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ABSTRACT: Novel findings that emerged from this study underscore the fact that the dynamic nature of
mitochondria leads to functional heterogeneity of [Ca2+]mito with respect to estrogen actions in MCF7
cells. We show that estrogen exposure to cells increased [Ca2+]mito in a high-calcium capacity mitochondrial
population but not in low-calcium capacity mitochondria. Physiological concentrations of 17â-estradiol
(E2) modulated Ca2+

mito uptake within 90 s. Interestingly, this calcium response lagged behind the induction
of mitochondrial reactive oxygen species (mtROS). The rapid induction of Ca2+

mito in response to E2 and
its inhibition by mitochondrial blockers suggest that mitochondria are early nongenomic targets of E2.
This suggests that a subpopulation of mitochondria is recruited to respond to new metabolic requirements
required by estrogen triggers or, as in this case, E2-induced Ca2+

mito and/or mtROS promotes oxidative
signaling without involving nuclear estrogen receptor signaling. Although the early E2-induced Ca2+ did
not alter the expression of genes involved in calcium signaling pathways, an intracellular calcium chelator
BAPTA-AM and the Ca2+

mito uniporter blocker ruthenium red prevented E2-induced cell growth. We
have shown recently that E2-mediated ROS production controls the promoter activity of cyclin D1 by
post-translational modification of calcium sensitive transcription factor CREB. The findings of this study
offer a new paradigm that rapid E2-induced changes in mtROS and Ca2+

mito are involved in cell cycle
progression presumably through the control of early cell cycle genes. Targeting mitochondria to disrupt
communication between mitochondria and ROS/Ca2+ signaling pathways may provide the basis for a
novel anticancer strategy for the treatment of estrogen-dependent breast cancer.

Studies of nongenomic estrogen effects have been focused
on the plasma membrane estrogen receptor (ER).1 For
instance, estrogen has been shown to rapidly increase the
intracellular Ca2+ concentration ([Ca2+]i) by initiating a signal
through a G protein-coupled membrane ER (1, 2). Recently,
we have reported that mitochondria are an important early
target of estrogen action. The cross-talk between the cell
nucleus and the mitochondria appears to control estrogen-
induced signaling involved in cell growth of both normal
and malignant cells (3). 17â-Estradiol (E2)-induced mito-
chondrial (mt) reactive oxygen species (ROS) act as signal-
transducing messengers that control the G1-to-S transition
of G0-arrested estrogen-dependent cells (4, 5). Calcium is
also a well-established second messenger that has been
shown to modulate the early G1 phase and the G1-to-S phase

boundary of the cell cycle (6). A transient increase in the
Ca2+ concentration within the perinuclear compartment of a
dividing cell was followed by an increase in the whole cell’s
[Ca2+]i but ceased once cells progressed into the S phase.
We previously showed a localization of ROS production in
perinuclear mitochondria when cells were exposed to E2;
therefore, a potential relationship between perinuclear mtROS
and mitochondrial Ca2+ (Ca2+

mito) is intriguing because both
factors are known to play a role in cell cycle progression.
Whether an increase in the level of mtROS in response to
E2 precedes an increase in [Ca2+

mito] or vice versa in response
to E2 exposure is not clear.

Phytoestrogens have been shown to activate the mito-
chondrial Ca2+ uniporter (7). In addition, Ca2+ transport
across the mitochondrial inner membrane is facilitated
through the Ca2+-induced mitochondrial permeability transi-
tion pore (PTP) (8) which has also been shown to be
modulated by E2 (9). During cell activation, mitochondria
play an important role in Ca2+ homeostasis due to the
presence of a fast and specific Ca2+ channel in its inner
membrane, the mitochondrial Ca2+ uniporter. This channel
allows mitochondria to buffer local cytosolic [Ca2+] changes
and controls the [Ca2+]mito, thus modulating processes such
as oxidative phosphorylation, cytosolic calcium signaling,
and apoptosis (8). Previous studies, though few in number,
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have shown the modulation of mitochondrial calcium in brain
cells by E2 exposure (10, 11). More recently, E2 has been
shown to modulate mitochondrial calcium uptake in cancer
cells (12). However, this study was limited in terms of spatial
resolution because it measured total Ca2+

mito uptake of an
E2-treated cell population rather than monitoring Ca2+

mito

uptake within individual cells. In addition, the reported effects
occurred at toxicological concentrations (1-40 µM) of E2
which raises concerns about their physiological significance.

Distinct populations of mitochondria with different bio-
chemical and respiratory properties exist in cells (13).
Previous studies have failed to identify a differential mito-
chondrial response after E2 exposure because they did not
investigate the spatial distribution of Ca2+

mito within the cells.
The temporal and spatial regulation of signaling molecules
within the cell is critical in the regulation of various cellular
functions, and mitochondria play crucial roles in these
processes. The aims of this study were (i) to investigate
whether E2-induced production of mtROS occurs before
Ca2+

mito uptake, (ii) to determine the existence of distinct
subpopulations of mitochondria with respect to calcium
uptake in response to transient (from 1 to 90 min) and
extended exposure (up to 72 h) of MCF7 cells to physi-
ological concentrations of estrogen, and (iii) to investigate
the biological implications of E2-induced mitochondrial
calcium uptake.

