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In the present study, we investigated the neurotoxicity
of bisphenol A [BPA; 2,2-bis-(4 hydroxyphenyl) pro-
pane] and the underlying mechanisms of action in
mouse hippocampal HT-22 cells. BPA, known to be a
xenoestrogen, is used in the production of water bot-
tles, cans, and teeth suture materials. BPA-treated HT-
22 cells showed lower cell viability than did controls at
concentrations of BPA over 100 uM. BPA induced apo-
ptotic cell death as indicated by staining with Hoechst
33258, costaining with Annexin V/propidium iodide, and
activation of caspase 3. BPA regulated the generation
of reactive oxygen species (ROS) by increasing intra-
cellular calcium. BPA activated phosphorylation of
extracellular signal-regulated kinase (ERK) and c-Jun
N-terminal kinase (JNK), and nuclear translocation of
nuclear factor (NF)-kB. Pretreatment with specific inhib-
itors for calcium, ROS, ERK, and JNK decreased BPA-
induced cell death; however, inhibitor for NF-xB
increased BPA-induced cell death. The results suggest
that calcium, ROS, ERK, and JNK are involved in BPA-
induced apoptotic cell death in HT-22 cells. In contrast,
an NF-«xB cascade was activated for survival signaling
after BPA treatment. © 2008 Wiley-Liss, Inc.
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Bisphenol A [BPA; 2,2-bis-(4 hydroxyphenyl) pro-
pane], a monomer in polycarbonate plastics and a constit-
uent of epoxy, has been used extensively in the food-
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packaging industry (Staples et al., 1998). Because of an
increase in the use of products based on BPA, the possi-
bility of environmental contamination by BPA has
increased. Recent studies have shown that routes of
human exposure to BPA were identified in water, air, and
soil environment, and food contamination including can
surfaces and plastic containers (Tsai, 2006). BPA released
from polycarbonate flasks during autoclaving was also
shown to have estrogenic effects (Staples et al., 1998).
However, BPA has been reported to have not only estro-
genic activity but also several other types of biological
toxicity. BPA induces apoptosis in several types of cells,
including primary germ and sertoli cells (Hughes et al.,
2000; Oka et al., 2003). BPA has potent harmful eftects
on multipotent neural progenitor cells through altered
mitogen-activated protein kinase (MAPK) signaling and
reactive oxygen species (ROS) generation (Kim et al.,
2007a). However, little is known about the specific
mechanisms of BPA’s neurotoxic effects.
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ROS induce undesirable biological reactions includ-
ing cell death (Buttke and Sandstrom, 1994). Several studies
have shown that BPA induces ROS generation and oxida-
tive stress in rodent liver, sperm, and brain (Bindhumol
et al., 2003; Chitra et al., 2003). BPA induces overproduc-
tion of ROS in mouse organs and Neuro2a cells in a time-
dependent manner (Kabuto et al., 2003; Ooe et al 2005).
Moreover, it is widely known that transient Ca " fluxes
lead to a lethal change in calcium homeostasis and increases
in ROS and eventually induce cell death.

Several intracellular signal transduction cascades
including MAPKs are known to play important roles in reg-
ulating cell growth, differentiation, and apoptosis. The maJor
MAPKSs are extracellular signal-regulated kinase (ERK), ¢
Jun N-terminal kinase (JNK), and p38. The MAPK family is
known to be related to cellular toxic events such as neuronal
cell death and differentiation (Purves et al., 2001). ERK was
recently implicated in the regulation of neural stem cell fate
(Hao et al., 2004). Oxidative stress induces activation of
JNK and p38 via phosphorylation, which induces stress-
mediated apoptotic signal (Ichijo etal., 1997).

A transcription factor, nuclear factor—kB (NF-xB),
has important activity as a mediator of cellular responses
to extracellular signals. NF-xB is an inducible and ubig-
uitously expressed transcription factor for genes involved
in cell survival, differentiation, inflammation, and growth
(Pande and Ramos, 2005). NF-xB is related to neurite
formation, as well as the survival and death of neuronal
cells (Foehr et al., 2000). Several studies have demon-
strated that interference with difterentiation of neuronal
cells may be a critical factor in neuronal cell survival,
and it is involved in differential activation of MAPK and
NF-xB in TNF-a-induced cortical neuronal cell death
and Zn-induced interference with differentiation of PC-
12 cells (Seo et al., 2001; Sakon et al., 2003).

