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ABSTRACT: We report here evidence in support of the role of 17â-estradiol- (E2-) induced mitochondrial
(mt) reactive oxygen species (ROS) as signal-transducing messengers. On the basis of monitoring the
oxidation of 2′,7′-dichlorofluorescin by spectrofluorometry, flow cytometry, and confocal microscopy,
we have identified that exposure of E2 triggers the immediate rapid production of intracellular ROS ranging
from a 1- to severalfold increase in a variety of cells. E2-stimulated ROS production does not correlate
with the activity of the estrogen receptor (ER) in the cells. The ROS is most likely hydrogen peroxide
based on its inhibition by antioxidants and catalase and lack of any effects of E2 on O2

•- or NO• formation.
Confocal microscopy showed that ROS is localized in the perinuclear mitochondria. E2 through anchorage-
and integrin-dependent signaling to mitochondria increased ROS generation. Increased intracellular ROS
formation identified here for the first time may explain the mechanism of previously reported oxidative
damage and subsequent genetic alterations including mutations produced by elevated concentrations of
estrogens. The functional consequences of E2-induced ROS formation included the enhanced cell motility
as shown by the increase in cdc42 and activation of Pyk2 and the increased phosphorylation of signaling
proteins c-jun and CREB. E2-induced ROS activated the binding of three oxidant-sensitive transcription
factors: AP-1, CREB, and nuclear respiratory factor 1. In addition to ERs as signaling molecules, our
findings further revealed that E2-induced mt ROS also act as signal transducing messengers and suggest
new targets for the development of antioxidant-based drugs or antioxidant gene therapy for the prevention
and treatment of estrogen-dependent cancer.

The involvement of 17â-estradiol (E2)1 in the etiology of
human breast cancer is supported by a large body of
epidemiologic and experimental evidence (1-7). Recent
studies have shown evidence for both an estrogen receptor-

(ER-) dependent and ER-independent rapid, nongenomic E2-
induced signal transduction pathway (8). The molecular
mechanisms involved in regulating the ER-independent,
nongenomic E2-induced signal transduction pathway are not
clear although recent evidence suggests that cell surface
molecules are a direct target for estrogen action. The rapid
stimulation of intracellular reactive oxygen species (ROS)
by platelet-derived growth factor, epidermal growth factor,
and nerve growth factor suggests that this underlying
mechanism for cell growth may be shared with other growth
supporting agents, including E2 (9). Therefore, the purpose
of this study was to examine whether E2 treatment rapidly
induced the production of ROS.

ROS can be generated intracellularly by a variety of
enzymes (i.e., NADPH oxidase, xanthine oxidase, lipoxy-
genase) and through the mitochondrial respiratory chain (10).
In this study, we identified mitochondria as a major source
of estrogen-induced ROS in breast cancer cells. Mitochon-
drial (mt) ROS have been shown to activate the MEK/ERK
pathway in the growth of endothelial cells (11). Whether mt
ROS are involved in signaling pathways that control E2-
induced cell proliferation is not known. Therefore, the
functional consequences of E2-induced ROS production on
the activation of redox-sensitive transcription factors, such
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as AP-1, CREB, and nuclear respiratory factor 1,were also
explored.

EXPERIMENTAL PROCEDURES

Cell Lines and Cultures.Human breast cancer cells MDA-
MB-468, MCF7, T47D, and ZR75.1 and the human neuro-
blastoma cell line SH-SY5Y were obtained from the ATCC
and propagated in DMEM/F12 medium without phenol red
supplemented with 10% FBS and 1× antibiotic-antimycotic.
For experimental purposes, cells were seeded in 10% FBS
DMEM/F12 medium and allowed to adhere for 24 h. After
cells reached 50% confluency, culture medium was replaced
with serum-free DMEM/F12 and allowed to grow for 48 h.
Serum deprivation was used to synchronize cells in the G0/
G1 phase of the cell cycle followed by treatments as described
in the figure legends.

Measurement of ReactiVe Oxygen Species (ROS).Cells
were seeded at a concentration of 10× 103 cells per well in
black 96-well plates. Cells were pretreated with various
antioxidants and/or mitochondrial inhibitors in Hank’s bal-
anced salt solution (HBSS) followed by incubation with 10
µM 2′,7′-dichlorofluorescin diacetate (DCFH-DA) (Molec-
ular Probes, Eugene, OR) for 15 min. Cells were then rinsed
with HBSS followed with various treatments described in
the figure legends. DCFH-DA is a nonfluorescent cell-
permeable compound, which is acted upon by endogenous
esterases that remove the acetate groups generating DCFH.
In the presence of intracellular ROS, DCFH is rapidly
oxidized to the highly fluorescent 2′,7′-dichlorofluorescein
(DCF). The oxidative products were measured with a Tecan
Genios microplate reader using 485 and 535 nm as excitation
and emission filters, respectively. In addition, DAF-FM
diacetate (4-amino-5-methylamino-2′,7′-difluorofluorescein
diacetate) and dihydroethidium (Molecular Probes) were used
to specifically measure nitric oxide and superoxide anion,
respectively. DCFH-DA and DAF-FM diacetate stock solu-
tions were diluted at a 1:1 ratio with Pluronic F-127 (20%
w/v). Flow cytometry analysis of cells stained with DCFH-
DA was performed to confirm results. MCF7 cells were
plated in 6-well plates and pretreated for 1 h with 1 µM
rotenone followed by 30 min E2 treatment in the presence
of DCFH-DA (10 µM). DCF fluorescence was measured
with a Becton Dickinson FACStar flow cytometer (500 nm
excitation, 530 nm emission).