MATERIALS AND METHODS

Cell Culture and Chemicals.The MCF7 human breast
cancer cell line was obtained from American Type Culture
Collection (ATCC, Manassas, VA) and routinely cultured
in DMEM/F12 medium without phenol red supplemented
with 10% FBS and 1× antibiotic-antimycotic and incubated
at 37°C in 5% CO2. For experimental purposes, cells were
seeded in 10% charcoal-dextran stripped FBS DMEM/F12
medium and allowed to adhere for 24 h on 25 mm diameter
coverslips that were placed in a six-well tissue culture plate.
After cells reached 50-60% confluency, the culture medium
was replaced with serum-free DMEM/F12 and cells were
grown for an additional 24 h. Serum deprivation was used
to synchronize cells in the G0/G1 phase of the cell cycle prior
to treatment with 100 pg/mL 17â-estradiol. An equivalent
volume of the vehicle [ethyl alcohol, final concentration of
0.02% (v/v)] was used as the control. All chemicals were
obtained from Sigma Chemical Co. unless stated otherwise.
All tissue culture media were obtained from GIBCO (Invi-
trogen). All fluorescence indicators were from Molecular
Probes (Invitrogen).

Simultaneous Loading of Cells with Rhod-2 and Mito-
TrackerGreen. The coverslips containing cells were washed
twice with Hank’s balanced salt solution (HBSS) and
incubated in 2 mL of HBSS per well in a six-well culture
plate. A 1 mM stock solution of rhod-2/AM was prepared
in DMSO. Similarly, a 1 mMstock solution of MitoTracker
Green/FM was made in DMSO and then further diluted to 1
µM in phosphate-buffered saline (PBS). Rhod-2/AM is a
fluorescent probe used to measure [Ca2+]mito, whereas Mito-
Tracker Green/FM is a fluorescent dye that is used to
specifically locate mitochondria. The cells were dual-loaded
with 1 µM rhod-2/AM for 15 min in the presence of 0.02%
(w/v) Pluronic F-127 (Molecular Probes), a nonionic deter-

gent that disperses hydrophobic fluorescent dyes and aids
in the uniform loading of cells with the fluorophore, and
this was followed by loading cells with 50 nM MitoTracker
Green/FM for an additional 15 min. Therefore, the total
incubation period with rhod-2/AM was 30 min. The cells
were then washed and incubated with HBSS for 15 min at
room temperature to completely hydrolyze rhod-2/AM and
MitoTracker Green/FM and thus complete the loading
process of both fluorophores.

Determination of [Ca2+]mito by Confocal Microscopy.The
confocal images were acquired on a Bio-Rad MRC 1024
laser scanning confocal microscope (Bio-Rad, Hertfordshire,
England), and the procedure is described in brief. The
coverslip containing rhod-2/AM- and MitoTracker Green/
FM-loaded cells was placed in a Narishige micro-incubation
chamber (Narishige International USA Inc.) with 1 mL of
HBSS. The confocal fluorescence images were recorded at
room temperature (25°C) by using excitation wavelengths
of 488 nm for MitoTracker Green and 568 nm for rhod-2.
These wavelengths were provided by a krypton-argon laser.
The fluorescence emissions were detected in the green and
orange-red regions by placing a 522DF32 filter (for the green
channel) and a HQ598/40 filter (for orange-red emission) in
front of the photomultiplier tubes. Thez-series scanning was
done in increments of 0.5µm up to az-depth of 10µm by
using a 40× oil immersion objective. The calibration of the
fluorescence signals for the determination of [Ca2+]mito was
done by adding 5µM ionomycin to obtainFmax (maximum
fluorescence intensity) and 20 mM EGTA to obtainFmin

(minimum fluorescence intensity) at the end of each experi-
ment. The built-in LaserSharp version 3.2 software (Bio-
Rad), Confocal Assistant version 4.02 (copyrighted by T.
C. Brelje), and Metamorph version 4.17 (Universal Imaging
Corp., Westchester, PA) were used for confocal image
acquisition and analyses. The results were calculated as
described previously (14). In brief, [Ca2+]mito ) Kd(F - Fmin)/
(Fmax -F), whereKd is the dissociation constant of rhod-2
(a value of 1µM was used),Fmin is the minimum fluores-
cence intensity of the indicator (rhod-2) in the absence of
calcium (i.e., upon addition of EGTA),Fmax is the maximum
fluorescence intensity of the calcium-saturated rhod-2 (i.e.,
upon addition of ionomycin), andF is the intermediate
calcium concentrations (i.e., experimental).

