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a  b  s  t  r  a  c  t

Extensive  evidence  exists  that  the  reaction  of  estrogen  metabolites  with  DNA  produces  depurinating
adducts  that,  in  turn,  induce  mutations  and  cellular  transformation.  While  it is  clear  that  these  estro-
gen metabolites  result  in  a  neoplastic  phenotype  in  vitro,  further  evidence  supporting  the  link  between
estrogen–DNA  adduct  formation  and  its  role  in  neoplasia  induction  in  vivo  would  strengthen  the  evidence
for  a genotoxic  mechanism.

Diethylstilbestrol  (DES),  an estrogen  analogue  known  to increase  the  risk  of  breast  cancer  in  women
exposed  in  utero,  is  hypothesized  to  induce  neoplasia  through  a similar  genotoxic  mechanism.  Cultured
MCF-10F  human  breast  epithelial  cells  were  treated  with  DES  at varying  concentrations  and  for  various
times  to determine  whether  the  addition  of  DES  to MCF-10F  cells  resulted  in  the  formation  of depurinating
adducts.  This  is the  first  demonstration  of  the  formation  of DES–DNA  adducts  in human  breast  cells.  A
dose-dependent  increase  in  DES–DNA  adducts  was  observed.  Demonstrating  that  treatment  of  MCF-10F

cells with  DES,  a known  human  carcinogen,  yields  depurinating  adducts  provides  further  support  for  the
involvement  of  these  adducts  in  the  induction  of  breast  neoplasia.

Previous  studies  have  demonstrated  the  ability  of  antioxidants  such  as  resveratrol  to  prevent  the  for-
mation of  estrogen–DNA  adducts,  thus  preventing  a key  carcinogenic  event.  In  this study,  when  MCF-10F
cells  were  treated  with  a  combination  of  resveratrol  and  DES,  a dose-dependent  reduction  in the level  of
DES–DNA  adducts  was  also  observed.
. Introduction

The important role of hormones in breast cancer pathogenesis
as been accepted since the start of the 20th century [1].  Classically,

t has been reported that the carcinogenic effects of estrogens origi-

ate from the downstream signaling of estrogen receptors. Another
aradigm of cancer initiation by estrogens involves the genotox-

city of specific estrogen metabolites. Current research aims to

Abbreviations: COMT, catechol-O-methyltransferase; CYP, cytochrome P450;
ES, diethylstilbestrol; HPLC-ECD, high performance liquid chromatography
ith electrochemical detection; MTT, 3-(4,5-dimethylthiazole-2-yl)-2,5-
iphenyltrazolium bromide; NQO1, NAD(P)H quinone oxidoreductase 1.
∗ Corresponding author at: Department of Environmental, Agricultural and Occu-
ational Health, College of Public Health, University of Nebraska Medical Center,
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1 Equal contribution.
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understand how these specific estrogen metabolites react with
DNA to form depurinating estrogen–DNA adducts [2–6] that induce
mutations [7–10] and subsequent cell transformation [11–15],
thereby initiating breast cancer.

The natural estrogens estrone (E1) and estradiol (E2) can be
oxidized by the cytochrome P450 (CYP) system to the catechol
estrogen metabolites, 4-hydroxyestrone(estradiol) [4-OHE1(E2)]
and 2-OHE1(E2) [6,16].  Further oxidation of the catechol estro-
gen metabolites by cytochrome P450 produces genotoxic catechol
estrogen quinones, E1(E2)-3,4-Q and E1(E2)-2,3-Q [6,16].  While
both E1(E2)-3,4-Q and E1(E2)-2,3-Q have demonstrated genotoxic
potential, it is E1(E2)-3,4-Q, derived from the more carcinogenic 4-
OHE1(E2), that has the predominant reactivity with DNA [4].  The
activity of enzymes such as catechol-O-methyltransferase (COMT)
and NADPH quinone oxidoreductase 1 (NQO1) keeps levels of these

metabolites low, but when estrogen metabolism is unbalanced,
the levels of E1(E2)-3,4-Q can be elevated [16,17].  Under these
conditions, E1(E2)-3,4-Q can react with DNA to form the depurinat-
ing adducts 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua [2–6].

dx.doi.org/10.1016/j.jsbmb.2011.08.009
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:egrogan@unmc.edu
dx.doi.org/10.1016/j.jsbmb.2011.08.009
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Fig. 1. Metabolic activation of DES to 

hese adducts produce apurinic sites that can generate mutations
7–10] and cellular transformation [11–15],  and lead to cancer
18–21].