Determination of ROS by Confocal Microscopy.The
fluorophores used were DCFH-DA and Mitotracker Deep
Red (Molecular Probes). The MCF7 cells were grown on
25 mm diameter coverslips placed in a 6-well plate. The
coverslip was removed and placed in a Narishige microin-
cubation chamber holder. The cells were washed twice with
HBSS and incubated in 1 mL of HBSS. To the cells were
added 2µL of DCFH-DA (1 mM) and 2µL of Pluronic
F-127 (Molecular Probes), and the cells were incubated for
15 min at room temperature. To the cells was added 100µL
of stock Mitotracker Deep Red (1µM), and the cells were
allowed to incubate for 15 min. Cells were washed three
times with HBSS and incubated for 15 min more in HBSS
followed by treatments. The confocal images were acquired
on a Bio-Rad MRC 1024 laser scanning confocal microscope
(obtained from Bio-Rad, Hertfordshire, England). The built-
in LaserSharp 2000 software from Bio-Rad, Confocal

Assistant software 4.02 (copyrighted by Todd Clarke Brelje),
and Metamorph 6 software (Universal Imaging Corp., West
Chester, PA) were used for confocal image acquisition and
analyses.

Rac-1 and cdc42 ActiVation Assay. To measure Rac-1 and
cdc42 activation, MCF7 cells were lysed in Mg2+ lysis buffer
provided by the assay kit (Upstate Biotechnology, Inc.), and
equal volumes of total lysates were affinity precipitated with
8 µL of PAK-1 PBD bound to glutathione agarose beads
following the manufacturer’s instructions. Precipitates were
washed three times with Mg2+ lysis buffer and suspended
in 25 µL of Laemmli’s sample buffer. Proteins were
separated by 12% SDS-PAGE, transferred onto nitrocel-
lulose membrane, and blotted with anti-Rac-1, clone 23A8,
mAb, or anti-cdc42 mAb, followed by a secondary Ab
conjugated to horseradish peroxidase (HRP).

Focal Adhesion Kinase Assay. MCF7 (1× 106) cells were
lysed with 500µL of modified RIPA buffer (150 mM NaCl,
50 mM Tris, pH 7.5, 1% NP-40, 0.25% sodium deoxycho-
late, 1 mM PMSF, 1 mM NaVO4, 2 mM EGTA). Total and
phosphotyrosine-activated forms of focal adhesion kinase
(FAK) and proline-rich tyrosine kinase 2 (Pyk2) were
separated by SDS-PAGE and subjected to western blot
using mAb anti-Pyk2 (BD Transduction Laboratories) and
polyclonal antibodies anti-Pyk2 pY402, anti-FAK, anti-FAK
pY397, and pY861 (Biosource Int.).

Phosphorylation of CREB and c-jun. Whole cell lysate
from MCF7 cells was prepared as described previously (12).
Phosphorylated forms of transcription factors c-jun and
CREB were separated by SDS-PAGE and subjected to
western blot using mAbs anti-phospho-CREB (Ser-133)
(Upstate Biotechnology, Inc.) and anti-p-c-jun (Santa Cruz).
Phosphorylation was detected by chemiluminescent reaction
exposed to X-ray film. Signals were quantified by scanning
the film with an HP ScanJet, and the intensity values were
obtained using the image analysis program Scanalyze
(Michael Eisen, Stanford University). Phosphorylation values
for control and treatments were divided by the total level of
â-actin protein to ensure equal loading for all lanes. These
ratios were then multiplied by 100 to attain the percent
increase and decrease in phosphorylation.

Measurement of AP-1, CREB, and NRF-1 ActiVation.
Activation of transcription factors c-jun and CREB in nuclear
extracts was measured with the TransAM AP-1 and CREB
assay kits (Active Motif). The binding of AP-1 and pCREB
to their consensus sequence was detected using a primary
anti-phospho-c-jun (Ser-73) and anti-phospho-CREB (Ser-
133), followed by a secondary Ab conjugated to HRP.
Finally, plates were read with a Tecan Genios plate reader
at 450 nm with a reference wavelength of 700 nm.

Electrophoretic Mobility Shift Assay (EMSA). EMSA was
performed with DIG-11-ddUTP 3′-end-labeled probes. The
DNA oligonucleotide sequences used for EMSA were as
follows: NRF-1 consensus sequence from human mitochon-
drial transcription factor A (mt TFA) promoter region (NRF-
1A, 5′-CGCTCTCCCGCGCCTGCGCCAATT-3′; NRF-1B,
5′-GGGCGGAATTGGCGCAGGCGCGGG-3′) (13). Probe
labeling and binding reactions were performed following the
protocols provided by the DIG gel shift kit manufacturer
(Roche). Samples were electrophoresed on a 6% native
polyacrylamide gel and transferred to a nylon membrane by
electroblotting followed by chemiluminescent detection.
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Statistical Analysis.Results are expressed as mean( SD.
Differences between means were evaluated by a two-tailed
Studentt test. ANOVA was used to determine differences
between groups.

RESULTS

E2-Induced ROS Production.To evaluate whether E2 can
trigger the rapid production of intracellular ROS, a variety
of cell lines were seeded in 96-well plates and preincubated
with the redox-sensitive fluorescent dye DCFH-DA. The
breast cancer cell lines MCF7 and T47D showed a dose-
dependent and rapid production of ROS when stimulated
with E2 for 15 min (Figure 1A). The estrogen receptor (ER)
negative cell line MDA-MB-468 generated an equal amount
of ROS as compared to the ER-positive cell lines MCF7,
T47D, and ZR75.1 (Figure 1B). We also observed a dramatic
increase (up to 250%) of E2-induced ROS production in the
neuroblastoma cell line SH-SY5Y (Figure 1B). To verify
the ROS production results as measured by the DCFH-DA
96-well assay, we treated MCF7 (Figure 1C) with exogenous
hydrogen peroxide. A significant increase in DCF fluores-
cence was detected by the 96-well DCFH-DA assay with
hydrogen peroxide concentrations in the range of 1 nM to
500µM. These findings validate that intracellular ROS such
as hydrogen peroxide can be detected in our cell model by

this assay. To confirm the production of ROS by E2, we
pretreated MCF7 cells with the antioxidant NAC and the
glutathione peroxidase mimic ebselen. A significant reduction
in E2-induced ROS by both antioxidants, NAC and ebselen,
is shown in Figure 1D. On the basis of these findings we
conclude that E2 can stimulate a rapid production of
intracellular ROS in breast cancer cells and neuroblastoma
cells.