Determination of Mitochondrial ROS by Confocal Mi-
croscopy.The fluorophores used were 2′,7′-dichlorofluores-
cin diacetate (DCFH-DA) and Mitotracker Deep Red. The
MCF7 cells were grown on 25 mm diameter coverslips as
described previously. Each coverslip was removed and placed
in a Narishige micro-incubation 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, and the cells were incubated
for 15 min at room temperature. To the cells was added 100
µL of stock Mitotracker Deep Red (1µM), and cells were
incubated for 15 min. Cells were washed three times with
HBSS and incubated for an additional 15 min in HBSS
followed by treatments. The confocal fluorescence images
were scanned at room temperature by using excitation
wavelengths of 488 nm for DCF and 647 nm for Mitotracker
Deep Red.

cAMP/Ca2+ PathwayFinder cDNA Array.Gene expression
was assessed using the nonradioactive GEArray Q Series
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Kit (SuperArray, Inc., Bethesda, MD) for human cAMP/Ca2+

sensitive genes. MCF7 cells were treated with E2 (100 pg/
mL) for 6 h. Total RNA was isolated from cells using TRIzol
Reagent (Invitrogen). Total RNA was used as the template
for cDNA probe synthesis according to the manufacturer’s
instructions. The GEArray membrane was hybridized with
a denatured cDNA probe of the samples overnight, and gene
expression was detected by a chemiluminescent reaction
mixture exposed to X-ray film. Signals were quantitated by
scanning the film with an HP ScanJet, and the intensity value
of the spots was obtained using the image analysis program
Scanalyze (M. Eisen, Stanford, CA). After intensity values
had been obtained, each gene was normalized to the
housekeeping gene ribosomal protein L13a (RPL13A) using
the GEArrayAnalyzer program (SuperArray, Inc.).

Post-cDNA Array Analysis.cDNA was synthesized by
using a standard reverse transcription reaction as described
previously (15). Real-time PCR was performed in a MJ
Research DNA Engine Opticon2 apparatus using the TaqMan
Gene Expression Assay (Applied Biosystems) for genes
NKIR and TGF b3 with 18S rRNA as the endogenous
control. Samples were amplified in triplicate according to
the manufacturer’s instructions.

Cell Growth. Cell growth was assessed by the sulfo-
rhodamine B (SRB) assay as described previously (16). Dye
intensity was measured at 560 nm (referenceλ at 700 nm)
on a Tecan Genios plate reader.

BrdUrd Cell Proliferation Assay.MCF7 cells were grown
(2500 cells/well) in 96-well plates until they were 50%
confluent in 10% FBS DMEM/F12 and serum-starved for 2
days. Cells were then pretreated with either BAPTA-AM (10
µM) or ruthenium red (50µM) for 30 min followed by
treatment with E2 (100 pg/mL) for 48 h. A colorimetric
BrdUrd incorporation assay was performed according to the
manufacturer’s instructions (Roche). The absorbance of the
samples was measured in a Tecan Genios instrument at 450
nm (referenceλ at 700 nm).

Mitochondrial Membrane Potential (∆Ψm) Assay.Cells
were seeded (20 000 cells/well) in a 96-well black-walled
plate, grown for 1 day in 10% FBS DMEM/F12, and serum-
starved for 2 days in DMEM/F12 prior to treatments. Cells
were pretreated with BAPTA-AM (20µM) or ruthenium red
(50 µM) for 30 min followed by E2 (100 pg/mL) treatment
for an additional 30 min in the standard assay buffer [80
mM NaCl, 75 mM KCl, 25 mMD-glucose, and 25 mM
HEPES (pH 7.4)]. Membrane potential was measured by the
tetramethylrhodamine methyl ester (TMRM) assay as de-
scribed previously (17). TMRM is a cationic-lipophilic dye
that is sequestered in the mitochondrial matrix in amounts
that are proportional to the membrane potential. Therefore,
measurement of the amount of TMRM fluorescence was used
to estimate the∆Ψm. In brief, 10µL of a 1.65µM TMRM
stock was added so the final concentration in wells was 150
nM. After a 5 min incubation at room temperature, cells were
washed four times with phosphate-buffered saline (PBS).
After washing had been carried out, TMRM fluorescence
was read on a Tecan Genios instrument using an excitation
wavelength of 530 nm and an emission wavelength of 580
nm.

Statistical Analyses.The data were analyzed for statistical
significance by using the Student’st-test (SigmaStat, Jandel

Scientific Software, San Rafael, CA). ANOVA was used to
determine differences between groups.

RESULTS

Effect of 17â-Estradiol on Mitochondrial Calcium Uptake.
We recently showed that E2-induced mtROS modulate the
growth of estrogen-dependent cells (4). Since an increase in
the level of mtROS can accelerate Ca2+

mito production (18),
we examined whether E2-induced mtROS were coupled to
an increase in [Ca2+]mito. Previously, we observed that the
peak of E2-induced DNA synthesis occurred at 24 h (4), so
we measured the level of Ca2+

mito after E2 exposure for 24
h. MCF7 breast cancer cells were loaded with rhod-2/AM,
a Ca2+-sensitive fluorescent indicator (19) that accumulates
in mitochondria (20). To determine the localization of rhod-
2, MCF7 cells were loaded with the mitochondrion-specific
probe MitoTracker Green. Cell regions that showed a definite
colocalization of these fluorescent probes were used to
monitor Ca2+

mito.
Interestingly, Ca2+

mito uptake did not show an all-or-none
response to 17â-estradiol (E2). Instead, the Ca2+