As an estrogen analogue, diethylstilbestrol (DES) was prescribed
o pregnant women from the 1940s until the late 1970s as a form
f hormone replacement with the mistaken belief that it would
revent miscarriages [22]. Therapeutic use of DES resulted in an

ncreased risk of breast cancer both in women exposed to DES dur-
ng pregnancy and in those women exposed in utero [23–26].  The

echanism responsible for the increased risk of neoplasia asso-
iated with DES has not been elucidated, and it remains of great
ractical and theoretical importance.

This study rests on the hypothesis that DES induces neoplasia
hrough the genotoxic mechanism described above for the natural
strogens. Preliminary research in this area supports this hypoth-
sis. DES is metabolized to its catechol, 3′-OH-DES (Fig. 1). Saeed
t al. demonstrated that 3′-OH-DES intercalates into DNA and is
hen enzymatically oxidized to its quinone, which reacts with DNA
o yield 3′-OH-DES-6′-N3Ade and 3′-OH-DES-6′-N7Gua adducts
Fig. 1) analogous to those formed by the natural estrogens [27]. To
tudy the genotoxic potential of DES, we quantified the formation of
epurinating DES–DNA adducts when MCF-10F cells were exposed
o DES at varying concentrations using a previously developed in
itro model [16]. The MCF-10F cell line is an immortalized human
reast epithelial cell line lacking estrogen receptor-�. Demonstra-
ion that the addition of DES to MCF-10F cells leads to formation of

epurinating DES–DNA adducts would support the conclusion that
reast cancer can be initiated by a genotoxic mechanism.

Under the proposed genotoxic mechanism for the induc-
ion of breast cancer, there is the possibility of preventing the
ES–DNA adducts and initiate cancer.

crucial carcinogenic events, namely the formation of E1(E2)-
3,4-Q and their reaction with DNA. The addition of natural
antioxidant compounds to reaction mixtures of E2-3,4-Q or
enzyme-activated 4-OHE2 and DNA was  found to reduce the
formation of depurinating estrogen–DNA adducts [28]. The com-
pounds were thought to prevent oxidative and/or electrophilic
damage to DNA by inhibiting the formation of the electrophilic
E1(E2)-3,4-Q and/or reacting with them [28]. One of the com-
pounds tested was  resveratrol, 3,5,4′-trihydroxy-trans-stilbene,
which has significant antioxidant activity [29,30]. The chemopre-
ventive activity of resveratrol is also attributed to its ability to
induce NQO1 activity in cultured cells [15,31] and to reduce E2-3,4-
semiquinone to 4-OHE2, leading to a reduction in adduct formation
[28].

To further characterize the antioxidant activity of resveratrol,
varying concentrations were added to MCF-10F cells in culture both
before and concomitantly with DES treatment. DES–DNA adducts
were then quantified. This is the first study in human cell culture in
which the formation of depurinating DES–DNA adducts in MCF-10F
cells is reported.

2. Materials and methods

2.1. Chemicals and reagents
Standard depurinating adducts were synthesized in our lab-
oratory, as previously described [27]. All other chemicals were
purchased from Sigma (St. Louis, MO)  and used without further
purification.



2 mistry

2

a
w
5
c
i
(

2

p
t
b
c
o
I
r
(
r
f
a
i
�
a
v
t

2

i
e
T
o
i
c
a
T
a
f
i
t
1
m
a
i
3
c
c

i
b
C
C

2

a
a
H
a

78 B. Hinrichs et al. / Journal of Steroid Bioche

.2. Cell line and culture conditions

MCF-10F cells were obtained from the ATCC (Rockville, MD),
nd cultured in DMEM and Ham’s F12 media (Mediatech Inc.)
ith 20 ng/mL epidermal growth factor, 0.01 mg/mL  insulin,

00 ng/mL hydrocortisone, 5% horse serum and 100 �g/mL peni-
illin/streptomycin mixture. Estrogen-free medium was  prepared
n phenol red-free DME/F12 medium with charcoal-stripped FBS
HyClone, Logan, UT).