The Metabolic Pathway Responsible for E2-Induced ROS.
To identify the source of intracellular ROS, we tried to
suppress E2-induced ROS production using selective chemi-
cal blockers (Figure 2). Our results excluded the involvement
of xanthine oxidase since allopurinol was ineffective in
preventing ROS production; instead, we observed an increase
in ROS production in the presence of allopurinol. NADPH
oxidase was also excluded as a source because DPI could
not prevent the E2-induced rise of ROS. E2-stimulated ROS
production remained unaffected in the presence of the nitric
oxide synthase (NOS) blockerL-NMMA; instead, we ob-
served an increase in ROS production. Since DCFH can be
oxidized by a variety of oxidants such as hydroxyl radical,
superoxide anion, hydrogen peroxide, and nitric oxide, we
used alternative assays to detect the presence of nitric oxide
and superoxide anion. The nitric oxide sensitive fluorescent
dye DAF-FM diacetate did not show a significant difference

FIGURE 1: Estrogen stimulates the production of ROS in breast cancer epithelial cells. Cells were treated with 0.05% DMSO (control) and
E2 at the concentrations shown for 15 min. (A) DCF assay on MCF7 and T47D cells. (B) DCF assay on breast cancer cells and neuroblastoma.
(C) DCF assay on MCF7 cells treated with hydrogen peroxide for 15 min. Data from three independent experiments are presented as DCF
fluorescence with controls set at 100% ((SD). Values that are significantly different from controls (P < 0.05) are indicated with an asterisk
(*). (D) Antioxidants reduce E2-induced ROS in breast cancer cells. DCF assay on MCF7 cells that were pretreated with NAC or ebselen
for 2 h. Data from three independent experiments are presented as ROS production with controls set at 100% ((SD). Values that are
significantly different from E2 treatment alone (P < 0.05) are indicated with an asterisk (*).
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in the treatment groups (data not shown). Dihydroethidium
was also used to detect superoxide anion; however, we did
not observe a significant difference in the E2 treatment
groups (data not shown). On the basis of these results, nitric
oxide and superoxide anion were not considered to be the
identity of the E2-induced oxidant. Given that the DCFH
probe is selective for hydrogen peroxide and based on our
results which show a reduction in E2-induced ROS produc-
tion when treated with hydrogen peroxide specific antioxi-
dants NAC and catalase (data not shown), the identity of
the E2-induced oxidant appears to be hydrogen peroxide.

Since mitochondria are a major source of ROS in epithelial
cells, we used several different approaches to test whether
E2-induced ROS occurred via mitochondria. MCF7 cells
were treated for 4 days with chloramphenicol, a mitochon-
drial protein translation blocker, which is known to disable
mitochondrial function by preventing the synthesis of
respiratory chain complexes. A significant decrease in E2-
induced ROS production was observed in chloramphenicol-
treated cells (Figure 3A). MCF7 cells were also treated with
rotenone, a specific blocker of mitochondrial complex I.
Rotenone treatment reduced E2-induced ROS production
similar to that of chloramphenicol. To verify plate reader
results of the role of mitochondria as a source of intracellular
ROS, we used flow cytometry to measure ROS production
using DCFH. MCF7 cells were pretreated with 1µM
rotenone for 1 h followed by a 30 min E2 (100 pg/mL)
treatment. DCF fluorescence was measured with a FACStar
Becton Dickinson flow cytometer. As shown in Figure 3B,
the representative histogram shows an overlay of three
different treatments. A significant increase of E2-induced
ROS production is represented by a shift in DCF fluorescence
to the right of the control. Rotenone effectively suppressed
E2-induced ROS as shown by a shift in DCF fluorescence
to the left of the control. To further identify the source of
intracellular ROS production, confocal microscopy was
performed on E2-treated MCF7 cells with the fluorophores
DCFH and Mitotracker Deep Red. In the confocal image of
MCF7 cells shown in Figure 3C (ii), E2 treatment increased
the intensity of DCF, which represents ROS production in
the perinuclear region. In Figure 3C (iv), E2 treatment
showed an increase in DCF fluorescence in dual-labeled

FIGURE 2: E2-induced ROS is not reduced by blockers of xanthine
oxidase, NADPH oxidase, and NOS. MCF7 cells were pretreated
for 1 h with allopurinol, DPI, andL-NMMA followed by E2
exposure for 15 min. Data from three independent experiments are
presented as ROS production with controls set at 100% ((SD).
Values that are significantly different from E2 treatment alone (P
< 0.05) are indicated with an asterisk (*).

FIGURE 3: (A) E2-induced ROS is reduced by blockers of
mitochondrial function. DCF assay on MCF7 cells treated with
mitochondrial blockers. Cells were pretreated with chloramphenicol
(CAP) for 4 days prior to E2 or pretreated with rotenone for 15
min. Data from three independent experiments are presented as ROS
production with controls set at 100% ((SD). Values that are
significantly different from estrogen treatment alone (P < 0.05)
are indicated with an asterisk (*). (B) Rotenone reduces E2-induced
ROS in breast cancer cells. Flow cytometry analysis of the effect
of rotenone on E2-induced ROS. The histogram shown is an overlay
of three different experiments. (C) Mitochondria and E2-induced
ROS are colocalized at the perinuclear region. (i) Control MCF7
cells with DCF (green); (ii) E2 (100 pg/mL) treated MCF7 cells at
5 min with DCF. Cells with the intensely oxidized DCF are
indicated by the blue arrows; (iii) control MCF7 cells dual labeled
with DCF and Mitotracker Deep Red; (iv) E2 (100 pg/mL) treated
MCF7 cells at 5 min dual labeled. Magnification) 63× (repro-
duced at 46% of original figure size).
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(DCFH and Mitotracker Deep Red) MCF7 cells. The orange
fluorescence represents colocalization of ROS and mito-
chondria. In some cells, a high DCF (in green) intensity
overwhelmed the Mitotracker Deep Red.

