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Abstract
Resistance to chemotherapy is a major problem facing breast cancer patients. Cisplatin, a highly
effective DNA-damaging drug, has shown only little success in breast cancer treatment. We are
reporting that low nanomolar doses of bisphenol A (BPA) or estradiol antagonize cisplatin
cytotoxicity in breast cancer cells, with their effects not mediated via classical estrogen receptors.
Although both compounds increase the expression of Bcl-2, a Bcl-2 inhibitor completely blocked
the protective effects of BPA while only partially affecting those of estradiol. Blockade of BPA and
E2 actions should sensitize ER-negative breast tumors to anti-cancer drugs and allow for the inclusion
of cisplatin in treatment regimens.
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1. Introduction
Chemotherapy is the mainstay treatment for breast cancer patients with advanced or metastatic
disease. However, many patients exhibit resistance to chemotherapy that is either inherent or
acquired during treatment. Cisplatin is a prototypical DNA-damaging agent which forms
adducts and intra-strand crosslinks in DNA, leading to cell cycle arrest and cell death [1].
Although cisplatin is highly effective against many types of cancer, it has shown little success
in the treatment of breast cancer [2]. Resistance to chemotherapy has been attributed to many
mechanisms, including efflux by transporters, inactivation by detoxification enzymes, or
increased DNA-repair [3;4]. In addition, alterations in pro/anti-apoptotic proteins play a role
in chemoresistance. Central players in the apoptotic pathways include the anti-apoptotic
proteins Bcl-2 and Bcl-xL and the pro-apoptotic protein Bax which regulate apoptosis at the
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level of the mitochondria [5]. A balance between pro-apoptotic and survival proteins
determines the fate of the cell in response to many drugs.

Much evidence supports a role for estradiol (E2) in breast cancer initiation and progression
[6;7]. Consequently, anti-estrogen therapy is widely used in the treatment of patients with ER
+ tumors [8]. The effects of E2 are generally attributed to its binding to the classical estrogen
receptors, ERα and ERβ, or to G-protein coupled receptor 30 (GPR30) [9;10]. In addition to
its role as a mitogen, E2 also acts as survival factor. For example, in immune deficient mice,
xenografts derived from ER+ MCF-7 cells decrease in size following E2 removal [11]. Under
in vitro conditions, MCF-7 cells undergo apoptosis in the absence of serum growth factors, an
effect attributed to the ability of E2 to stimulate Myc expression [12]. E2 antagonizes taxol-
and doxorubicin-induced cytotoxicity in breast cancer cells [13–15], but it is unknown whether
it also decreases the responsiveness of breast cancer cells to cisplatin.

Bisphenol A (BPA) is a monomer of polycarbonate plastics used in many consumer products,
including water and baby bottles, dental fillings and the lining of metal food cans [16]. Small
amounts of BPA can be liberated from incompletely polymerized polycarbonates or via partial
hydrolysis, especially upon heating [17]. Early exposure of rodents to BPA caused increased
susceptibility to both mammary and prostate tumorigenesis [18;19]. BPA at 0.2–5 ng/ml has
been detected in serum of most adults examined in the USA, Europe and Japan [16]. The effects
of BPA on breast cancer cells have generated conflicting results, largely due to the micromolar
concentrations of BPA utilized by most studies [20–23]. The mechanism by which BPA exerts
its biological actions is unclear, given that its binding affinity to ERα and ERβ is significantly
lower than that of E2 [24]. However, there is evidence that BPA also binds to non-classical
ERs, such as GPR30 or members of the estrogen related receptors (ERR) family [25;26]. We
recently reported that BPA at low nanomolar concentrations antagonized the cytotoxic effects
of doxorubicin in breast cancer cells [27]. In the present investigation, we expanded on these
findings by comparing the effects of BPA with those of E2 on a molar basis and by focusing
on the mechanism by which either compound antagonizes cisplatin cytotoxicity.

The specific objectives were to: 1) compare the effects of low doses of BPA and E2 on cisplatin-
induced alterations in cell viability, proliferation and apoptosis in T47D breast cancer cells, 2)
determine the effects of an ERα antagonist (ICI) and an ERβ-specific antagonist (PHTPP) on
the ability of BPA or E2 to protect cells from cisplatin cytotoxicity, 3) examine the protective
effects of these compounds in ERα- negative MDA-MB-468 cells and ERβ-knockdown T47D
cells, and 3) determine whether antagonism of cisplatin cytotoxicity by these compounds
involves the pro/anti-apoptotic proteins.