mito uptake
within a single cell differed between two distinct populations
of mitochondria. Thus, the term “high capacity” refers to a
[Ca2+]mito of g0.8 µM, and “low capacity” refers to a
[Ca2+]mito in the range of 0.25-0.3 µM. MCF7 cells treated
for 24 h with E2 (367 pM) showed an increase in the
[Ca2+]mito from a control value of 0.8( 0.011 to 1.1( 0.055
µM (Figure 1A,P < 0.001). At 72 h, E2 treatment increased
the [Ca2+]mito from a control value of 0.83( 0.015 to 0.97
( 0.031 µM (Figure 1A, P < 0.001). In contrast, E2
treatment showed no significant change in the corresponding
low-capacity mitochondria (Figure 1B) and therefore indi-
cates a functional heterogeneity in mitochondria with respect
to E2-induced Ca2+

mito uptake. Since high-capacity mito-
chondria are sensitive while the low-capacity mitochondria
are resistant to E2 exposure, the response of high-capacity
mitochondria became the focus of further experiments.

To determine whether the ER is involved in the E2-
induced uptake of Ca2+

mito, MCF7 cells were pretreated for
1 h with the selective ER modulator (SERM) tamoxifen (120
ng/mL). Tamoxifen treatment alone significantly increased
the [Ca2+]mito to a value of 1.274( 0.094 µM after 24 h
(Figure 1C,P < 0.001). The observed tamoxifen-induced
increase in [Ca2+]mito is not in agreement with a recent report
that showed a decrease in the rate of Ca2+

mito uptake in MCF7
cells (21). However, the study by Lobaton et al. (21) used
higher concentrations (micromolar) of tamoxifen, exposed
cells for a shorter time period (1 min), and used a different
methodology (Ca2+-sensitive photoprotein aequorin). The
mechanism of tamoxifen-induced Ca2+

mito uptake is not clear.
Since tamoxifen alone has been shown to act as an agonist,
it is biologically plausible that tamoxifen can modulate the
increase in the level of Ca2+

mito through an ER genomic
signaling pathway. On the basis of the results with tamoxifen
alone, we expected that cotreatment with E2 would show
an additive accumulation of Ca2+

mito. Instead, cotreatment
with E2 showed a decrease in [Ca2+]mito almost to the level
of the control (0.9( 0.031 µM, Figure 1C). Tamoxifen
treatment alone is known to enhance calcium signaling in
MCF7 cells and deregulate it (22, 23). It has been known
for a long time that tamoxifen alone acts a full agonist, but
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as a complete antagonist to a superphysiological dose of
estrogen. That excess tamoxifen prevents the action of
estrogen is expected, but that the agonist activity of tamoxifen
is abolished by 1200 times less estrogen, leading to mutual
annihilation of their action, is not. Furthermore, tamoxifen
could not be used to elucidate whether E2-induced mtROS
is coupled to an increase in [Ca2+]mito because tamoxifen
alone can induce cellular oxidative stress (24). Although
SERMS ICI 182,780 and raloxifene have been shown not
to effect Ca2+

mito uptake (25), we could not use them because
of their antioxidant activity (26, 27). This limitation prevented
further experiments with SERMs because it would be
difficult to discern whether a reduction in E2-induced ROS
was due to the blockage of the ER or by the antioxidant
activity of these compounds.

Effect of Mitochondrial Inhibitors on Estrogen-Induced
Calcium Uptake.To confirm that E2 exposure increased the
rate of mitochondrial Ca2+ uptake, MCF7 cells were cotreated
with chemical inhibitors. The mitochondrial respiratory chain
blockers rotenone and antimycin A and the mitochondrial
ATP synthase blocker oligomycin B are reported to collapse
the ∆Ψm and, therefore, prevent Ca2+

mito uptake (28).
Rhodamine 6G is a potent inhibitor of oxidative phospho-
rylation and is reported to block ATP-supported Ca2+

mito

accumulation (29). In addition to the use of chemical
inhibitors, we used the peptide cyclosporin A which is
reported to inhibit Ca2+

mito uptake through the Ca2+ uniporter
(30). MCF7 cells were pretreated for 1 h with 1 µg/mL
rotenone followed by E2 (100 pg/mL) for 24 h in the
continued presence of the inhibitor (Figure 2A). Cotreatment
with rotenone showed a decrease in [Ca2+]mito from an E2-

induced value of 1.186( 0.045 to 0.755( 0.046µM (P <
0.003, Figure 2A). Antimycin A (46 nM) treatment alone
significantly increased the [Ca2+]mito from a control value
of 0.833( 0.014 to 1.041( 0.016µM (P < 0.001, Figure
2A). However, in the presence of antimycin A, we observed
a small decrease in the E2-induced [Ca2+]mito from 1.186(
0.045 to 1.011( 0.015µM (P < 0.001, Figure 2A). MCF7
cells pretreated with oligomycin B (50 pg/mL) for 1 h
followed by a 24 h exposure to E2 (Figure 2C) showed a
decrease in the [Ca2+]mito from 1.186( 0.045 to 1.038(
0.018 µM. As shown in Figure 2C, rhodamine 6G (1µg/
mL) treatment alone showed an increase in the [Ca2+]mito