Mechanism of E2-Stimulated Intracellular ROS Produc-
tion. To determine whether E2-generated ROS production
could be initiated at the level of the plasma membrane, MCF7
and T47D cells were treated with a cell membrane imperme-
able form of estrogen, E2-BSA (Steraloids, Inc.). E2-BSA
(100 ng/mL) treatment increased ROS production by as much
as 179% in both breast cancer cells (Figure 4A). The actin
cytoskeleton was chosen as a potential mediator of E2-
induced ROS production from the plasma membrane based
on reports in fibroblast cells which show that reorganization
of the actin cytoskeleton leads to the generation of ROS (14).
To evaluate whether the actin cytoskeleton can control the
production of ROS in epithelial cells, MCF7 cells were
treated with cytochalasin D (Figure 4B). Cytochalasin D is
a cell-permeable disruptor of actin microfilaments which is
reported to reorganize the cytoskeleton leading to ROS
production and served as a positive control (15). Upon the
addition of cytochalasin D (0.05µM) ROS production
increased 160% in MCF7 cells. Integrins were selected as a
potential E2 binding site on the plasma membrane because
they are reported to interact with the cytoskeleton and signal
ROS production in fibroblast cells (14). To determine
whether integrin ligation can stimulate ROS production in
epithelial cells, adherent and suspended MCF7 cells were
treated with various dilutions of anti-R5â1 mAb. Anti-R5â1
mAb has been reported to stimulate hydrogen peroxide
production in fibroblast cells (14), and therefore it was used
to test whether ligation ofR5â1 integrin produces ROS and
if this process depended on cell adhesion. Integrin engage-
ment with anti-R5â1 mAb stimulated ROS production which
was dependent on cell adhesion (Figure 4B). We also tested
whether E2-induced ROS production required cell adhesion.
An increase in ROS production was observed only in the
adherent cells, which suggests that this process depends on
cell adhesion, the cytoskeleton, and integrins (Figure 4C).

Since E2-induced ROS production depended on cell
adhesion, we evaluated whether cdc42, a marker of cell
adhesion, was activated at this early (30 min) time point.
There was no significant change in the activated form of
cdc42; however, the total protein level increased in response
to E2 treatment (Figure 5A). Next, we evaluated whether
markers of cell adhesion were modulated by E2 treatment
at the early time point. To characterize whether new cell
adhesion was upstream or downstream of the ROS source,
we measured the activity of FAK and Pyk2. We did not
detect a significant increase in the activated forms of FAK
phosphotyrosine (pY)397 or pY861 in Figure 5B. However,
E2 treatment significantly increased Pyk2 pY402 activation
at 30 min (Figure 5B). To determine whether the phospho-
rylation of Pyk2 pY402 is dependent on ROS generation, we
treated MCF7 cells with the antioxidant NAC. The antioxi-
dant NAC significantly inhibited Pyk2 pY402 activation by
both hydrogen peroxide and E2, which suggests that E2-
induced cell adhesion depends on oxidants, and it is
downstream of the ROS source (Figure 5B,C).

Recently, integrins were reported to engage mitochondrial
ROS production through the activation of cytoskeletal protein
Rac-1 in fibroblast cells (15). We measured the activation

of Rac-1 by E2 to evaluate whether ROS production may
also occur by this pathway in our epithelial cell model. To

FIGURE 4: (A) E2-induced ROS is initiated at the plasma
membrane. DCF assay on MCF7 and T47D breast cancer cells
stimulated with 0.05% DMSO (control) and E2-BSA (100 ng/mL)
for 15 min. (B) ROS production is mediated by the cytoskeleton
and integrins in breast cancer epithelial cells. DCF assay on adherent
and suspended MCF7 cells that were treated with anti-R5â1 mAb
for 15 min. Cytochalasin D treatment served as a positive control
to indicate cytoskeletal-stimulated ROS production. (C) ROS
formation in breast cancer epithelial cells depends on cell adhesion
prior to E2 treatment. DCF assay of adherent and suspended MCF7
cells treated with E2 for 15 min. Data from three independent
experiments are presented as ROS production with controls set at
100% ((SD). Values that are significantly different from controls
(P < 0.05) are indicated with an asterisk (*).
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determine whether Rac-1 activation occurs by E2 treatment
in MCF7 cells, we performed an affinity precipitation for
Rac-1 using GST-PAK PBD on whole cell lysate. Proteins
were separated 12% SDS-PAGE and blotted with anti-Rac-1

mAb (Figure 5D). We observed a dose-dependent increase
in Rac-1 activation after a 30 min treatment with E2. In
addition, E2-induced Rac-1 activation was not prevented by
cotreatment with the antioxidant NAC (data not shown),
which suggests that Rac-1 is upstream of the ROS produc-
tion.

E2-Induced ROS Signaling to Redox-SensitiVe Transcrip-
tion Factors.Oxidants are known to stimulate the phospho-
rylation of proteins c-jun and CREB; therefore, we tested
whether E2-induced ROS modified the phosphorylation of
these transcription factors. Phosphorylation of c-jun and
CREB was increased by as much as 80% and 120%,
respectively, by 3 h E2treatment, and this phosphorylation
was decreased to the level of control when cotreated with
the antioxidant NAC (Figure 6). Since mitochondria are the
likely source of E2-induced ROS, we also used the mito-
chondrial blocker rotenone to test whether c-jun and CREB
phosphorylation depended on mitochondria. Rotenone treat-
ment dramatically reduced the phosphorylation of c-jun and
CREB to the control level (Figure 6). The data suggest that
E2-induced phosphorylation of c-jun and CREB requires
ROS, which may be of mitochondrial origin.