.3. Cytotoxicity assay

Cells were seeded at a density of 4000 cells/well in 96-well
lates. After 8 h (day 0), cells in one 96-well plate were counted by
he MTT  [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
romide] assay, while other cells were treated with different con-
entrations of DES (1.25–100 �M)  and further incubated for 24, 48
r 72 h. DES was  dissolved in DMSO (final concentration 0.001%).
n the MTT  assay, the media in the 96-well plate cultures were
eplaced with 100 �L of fresh medium containing 25 �L of MTT
5 mg/mL  in PBS), and incubated for 2 h at 37 ◦C to allow the
eduction of MTT  by metabolically active cells to form a purple
ormazan precipitate [32]. The precipitate was then solubilized by
dding 20% SDS in 1:1 DMF:H2O, pH 4.7 (100 �L) and incubat-
ng overnight at 37 ◦C. The purple color was read at 570 nm in a
Quant microplate spectrophotometer (Bio-Tek Instruments) and
nalyzed by the KCjunior (version 1.41) software. The absorbance
alues were converted into percentage of viable cells with respect
o the blank control absorbance value.

.4. Metabolism

The MCF-10F cells (0.75 × 105 cells) were seeded for 24 h
n estrogen-containing medium. The medium was  changed to
strogen-free medium and the cells were grown for another 48 h.
o directly determine the relationship between the concentration
f DES and formation of DNA adducts, cells were treated with
ncreasing concentrations (1, 5, 10 and 30 �M)  of DES for 24 h. Con-
entrations of DES were chosen on the basis of MTT  assay results
nd previous studies by our group with MCF-10F cells [15–17].
o determine the time point at which DES induces the maximum
mount of adducts, the cells were treated with 10 �M DES for the
ollowing time periods: 6, 12, 24, 48 or 72 h. To investigate the
nhibiting effect of resveratrol on DES-induced DNA adduct forma-
ion, cells were first pre-incubated for 48 h with selected doses (1,
0 or 30 �M)  of resveratrol, washed with PBS and, after adding fresh
edium, treated with 10 �M DES for 24 h with or without fresh

ntioxidant. To keep the concentration of DMSO the same (0.005%)
n all experiments, separate stock solutions of DES (1, 5, 10 and
0 mM)  were prepared. Media from five T-150 flasks of MCF-10F
ells treated with an equal amount of organic solvent were used as
ontrols.

Once the media were removed from five flasks, each flask was
ncubated at 37 ◦C with 1 mL  of trypsin. After 10 min, 10 mL  of dou-
le serum media was used to combine the cells from all five flasks.
ell numbers were estimated by using a Coulter counter (Beckman
oulter Inc., USA).

.5. Analysis of DES–DNA adducts

Following the treatments, media were harvested, 2 mM ascorbic

cid (to prevent possible decomposition of the adducts) was added
nd processed immediately. Sample preparation and analysis by
PLC with electrochemical detection (HPLC-ECD) was  carried out
s follows.
 & Molecular Biology 127 (2011) 276– 281

2.5.1. Sample preparation
Culture media from five flasks (50 mL)  were processed by pas-

sage through C8 Certify II cartridges (Varian, Harbor City, CA),
which were equilibrated by sequentially passing 1 mL  of methanol,
distilled water, and potassium phosphate buffer (100 mM,  pH 8)
through them. The harvested media (50 mL)  were adjusted to pH 8.0
and passed through these cartridges. The retained analytes, which
included 3′-OH-DES-6′-N3Ade and 3′-OH-DES-6′-N7Gua, in the
cartridges were washed with the above phosphate buffer, eluted
with methanol:acetonitrile:water:trifluoroacetic acid (8:1:1:0.1),
and evaporated by using a Jouan concentrator (Thermo Scientific,
Waltham, MA). The residue was  resuspended in 1.0 mL  acetoni-
trile and 1.0 mg  of MnO2 was  added. Samples were vortexed for
1 min  and then evaporated again with the Jouan concentrator. The
residue was  resuspended in 150 �L of methanol:water:ascorbic
acid (1:1:0.001) and filtered through a 3000 MW cutoff filter (Mil-
lipore, Bedford, MA).

Identification of the DES–DNA adducts derived from oxidation
of the adducts with MnO2 to form the DES-quinone adducts. Sub-
sequent tautomerization to the dienestrol (DIES)-DNA adducts,
which were identical to the standard 3′-OH-DIES-6′-N3Ade and
3′-OH-DIES-6′-N7Gua adducts [27], allowed identification and
quantification of the DES–DNA adducts.