from 0.833( 0.013 to 0.986( 0.092 µM (P < 0.003).
However, cotreatment of rhodamine 6G with E2 reduced the
[Ca2+]mito from an E2-induced value of 1.186( 0.045 to
0.988 ( 0.072 µM (Figure 2C). Cyclosporin A (100 ng/
mL) treatment alone increased the [Ca2+]mito from a control
value of 0.833( 0.014 to 1.0439( 0.013µM (Figure 2E).
Cotreatment of cyclosporin A and E2 showed a decrease in
[Ca2+]mito from 1.186( 0.045 to 0.995( 0.016µM (P <
0.001, Figure 2E). With the exception of rotenone, none of
the mitochondrial blockers were able to completely block
the increase in the level of E2-induced mitochondrial Ca2+

at 24 h. Since these inhibitors may more effectively block
mitochondrial Ca2+ uptake at an earlier time point, we
measured the [Ca2+]mito after E2 exposure for 30-90 s and
observed a unique spatial and temporal increase in the levels
of both calcium and ROS. Thus, subsequent experiments
were performed at early time points to determine the
relationship between mtROS and Ca2+

mito.

FIGURE 1: Estrogen increases [Ca2+]mito in high-capacity mitochondria. MCF7 cells were cultured on 25 mm diameter coverslips with
DMEM/F12 containing 10% charcoal-stripped FBS until they reached approximately 50-60% confluency. Cells were then serum-starved
in DMEM/F12 medium for 1 day and then either treated with E2 (100 pg/mL) alone or pretreated for 1 h with tamoxifen followed by E2
treatment for 24 and 72 h. [Ca2+]mito was determined by confocal microscopy as described in Materials and Methods. Two asterisks indicate
P < 0.001.
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Relationship between ReactiVe Oxygen Species and Cal-
cium. As shown in Figure 3A, the [Ca2+]i increased ap-
proximately 3 min after exposure to E2 (100 and 500 pg/
mL). Two different doses of estrogen were used in the
measurement of changes in intracellular calcium concentra-
tion ([Ca2+]i) because we wanted to determine any saturation
or highly significant increases in [Ca2+]i upon addition of a
higher concentration of estrogen (Figure 3A). The level of
calcium increased with a slower rate after the second
exposure of E2 (500 pg/mL), the concentration of which was
5 times higher than that of the first dose of E2 (100 pg/mL).
This indicates that the cellular calcium concentration increase
in response to the first E2 exposure is in the proximity of
saturation, because we did not observe the proportional
increase in calcium concentration by a dose of estrogen that

was 5 times higher. To monitor the production of ROS,
MCF7 cells were loaded with the fluorophore DCFH-DA.
DCFH-DA is a nonfluorescent cell-permeable compound that
becomes trapped inside the cell after the acetate group is
removed by esterases generating DCFH. In the presence of
ROS, DCFH is rapidly oxidized to the highly fluorescent
2′,7′-dichlorofluorescein (DCF) (31). We observed a rapid
increase in intracellular DCF intensity approximately 1 min
from the time of E2 (100 pg/mL) exposure (Figure 3B). It
should be noted that a total of 24 individual cells were
monitored for changes in DCF intensity, and we therefore
displayed a representative sample of individual cell responses
to E2 (Figure 3B). The variation observed in both calcium
uptake and ROS production among the cells depended on
cell density. Cells with less cell-cell contact generated more

FIGURE 2: Mitochondrial blockers attenuate the estrogen-induced increase in [Ca2+]mito in high-capacity mitochondria. MCF7 cells were
cultured as described previously: (A and B) MCF7 cells pretreated for 1 h with rotenone (1µg/mL), antimycin A (25 ng/mL), oligomycin
B (50 pg/mL), rhodamine 6G (1µg/mL), or cyclosporin A (100 ng/mL) and then exposed to E2. [Ca2+]mito was determined by confocal
microscopy as described in Materials and Methods.
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ROS and calcium uptake than cells with more contacts. This
suggests that sparse cells generate more ROS and calcium
uptake in response to estrogen because they require it for
growth, whereas confluent cells do not need it and consis-
tently exhibited less ROS production and calcium uptake.
Our observations are corroborated by another study which
showed that the arrest of growth induced by cell confluence
(“contact inhibition”) is due, at least in part, to a decrease
in the steady-state levels of intracellular ROS and the
consequent impairment of mitogenic redox signaling (32).
These results show that E2-induced intracellular ROS
precedes the increase in the level of Ca2+

i. Subsequent
experiments were performed to determine whether mtROS
and Ca2+

mito followed a similar temporal pattern.
The colocalization of fluorescent probes DCFH-DA and