The TransAM AP-1 c-jun and pCREB assays were used
to determine whether E2-induced ROS increased AP-1
binding to the TPA-response element (TRE) and pCREB
binding to the cAMP-responsive element (CRE). The anti-
oxidant NAC significantly decreased E2-induced phospho-
c-jun binding (Figure 7A) while ebselen and rotenone had
no effect (data not shown). Both antioxidants NAC and
ebselen significantly decreased E2-induced pCREB binding
to the level of the control (Figure 7B). The mitochondrial
blocker rotenone also reduced pCREB binding to the control
level. Since oxidants are reported to activate nuclear respira-
tory factor 1 (NRF-1), we performed an electrophoretic
mobility shift assay (EMSA) to determine whether E2-
induced ROS increased NRF-1 binding to its consensus
sequence found in the human mt TFA promoter region. As
shown in Figure 7C, ebselen significantly decreased E2-
induced NRF-1 binding. On the basis of these results, E2-
induced oxidants increase the transcriptional activity of
redox-sensitive transcription factors AP-1, pCREB, and NRF-
1.

DISCUSSION

The data presented here lead to major novel findings that
physiological concentrations of E2 stimulate a rapid produc-
tion of intracellular ROS and ROS formation in epithelial
cells depends on cell adhesion, the cytoskeleton, and inte-

FIGURE 5: E2 increases the total protein level of cdc42. MCF7
cells were stimulated with E2 or vehicle alone (0.05% DMSO) for
30 min. Equal volumes of whole cell lysate were affinity precipi-
tated (AP) with PAK-1 PBD bound to glutathione agarose beads.
(A) Western blot analysis of affinity-precipitated cdc42 detected
with anti-cdc42 mAb. (B) E2 activates the cell adhesion kinase
Pyk2. Western blot analysis of FAK phosphotyrosine (pY) 861 and
pY397 activation and of Pyk2 pY402 activation by E2 and/or H2O2
treatment. (C) NAC reduces E2-induced activation of Pyk2. Western
blot analysis of Pyk2 activation by E2. (D) E2 rapidly activates
cytoskeletal protein Rac-1. Western blot analysis of Rac-1 activation
by E2. Precipitated Rac-1 was detected by IB with anti-Rac-1 mAb.
The blots shown are representative of at least three separate
experiments.

FIGURE 6: E2-induced phosphorylations of CREB and c-jun are
reduced by the antioxidant NAC and rotenone. MCF7 cells were
pretreated with 10µg/mL rotenone for 15 min or pretreated with
NAC (10 mM) for 3 h followed by E2 stimulation for 3 h. Western
blot was performed using specific mAbs for phospho-CREB (Ser-
133) and c-jun to detect the protein expression in whole cell lysate.
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grins. These events occur earlier than ER-mediated genomic
actions. E2-stimulated ROS production does not depend on
the presence of the ER in breast cancer cells as the ER-
negative cell line MDA-MB 468 produced ROS equal to that

of ER-positive cell lines MCF7, T47D, and ZR75.1. Interest-
ingly, the neuroblastoma SH-SY5Y cells, not sensitive to
estrogen-induced cell growth, showed a higher amount of
E2-induced ROS production compared to ER-negative breast
cancer MDA-MB-468 cells. Furthermore, chemical blockers
such as NAC, ebselen, chloramphenicol, and rotenone which
are not ER antagonists prevented E2-induced ROS-mediated
effects. The finding of this study showing that ROS formation
upon E2 exposure is not only able to explain oxidative
damage to estrogen-dependent breast tumors and subsequent
genetic alterations as reported earlier by Malins and others
(16-18) but also provides mechanistic support to the
generation of mutations by physiological concentrations of
estrogens (19).

The extensive work on ERs indicates that they are involved
in the promotion of estrogen-induced tumorigenesis, but their
role is limited to the promotion of initiated cells. The critical
sequence of genetic alterations involved in estrogen-induced
carcinogenesis cannot be explained on the basis of ER-
mediated pathways. The mechanisms by which estrogenic
chemicals control the initiation and progression of cancer
remain the subject of a long-standing controversy, in part
because E2-induced DNA base modifications have been
reported to occur at pharmacological and higher concentra-
tions (20). Until now, the production of ROS by physiological
concentrations of E2 has not been reported. Since ROS are
known to modify DNA (20), our study supports the idea that
ROS generated from physiological levels of E2 may lead to
DNA modifications. Formation of estrogen-DNA adducts
in mammary tissue, human breast tumor, and surrounding
normal tissues has now been shown by combined LS-MS-
MS and LC-nano ES tandem mass spectrometry (21). In
addition, 4-hydroxycatechol estrogen (CE) conjugates with
glutathione or its hydrolytic products (cysteine and NAC)
have been detected in picomolar amounts in both tumors and
hyperplastic mammary tissues from ER knockout/Wnt-1
mice, demonstrating the formation of CE-3,4-quinones (22).
However, it is unlikely that these base modifications occur
immediately after E2 exposure, as E2 would have to be
hydroxylated and oxidized to a reactive intermediate in the
endoplasmic reticulum prior to its transport to the nucleus.
Although this type of adduction may play a role in the
generation of mutations, it appears to be a later event. In
our studies of E2-induced ROS generation in MCF7 and
other cells, we were not able to find any hydroxylated
estrogen metabolites or their adducts immediately after
addition of E2.

