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ABSTRACT

Endocrine-disrupting chemicals (EDCs) are known to
exert estrogen-like effects that are similar to those
made by naturally produced hormones or by inhibi-
tion of the receptors in the cell receiving the hor-
mones. Recently, several reports have indicated that
EDCs can affect the developing central nervous sys-
tem. In our current study, we report that some EDCs
induce apoptosis in cultured PC12 cells and can be
classified into three groups. Bisphenol A (BPA), p-
nonylphenol (NP) and tributyltin chloride (TBT)
were found to induce endoplasmic reticulum (ER)
stress-associated apoptosis and activate the unfolded
protein response (UPR) system, whereas benomyl
(beno) induced non-ER stress-associated apoptosis.
The half-maximal apoptosis-inducing concentrations
(ICs) of these EDCs were 160 uM for BPA, 25.6 uM
for NP, 640 nM for TBT and 48 pM for beno. Al-
though these concentrations are higher than those
found in the environment, some EDCs may have
apoptotic effects on various cells in the body, includ-
ing neurons, through their accumulation in the body
over time or condensation through the food chain. On
the other hand, benzopyrene, fenvalerate, styrene
monomer and bis(2-ethylhexyl)phthalate did not in-
duce apoptosis in PC12 cells. We analyzed also whe-
ther apoptosis-inducing EDCs had an estrogen-like
effect on cultured PC12 cells transfected with a
luciferase reporter plasmid, the activity of which is
dependent on estrogen receptor a. We found that
BPA had an estrogen-like effect (ECsq = 5.9 uM) but
that NP, TBT and beno did not in transfected PC12
cells. These results suggest that BPA may predomi-
nantly exert estrogenic effects, but others may pre-
dominantly have apoptosis-inducing effects on cells in
the body exposed to a polluted environment.

*Corresponding author.

OPEN ACCESS

Keywords: Endocrine-Disrupting Chemicals; ER Stress;
Apoptosis; Estrogen Receptor; PC12 Cells

1. INTRODUCTION

Endocrine-disrupting chemicals (EDCs) are believed to
exert estrogen-like effects in vivo and mimic the effects
of endogenous hormones through a higher binding affin-
ity to the hormone receptors [1,2]. In general, EDCs are
also considered to accumulate in the body because of
their chemical stability. Initial studies in mice and hu-
mans have shown that a decreased number of sperm,
sterility, an imperfect descent of the testicles and abnor-
mal hyperplasia of the sexual organs may be caused by
EDCs [1]. In addition, it has been reported that EDCs
may cause cancers, such as breast and prostate cancer, by
exerting estrogenic actions [1]. Moreover, it has been
suggested that EDCs may influence not only hormonal
systems but also the nervous and immune systems. EDCs
may also promote the aberrant development of these
systems because they are present during key develop-
mental stages and because their high levels may activate
pathways that are normally unaffected by physiological
levels of these compounds [2].

The developing nervous system is known to be par-
ticularly sensitive to the actions of endogenous com-
pounds and steroids and may thus also be particularly
sensitive to the deleterious effects of EDCs. Members of
the neurotrophin family of growth factors, such as nerve
growth factor (NGF), acting through their cognate re-
ceptors, the Trks, are critical mediators of neural devel-
opment and regulate neuronal survival, proliferation and
differentiation. Neurotrophin and Trk expression are both
regulated by estrogens, suggesting that exposure to
EDCs might perturb neuronal survival or differentiation
by altering neurotrophin signaling [3].

The endoplasmic reticulum (ER) is a reticulated or-
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ganelle in which proteins are synthesized and modified
for proper folding. In normal cells, approximately 30%
of newly synthesized proteins are unfolded [4] and a por-
tion of these proteins may become correctly folded
through the assistance of ER chaperones such as glu-
cose-regulated protein 78 (GRP78). The remaining un-
folded proteins accumulate in the ER and can cause ER
stress. Under such ER stress conditions, an adaptive
self-defense response, termed the unfolded protein re-
sponse (UPR) is triggered to decrease the unfolded pro-
tein load. Several cellular events, such as a high demand
for protein secretion [5,6] and the onset of missense mu-
tations, enhance protein unfolding and thus lead to ER
stress. A critically high accumulation of unfolded pro-
teins is potentially fatal to the cell.

