B) MCF-10A cells were transfected with 20 nmol/l of scrambled small interfering RNA, siNQO1
or siNRF2 for 48 h and western blot analysis was carried out using NRF2 antibody. Same membrane was reprobed with NQO1 and a-tubulin antibody. (C)
MCF-10A cells were treated with Vit C (1 mM) or BHA (250 lM) in the presence or absence of E2 (10 nM) or vehicle for 2 h, fixed with formaldehyde, cross-
linked and the chromatin sheared. The chromatin was immunoprecipitated with NRF2 antibody. NRF2 binding to NQO1 promoter was analyzed by real-time
PCR with specific primers for the human NQO1 ARE region. The ARE region of the NQO1 promoter was also amplified from 3 ll of purified soluble chromatin
before immunoprecipitation to show input DNA. Representative ChIP agarose gels and real-time PCR Ct values from three independent experiments are shown
(ND, not detected).
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Discussion

Long-term estrogen use has been associated with the development of
breast cancer (4–6,49). The mechanisms of E2-induced breast carci-
nogenesis are, however, not clearly understood. In E2-induced breast
carcinogenesis, oxidative stress produced by redox cycling between
catechol estrogens and estrogen quinones is implicated to play an
important role (19,20). Estrogen-quinones can also react with DNA
to form depurinating adducts that are more likely to result in DNA
mutations (9,19,20). Moreover, estrogen-DNA adducts are formed to
a significantly higher extent in women at higher risk for breast cancer
or in those diagnosed with breast cancer than in women at normal risk
for breast cancer (7–9). NQO1 converts E2-quinones to E2-catechols,
thus limiting the levels of E2-quinones capable of interacting with
DNA and producing DNA damage (23). A role of NQO1 in chemical-
induced carcinogenesis has been suggested (21,22). Although some
studies suggest a role of NQO1 in cancer prevention, very little is
known about the potential of NQO1 in the prevention of E2-induced
breast cancer by antioxidants (21,22,24,26,50). We have recently
reported for the first time that antioxidants Vit C or BHA and E2-
metabolic inhibitor ANF can prevent E2-induced breast cancer
in female ACI rats (5,6). In the present study, we investigated the
role of above mentioned antioxidants in providing protection against

oxidative DNA damage and its association with NQO1, a key enzyme
responsible for converting quinones to catechols and thus capable of
reducing oxidant damage and subsequent carcinogenic process. We
also investigated changes in NQO1 protein expression during early
phases of estrogen exposure and during pre-neoplastic and neoplastic
phases of breast tumor development.

We have demonstrated that suppression of NQO1 protein expres-
sion following long-term E2 treatment can be reversed upon co-treat-
ment with Vit C or BHA or ANF (Figure 1A). 17b-estradiol did not
change NQO1 protein levels in the breast during 7–15 days of expo-
sure (Figure 2A). However, after 4 months of E2 exposure, NQO1
protein levels increased in the breast, which then decreased after 8
months both in the breast tissue as well as in the tumor (Figures 1A
and 2A). We have previously reported proliferative changes in the
breast as early as 7 or 15 days of E2 exposure, a progression from
normal mammary tissue to proliferative tissue such as atypical ductal
hyperplasia, later progressing to tumor formation and malignancy (4).
During this early neoplastic stage, most of the changes including
genetic instability responsible for the initiation of carcinogenesis oc-
cur in the mammary tissue (51,52). The transient increase in NQO1
mRNA and protein expression after 120 days of estrogen treatment
may be an adaptive response in an attempt to reduce E2-quinones
(53,54). NRF2 mRNA expression was also unchanged up to 15 days

Fig. 5. Antioxidants inhibit E2-mediated oxidative DNA damage. Female ACI rats were treated with E2, Vit C, Vit C þ E2, BHA, BHA þ E2, ANF and ANF þ
E2 for 240 days as described in the Materials and methods section. 8-OHdG levels were measured in mammary tumors and mammary tissues from animals in each
of these groups as well as in MCF-10A cells treated with above chemicals and dicumarol. siNQO1- or siNRF2 -transfected MCF-10A cells were also treated with E2
(50 nM) for 48 h and 8-OHdG levels quantified. (A) Levels of 8-OHdG in mammary tumors and mammary tissues from different treatment groups. These data are
reported as an average of values obtained for at least six different animals ± SEM. (B) Levels of 8-OHdG in MCF-10A cells treated with Vit C, BHA, ANF and
dicumarol in presence or absence of E2 and in NQO1 and NRF2 knockdown MCF-10A cells. Inhibition of NQO1 and NRF2 protein expression in siNQO1 and
siNRF2-transfected MCF-10A cells is shown in inset. Significance was determined by analysis of variance and least significant difference post-hoc analysis. The
symbols a, b, c, d, e, f and g indicate a P value ,0.05 between specific treatment group and control, between specific treatment group and E2 treatment, between
specific treatment group and mammary tumor, between siNQO1 or siNRF2 and scrambled, between siNQO1 and siNQO1 þ E2, between siNRF2 and siNRF2 þ E2
and between dicumarol and dicumarol þ E2, respectively.
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of E2 treatment and significantly increased (�2.8-fold) after 120 days
which then significantly decreased after 240 days (8 months) both in
the mammary tissues as well as in tumors (data not shown). Parallel to
NQO1, increased mRNA expression of NRF2 only after 120 days of E2
treatment indicates NRF2-mediated upregulation of NQO1, suggests
a possible adaptive response to reduce E2-quinones. Estrogen-mediated
increase in NQO1 enzymatic activity after 6 and 12 weeks of treatment
has been shown earlier in the same rat model (54). Furthermore, our
time course study demonstrates that BHA or Vit C treatment increases
NQO1 protein levels after 120 days of treatment and it remains high
even after 240 days of co-treatment with E2 (Figure 2B and C). We also
observed parallel increase in NQO1 enzymatic activity in mammary
tissues following BHA or Vit C treatment for 240 days (Table I).
Moreover, in E2-treated mammary tissue and in mammary tumors, both
NQO1 protein expression and activity were significantly decreased
compared to controls (Figure 1A and Table I). Differential expression
of NQO1 protein in some organs in response to E2, BHA and Vit C
indicates an organ-specific regulation of this enzyme that needs to be
further investigated (Figure 3).