The effects of estrogenic-related activity of BPA on
the developmental stage have been largely studied. How-
ever, the neurotoxic effects of BPA have not been eluci-
dated despite the extensive use of BPA in various fields. In
this study, the potential adverse eftects of BPA on neuronal
cell death were investigated using hippocampal cells. The
objectives of this study were to define BPA-induced apo-
ptotic cell death and the molecular neurotoxic mechanism
of BPA. We hypothesized that the initial effects of BPA
induced the mobilization of Ca®" and subsequent genera-
tion of ROS. In turn, these effects activate pathways lead-
ing to apoptosis. We therefore investigated the possibility
of whether intracellular Ca>*, ROS, MAPKs, NF-kB, and
caspases are implicated in BPA-induced apoptosis. The use
of inhibitors at different stages confirmed the involvement
of the respective molecules in signaling pathways.

MATERIALS AND METHODS
Materials and Cell Cultures

Bisphenol A was purchased from the Kasei Co. (Tokyo,
Japan). The fluorescent probes propidium iodide (PI), Hoechst
33258 (H33258), Annexin V, Fluo-3/AM, dihydrorhodamine
123 (DHR), and BAPTA-AM were procured from Molecular
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Probes (Eugene, OR). Ethylene glycol-bis(-aminoethyl
ether)-tetra acetic acid (EGTA), N-acetyl-cysteine (NAC),
and phorbol 12-myristate 13-acetate (PMA) were procured
from Sigma Chemical Co. (St. Louis, MO). PD98059,
SP600125, and pyrrolidine dithiocarbamate (PDTC) were
purchased from Calbiochem-Novabiochem Corporation (La
Jolla, CA). Mouse hippocampal cell lines (HT-22 cell) were
grown in Dulbecco’s minimum essential medium (DMEM)
with 2 mM glutamine, 100 units/mL penicillin, and 100 pg/
mL streptomycin and supplemented with 10% fetal bovine se-
rum (GIBCO, Grand Island, NY) in 5% CO, at 37°C.

MTT Assay

Cell viability was determined using the 3(4,5-dimethyl
thiazolyl-2)2,5-diphenyl tetrazoliumbromide (MTT) assay in
96-well glates as previously described (Kim et al., 2002). Cells
(2 X 107 cells/well in 96-well plates) were treated with vari-
ous concentrations of BPA for 24 hr followed by incubation
with MTT for 4 hr, and then 100 pL of isopropanol (in
0.04N hydrochloric acid) was added to dissolve the formazan
crystals. Absorbance was read at 570 nm using an Anthos
2010 spectrophotometer (Salzburg, Austria). Cell viability was
calculated as relative absorbance compared with the control
and expressed as percentage of the control.

Morphological Detection of Apoptosis and Necrosis

The fluorescent probes PI, H33258, and Annexin V
were used according to the manufacturer’s protocols to mea-
sure necrotic and apoptotic cell death. Briefly, cells (2 X
10°cells/well in 12-well plates) were incubated with BPA for
4 or 8 hr. Following incubation, cells were stained with either
PI (5 pg/mL in PBS), H33258 (10 pg/mL in PBS), or
Annexin V [5 pL/100 pL in Annexin-binding buffer: 10 mM
HEPES, 140 mM NaCl, 2.5 mM CaCl, (pH 7.4)] for 15
min. Fluorescence intensity for PI was detected at an excita-
tion of 535 nm and emission of 617 nm, for H33258 at an
excitation of 350 nm and emission of 450 nm, and for
Annexin V at an excitation of 495 nm and emission of 520
nm. Costaining with Annexin V and PI was employed to
detect apoptotic and necrotic cells in the same culture and
visualized in a fluorescence microscope (Olympus BX51,
Center Valley, PA) as indicated below.