Recent and extensive studies on the mammalian UPR
system have identified three types of ER resident stress
sensors, ATF6, Irel and Perk [4,5,7]. Under normal con-
ditions, all three sensors remain inactive when associated
with the ER chaperone, GRP78, via their luminal do-
mains. Once ER stress occurs, GRP78 dissociates from
these sensors to engage in folding the accumulated un-
folded proteins in the ER. As a consequence, free Irel
and Perk oligomerize and autophosphorylate, which re-
sults in their activation [4,5]. After the dissociation of
GRP78 from the luminal domain, ATF6 translocates to
the Golgi apparatus and is cleaved by the proteases S1P
and S2P, resulting in its activation as a transcription fac-
tor [7-9]. When ER stress becomes severe, apoptotic cell
death is induced, referred to as ER stress-mediated apop-
tosis, during which caspase-12, an ER stress-specific
caspase, is cleaved.

An important regulatory step in apoptosis occurs at the
mitochondria where members of the Bcl-2 family pro-
teins promote or prevent a membrane permeability tran-
sition. Signaling events that act upstream of the mito-
chondrial changes during neuronal apoptosis are not yet
fully understood but may include the activation of a cas-
pase cascade and the cleavage of Bid, which in turn me-
diates mitochondrial dysfunction and the release of
apoptotic factors from this organelle. In addition, poly
(ADP-ribose) polymerase (PARP) and p53 have been
identified as key factors of early apoptotic signaling in
neurons acting upstream of mitochondrial damage and
the activation of caspases.

P-Nonylphenol (NP) is a degradation product of a
group of nonionic surfactants called nonylphenol eth-
oxylates (NPEs), which are used globally in the produc-
tion of plastics, pesticides and cleaning products, and are
present in sewage effluents around the world [3]. NP is
more persistent in the environment than its parent NPE
molecule. The prevalence of NP and NPE in both aquatic
environments and in water has been reviewed recently
and the current research has identified NP as the most
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important degradation product of NPE due to its en-
hanced resistance to biodegradation, its toxicity and its
estrogenicity [10].

Bisphenol A (BPA) is a small estrogenic monomer that
is polymerized to produce polycarbonate plastic resins
that are used to line metal cans [11,12]. BPA is also used
in other types of plastic, such as polyvinyl chloride
(PVC), used in the manufacture of medical tubing, toys
and water pipes, and polyethylene terephthalate (PET),
which is used in soda and mineral water bottles. BPA is
also used to make dental sealants and the total worldwide
production levels of this chemical exceeded 6 billion
pounds in 2003. BPA is therefore one of the highest
volume chemicals produced globally. Brominated BPA is
a major flame retardant and is also a known EDC. It has
been known for decades that BPA can affect tissues and
it has recently been shown to also antagonize the actions
of thyroid hormone and androgen. However, BPA acts as
an agonist for a mutant form of the androgen receptor
found in some prostate cancer cells [1].

Tributyltin chloride (TBT) is an environmental pol-
lutant that is most widely used as a biofouling agent for
paints and for coating structures exposed to the aquatic
environment, such as ships, oil rigs and water intake
pipes [13]. The bioaccumulation of TBT occurs in
aquatic species and other wildlife due to its lipophilic
and ionic properties, and also its slow rate of elimination
from these organisms. TBT enters the human food chain
mainly through contaminated marine and freshwater
species, industrial effluents, from its domestic use as a
wood preservative, leaching from PVC pipes, and inha-
lation and absorption through the skin.