We did not observe either a decrease or an increase in NQO1 protein
expression following treatment of rats with ANF. ANF is an E2 meta-
bolic inhibitor that inhibits cytochrome P450-mediated conversion of
E2 to 4-OHE2 (55). ANF reduces oxidative stress by minimizing the
metabolism of E2 to catechols and inhibits estrogen-induced tumor
development in vivo (5). No change in NQO1 protein expression in
mammary tissue of ANF-treated rats is in keeping with our hypothesis
that metabolic activation of E2 to catechol estrogens and subsequent
redox cycling of quinone intermediates is essential for E2-induced
breast carcinogenesis. ANF inhibits metabolic activation of E2 to cat-
echol estrogens, therefore no E2-quinones will be produced. Thus,
there may not be any need to increase NQO1 protein levels. We have
shown that co-treatment of rats with ANF and E2 inhibits E2-induced
oxidative stress and completely abrogates E2-induced breast cancer in
female ACI rats (5).

NRF2-mediated regulation of NQO1 has been established previously
(24,27,30,31) but we specifically examined in vivo whether the regula-
tion of NQO1 in E2-induced breast cancer is mediated through tran-
scription factor NRF2. Decreased protein expression of NRF2
and NQO1 in E2-treated mammary tumor and mammary tissues after
240 days of treatment and increased expression of these proteins after
BHA or Vit C treatment provided a clue of NRF2-mediated regulation
of NQO1 (Figure 4A). Decreased protein expression of NQO1 in NRF2
knockdown MCF-10A cells suggested NRF2-mediated regulation of
NQO1 in mammary epithelial cell line MCF-10A (Figure 4B). Anti-
oxidant resveratrol-mediated increased nuclear translocation of NRF2
and NQO1 has been shown in vitro (24). Results from ChIP assay with
MCF-10A cells treated with BHA or Vit C alone or in combination of
E2 further confirmed E2-mediated decreased and antioxidant-mediated
increased binding of NRF2 to the ARE region of NQO1 promoter
(Figure 4C). Collectively, these results confirm NRF2-mediated regu-
lation of NQO1 in E2-induced breast carcinogenesis.

Estrogen treatment has previously been shown to induce oxidative
stress and DNA damage in mammary tissue during tumorigenic pro-
cess (4–6,49). To investigate the protective effects of BHA and Vit C
against E2-mediated DNA damage, we examined 8-OHdG levels as
a marker of oxidative DNA damage, after 240 days of E2, BHA or
Vit C or ANF treatment of rats. We demonstrated significant increase
in 8-OHdG levels in E2-treated mammary tissues and in mammary
tumors and a pattern of decreased 8-OHdG levels after antioxidant
treatments compared to age-matched control mammary tissue (Figure
5A and Table I). These studies suggest a protective role of antioxi-
dants against oxidative DNA damage. The 8-OHdG levels in mam-
mary tissues after 240 days of BHA or Vit C treatment were inversely
correlated with expression of NQO1 protein and NQO1 activity in
mammary tissues (Figures 1A, 5A and Table I). In vitro data with
MCF-10A cells demonstrated significant decrease (P , 0.05) in
8-OHdG levels upon Vit C or BHA treatments compared to vehicle-
treated controls (Figure 5B). In vivo, although a trend towards
decrease in 8-OHdG levels was observed upon treatment with Vit C

or BHA, this decrease was not significant (Figure 5A and Table I).
Moreover, dicumarol treatment of MCF-10A cells resulted in further
increase in 8-OHdG levels that supports the role of NQO1 in prevention
of oxidative DNA damage (Figure 5B) as dicumarol is an NQO1
inhibitor (46). Significantly increased 8-OHdG levels (P , 0.05) in
NQO1 knockdown MCF-10A cells compared to vehicle, scrambled
or E2-treated parental MCF-10A cells further confirmed the role of
NQO1 in prevention of estrogen-induced DNA damage (Figure 5B).
Similarly, 8-OHdG levels were significantly increased in NRF2 knock-
down MCF-10A cells compared to vehicle, scrambled or E2-treated
parental MCF-10A cells. Furthermore, significant increased levels of
8-OHdG in siNQO1 or siNRF2-transfected cells after E2 treatment
compared to siNQO1- or siNRF2-transfected cells confirmed that the
increase in 8-OHdG levels was specific to E2-induced oxidative stress.
Overall, these findings support the role of NQO1 in prevention of
oxidative DNA damage during mammary carcinogenesis. NQO1 may
thus have a potential in the development of therapeutic strategies for the
prevention of estrogen-induced neoplasia. Our studies also indicate that
NQO1 expression by antioxidants is mediated through NRF2.
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