Determination of Intracellular Ca>*

Morphological evaluation of the cells was performed
with a fluorescence microscope (Olympus BX51). To deter-
mine intracellular Ca?*, Fluo-3/AM was used according to
the manufacturer’s protocol, a brief description of which fol-
lows. Cells (2 X 10*cells/well in 96-well plates) were prein-
cubated with Fluo-3/AM for 60 min. After washing the dye
from the cell surface, BPA and EGTA were added for 20
min; then fluorescent intensity was photographed or recorded
using a fluorescent plate reader (Fluostar OPTIMA, BMG
LABTECH, Offenburg, Germany) at an excitation of 485 nm
and emission of 520 nm and digitized.
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ROS Generation

The production of ROS was measured by detecting the
fluorescent intensity of the oxidant-sensitive probe dihydro-
rhodamine 123 (DHR). Cells (2 X 10* cells/well in 96-well
plates) were washed with PBS, which was supplemented with
10 uM of DHR, and the intracellular and extracellular dye
concentrations were allowed to equilibrate at 5% CO, at
37°C for 30 min. Iron (FeSO,, 100 uM) was used as a posi-
tive control for ROS generation. All pharmacological agents
(1.5 mM EGTA, 10 uM BAPTA) were added 30 min before
the BPA treatment. The cells were then incubated with BPA,
and the kinetics of fluorescent intensity for DHR  was
recorded using a fluorescent plate reader (Fluostar OPTIMA)
at an excitation of 480 nm and emission of 525 nm. The fluo-
rescent readings were digitized using Soft Max Pro (Molecular
Devices, Sunnyvale, CA).

Nuclear Protein Extraction

Preparation of nuclear extract was basically as described
elsewhere (Lee et al., 2007). Briefly, after cell activation with
400 pM BPA for the times indicated, cells (2 X 10° cells/well
in 6-well plates) were washed in 1 mL of ice-cold PBS, resus-
pended and centrifuged at 400¢ for 5 min, resuspended in 100
HL of ice-cold hypotonic buffer [10 mM HEPES/KOH, 2
mM MgCl,, 0.1 mM EDTA, 10 mM KCI, 1 mM DTT, 0.5
mM PMSF (pH 7.9)], left on ice for 10 min, vortexed, and
centrifuged at 15,000¢ for 30 sec. Pelleted nuclei were gently
resuspended in 20 pL of ice-cold saline buffer [50 mM
HEPES/KOH, 50 mM KCIl, 300 mM NaCl, 0.1 mM EDTA,
10% glycerol, 1 mM DTT, 0.5 mM PMSF (pH 7.9)], left on
ice for 20 min, vortexed, and centrifuged at 15,000¢ for 5
min at 4°C. Aliquots of the supernatant that contained nuclear
proteins were frozen in liquid nitrogen and stored at —70°C.

Western Blot Analyses

Cells (2 X 10° cells/well in 6-well plates) were treated
with 400 uM BPA for the indicated time (within 120 min).
Following treatment, cells were washed with PBS, and total
cell lysates were prepared by scrapping in 100 pL of lysis
bufter (20 mM Tris-HCI, 120 mM NaCl, 50 mM HEPES,
1% Triton-X, 1 mM EDTA, 2 mM sodium orthovanadate, 1
mM DTT, 10% glycerol, 0.02 mM PMSF, 1 mg/mL leupep-
tin, 1 mg/mL aprotinin). Samples of protein were electropho-
resed using 8%—12% SDS-PAGE and then transferred to
nitrocellulose membranes. The membranes were stained with
the reversible Ponceau S to ascertain equal loading of samples
in the gel. The caspase 3, p65 NF-xB, and IkBo were assayed
using anti-pro—caspase 3, anti-NF-xB (p65), and anti-IxBa
antibodies, respectively (Santa Cruz Biotech, Santa Cruz, CA).
Activation of p38, JNK, and ERK was determined using anti-
phospho-p38, -JNK, and -ERK antibodies, respectively (Cell
Signaling, Beverly, MA). Immunodetection was performed
using an enhanced chemiluminescence detection kit (Amer-
sham Pharmacia, Piscataway, NJ).

Determining Early Apoptosis and Necrosis
by Flow Cytometry

To further determine the presence of early apoptosis
and necrosis, cell death was analyzed by staining cells with
Annexin V and PI. For staining, cells (2 X 10° cells/well in
12-well plates) were treated with BPA and/or potent inhibi-
tors. Cells were washed with PBS, centrifuged, and suspended
in Annexin V-binding buffer containing 5 pL/100 pL of
Annexin V and PI (final concentration 5 pg/mL) as provided
by the manufacturer. The cells were incubated in a 5% CO,
atmosphere at 37°C for 15 min and analyzed using a flow
cytometer (BD Biosciences Pharmingen, San Diego, CA).
The fluorochrome was excited using a line of an argon ion
laser, and Annexin V and PI emissions were monitored at 525
and 620 nm, respectively. A total of at least 1 X 10* cells
were analyzed per sample.