MitoTracker Deep Red was used to monitor changes in
mitochondrial ROS. Our results showed that mitochondrial
DCF intensity increased approximately 1 min after E2
exposure (Figure 4A) which correlated with the previous
increase in the total intracellular level of ROS. In both panels
A and C of Figure 4, we measured the rate of calcium uptake
and ROS every 20 s for 5 min in the absence of estrogen
(i.e., vehicle alone), and we did not find any change in these
cells. The calcium uptake level in mitochondria as well as

the mitochondrial ROS level did not change upon addition
of the vehicle alone (data not shown). It should be noted
again that a total of 24 individual cells were monitored for
changes in DCF intensity. Furthermore, we measured the
mitochondrial DCF intensity at shorter time intervals (Figure
4B). In cells not treated with estrogen but which received
vehicle, we did not see any change in the ROS level with
time, whereas upon addition of 100 pg/mL estrogen to the
MCF7 cells, we found significant increases in the ROS level
with time as early as 20 s from the time of E2 exposure.
The changes in DCF and Rhod-2 fluorescence intensities
from Figure 4B were quantified as shown in panels A and
C of Figure 4. When we monitored the level of Ca2+

mito, we
observed an increase in Rhod-2 intensity within 1 min of
E2 treatment (Figure 4C) that coincided with the previous
increase in DCF intensity. Thus, we monitored earlier
Ca2+

mito levels to determine whether it changed as rapidly
(20 s) as that of mtROS. As shown in Figure 4D, E2
markedly increased Rhod-2 intensity in the basal region of
the cell after exposure for 90 s. The apical and middle cell
regions at 30 and 60 s, respectively, did not show a change
in Rhod-2 intensity when compared to control; however, we
did observe an increase in DCF intensity (Figure 4D). On
the basis of these results, E2-induced mtROS precedes the
increase in the level of Ca2+

mito. With respect to Rhod-2
intensity, we observed a spatially distinct distribution of Ca2+

in E2-treated MCF7 cells. The basal region showed an
increase in Rhod-2 intensity, but the apical and middle
regions of the same cells showed no change (Figure 4D).

Biological Response to Estrogen-Induced Calcium.Ca2+

is a universal second messenger that can activate the
transcription factor CREB which subsequently affects target
genes containing the cyclic AMP response element (CRE)
in their promoters. Besides CRE, Ca2+ signaling can also
activate target genes with a serum response element (SRE)
or other as yet undefined Ca2+ responsive element in their
promoters. To determine the genomic effects of E2-induced
Ca2+ uptake, we screened cells with the nonradioactive
human cAMP/Ca2+ PathwayFinder gene array (SuperArray)
that contains three groups of Ca2+ responsive target genes
(96 in total): (i) target genes with SRE, (ii) target genes
with CRE, and (iii) target genes with undefined elements.
E2-induced gene expression was assessed at 6 h because we
have shown that mitochondrial blockers reduce the level of
expression of early cell cycle genes, resulting in the arrest
of E2-dependent cell growth at this time point (4). At 6 h,
E2 increased the level of expression of the Substance P
receptor (NKIR) and transforming growth factorâ3 (TGF
â3) approximately 2.9- and 3.5-fold, respectively, when
compared to control (data not shown). Post-array verification
was performed on genes with a significant (g2-fold) change
in expression. Real-time PCR analysis using TaqMan probes
for NKIR and TGF b3 did not show a significant change in
the level of either gene when compared to control (data not
shown). Our findings show that the early E2-induced Ca2+

does not alter the expression of these genes involved in
calcium signaling pathways.

Since we have shown that E2-induced CREB phospho-
rylation, transcriptional activity, and binding to the cyclin
D1 promoter are all inhibited when the compound is
cotreated with rotenone (4, 5), and because we observed that
rotenone effectively (100%) blocked the E2-induced increase

FIGURE 3: Estrogen-induced production of intracellular reactive
oxygen species precedes the increase in [Ca2+]i. A total of 24
individual MCF7 cells were monitored for changes in [Ca2+]i and
the level of intracellular ROS when exposed to E2. (A) [Ca2+]i
increased approximately 3 min after exposure to E2 (100 and 500
pg/mL). (B) A time course of DCF intensity monitored in a
representative sample from the 24 individual cells when treated
with E2 (100 pg/mL). MCF7 cells show a rapid increase in the
level of intracellular ROS approximately 1 min from the time of
E2 (100 pg/mL) exposure. Each point in the vehicle control is the
mean of data from 12 cells.
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FIGURE 4: Mitochondrial calcium uptake in response to estrogen. A total of 24 individual cells were monitored for changes in mitochondrial
DCF intensity. (A) A time course of mitochondrial DCF intensity monitored in a representative sample from the 24 individual cells when treated
with E2 (100 pg/mL). Each point in the vehicle control is the mean of data from 12 cells. (B) Confocal images show ROS production over time
in a control receiving vehicle (top) and estrogen-treated cells (bottom). Magnification is 63×. Green is DCF, and red is MitoTracker. (C) A time
course of rhod-2 intensity monitored in a representative sample from the 24 individual cells when treated with E2 (100 pg/mL). Each point in
the vehicle control is the mean of data from 12 cells. (D) Time series of images showing rhod-2 intensity juxtaposed to DCF intensity in the
apical, middle, and basal regions of MCF7 cells exposed to E2 (100 pg/mL). Green is DCF, and red is rhod-2. Magnification is 63×.
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in [Ca2+]mito (Figure 2A), we tested whether E2-induced
Ca2+