The ligation ofR5â1 integrins at the plasma membrane
and reorganization of the actin cytoskeleton have been shown
to mediate ROS production through the activation of Rac-1
in fibroblast cells (14). Whether E2-BSA binds to integrins
or a plasma membrane ER is not known; however, we have
shown that integrin ligation results in the production of ROS
in our cell model, and therefore it is biologically plausible
that the rapid E2-induced activation of cytoskeletal protein
Rac-1 may also utilize a similar mechanism. In turn, activated
Rac-1 may signal to the mitochondria via the cytoskeleton
to generate oxidants. More specifically, mitochondrial tubulin
and microtubule-associated proteins (MAPS) are reported to
bind to porin or the voltage-dependent anion channel
(VDAC), a component of the permeability transition pore
(23). This association of the cytoskeleton with VDAC could

FIGURE 7: E2-induced AP-1 binding activity is reduced by NAC.
MCF7 cells were pretreated with NAC for 2 h prior to E2
stimulation for another 3 h. (A) TransAM AP-1 assay on nuclear
extracts. Positive control (OD450nm ) 0.7) is TPA-treated K-562
cell nuclear extract. The phospho-c-jun Ab recognizes phosphory-
lated Ser-73. (B) E2-induced CREB binding activity is reduced by
antioxidants and rotenone. TransAM pCREB assay on nuclear
extracts. Positive control is forskolin (2.5µg) treated WI-38 nuclear
extract. TransAM pCREB Ab recognizes Ser-133 phosphorylated
CREB for the detection of activated CREB. (A, B) Data from three
independent experiments are presented as mean OD450nm ( SD.
(+) competitor; (*) indicates treatment significantly different from
control (P < 0.05), and (**) indicates treatment significantly
different from E2 (P < 0.05). (C) E2-induced NRF-1 binding
activity is reduced by ebselen. Ebselen was pretreated for 1.5 h
followed by E2 treatment for 3 h. Nuclear extracts were collected,
and 5µg of extract was loaded for all samples. (-) No competitor;
(+) with competitor. EMSA with NRF-1 consensus sequence from
human mtTFA promoter region. The blot shown is representative
of at least three experiments.
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be biologically significant because the actin filament severing
and capping protein gelsolin has been reported to modulate
mitochondrial membrane potential (∆Ψm) by its interactions
with VDAC (24). Therefore, Rac-1 may modulate VDAC
activity via the cytoskeleton, leading to a rise in∆Ψm and
ROS formation.

ROS are now widley accepted to participate in signal
transduction pathways, but the signaling pathway(s) activated
by E2-induced ROS and the resulting changes in gene
expression are not known. This led us to investigate the
biological effects of E2-induced ROS at the protein level.
Both oxidants and estrogen have been shown to phospho-
rylate transcription factors c-jun and CREB (25-27). In this
study, we have shown that antioxidants NAC and/or ebselen
reduced the phosphorylation of c-jun and CREB, which
suggests that E2-induced ROS enhanced the phosphorylation
of these redox-sensitive transcription factors. Since our
objective was to investigate the effect of ROS on c-jun and
CREB, the kinase(s) responsible for their phosphorylation
is (are) not clear. We postulate that the kinase responsible
for c-jun phosphorylation is the c-Jun-NH2-terminal protein
kinase (JNK) based on reports which demonstrate that E2
(10-9 M) can induce a rapid but sustained increase of JNK
activation and that mitochondrial ROS can activate JNK (26,
28). We also postulate that PI3K/Akt is responsible for the
phosphorylation of CREB given that ROS can signal CREB

via this kinase (25). However, the involvement of calcium-
calmodulin kinase II (CaMKII) upstream of pCREB cannot
be ruled out since E2 has been shown to activate pCREB
via CaMKII (29) and our recent data showed that E2
increased the calcium concentration in a high calcium
capacity mitochondrial population (30). Although NRF-1
phosphorylation was not measured, it is biologically plausible
for ROS to signal the phosphorylation of NRF-1 based on a
study which demonstrated ROS-induced activation of NRF-1
by PI3K/Akt (13). Besides the effect of ROS on the
phosphorylation state of proteins, we have also shown that
E2-induced oxidants increase the transcriptional activity or
binding of AP-1, CREB, and NRF-1 to their respective DNA
response elements. Since we have seen that E2-induced
mitochondrial ROS control the expression of early G1 phase
genes (Felty and Roy, unpublished results), these findings
suggest that E2-induced ROS increase the transcriptional
activity or binding of AP-1, CREB, and NRF-1 to their
respective DNA response elements responsible for the
expression of early cell cycle genes (Figure 8). Since the
redox-sensitive transcription factors c-jun, CREB, and NRF-1
are known to regulate cell cycle genes (13, 31, 32), our study
suggests that E2-induced ROS may play a role in cell cycle
progression of estrogen-dependent cells.

Another important novel biological consequence observed
in our investigation deals with the contribution of E2 to cell

FIGURE 8: Schematic model outlining E2-induced ROS activation of transcription factors and Pyk2. E2 binding to integrin or a plasma
membrane ER stimulates the reorganization of the cytoskeleton which activates the cytoskeletal protein Rac-1. Activated Rac-1 signals via
the cytoskeleton to mitochondria where cytoskeletal interactions with VDAC increase the∆Ψm and lead to an increase in ROS. E2 may
also act directly at the level of the respiratory chain where it binds to complex I, resulting in a block of electron flow and generation of
ROS. ROS increases the phosphorylation of Pyk2 leading to an increase in cell adhesion. ROS may also activate PI3K/Akt and JNK which
in turn phosphorylate transcription factors NRF-1, CREB, and c-jun. The net result is binding of NRF-1, CREB, and AP-1 and increased
transcription of cell cycle genes.
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adhesion as shown by the increase in the total level of cdc42,
a marker of cell adhesion, and increase in Pyk2 activation.
We have recently shown that mitochondrial ROS cause the
selective activation of Pyk2 in cardiac myocytes which cause
the sequential activation of the small GTP binding factors
Rac-1 and cdc42 (26). In contrast, the suppression of E2-
induced Pyk2 activation by the antioxidant NAC observed
in this study suggests that Pyk2 activation occurs downstream
of Rac-1 in MCF7 cells. On the basis of our findings, it
appears that Pyk2 activation is a late event in the E2-induced
ROS signal pathway which could help in the adhesion of
serum-starved nonadherent cells. A recent study that showed
ROS increased cell adhesion by the activation of focal
adhesion kinases supports this idea (33).