2. Materials & Methods
2.1. Drug and Inhibitors

Cisplatin (Sigma, St Louis, MO) was dissolved in water. ICI182780 (Tocris Bioscience,
Ellisville, MO) and PHTPP (Tocris) were dissolved in DMSO or ethanol, respectively. HA14-1
(Biomol, Plymouth Meeting, PA), a Bcl-2 antagonist, was dissolved in ethanol. Drugs and
inhibitors were diluted in culture medium immediately before treatment.

2.2. Cell lines and culture conditions
T47D and MDA-MB-468 cells were obtained from the American Type Culture Collection
(Manassas, VA). T47D cells were maintained in RPMI (Hyclone, Logan, UT) supplemented
with 10% fetal bovine serum (FBS; Hyclone), 5µg/ml bovine insulin, 10 mM HEPES, 1 mM
sodium pyruvate and 50 µg/ml normocin (Invivogen, San Diego, CA). MDA-MB-468 cells
were cultured in low glucose DMEM (Hyclone) supplemented with 10% FBS and 50 µg/ml
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normocin. For all experiments, T47D cells were plated in phenol red-free RPMI with 5%
charcoal stripped serum (CSS) and ITS+ supplement (1:200; BD biosciences, Bedford, MA)
and were treated in RPMI with 2% CSS and ITS+. MDA-MB-468 cells were plated in phenol
red-free DMEM supplemented with 3% CSS and treated in DMEM with 1% CSS.

2.3. Cytotoxicity assay
Cells were plated at a density of 6000 or 8000 cells/well in 96 well plates in plating medium.
The following day, cells were incubated with BPA or E2 for 24 hrs in treatment medium.
Inhibitors, ICI, PHTPP or HA14-1, were added 1 hr before BPA or E2. After 24 hrs, cisplatin
was added for an additional 1 to 3 days. Cytotoxicity was determined by the 3-(4,5-
dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) method. MTT was added at a
final concentration of 0.5 mg/ml for 2 hrs. Following medium aspiration, the formazan dye
was extracted with DMSO and absorbance was read at 570 nm using a plate reader (Bio-Tek,
Winooski, VT).

2.4. BrdU incorporation
BrdU analysis was done using a cell proliferation ELISA kit (Roche, Indianapolis, IN)
according to instructions. Briefly, cells were incubated with BrdU for 8 hrs, fixed and then
incubated with an anti-BrdU antibody. Absorbance was read after addition of TMB substrate.

2.5. Flow cytometry
Cells were washed and re-suspended in buffer containing 5µl APC Annexin V (BD
Pharmingen, San Jose, CA) and 1 µg/ml propodium iodide (PI). Samples were analyzed by
flow cytometry at 488 nm and 633 nm using a BD LSRII (Becton Dickinson, San Jose, CA).
Log fluorescence was collected for PI and Annexin IV using a 610/20 or 660/20 band pass
filter, respectively. Ten thousand gated events per experiment were collected.

2.6. ERβ knockdown by siRNA
T47D cells were plated at a density of 200,000 cells/dish 24 hrs before transfection with siRNA
targeted against ERβ and scrambled siRNA as a control (Dharmacon, Lafayette, CO). Both
were transfected at 200 nM using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according
to manufacturer’s protocol. Cells were harvested 4 and 8 days after transfection for analysis
of ERβ expression by RT-PCR.

2.7. RT-PCR
Total RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH), and
cDNA was synthesized as described [28]. PCR was performed on cDNA, using intron-spanning
primers for ERβ: forward 5’-TGAAAAGGAAGGTTAGTGGGAACC-3’, reverse 5’-
TGGTCAGGGACATCATCATGG-3’. GAPDH was used as a reference gene: forward 5’-
CCACCCATGGCAAATTCCATGGCA-3’, reverse 5’-
TCTAGACGGCAGGTCAGGTCCACC-3’. The cycle parameters were 30 seconds at 95°, 45
seconds at 60° and 45 seconds at 72° for 24 cycles (GAPDH) or 34 cycles (ERβ). Products
were resolved on a 2% agarose gel containing ethidium bromide and photographed.