mito modulates the growth of estrogen-dependent breast
cancer cells. Using the intracellular calcium chelator BAPTA-
AM and the Ca2+

mito uniporter blocker ruthenium red, we
evaluated the effect of E2-induced Ca2+ on cell growth. E2-
induced cell growth was abolished in cells preincubated with
30µM BAPTA-AM (Figure 5). Pretreatment with ruthenium
red (50 µM) also showed inhibition of E2-induced cell
growth (Figure 5). Additionally, both BAPTA-AM (20µM)
and ruthenium red (50µM) induced a complete collapse of
the ∆Ψm (assessed with TMRM, data not shown) and
therefore prevented any subsequent uptake of Ca2+ into
mitochondria. Therefore, the inhibition of E2-induced cell
growth by BAPTA-AM and ruthenium red could be at-
tributed to a lack of Ca2+

mito uptake. Our findings support a
significant role for Ca2+ in the control of MCF7 cell cycle
progression.

DISCUSSION

We have shown that Ca2+
mito uptake within an individual

cell can differ between two distinct populations of mito-
chondria with respect to their response to E2-induced Ca2+

mito

uptake. Mitochondria that had a [Ca2+]mito of g0.8µM were
responsive to E2 treatment, while mitochondria with a lower
[Ca2+]mito showed no response (Figure 1A,B). Our findings
are corroborated by other studies in which similar hetero-
geneous Ca2+

mito uptake was observed (33-35). Since the
low-Ca2+ capacity mitochondria did not show a response to
E2 or to treatment with mitochondrial Ca2+ specific blockers,
these findings suggest that only high-Ca2+ capacity mito-
chondria are involved in the response to estrogen. Our data
suggest that high-Ca2+ capacity mitochondria are recruited
in response to the new metabolic requirements of E2
stimulation or, as in this case, to promote oxidative signaling.
The estrogen-stimulated uptake of Ca2+ by high-capacity
mitochondria plays a role in cell growth based on our data
that showed inhibition of cell growth by the calcium chelator
BAPTA and mitochondrial calcium uniporter blocker ruthe-

nium red. Our findings support a significant role for Ca2+

in the control of E2-induced MCF7 cell cycle progression.
More interestingly, the suppression of E2-induced Ca2+

mito

uptake by the mitochondrial inhibitor rotenone (Figure 2A),
which is not known to bind the ER, supports the idea that
these effects on Ca2+

mito uptake and/or mtROS promote
oxidative signaling without involving nuclear ER signaling.
Mitochondria may coordinate signal transduction pathways
that run parallel to nuclear ER signaling. Therefore, we
postulate that a subpopulation of mitochondria acts like E2
sensors, potentially allowing forces triggered by altered
cytoarchitecture in response to E2 exposure to be transmitted
to these organelles, which in turn increases the rate of release
of ROS signals to the cytosol.

In the study presented here, we have shown that E2-
induced mtROS precedes Ca2+

mito uptake. The mechanism
of Ca2+

mito uptake in response to E2 is not clear. Although
E2 has been shown to increase the level of mitochondrial
retention of Ca2+ by inhibiting Na-dependent Ca2+ efflux
(10), our data imply that a sufficient amount of E2 would
need to cross the plasma membrane and bind to the
mitochondrial membrane in 20 s for this mechanism to work,
which is not likely to occur in this short amount of time.
Under physiological conditions, mitochondria only transiently
take up Ca2+ released by the proximate endoplasmic reticu-
lum upon stimulation (36). ROS have been shown to increase
the level of cytosolic Ca2+ through the mobilization of
intracellular Ca2+ stores and/or through the influx of extra-
cellular Ca2+ (37). Relatively low concentrations of hydro-
peroxides have also been shown to cause transient changes
in [Ca2+]i (38, 39). These studies in conjunction with our
results suggest that a low level of mtROS triggered by E2
exposure stimulates the release of Ca2+ from the endoplasmic
reticulum and this is taken up by mitochondria.

ER-mediated signaling pathways are considered to support
the growth of normal, preneoplastic, and neoplastic cells
(40-42); therefore, we pretreated MCF7 cells with tamoxifen
to determine whether the increase in the rate of Ca2+

mito

uptake at 24 h was due to a genomic effect. Even though
tamoxifen counteracted E2-induced Ca2+

mito uptake at 24 h
(Figure 1C), it was difficult to conclude whether this effect
was a consequence of blocking the ER because tamoxifen
is reported to enhance and deregulate calcium signaling in
MCF7 cells (22, 23). Moreover, we showed that tamoxifen
alone increased the rate of Ca2+ uptake to the same level as
E2. The use of other SERMS such as ICI 182,780 and
raloxifene has already been shown not to affect E2-induced
Ca2+

mito uptake (43). Furthermore, several limitations of
SERMs made it difficult for us to address the question of
whether E2-induced ROS preceded Ca2+

mito uptake. These
limitations are that tamoxifen alone increases the level of
cellular oxidative stress (24) while ICI 182,780 and ralox-
ifene can act as antioxidants (26, 27).