Benomyl (beno) (methyl[1-[(butylamino)carbonyl]-1H-
benzimidazol-2-yl]carbamate) is a benzimidazole fungi-
cide widely used on food crops and ornamental plants
[14,15]. In the natural environment as well as in biologi-
cal systems, beno is predominantly metabolized to car-
bendazim (methy-2-benzimidazole carbamate) [15-18].
Both beno and carbendazim are fungicidal through the
inhibition of microtubule assembly by the tubulins [19,
20]. Beno is also known to cause adverse effects on the
male reproductive system, including decreased testicular
and epididymis weights, and reduced epididymis sperm
counts and fertility in rats [21,22]. Despite its reproduc-
tive toxicity, the affinity of beno for steroid receptors is
controversial. Some studies have demonstrated that beno
has no estrogenic activity in vitro [23] and reported that
male reproductive toxicity in rats is caused by disrup-
tions to microtubule assembly and probably not via a
steroid-mediated mechanism [24,25]. In addition to its
reproductive effects, beno causes developmental defects
such as malformed neural tissue in Xenopus embryos
[26], and a decrease in the yolk sac diameter, crown-
rump length and parameters of differentiation, including
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the morphological score, have been reported in rat em-
bryos exposed to this compound in vitro cultures [27].
Some studies have also demonstrated the estrogenic po-
tential of beno based on zebrafish brain aromatase gene
induction. In zebrafish embryos, beno has shown toxic
effects that correspond to those found in beno-treated
rodents [27].

In our current study, we investigated the apoptosis-

inducing activity of specific EDCs in cultured PC12 cells.

We found that BPA, NP and TBT induce ER stress-asso-
ciated apoptosis and activate the UPR system, but that
beno induces non-ER stress-associated apoptosis. These
EDCs were also found to influence the expression of
Bcl-2 family proteins acting in the mitochondrial path-
way. We further found that BPA has estrogenic activity,
but that NP, TBT and beno do not, using cultured PC12
cells transfected with a luciferase reporter plasmid whose
expression is dependent on the activation of estrogen
receptor a. These results suggest that BPA mainly exerts
estrogen-like effects, but that the other EDCs tested may
predominantly exert apoptosis-inducing effects, on cells
in the body.

2. MATERIALS AND METHODS
2.1. Reagents

Bisphenol A, p-nonylphenol and tributyltin chloride were
purchased from Wako Pure chemicals (Tokyo, Japan).
Anti-GAPDH antibody was purchased from Millipore
(Billerica, MA). Anti-cleaved caspase-3, anti-Bax, anti-
Bim and anti-Puma antibodies were purchased from Cell
Signaling (Beverly, MA). Anti-GRP78, anti-Bcl-2 and
anti-caspse-12 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-Bcl-xL was
purchased from Sigma-Aldrich (St. Louis, MO). Anti-
Mcl-1 was obtained from Acris Antibody GmbH (Her-
ford, Germany). Anti-GAPDH was purchased from
Chemicon (Temecula, CA).

2.2. Cell Culture

PC12 cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 5% (v/v)
fetal bovine serum (FBS) and 5% (v/v) heat-inactivated
horse serum (HS). To measure cell viability, cells were
seeded onto collagen-coated 96-well plates at a density
of 1 x 10° cells/em®. The medium was changed on the
following day to serum-free DMEM (SF-DMEM), and
each EDC was added at this time point if required.
Twenty-four hours after the addition of the reagents, cell
viability was measured.

2.3. Measurement of Cell Viability
Viable cells were quantified using the MTT assay.
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Briefly, cells were seeded onto 96-well plates and the
medium was changed to SF-DMEM containing each
EDC. After cultivation for 24 h, the medium was
changed to SF-DMEM containing 5% (v/v) MTT solu-
tion and cells were incubated for a further 2 h. Fluores-
cence intensity was detected by spectrophotometry at
750 nm. Cell viability was defined as (test sample count)
— (blank count)/(untreated control count) — (blank count)
x 100.