Transfection and Luciferase Assays

HT-22 cells (1 X 10° cells/well in 12-well plates) were
plated 1 day before transient transfection with a NF-xB lucif-
erase reporter gene construct (pNF-xB-LUC, a plasmid con-
taining an NF-xB binding site; STANTAGEN, Grand Island,
NY). Transfection was performed in serum- and antibiotic-
free medium containing 4 pL of Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA). After 4 hr of incubation, the me-
dium was replaced with DMEM medium containing 10%
FBS and antibiotics. Cells were allowed to recover at 37°C
for 20 hr. The cells were treated with BPA for 2 hr and then
lysed. For luciferase activity assay, cell lysates were prepared
and assayed for luciferase activity using the Luciferase Assay
System (Promega, Madison, WI) according to the manufac-
turer’s instructions.

Electrophoretic Mobility Shift Assays (EMSA)

Nuclear protein (10 pg) was incubated for 20 min at
room temperature with 2 pg of poly(dI-dC) from Pharmacia
(Uppsala, Sweden), 2 puL of buffer M [(20 mM HEPES/
KOH, 20% glycerol, 100 mM KCl, 0.5 mM PMSF (pH 7.9)],
4 pL of buffer K [20% ficoll-400, 100 mM HEPES, 300 mM
KCl, 10 mM DTT, 0.5 mM PMSF (pH 7.9)], and 20,000
cpm of a **P-labeled probe encoding the NF-kB consensus
sequence (5'-GAT CTC AGA GGG GAC TTT CCG AGA
AGA-3') in a final volume of 20 puL of DNA—protein com-
plex resolved at 120 V for 2 hr in a 5% polyacrylamide gel,
dried, and exposed to X-ray film.

Statistical Analysis

Statistical analyses were performed using SAS statistical
software (SAS Institute, Cary, NC). Treatment effects were
analyzed using one-way analysis of variance, followed by
Duncan’s multiple-range tests. Significance was set at P <
0.05.

RESULTS
BPA-Induced Cytotoxicity in Hippocampal Cells
To study the cytotoxic effect of BPA, we

employed the MTT assay (Fig. 1) as an indirect mea-
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Fig. 1. Effects of BPA on cell viability in HT-22 cells. HT-22 cells
(2 X 10* cells/well in 96-well plates) were treated with various con-
centrations of BPA for 24 hr. Cell viability was determined using the
MTT assay. Cell viability is represented as relative absorbance com-
pared to the control. The results are presented as means = SEMs of
three independent experiments (*significantly different from the
control).
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Fig. 2. Effects of BPA on cell death. A: Cells (2 X 10° cells/well in
12-well plates) were treated with 400 pM of BPA for 4 or 8 hr. Af-
ter treatment with BPA, cells were stained with fluorescent probes.
Cells were stained with H33258 and visualized by a fluorescence
microscope. Representative photographs show a phase-contrast image
and an image of H33258 for DNA fragmentation. B: For compari-
sons of BPA-induced apoptotic and necrotic cell death, cells treated
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surement of cell viability. HT-22 cells were treated with
various concentrations of BPA for 24 hr. HT-22 cells
showed higher cell viability than did the control when
the concentration of BPA was below 100 pM but lower
cell viability when the concentration was greater than
100 uM. BPA induced apoptotic cell death when the
concentration of BPA was greater than 100 pM. The vi-
ability of HT-22 cell exposed to 400 pM BPA for 24 hr
was reduced to 57% of the control. For researching apo-
ptosis, we treated HT-22 cells with 400 uM BPA in
most experiments.

BPA-Induced Apoptosis

To elucidate the nature of cell death by BPA, we
examined cell apoptosis using microscopy and flow
cytometry. Cells were exposed to 400 M BPA for 4 or
8 hr and stained with H33258. The morphology of cells
1s displayed fragmented nuclei by apoptosis (Fig. 2A). To
differentiate the apoptotic cells and necrotic cells, we
co-stained with Annexin V and PI, and simultaneously
visualized both cells by overlaying (Fig. 2B). The apo-
ptotic cells displayed green fluorescence with Annexin V
staining, and the necrotic cells displayed red fluorescence