Recently, antiinflammatory agents have been shown to
reduce the risk of breast cancer (34). It has also been reported
that intake of vitamins such as C and E lowers the risk of
breast cancer (35). Our results not only shed light on a
mechanistic explanation for these results but also provide a
sound mechanistic basis for the application of these types
of chemopreventive strategies against breast cancer. Our
observations suggest that the use of reductants, such as NAC,
ebselen, and vitamin C, and other antioxidants could prove
to be a useful preventive agent to lower the hazards
associated with excess estrogen exposure and the develop-
ment of breast cancer.

In summary, the present study is the first to demonstrate
that physiological concentrations of E2 stimulate a rapid
production of intracellular ROS which lead to the phospho-
rylation of c-jun and CREB and increased activity of redox-
sensitive transcription factors NRF-1, c-jun, and CREB
known to be involved in the regulation of cell cycle genes.
These newly identified mechanisms of estrogen action in
breast cancer cells suggest new targets for developing
antioxidant-based anticancer chemopreventive agents.

ACKNOWLEDGMENT

We highly appreciated the technical assistance of Marion
Spell and Manoj Singh.

REFERENCES

1. Henderson, B. E., Ross, R., and Bernstein, L. (1988) Estrogens
as a cause of human cancer: the Richard and Hinda Rosenthal
Foundation award lecture,Cancer Res. 48, 246-253.

2. Holland, M. B., and Roy, D. (1995) Estrone-induced cell prolifera-
tion and differentiation in the mammary gland of the female Noble
rat, Carcinogenesis 16, 1955-1961.

3. International Agency for Research on Cancer Working Group
(1979) inMonographs on the eValuation of the carcinogenic risk
of chemicals to human sex hormone, pp 173-221, IARC, Lyon,
France.

4. International Agency for Research on Cancer Working Group
(1999) inMonographs on the eValuation of hormonal contracep-
tion and postmenopausal hormonal therapy, pp 399-530, IARC,
Lyon, France.

5. Li, J. J., Papa, D., Davis, M. F., Weroha, S. J., Aldaz, C. M., El
Bayoumy, K., Ballenger, J., Tawfik, O., and Li, S. A. (2002)
Ploidy differences between hormone- and chemical carcinogen-
induced rat mammary neoplasms: comparison to invasive human
ductal breast cancer,Mol. Carcinog. 33, 56-65.

6. Moon, R. C. (1981) inBanbury Report 8: Hormones and Breast
Cancer(Pike, M. C., Siiteri, P. K., and Welsch, C. W., Eds.) pp
353-364, Cold Spring Harbor Laboratory, Cold Spring Harbor,
ME.

7. Xie, B., Tsao, S. W., and Wong, Y. C. (1999) Induction of high
incidence of mammary tumour in female Noble rats with a

combination of 17beta-oestradiol and testosterone,Carcinogenesis
20, 1069-1078.

8. Levin, E. R. (2001) Cell localization, physiology, and nongenomic
actions of estrogen receptors,J. Appl. Physiol. 91, 1860-1867.

9. Droge, W. (2002) Free radicals in the physiological control of
cell function,Physiol. ReV. 82, 47-95.

10. Sauer, H., Wartenberg, M., and Hescheler, J. (2001) Reactive
oxygen species as intracellular messengers during cell growth and
differentiation,Cell. Physiol. Biochem. 11, 173-186.

11. Schafer, M., Schafer, C., Ewald, N., Piper, H. M., and Noll, T.
(2003) Role of redox signaling in the autonomous proliferative
response of endothelial cells to hypoxia,Circ. Res. 92, 1010-
1015.

12. Sarkar, S., Roy, B. C., Hatano, N., Aoyagi, T., Gohji, K., and
Kiyama, R. (2002) A novel ankyrin repeat-containing gene (Kank)
located at 9p24 is a growth suppressor of renal cell carcinoma,J.
Biol. Chem. 277, 36585-36591.

13. Suliman, H. B., Carraway, M. S., Welty-Wolf, K. E., Whorton,
A. R., and Piantadosi, C. A. (2003) Lipopolysaccharide stimulates
mitochondrial biogenesis via activation of nuclear respiratory
factor-1,J. Biol. Chem. 278, 41510-41518.

14. Kheradmand, F., Werner, E., Tremble, P., Symons, M., and Werb,
Z. (1998) Role of Rac1 and oxygen radicals in collagenase-1
expression induced by cell shape change,Science 280, 898-902.

15. Werner, E., and Werb, Z. (2002) Integrins engage mitochondrial
function for signal transduction by a mechanism dependent on
Rho GTPases,J. Cell Biol. 158, 357-368.

16. Malins, D. C., and Haimanot, R. (1991) Major alterations in the
nucleotide structure of DNA in cancer of the female breast,Cancer
Res. 51, 5430-5432.

17. Malins, D. C., Polissar, N. L., Nishikida, K., Holmes, E. H.,
Gardner, H. S., and Gunselman, S. J. (1995) The etiology and
prediction of breast cancer. Fourier transform-infrared spectros-
copy reveals progressive alterations in breast DNA leading to a
cancer-like phenotype in a high proportion of normal women,
Cancer 75, 503-517.

18. Musarrat, J., Arezina-Wilson, J., and Wani, A. A. (1996) Prog-
nostic and aetiological relevance of 8-hydroxyguanosine in human
breast carcinogenesis,Eur. J. Cancer 32A, 1209-1214.