2.5.2. HPLC-ECD
Analyzes of all samples were conducted on an HPLC system

equipped with dual ESA Model 580 solvent delivery modules, an
ESA Model 540 autosampler, and a 12-channel CoulArray electro-
chemical detector (ESA, Chelmsford, MA). The two mobile phases
used were A, acetonitrile:methanol:buffer:water (15:5:10:70), and
B, acetonitrile:methanol:buffer:water (50:20:10:20). The buffer
was  a mixture of 0.25 M citric acid and 0.5 M ammonium acetate
in triple-distilled water, and the pH was  adjusted to 3.6 with acetic
acid. The 95-�L injections were carried out on a Phenomenex Luna-
2 C-18 column (250 by 4.6 mm,  5 �m;  Phenomenex, Torrance, CA),
initially eluted isocratically at 90% A/10% B for 15 min, followed by a
linear gradient to 90% B in the next 40 min, and held there for 5 min
(total 50 min  gradient) at a flow rate of 1 mL/min and a tempera-
ture of 30 ◦C. The serial array of 12 coulometric electrodes was set at
potentials of −35, 10, 70, 140, 210, 280, 350, 420, 490, 550, 620, and
690 mV.  The system was  controlled and the data were acquired and
processed using the CoulArray software package (ESA). Three-point
calibration curves were run for each standard. Triplicate samples
were analyzed for each data point. The analytes were identified by
their retention time and peak height ratios between the dominant
peak and the peaks in the two adjacent channels. The analytes were
quantified by comparison with known amounts of standards. The
% recovery of each standard was  used to normalize the data.

2.6. Immunoblotting analysis

The expression pattern of three (CYP1B1, COMT and NQO1)
important enzymes from control and treated MCF-10F cells was
analyzed by immunoblotting as described previously [17,33].

2.7. Statistical analysis

The statistical significance of the results was determined by Stu-

dent’s t test and ANOVA analysis by using SAS and Graphpad Prism
4.0 software.

P < 0.05 was  considered significant. All cultures and
immunoblottings were repeated three times.
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COMT, NQO1 or CYP1B1 proteins (Fig. 4), and, thus, did not appear
to affect the balance of estrogen metabolism.
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Fig. 2. DES cytotoxicity in MCF-10F cells. Cells w

. Results

To continue our study of the mechanism of carcinogenesis of
ES, human breast epithelial MCF-10F cells were incubated with
ES and the formation of DES–DNA adducts was quantified.

.1. DES cytotoxicity

Exponentially growing MCF-10F cells were incubated with DES
n doses ranging from 1.25 to 100 �M for 24, 48, or 72 h on sep-
rate 96-well plates. Plots for examining DES cytotoxicity were
onstructed by converting the MTT  absorbance values to cell num-
ers at 0, 24, 48 and 72 h with respect to those in the control wells.
ell numbers were determined from optical density (OD) mea-
urements, which were standardized by measuring the OD of cells
lated on a 96-well plate in a series of decreasing concentrations
tarting with 40,000 cells and decreasing by half the concentration
hereafter. Percent reduction in cell viability was inferred from per-
ent reduction in cell numbers. The latter was calculated in relation
o a blank control.

A dose-dependent cytotoxic response was observed between 20
nd 100 �M DES. At the low and intermediate doses (1.25–20 �M),
nsignificant differences in cell numbers were observed compared
o the blank control for all 3 days (Fig. 2). At the 30 �M dose, the
ighest dose used in subsequent studies, 16, 38 and 77% reductions

n viable cells in relation to the blank control was  observed at 24,
8 and 72 h, respectively. At the high doses (≥40 �M)  cell num-
ers declined for all three days (Fig. 2) and there was  no re-growth
eyond this period (data not shown).

.2. Optimal conditions for the formation of depurinating
ES–DNA adducts

To investigate the relationship between DES concentrations
nd adduct formation, MCF-10F cells were incubated with
ncreasing concentrations of DES (1–30 �M)  for 24 h. Increasing
oncentrations of DES resulted in higher levels of the 3′-OH-DES-6′-

3Ade and 3′-OH-DES-6′-N7Gua adducts (Fig. 3). The relationship
etween DES and adduct concentration was linear with an R2 = 0.96
correlation analysis). On average, there were nearly 6.5 times

ore adducts formed with the 30 �M dose than with the 1 �M.
  (µM)

cubated for 24, 48 or 72 h with 0–100 �M DES.

The two adducts observed, 3′-OH-DES-6′-N3Ade and 3′-OH-DES-
6′-N7Gua, were formed in nearly equal amounts for each dose of
DES (Fig. 3).