B

Phase contrast Annexin V/P1

with BPA for 4 or 8 hr were costained with Annexin V and PI, and
fluorescence was visualized by a fluorescence microscope. Represen-
tative photographs show a phase-contrast image and a overlap image
of Annexin V and PI for apoptosis and necrosis. Similar results were
observed in three independent experiments. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.|
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Fig. 3. Effect of BPA on apoptosis and necrosis. Cells (2 X 10°
cells/well in 12-well plates) were treated with 400 uM of BPA for 4
or 8 hr, following which Annexin V binding was performed accord-
ing to the Materials and Methods section. Live cells are in the lower
left quadrant. The upper right quadrant represents necrotic and
late apoptotic cells, and the lower right quadrant represents early
apoptotic cells. Similar results were observed in three independent
experiments.

with PI staining. Cells treated with 400 pM BPA
showed strong green fluorescence and weakly neuronal
extension. Flow cytometry was used to confirm this
result (Fig. 3). Live cells, displayed in the lower left
quadrant of Figure 3, were negative for both stains.
With Annexin V, the live cells showed little fluorescent
stain, and the apoptotic cells displayed substantially
higher fluorescence intensity in the green channel. The
percentage of cells in the Annexin V-FITC area
increased to 68.4% after 8 hr. Thus, the Annexin V
binding assay confirmed cell death in HT-22 cells treated
with BPA. To further evaluate apoptotic signaling by
BPA, activation of caspase 3 was detected. Caspase 3
activation is an integral step in most apoptotic events.
To examine whether caspase 3 was activated, we studied
cleavage of pro—caspase 3. Cells treated with 400 uM
BPA showed increased pro—caspase 3 cleavage in a time-
dependent manner, suggesting activation of caspase 3
(Fig. 4A,B). These findings suggest that BPA can induce
cell death through apoptosis.
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Fig. 4. Effects of BPA on caspase 3 activation. A: Cells (2 X 10°
cells/well in 6-well plates) were treated with 400 UM of BPA at the
indicated times, and the blots were examined with anti-pro—caspase 3
antibody. B: Densitometric analysis of pro—caspase 3. The results are
presented as means = SEMs of three independent experiments. (*sig-
nificantly different from the control).

BPA-Induced ROS Production with
Ca’* Dependently

To study the effect of BPA on intracellular Ca**,
we examined intracellular Ca®" levels using a fluores-
cence mlcroscope (Fig. 5A). Cells with increased intra-
cellular Ca®* displayed green fluorescence by Fluo-3/
AM staining. We quantified the eftect of BPA on the
accumulation of intracellular Ca®" using a fluorescence
reader. We examined BPA treated with 400 pM at the
indicated times (data not shown). BPA increased the
level of intracellular Ca>* after 20 min in a concentra-
tion-dependent manner. Pretreatment of cells with
EGTA (1.5 mM), an extracellular Ca >* chelator,
blocked BPA-induced accumulation of Ca®" (Fig. 5B).

Generation of ROS indicates oxidative stress,
which can increase lipid peroxidation and induce cyto-
toxicity as a consequence. To examine the involvement
of ROS in BPA-induced cytotoxicity, we measured the
production of ROS wusing a fluorescent plate reader.
BPA increased ROS production in a concentration-
dependent manner (Fig. 6A). To investigate the relation-
ship between intracellular Ca>" and ROS, we treated
cells with an extracellular Ca®" chelator, EGTA (1.5
mM), and an intracellular Ca?" chelator, BAPTA-AM
(10 uM). Both inhibitors were added 30 min prior to
the BPA treatment. Iron (100 pM FeSO,) was used as a
positive control for ROS generation. Both EGTA and
BAPTA-AM significantly reduced BPA-induced ROS
production (Fig. 6B). However, with BAPTA-AM pre-
treatment ROS production was reduced more than with
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Fig. 5. Effects of BPA on intracellular calcium. Cells (2 X 10* cells/
well in 96-well plates) were preincubated with Fluo-3/AM for 60
min. Fluo-3/AM was used to determine intracellular Ca®*. A: Cells
were treated with BPA 400 pM. After 20 min of treatment, fluores-
cent intensity was measured by a microscope for morphological and
fluorescence change in cells. B: Cells were treated with BPA 400
UM or BPA plus EGTA (1.5 mM). After 20 min of treatment, fluo-
rescent intensity was measured by a fluorescent plate reader. The
results are presented as means * SEMs of three independent experi-
ments (*significantly different from the control). [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.|

EGTA. In addition, there was no additive effect of the
combination of EGTA and BAPTA-AM compared with
using BAPTA-AM alone. There results suggest that BPA-
induced ROS generation is regulated by intracellular Ca*".