19. Kong, L. Y., Szaniszlo, P., Albrecht, T., and Liehr, J. G. (2000)
Frequency and molecular analysis of hprt mutations induced by
estradiol in Chinese hamster V79 cells,Int. J. Oncol. 17, 1141-
1149.

20. Roy, D., and Singh, K. P. (2004) Estrogen-induced genetic
alterations and their role in carcinogenicity,Curr. Genomics 5,
245-257.

21. Embrechts, J., Lemiere, F., Van Dongen, W., Esmans, E. L.,
Buytaert, P., Van Marck, E., Kockx, M., and Makar, A. (2003)
Detection of estrogen DNA-adducts in human breast tumor tissue
and healthy tissue by combined nano LC-nano ES tandem mass
spectrometry,J. Am. Soc. Mass Spectrom. 14, 482-491.

22. Devanesan, P., Santen, R. J., Bocchinfuso, W. P., Korach, K. S.,
Rogan, E. G., and Cavalieri, E. (2001) Catechol estrogen
metabolites and conjugates in mammary tumors and hyperplastic
tissue from estrogen receptor-alpha knock-out (ERKO)/Wnt-1
mice: implications for initiation of mammary tumors,Carcino-
genesis 22, 1573-1576.

23. Carre, M., Andre, N., Carles, G., Borghi, H., Brichese, L., Briand,
C., and Braguer, D. (2002) Tubulin is an inherent component of
mitochondrial membranes that interacts with the voltage-dependent
anion channel,J. Biol. Chem. 277, 33664-33669.

24. Kusano, H., Shimizu, S., Koya, R. C., Fujita, H., Kamada, S.,
Kuzumaki, N., and Tsujimoto, Y. (2000) Human gelsolin prevents
apoptosis by inhibiting apoptotic mitochondrial changes via closing
VDAC, Oncogene 19, 4807-4814.

25. Bedogni, B., Pani, G., Colavitti, R., Riccio, A., Borrello, S.,
Murphy, M., Smith, R., Eboli, M. L., and Galeotti, T. (2003)
Redox regulation of cAMP-responsive element-binding protein
and induction of manganous superoxide dismutase in nerve growth
factor-dependent cell survival,J. Biol. Chem. 278, 16510-16519.

26. Dougherty, C. J., Kubasiak, L. A., Frazier, D. P., Li, H., Xiong,
W. C., Bishopric, N. H., and Webster, K. A. (2004) Mitochondrial
signals initiate the activation of c-Jun N-terminal kinase (JNK)
by hypoxia-reoxygenation,FASEB J. 18, 1060-1070.

27. Dos Santos, E. G., Dieudonne, M. N., Pecquery, R., Le, M. V.,
Giudicelli, Y., and Lacasa, D. (2002) Rapid nongenomic E2 effects
on p42/p44 MAPK, activator protein-1, and cAMP response
element binding protein in rat white adipocytes,Endocrinology
143, 930-940.

6908 Biochemistry, Vol. 44, No. 18, 2005 Felty et al.



28. Nuedling, S., Kahlert, S., Loebbert, K., Meyer, R., Vetter, H., and
Grohe, C. (1999) Differential effects of 17beta-estradiol on
mitogen-activated protein kinase pathways in rat cardiomyocytes,
FEBS Lett. 454, 271-276.

29. Lee, S. J., Campomanes, C. R., Sikat, P. T., Greenfield, A. T.,
Allen, P. B., and McEwen, B. S. (2004) Estrogen induces
phosphorylation of cyclic AMP response element binding (pCREB)
in primary hippocampal cells in a time-dependent manner,
Neuroscience 124, 549-560.

30. Parkash, J., Felty, Q., and Roy, D. (2004) Differential regulation
of high and low capacity mitochondrial calcium in breast cancer,
Proc. Am. Assoc. Cancer Res. 44, 715.

31. Kanda, N., and Watanabe, S. (2004) 17beta-estradiol stimulates
the growth of human keratinocytes by inducing cyclin d2
expression,J. InVest. Dermatol. 123, 319-328.

32. Liu, Y., Ludes-Meyers, J., Zhang, Y., Munoz-Medellin, D., Kim,
H. T., Lu, C., Ge, G., Schiff, R., Hilsenbeck, S. G., Osborne, C.
K., and Brown, P. H. (2002) Inhibition of AP-1 transcription factor

causes blockade of multiple signal transduction pathways and
inhibits breast cancer growth,Oncogene 21, 7680-7689.

33. Chiarugi, P., Pani, G., Giannoni, E., Taddei, L., Colavitti, R.,
Raugei, G., Symons, M., Borrello, S., Galeotti, T., and Ramponi,
G. (2003) Reactive oxygen species as essential mediators of cell
adhesion: the oxidative inhibition of a FAK tyrosine phosphatase
is required for cell adhesion,J. Cell Biol. 161, 933-944.

34. Harris, R. E., Chlebowski, R. T., Jackson, R. D., Frid, D. J.,
Ascenseo, J. L., Anderson, G., Loar, A., Rodabough, R. J., White,
E., and McTiernan, A. (2003) Breast cancer and nonsteroidal anti-
inflammatory drugs: prospective results from the Women’s Health
Initiative, Cancer Res. 63, 6096-6101.

35. Samuni, A. M., Chuang, E. Y., Krishna, M. C., Stein, W., DeGraff,
W., Russo, A., and Mitchell, J. B. (2003) Semiquinone radical
intermediate in catecholic estrogen-mediated cytotoxicity and
mutagenesis: chemoprevention strategies with antioxidants,Proc.
Natl. Acad. Sci. U.S.A. 100, 5390-5395.

BI047629P

Estrogen-Induced mt ROS as Messengers Biochemistry, Vol. 44, No. 18, 20056909