2.4. Immunoblotting Analysis

PC12 cells were seeded onto 6 cm-diameter dishes, and
the medium was changed on the following day to
SF-DMEM containing each EDC or tunicamycin (Tm).
After cultivation for 24 h, the cells were lysed in lysis
buffer as described previously [28]. Total lysate (20 pg
per lane) was loaded on SDS-PAGE and blotted onto a
PVDF membrane using a semi-dry blotter (Atto, Tokyo,
Japan). The primary antibody was loaded onto the mem-
brane after blocking with skin milk (Nacalai Tesque,
Kyoto, Japan), and this was followed by incubation with
A horseradish peroxidase-conjugated secondary antibody
for 1 h. Bands were detected and visualized using a light
capture system (Atto) and SuperSignal West Femto (Pier-
ce/Thermo Scientific, Rockford, IL).

2.5. Transfection

The expression plasmid pGLrERa was kindly provided
by Dr. M. Takeyoshi (Chemicals Evaluation and Re-
search Institute, Tokyo, Japan). And the expression plas-
mid pEGFP-CFTRAS508 was kindly provided by Dr. Ron
R. Kopito (Department of Biology, Stanford University,
Stanford, CA). PC12 cells were grown to 50% - 60%
confluence and transfected with these expression plas-
mids using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). The transfected cells were cultured for 48 h and the
medium was then replaced with serum-free DMEM.
EDCs were added at this time point as necessary. The
cells were collected after further cultivation for 24 h.

2.6. Dual Luciferase Assay

PC12 cells were washed twice with PBS, and lysed in
100 pl of 1 x Reporter lysis buffer (Promega, Madison,
WI). Complete cell lysis was achieved using one freeze-
thaw cycle of —80°C followed by a rapid thawing at 37°C.
The lysates were transferred to the new tube and assayed
using the Dual Luciferase assay system (Promega) and
TD 20/20 luminometer (Turner Designs, Sunnyvale, CA),
in accordance with the manufacturer’s instructions.

2.7. Flow Cytometry

Strongly GFP-positive cells were evaluated by flow cy-
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tometry (Canto II; Becton Dickinson, Franklin Lakes,
NJ). The expression of EGFP-CFTRAS508 was detected
at 488 nm. Data were processed using FACS Diva soft-
ware (Becton Dickinson, San Jose, CA). Cells were ana-
lyzed for forward and side scatter, and for PI and GFP
fluorescence (488 nm). Dead cells were excluded by gat-
ing the forward and side scatter and by eliminating
Pl-positive cells harvested via background fluorescence.
The results were expressed as the percentage of the
number of strongly GFP-positive cells among the PI-
negative cells, after normalizing the relative values to the
control value (1.0) determined for cells not exposed to
EDC.

2.8. Statistical Evaluation

All values are expressed as the mean £ SEM. The Stu-
dent’s t-test or Tukey’s test was used to compare means
between groups. P values of <0.05 were considered sig-
nificant.

3. RESULTS

In addition to normal compounds with estrogenic activi-
ties found in both sexes as well as at different life stages,
humans and animals are exposed to environmental prod-
ucts that mimic estrogenic activity known as endocrine-
disrupting chemicals (EDCs). Estrogens have widespread
biological functions in the central nervous system (CNS)
including the coordination of developmental processes,
the regulation of cell physiology and the control of neu-
roendocrine systems [29]. Estrogens also affect areas of
the brain that are not primarily involved in reproduction,
such as the basal forebrain cholinergic system, the hip-
pocampus and cerebral cortex, the caudate-putamen,
midbrain raphe, brainstem locus cerulean and the spinal
cord [30,31]. The PC12 cell line has been used exten-
sively as a model for studying neuronal signaling path-
ways and neuronal differentiation. PC12 cells respond to
neurotrophic factors such as NGF and fibroblast growth
factor, and their differentiation into sympathetic neuron-
like phenotypes is characterized by neurite outgrowth
and the expression of many neuronal specific proteins.
We investigated whether certain EDCs can induce
apoptosis in cultured PC12 cells and accordingly classi-
fied these compounds into two or three groups. It is well
known that tunicamycin (Tm) induces ER stress-medi-
ated apoptosis in various cells. We previously reported
that the cleavage of caspase-12, which is known as an
ER stress-specific caspase [32], is involved in the pro-
gression of Tm-mediated apoptosis in cultured PC12
cells [28]. To further elucidate the characteristics of the
EDC-induced effects on PC12 cells, we measured the
viability of PC12 cells treated with different concentra-
tions of BPA, NP, TBT or beno for 24 hours using the
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MTT assay (Figure 1). Hoechst 33258 staining was also
performed (Figure 2) to detect chromatin condensation,
a typical marker of apoptosis. We found from this analy-
sis that apoptosis was induced with an ICsy of 160 pM
for BPA, 25.6 uM for NP, 640 nM for TBT and 48 uM
for beno (Figures 1(a)-(d)) (Table 1). Apoptotic con-
densed chromatin was detected in the presence of BPA,
NP, TBT or beno (Figure 2).