2.8. Platinum Determination by mass spectroscopy
DNA was isolated using the DNeasy tissue kit (Qiagen, Valencia, CA). Platinum content was
determined with an Aligent 7500ce (Aligent Technologies, Santa Clara, CA). Platinum
standards (SpexCertiPrep, Metuchen, NJ) were introduced at a flow rate of 1 ml/min using a
100µl injection volume. Instrument parameters were as follows: forward power of 1450 W;
plasma gas flow rate of 15.0 L/min, auxiliary gas flow rate of 1.0 L/min, carrier gas flow rate
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of 0.97 L/min, makeup gas flow rate of 0.14 L/min, octopole bias of −18 V, quadrupole bias
of −16 V and 194Pt and 195Pt monitored isotopes.

2.9. Western Blotting
Cells were homogenized in buffer (10nM Tris-HCl, 5mM EDTA, 50nM NaCl, 50mM sodium
fluoride, 30mM sodium pyrophosphate, 1% Triton-X, 200µM sodium orthovanadate, 1mM
phenylmethylsulfonyl, 1µg/ml pepstatin, µg/ml leupeptin, 5µg/ml aprotinin). Protein
concentrations were determined by the Pierce BCA protein assay. Cell lysates (40µg proteins)
were electrophoresed on 12% or 15% SDS-PAGE gels. After transfer to PVDF membranes,
samples were blocked in 5% dry milk and incubated overnight with the following primary
antibodies: Bcl-2, Bcl-xL, Bax (1:1000 each; Cell Signaling, Danvers, MA) or β-actin
(1:10,000; Sigma). After incubation with horseradish peroxidase-conjugated secondary
antibody (Amersham, Piscataway, NJ), products were developed on film using SuperSignal
chemiluminescence reagents (Pierce, Rockford, IL).

2.10. Data Analysis
Statistical differences were determined by one-way ANOVA followed by Newman-Keuls post
hoc analysis. P values <0.05 were considered significant. All experiments were done at least
three times.

3. Results
3.1. BPA and E2 antagonize cisplatin-induced cytotoxicity

We first examined the sensitivity of the ER-positive T47D cells to increasing concentrations
of cisplatin and determined protection from cytotoxicity by BPA or E2. As shown in Fig. 1A,
cisplatin induced a dose-dependent decrease in cell viability, with the highest dose reducing
survival by 60%. Pre-treatment with 1 nM of BPA (left panel) or E2 (right panel) completely
antagonized cisplatin cytotoxicity. We next examined the effect of environmentally or
physiologically relevant doses of BPA or E2, respectively, against 800 ng/ml of cisplatin. All
doses (0.01–10nM) of BPA (Fig. 1B) or E2 (Fig. 1C) prevented cisplatin-induced cytotoxicity.

3.2. BPA and E2 oppose the anti-proliferative and pro-apoptotic effects of cisplatin
The next experiments examined the effects of these compounds on cisplatin-induced alterations
in cell proliferation and apoptosis. As determined by BrdU incorporation, cisplatin caused a
50% decrease in cell proliferation (Fig. 2A), an effect which was completely abrogated by pre-
treatment with 10nM of BPA or E2. Notably, a 50% increase in cell proliferation is observed
with E2 alone but not with BPA alone. Apoptosis was then analyzed by flow cytometry
following Annexin/PI staining (Fig. 2B). Exposure to BPA alone increased the percent of live
cells from 69.2% to 88.1%, while E2 alone had no effect. A 24 hr exposure to cisplatin resulted
in a 40% decrease in the percentage of live cells, which was accompanied by an increase in
the number of cells that were either in late apoptosis/necrosis or dead. Both BPA and E2
partially antagonized cisplatin-induced apoptosis, as evident by fewer dead cells following
combination treatments as compared to cisplatin alone.