BPA-induced Activation of MAPK and NF-kB

To determine the effect of BPA on activation of
MAPKs, we studied the phosphorylation of three types
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Fig. 6. Effects of BPA on ROS production. Cells (2 X 10 cells/
well in 96-well plates) were stained with 10 uM of DHR for 30
min. Production of ROS was measured by DHR 123. A: Graph
represents the fluorescence change after cells exposed to to various
concentrations of BPA for 3 hr 30 min. B: All pharmacological
agents (EGTA 1.5 mM, BAPTA 10 pM) were added 30 min before
the BPA treatment. Iron (100 pM FeSO,) was used as a positive
control for ROS generation. After BPA treatment, DHR fluorescent
intensity was recorded using a fluorescent plate reader. The results
are presented as means = SEMs of three independent experiments
(*significantly different from the control; #signiﬁcantly different from
the BPA-treated value).

of MAPKs: p38, ERK, and JNK (Fig. 7A,B). When a
cell was treated with 400 uM BPA, phosphorylation
of ERK and JNK peaked at 90 min and began to
decrease toward control levels at 120 min. The phos-
phorylation of p38 was not altered by BPA (data not
shown).

NF-kB controls the transcription of many signaling
genes (Karin et al., 2002). Treatment with 400 uM BPA
induced the degradation of IkBa and the nuclear trans-
location of p65 NF-xB after 1 hr of incubation, as
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Fig. 7. Effects of BPA on MAPK activation. Cells (2 X 10° cells/
well in 6-well plates) were stimulated with 400 uM of BPA at the
indicated times. The phosphorylation of ERK and JNK was analyzed
by Western blotting. B: Densitometric analysis of pERK and pJNK.
Phosphorylation levels were normalized against total levels. The
results are presented as means * SEMs of three independent experi-
ments (*significantly different from the control).

determined by Western blotting (Fig. 8A-C). To investi-
gate whether NF-xB/DNA binding was caused by BPA,
we employed EMSA (Fig. 8D,E). NF-xB/DNA binding

peaked after 1 hr of BPA treatment and then decreased
after 2 hr. PMA was used as a positive control. To fur-
ther investigate the effect of BPA on NF-xB-dependent
gene expression, the luciferase reporter gene assay was
employed. HT-22 cells were transiently transtected with
a plasmid containing NF-xB binding sites, and luciferase
activity was measured. The luciferase activity in the
BPA-treated group was increased almost 100-fold that in
the untreated group (Fig. 8F). These results may indicate
BPA-induced cell death through activation of MAPK
and NF-kB.

BPA-induced Apoptotic Signal Pathway

To determine the roles of Ca’", ROS, ERK,
JNK, and NF-xB in BPA-induced cell death, cells were
treated with pharmacological inhibitors of ERK (10 pM
PD98059), JNK (2.5 uM SP600125), NF-xB (25 pM
PDTC), Ca>" (10 pM BAPTA-AM), and antioxidant
(2.5 mM NAC) 30 min prior to the BPA treatment
(Kim and Sharma, 2004; Kim et al., 2007b). Cells were
stained with Annexin V and analyzed using a flow cy-
tometer. The apoptotic cells were significantly decreased
when cells were pretreated with PD98059, SP600125,
BAPTA-AM, and NAC before the BPA treatment (Fig.
9). These inhibitors have protective eftects on BPA-
induced apoptosis. Interestingly, the apoptotic cells were
increased with pretreatment of PDTC 25 puM (Fig.
10A). To determine the possible cytotoxicity of PDTC,
we tested the cytotoxicity of PDTC using the MTT
assay (Fig. 10B). Although PDTC was not cytotoxic
below 50 puM, the apoptotic cells were increased after
cotreatment with BPA (400 uM) and PDTC (Fig. 10C).
These data suggest that Ca®", ROS, ERK, and JNK
play a role in BPA-induced apoptosis. In contrast, NF-
KB suppressed BPA-induced apoptotic cell death.