The optimum time period for incubation of DES with MCF-10F
cells to maximize the yield of DES–DNA adducts was evaluated by
incubating MCF-10F cells with 10 �M DES. The highest amount of
adducts was found at 24 h (data not shown).

3.3. Effect of DES on the expression of COMT, NQO1 and CYP1B1
in MCF-10F cells

To determine the possible effect of DES on activating enzymes
(CYP1B1) or protective enzymes (COMT and NQO1), MCF-10F cells
were incubated with various concentrations of DES  (1, 10 or 30 �M)
for 24 h. These enzymes are of particular interest because breast
tissue from women with breast cancer showed higher levels of acti-
vating enzymes and lower levels of protective enzymes than breast
tissue from control women [34]. Immunoblotting of the samples
showed that the presence of DES did not affect expression of the
1 5 10 30
0.0

DES  (µM)

Fig. 3. Incubation of MCF-10F cells with 1–30 �M DES for 24 h.
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.4. Prevention of DES–DNA adduct formation by resveratrol

To determine the effects of the antioxidant resveratrol on the
ormation of depurinating DES–DNA adducts, MCF-10F cells were
ncubated with resveratrol at increasing concentrations (3–30 �M)
or 48 h before and concomitantly with 10 �M DES for 24 h. Increas-
ng levels of resveratrol resulted in a decrease in adduct formation
Fig. 5). The relationship between the concentration of resvera-
rol and the level of adducts formed was linear with an R2 = 0.94
by correlation analysis). Adduct formation was almost completely
nhibited in cells treated with the 30 �M dose of resveratrol, an

verall decrease of 99% from the control value. While not as exten-
ive, resveratrol doses of 3 and 10 �M significantly reduced adduct
ormation by 59% and 86%, respectively.
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ig. 5. Effect of resveratrol on the formation of depurinating DES–DNA adducts in
CF-10F cells incubated with various doses of resveratrol and 10 �M DES for 24 h.
 protein in MCF-10F cells after incubation with DES.

4. Discussion

A substantial amount of evidence generated by us and others
has clearly demonstrated the significance of mutation and cel-
lular transformation induced by the formation of depurinating
estrogen–DNA adducts, which play a critical role in the initia-
tion of breast cancer [4–15]. DES, a synthetic estrogen analogue
and established human carcinogen, shares many physicochemi-
cal similarities with the natural estrogens E1 and E2. Therefore,
it is rational to hypothesize that initiation of cancer by DES may
occur by the formation of depurinating DES–DNA adducts. This
mechanism has great importance for our understanding of the
involvement of estrogens in breast cancer. Toward that end, we
previously reported the formation and indirect detection of depuri-
nating DES–DNA adducts following incubation of calf thymus DNA
with DES at 37 ◦C in the presence of different activating enzymes
[27]. The present study demonstrates for the first time that DES
also forms depurinating adducts in cultured human breast epithe-
lial cells. In these studies, incubation of MCF-10F cells with 30 �M
DES for 24 h resulted in the highest yield of DES–DNA adducts.
As a known carcinogenic estrogen analogue in humans, the sim-
ilar physicochemical properties of the DES catechol quinone and
E1(E2)-3,4-Q support the hypothesis that DES initiates neoplasia
in vivo by a genotoxic mechanism similar to that of the natural
estrogens.

In this genotoxic mechanism for the initiation of breast cancer,
it is possible to prevent key carcinogenic events, namely the forma-
tion of E1(E2)-3,4-Q and their reaction with DNA. Previous studies
have shown a reduction in the formation of depurinating adducts

by resveratrol when E1(E2)-3,4-Q and DNA are incubated in vitro
[28] and when MCF-10F cells are incubated with E2 plus resvera-
trol [15,31,35].  Resveratrol prevents oxidative and/or electrophilic
damage to DNA by inhibiting the formation of the electrophilic
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1(E2)-3,4-Q and their reaction with DNA. The effects of resvera-
rol include reducing estrogen semiquinones to catechols, inducing
he expression of NQO1, which reduces quinones to catechols, and

odulating CYP1B1 activity in MCF-10F cells (Fig. 1) [15,28,31,35].
he present study is consistent with the results obtained with the
atural estrogens and demonstrates that increasing doses of resver-
trol are associated with a dose-dependent reduction in DES–DNA
dduct formation in MCF-10F cells.
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