3.3. The protective effects of BPA and E2 do not require classical ERs
To determine if the protective effects of BPA or E2 involve ERα or ERβ, we used ICI, an
antagonist of both receptors and PHTPP, a specific ERβ antagonist (Fig. 3A). BPA or E2 alone
increased cell viability, ICI or PHTPP had no effect on their own, while cisplatin treatment
caused a 40% decrease in cell viability. The ability of BPA or E2 to antagonize cisplatin-
induced cytotoxicity was not altered by ICI or PHTPP. To further confirm that BPA and E2
act independent of ERα, we used the ERα-negative MDA-MB-468 cells. Fig. 3B shows that
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these cells are highly sensitive to cisplatin, with the highest dose of the drug inhibiting cell
viability by more than 80%. Importantly, BPA or E2 completely, or partially, protected the
cells from all doses of cisplatin in these ERα-negative cells.

3.4. BPA and E2 antagonize cisplatin in the absence of ERβ
Next we used siRNA to downregulate ERβ expression in T47D cells. As evident by PCR,
ERβ expression was barely detectable 4 days after siRNA transfection and was undetectable
after 8 days (Fig. 4A). The effects of BPA and E2 against cisplatin were then examined in the
ERβ-null T47D cells. To ensure complete knockdown of ERβ, the experiment was performed
on days 5–7 after transfection. Fig. 4B clearly shows that both BPA and E2 conferred protection
against cisplatin in the absence of ERβ.

3.5. BPA likely promotes chemoresistance by increasing Bcl-2 expression
We next explored potential mechanisms by which BPA and E2 antagonize cisplatin. Since the
primary target of cisplatin is DNA, we first used mass spectroscopy to examine if BPA or E2
prevent cisplatin from binding to DNA. Fig. 5A shows that the amount of cisplatin bound to
DNA was not altered by treatment with E2 or BPA. The next experiment examined whether
cisplatin, E2 and BPA, or their combinations alter the expression of pro- and anti-apoptotic
proteins. Fig. 5B reveals a marked increase in Bcl-2 expression following 24 hr treatment with
BPA or E2 in the presence and absence of cisplatin. Bcl-xL or Bax expression was unchanged
regardless of treatment. Notably, Fig. 5C shows that HA14-1, a Bcl-2 inhibitor, completely
abolished the protective effects of BPA, while that of E2 was only partially blocked.

4. Discussion
We are reporting that both estradiol and the endocrine disruptor BPA at very low concentrations
confer resistance against cisplatin in breast cancer cells. Both compounds antagonize cisplatin
cytotoxicity by increasing cell proliferation and viability and decreasing apoptosis. As judged
by the use of ERα and ERβ specific antagonists, ERα-negative MDA-MB-468 cells, and
ERβ-knockdown T47D cells, BPA and E2 do not appear to mediate their effects through the
classical ERs. Whereas BPA and E2 do not affect the entry of cisplatin into the nucleus, they
increase the expression of Bcl-2, suggesting that their action is exerted downstream of cisplatin
binding to DNA. The fact that a Bcl-2 inhibitor completely blocked the protective effect of
BPA while only partially antagonizing that of E2 suggests a somewhat different mechanism
by which each compound confer chemoresistance.

Although the role of hormones in chemoresistance has not received considerable attention,
several reports have shown that E2 opposes anti-cancer drugs in breast cancer cells. Based on
viability and apoptotic endpoints, E2 at 1–100 nM protected cells from toxicity by taxol, a
microtubule altering drug that is widely used in breast cancer treatment [13;15;29].
Additionally, Teixeira et al reported that MCF-7 breast cancer cells were less sensitive to
doxorubicin when the medium was supplemented with estrogen [14]. We are the first to report
that the survival effect of E2 extends to cisplatin, and that such protection is observed with as
little as 0.01 nM E2. In spite of the growing health concerns attributed to endocrine disruptors,
little has been done to address their potential role in chemoresistance. We recently reported
that BPA opposed the actions of several anti-cancer drugs with a focus on doxorubicin [27].
We now extended these studies to cisplatin by finding that BPA is just as effective as E2 at
antagonizing the drug. Importantly, BPA is effective at environmentally relevant
concentrations of 0.01–10 nM.