To understand the mechanism by which mitochondria
accumulate Ca2+ in response to E2, we treated MCF7 cells
with several different mitochondrial calcium blockers. All
of the Ca2+

mito blockers were able to inhibit E2-induced
Ca2+

mito uptake (Figure 2); however, rotenone was the only
agent that completely abolished an increase in [Ca2+]mito

(Figure 2A). Therefore, we conducted similar experiments
at an earlier (30-90 s) time point in an attempt to show that
the potency of these inhibitors depended on time. At the early

FIGURE 5: Early estrogen-induced Ca2+ effects are nongenomic.
Pretreatment with BAPTA-AM and ruthenium red inhibits E2-
induced growth of MCF7 cells. For cell growth experiments, cells
were seeded (3000 cells/well) in 96-well plates, grown for 1 day
in 10% FBS DMEM/F12, and serum-starved for 2 days in DMEM/
F12, followed by a 1 hpretreatment with BAPTA-AM or ruthenium
red. After pretreatment, cells were treated with E2 (100 pg/mL)
for 72 h and cell growth was assessed by the SRB assay. Results
are expressed as the mean optical density( the standard deviation
of three separate experiments with the control set as 100% cell
growth. An asterisk (P < 0.05) indicates treatment significantly
different from that with E2.
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time point, we observed a unique spatial and temporal
increase with respect to E2-induced mitochondrial calcium
and mtROS levels. Initially, we observed that E2-induced
intracellular ROS preceded the increase in [Ca2+]i (Figure
3A,B). A more in-depth study of the level of mitochondria
revealed that E2 improved ROS production as early as 20 s
(Figure 4B), while the calcium response lagged behind at
90 s (Figure 4D). A spatial distinction between mitochondria
became apparent when comparing Ca2+

mito in the apical,
middle, and basal cell regions. Confocal microscopy showed
a basal increase in the level of Ca2+

mito, while the apical and
middle regions showed no change caused by E2 exposure
(Figure 4D). Thus, it appears that high-capacity mitochondria
are basally located while low-capacity mitochondria are
found in the apical and middle regions.

A hierarchy of organ tissue response to E2 has shown that
calcium metabolism is the most sensitive followed by
epithelial cell growth (44). Therefore, we screened Ca2+

responsive target genes to determine the genomic effects of
E2-induced Ca2+ uptake. Initially, the gene array showed
that E2 treatment significantly (g2-fold) increased the
response of only two of the 96 calcium sensitive target genes.
However, real-time PCR analysis of NKIR and TGF b3 did
not show a significant change in the level of either gene when
compared to control. These data imply that physiological
concentrations of E2 exert nongenomic effects on the cell
at this early time point. We have previously shown that E2-
induced CREB phosphorylation, transcriptional activity, and
binding to the cyclin D1 promoter are suppressed by
pretreatment with rotenone (4, 5). In the study presented here,
rotenone completely blocked the E2-induced increase in the
rate of Ca2+

mito uptake (Figure 2A). Thus, we studied whether
mitochondrion-dependent intracellular calcium signaling
modulated E2-induced cell growth. Pretreatment with BAPTA-
AM and ruthenium red showed complete inhibition of E2-
induced cell growth (Figure 5). In addition, E2-induced DNA
synthesis was inhibited by 72% when cells were pretreated
with either BAPTA-AM or ruthenium red as measured by
the extent of BrdUrd incorporation (data not shown).
Although the antiproliferative mechanism for BAPTA-AM
and ruthenium red is not clear, our TMRM results showed
that these agents collapsed the∆Ψmwhile E2 treatment alone
increased the∆Ψm (data not shown). Mitochondrial calcium
uptake depends on∆Ψm, and dissipation of the potential
provides a way to examine the consequences of Ca2+

mito

uptake. We have shown recently that E2-mediated ROS
production controls promoter activity of cyclin D1 by post-
translational modification of calcium sensitive transcription
factor CREB (4). Thus, our results suggest that E2-induced
changes in Ca2+

mito and mtROS may be involved in cell cycle
progression presumably through the control of early cell cycle
genes.

In summary, our data indicate that physiological concen-
trations of estradiol modulate mitochondrial calcium uptake
within 90 s through a nongenomic pathway that is spatially
localized to the basal region of the cell. Interestingly, this
calcium response lagged behind the induction of mtROS.
The conventional paradigm of estrogen action is based on
binding to its receptors, ERR/â, which initiates transcription
by binding to estrogen response elements (EREs) of genes.
However, the absence of E2-induced calcium sensitive gene
expression at an early time point underscores the critical role

of nongenomic E2 effects associated with Ca2+ signaling in
cell cycle progression. We suggest that these rapid E2-
induced changes in mtROS and Ca2+

mito result in post-
translational modifications involved in early G1 phase cell
cycle progression. Thus, targeting mitochondria to disrupt
communication between mitochondria and Ca2+ signaling
pathways provides the basis for a novel anticancer strategy
for the treatment of estrogen-dependent breast cancer.
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