DISCUSSION

The aims of our study were to determine the apoptotic
effect of BPA and the mechanism of BPA-induced apoptosis
in mouse hippocampal cells. To investigate the neurotoxicity
of BPA, we employed 400 M BPA based on our observa-
tion of cytotoxicity in hippocampal cells (Fig. 1). The con-
centration of BPA used in the present study was higher than
normal environment exposure (BPA is 0.05 mg/kg/day, the
reference dose in humans). However, BPA also has been
found in indoor/outdoor air and floor dust, suggesting that
humans could be exposed to this organic substance any-
where. Considering the various routes of exposure to BPA
such as plastics, dental material, water, and air, 400 pM BPA
(91.2 mg/mlL) is a concentration that humans could realisti-
cally be exposed to in the environment (Tsai, 2006). More-
over, a 40 pg/kg dose of BPA can antagonize the action of
estradiol in the adult rat hippocampus by blocking the stimu-
latory effect of estradiol on synaptogenesis (MacLusky et al.,
2005). In some cases, BPA was cytotoxic to neural progeni-
tor cells at a high concentration (>400 uM), and BPA
decreased cell viability of PC-12 cells in a concentration-
dependent manner (more than 50 M) (Kim et al., 2007a;
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Fig. 8. Effects of BPA on NF-xB activation. A: Cells (2 X 10°
cells/well in 6-well plates) were stimulated with 400 pM of BPA at
the indicated times for NF-kB activation. The cell extract was ana-
lyzed by Western blotting for IkBa and nuclear translocation of NF-
KkB. B: Densitometric analysis of IxBa. C: Densitometric analysis of
nuclear NF-kB. Nuclear translocation levels were normalized against
cytoplasmic NF-xB levels. D: DNA binding activity of NF-xB. Cells
were treated with PMA (40 nM, positive control) or BPA (400 pM).
Nuclear extracts were isolated and used in an electrophoretic mobil-
ity shift assay with **P-labeled NF-kB oligonucleotide as a probe. E:
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or empty vector. After 24 hr, the cells were treated with BPA 400
UM for 2 hr and harvested, and their luciferase activity was deter-
mined by a luciferase assay. Luciferase activity was expressed relative
to the control (n-NF-kB, nuclear NF-xB; c-NF-xB, cytoplasmic
NF-xB). The results are presented as means * SEMs of three inde-
pendent experiments (*significantly different from the control).

Control



2940 Lee et al.
600
500
400
300 %

200 .

FITC cell events

100

0

BPA PD SP BAPTA

BPA

NAC

Control

Fig. 9. Effects of pharmacological inhibitors on BPA-induced apo-
ptosis. All pharmacological agents (10 pM PD 98059, 2.5 pM SP
600125, 10 pM BAPTA, 2.5 mM NAC) were added 30 min before
the BPA treatment. Cells (2 X 10° cells/well in 12-well plates) were
stained with Annexin V and analyzed using a flow cytometer. The
results are presented as means = SEMs of three independent experi-
ments (*significantly different from the BPA-treated value).

Lee et al., 2007). Thus, we need to study the neurotoxicity
of high doses of BPA as well as low doses. In our study, ex-
posure of cells to BPA increased cell viability at low doses,
which suggests that the low doses of BPA may induce pro-
tective effects. It was reported that a low concentration of
BPA is neuroprotective against glutamate and amyloid beta
in HT-22 cells (Gursoy et al., 2001). A low dose of BPA
(Iless than 50 pM) may aid in the neurite extension of cells,
resulting in cell protective effects that may be mediated by
the estrogen receptor (Lee et al., 2007). These data suggest
that BPA has a dose-differential effect on cell survival or cell
death.

To investigate BPA-induced apoptotic cell death,
we assayed BPA-induced morphological changes and
observed time-dependent apoptotic cell death and nu-
clear condensation after BPA treatment. Our data indi-
cate that BPA induces apoptotic cell death in hippocam-
pal cells. When apoptosis is induced with an appropriate
agent in cells, activation of caspase 3 is detected. Caspase
3 belongs to the cysteine protease family and is responsi-
ble for cleaving substrates such as DNA fragmentation
factor that can go on to damage DNA and thus is con-
sidered an effector caspase (Sharif-Askari et al., 2001).
Our data showed that caspase 3 was activated by BPA
treatment.