Estradiol is well known as a mitogen for normal breast epithelial cells as well as breast cancer
cells [30], while BPA activity as a mitogen has been controversial. Although BPA increased
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MCF-7 cell proliferation, its relative mitogenic activity was 60,000 times lower than that of
E2 [31]. A confounding issue is the lack of linear dose-dependence of BPA, which often shows
a ‘U’ or an inverted ‘U’ shaped curves [32]. Thus, extrapolation from an action, or a lack of
action, of BPA at high doses to its presumed bioactivity at low doses is unwarranted. Indeed,
Sameuelson et al. reported maximal MCF-7 cell proliferation in response to 1 µM BPA, an
effect which was not observed at higher or lower doses [33]. For these reasons, our studies
utilized only low doses of BPA. The finding that BPA and E2 opposed cisplatin cytotoxicity
by increasing cell viability could be due to increased cell proliferation, decreased apoptosis,
or both. As judged by both BrdU incorporation and flow cytometry, E2 alone increases cell
proliferation, while BPA alone increases survival. This suggests that in antagonizing cisplatin,
E2 may act primarily as a mitogen while BPA may act more as an anti-apoptotic factor.

Our next goal was to determine which receptor(s) mediate the protective effects of E2 and
BPA. ERα and ERβ, often referred to as classic ERs, are well characterized in terms of their
ability to transduce the actions of E2. The relative binding affinity of BPA to either receptor
is 1,000 to 10,000 times lower than that of E2, suggesting that BPA would have to be at the
µM range to activate these receptors [24]. Our studies clearly show that BPA and E2 exert their
effects when ERα or ERβ were blocked by specific inhibitors. This was supported by the use
of MDA-MB-468 cells, which express ERβ but not ERα [27], and ERβ-depleted T47D cells.
Our results do not agree with Sui et al reporting that estradiol significantly reduced taxol
cytotoxicity in breast cancer cells overexpressing ERα but has no effect on the ER-negative
parental cells. Their study showed that ICI sensitized MCF-7 and T47D cells to taxol [29].

There are several non-classical ERs through which BPA and E2 can signal, including yet
unidentified membrane-associated estrogen binding proteins, GPR30 and members of the ERR
family. For example, E2 rapidly stimulates ERK1/2 phosphorylation in MCF-7 cells via GPR30
[34]. BPA binds to GPR30 with an IC50 of 630 nM, as compared to 17.8 nM for E2 [25]. BPA
binds strongly to ERRγ with a Kd of 5.5 nM, while E2 presumably does not bind to this receptor
[26]. ERRγ is expressed in 75% of breast tumors as compared to normal mammary epithelial
cells [35]. We have previously shown by Real-Time PCR that both T47D and MDA-MB-468
cells express several of the non-classical receptors [27]. We postulate that non-classical ERs,
or as yet an unidentified receptor, mediate the protective effects of these compounds. This issue
is currently under investigation.

One of the mechanisms underlying resistance to chemotherapeutic agents is by conjugation of
electrophilic drugs such as cisplatin to glutathione, thereby facilitating their extrusion from the
cell and reducing their availability to enter the nucleus [36]. The use of inductively coupled
mass spectroscopy which can measure platinum reveals that the amount of cisplatin bound to
DNA was not affected by either E2 or BPA, suggesting that their protective actions occur
downstream of DNA damage rather than by regulating detoxification enzymes or membrane
transporters.

Teixeira et al reported that an E2-induced increase in Bcl-2 plays a role in antagonizing
doxorubicin in MCF-7 cells [14]. This is supported by another study underscoring the
importance of increased Bcl-2 to Bax ratio for protecting MCF-7 cells against taxol-mediated
cytotoxicity [13]. Our data demonstrate that BPA and E2 alone or in combination with cisplatin
dramatically increased Bcl-2 expression without altering Bcl-xL or Bax. The effects of the
Bcl-2 inhibitor, which completely prevented BPA actions while only partially affecting E2,
further supports the notion that the two compounds may activate somewhat different
mechanisms, i.e., proliferation vs anti-apoptosis, in opposing cisplatin cytotoxicity.