Previous studies indicated that BPA decreases the
viability of TM4 cells with elevation of the intracellular
calcium level (Hughes et al., 2000). Increased intracellu-
lar Ca®" induced ROS generation, a proapoptosis
cascade (Hajnoczky et al., 2006). In fact, alteration of
intracellular calcium concentration could be a significant
contributor to the generation of ROS, thereby inhibi-
ting cell survival. BPA induced ROS production and
significantly compromised mitochondrial function con-
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Fig. 10. Effects of PDTC on BPA-induced apoptosis. A: PDTC (25
uM) was added 30 min before the BPA treatment. Cells (2 X 10°
cells/well in 12-well plates) were stained with Annexin V and ana-
lyzed using a flow cytometer. B: To indicate the effects of PDTC on
cell viability, cells (2 X 10* cells/well in 96-well plates) were treated
with various concentrations of PDTC for 24 hr. Cell viability was
detected by the MTT assay. C: Various concentrations of PDTC
were added 30 min before the BPA treatment. Cells (2 X 10° cells/
well in 12-well plates) were stained with Annexin V and PI and
were analyzed using a flow cytometer. A total of at least 1 X 10*
cells were analyzed per sample. The results are presented as means *=
SEMs of three independent experiments (*significantly different from
the BPA-treated value).

comitant with elevated expression and oxidization of
DJ-1 (Ooe et al, 2005). BPA was found to induce
the production of ROS in a concentration- and time-
dependent manner in neural progenitor cells and human
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Fig. 11. Hypothetical mechanism on BPA-induced apoptosis in HT-
22 cells. This schematic diagram showed that BPA-induced apoptosis
is mediated by Ca®"-activated ROS followed by caspase 3 activation,
BPA-induced apoptosis by activation of ERK and JNK, but inhibited
apoptosis by activation of NF-xB.

neutrophil granulocytes (Reistad et al., 2005; Kim et al.,
2007a). Slmllarly, our experiments showed that intra-
cellular  Ca®* “accumulation was dose dependently
increased by BPA. Levels of ROS were increased in a
concentration-dependent manner in BPA-treated cells.
To investigate the relation of intracellular Ca®" w1th
generation of ROS, we employed inhibitors of Ca".
Pretreatment of BAPTA-AM almost completely blocked
BPA-induced ROS generation. These findings indicate
that generation of ROS induced by BPA resulted from
the increase of intracellular Ca”".

Some studies have shown that the MAPK family is
activated depending on the cell type and nature of the
stimuli in neuronal cell survival (Lee et al., 2007). Estro-
gen signaling may be initiated at either membrane or cy-
tosolic location and can result in both direct local eftects
(such as modification of ion fluxes) and regulation of
gene transcription secondary to activation of a kinase
cascade, such as MAPKs (Driggers and Segars, 2002).
Thus, diverse estrogenic compounds could activate
MAPKs (Li et al, 2006). It was reported that BPA
altered the activation of ERK and JNK in a different
manner without affecting the activity of p38 (Kim et al.,
2007a). Therefore, we tested the activation of MAPKs
to determine whether these signals might be related to
BPA-induced cell death. The results showed that BPA
activated ERK and JNK, but not p38. This BPA-
induced neurotoxic effect was prevented in the presence
of ERK and JNK inhibitors. These results suggest that
activation of the ERK and JNK pathway was involved
in BPA-induced neuronal apoptosis.
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NF-kB activates the transcription of several target
genes that block the induction of apoptosis, as an inhibi-
tor of programmed cell death (Karin et al., 2002). Some
research has indicated that activation of NF-«kB might
protect cells from oxidative stress—induced neuronal cell
death, suggesting that NF-xB activation may be an
important signal for presenting cellular degeneration
(O’Neill and Kaltschmidt, 1997). In our results, BPA
induced apoptosis and stimulated the NF-xB signaling
pathway. Activation of NF-kB was shown to inhibit ap-
optotic death of cells that initially suffered BPA-induced
damage. As evidence, the cells pretreated with PDTC
for inhibition of NF-kB had an increased apoptotic rate.
Although the concentration of PDTC used in our
experiments did not show cytotoxicity, PDTC induced
apoptosis by inhibiting NF-kB activity. We speculated
that NF-xB is activated for survival of signaling after
BPA treatment at an early time but that at a later time,
BPA induced apoptosis by activating ROS, MAPKs, and
caspase 3 (Fig. 11).

In summary, BPA causes neuronal toxicity. This
toxic effect may be mediated by calcium influx, genera-
tion of ROS, and activation of MAPK and caspase 3. In
addition, BPA-activated NF-xB protects cells against
BPA-induced cell death. Future studies are necessary to
clarify the role of NF-kB and signaling mechanisms in
BPA-induced apoptosis.
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