In conclusion, we have demonstrated that BPA and E2 confer resistance against cisplatin, likely
through their ability to increase Bcl-2 expression, thereby preventing drug-induced apoptosis.
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Since their actions appear to be independent of ERα and ERβ, patients with ER-negative tumors
may show high resistance to cisplatin because of their endogenous estrogens. These studies
also highlight an harmful effect of the endocrine disruptor BPA. Blockade of BPA and E2
actions should be beneficial for breast cancer patients by increasing the sensitivity of their
tumors to anti-cancer drugs and allowing for the introduction of cisplatin into treatment
regimens.
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Fig. 1.
BPA and E2 protect T47D cells from cisplatin cytotoxicity. (A) Cells were treated with 1 nM
BPA or E2 for 24 hrs, followed by incubation with increasing concentrations of cisplatin (0–
800 ng/ml) for 72 hrs. (B) T47D cells were treated with increasing concentrations of BPA (0–
10nM) for 24 hrs prior treatment with 800 ng/ml cisplatin for 24 hrs. (C) T47D cells were
treated with increasing concentrations of E2 (0–10nM) for 24 hrs before treatment with 800
ng/ml cisplatin for 24 hrs. In all cases, cell viability was determined by the MTT assay. Each
value is a mean±SEM of six replicates. In (A) * significant (p< 0.05) vs cisplatin alone. In
(B&C) * significant vs control, and ** significant vs cisplatin.
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Fig. 2.
BPA and E2 protect T47D cells from cisplatin-induced decreases in cell proliferation and
increases in apoptosis. (A) T47D cells were treated with 10 nM BPA or E2 for 24 hrs followed
by cisplatin (800 ng/ml) for 72 hrs. Cells were fixed and incubated with a BrdU antibody for
8 hrs. After adding substrate, the product was quantified by measuring absorbance. Each value
is a mean±SEM of four replicates. * significant (p< 0.05) vs control. ** significant vs cisplatin.
(B) T47D cells were treated as in (A), stained with Annexin V and propidium iodide (PI), and
analyzed by flow cytommetry. The table depicts the percentage of cells in each treatment group
that are alive (no stain), in early apoptosis (Annexin V-positive), late apoptosis/necrosis
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(Annexin V+PI-positive) or dead (PI- positive). Shown is a representative experiment repeated
3 times
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Fig. 3.
BPA and E2 mediate their protective effects independent of classical estrogen receptors. (A)
T47D cells were treated with 100 nM ICI or PHTPP for 1 hr before incubation with 10 nM
BPA or E2 for 24 hrs. Cells were then exposed to 800 ng/ml cisplatin for 24 hrs and cell viability
was determined by the MTT assay. Each value is a mean±SEM of six replicates. * significant
(p <0.05) vs control, and ** significant vs cisplatin. (B) MDA-MB-468 cells were treated with
10 nM of BPA or E2 for 24 hrs followed by increasing doses of cisplatin for 24 hrs. Cytotoxicity
was determined by the MTT assay. Each value is a mean±SEM of six replicates. * significant
vs corresponding doses of cisplatin alone.
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Fig. 4.
BPA and E2 antagonize cisplatin in ERβ-knockdown T47D cells. (A) Cells were transfected
with siRNA targeted towards ERβ or with scrambled siRNA. On days (d) 1, 4 and 8 post-
transfection, ERβ expression was determined by RT-PCR; GAPDH was used as a control. (B)
ERβ knockdown cells were incubated with 10 nM BPA or E2 for 24 hrs, followed by 800 ng/
ml cisplatin for 24 hrs. Cytotoxicity was determined by the MTT assay. Each value is a mean
±SEM of six replicates. * significant (p <0.05) vs control and ** significant vs cisplatin.
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Fig. 5.
BPA and E2 may confer chemoresistance by increasing Bcl-2 expression. (A) T47D cells were
treated with 10 nM BPA or E2 for 24 hrs, followed by 800 ng/ml cisplatin for 24 hrs. DNA
was isolated and platinum content was analyzed by inductively coupled plasma mass
spectroscopy. (B) Cells were treated as in (A). Western blots were probed for Bcl-2, Bcl-xL
and Bax; β-actin serves as a loading control. Shown are representative blots, repeated at least
three times. (C) Cells were pre-treated for 1 hr with 10 µM HA14-1 and then with 10 nM BPA
or E2 for 24 hrs. This was followed by exposure to 800 ng/ml cisplatin for 24 hrs. Cytotoxicity
was determined by the MTT assay. Each value is a mean±SEM of six replicates. * significant
(p < 0.05) vs control, and ** significant vs cisplatin.
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