On the other hand, benzopyrene, fenvalerate, styrene
monomer or bis(2-ethylhexyl)phthalate among the EDCs
tested in this study did not induce apoptosis in PC12 cells at
the maximal concentrations that could be prepared (Table 1).

We next performed immunoblotting of proteins which
are known to be upregulated or cleaved during ER stress.
We observed in this analysis that the first three of four
apoptosis-inducing EDCs upregulated the expression of
glucose-regulated protein 78 (GRP78) and also induced
the cleavage of caspase-12 (Figures 3(a)-(c)). During ER
stress, cells activate the unfolded protein response (UPR)
system and cleave ER stress-specific caspase-12. Our
results thus suggested that BPA, NP and TBT induce ER
stress-associated apoptosis in PC12 cells. On the other
hand, beno was found not to upregulate the expression of
GRP78 (data not shown), indicating that it induces non-
ER stress-associated apoptosis. This finding suggested
that beno may directly trigger mitochondrial dysfunction,
leading to cytochrome c release, and then induce an or-
dinary apoptotic response. It has been reported that
apoptosis can be classified into at least two types, ordi-
nary and ER stress-mediated [3]. Cleaved caspase-12 is
considered to activate a caspase cascade involving cas-
pase-3 and -9. We therefore investigated whether the four
apoptosis-inducing EDCs in our panel also activated
caspase-3.

Table 1. Values of half-maximal apoptosis-inducing concentra-
tions (ICsy) of EDCs in PC12 cells.

EDC ICso (nM)
BPA 160 (161.1 £7.9)
NP 256 (25.0+1.4)
TBT 0.64 (0.64 £ 0.04)
beno 48 (47.5+4.0)
benzopyrene >100
fenvalerate >100
styrene monomer >1000

bis(2-ethylhexyl)phthalate >1000

ICs values of BPA, NP, TBT and beno were obtained from Figures 1(a)-(d).
In parentheses, values of the means +SEM (n = 7) are also shown. The
concentrations used for benzopyrene, fenvalerate, styrene monomer and
bis(2-ethylhexyl)phthalate were the highest concentrations that could be
prepared.
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Figure 1. Some EDCs induced cell death in a dose-dependent manner in PC12 cells. PC12 cells were cultured for 24 h without (con-
trol) or with the indicated EDC in serum-free DMEM, and viable cells were quantified using the MTT assay. Cells were treated with
(a) Bisphenol A (BPA); (b) p-nonylphenol (NP); (c) Tributyltin chloride (TBT); or (d) Benomyl (beno). The final concentration of
each compound is indicated. The values shown are the means + SEM (n = 5). Differences between groups were examined for statis-

tical significance using Tukey’s test. "'P < 0.01 vs. control.

We found that BPA, NP and TBT, but not beno, acti-
vate caspase-3 in PCI12 cells (Figures 3(a)-(c) and data
not shown). Caspase-3 is an effecter caspase for all types
of apoptosis. At present we are uncertain why caspase-3
was not activated during beno-induced apoptosis. It has
been reported that caspase-3 catalyses the proteolytic
cleavage of poly(ADP-ribose) polymerase (PARP), a 116
kDa nuclear enzyme closely linked to apoptosis [3]. We
further found in this regard that BPA, NP and TBT in-
duce the cleavage of PARP in PC12 cells, whereas beno
did not have this effect (Figures 3(a)-(c) and data not
shown).

We performed immunoblotting of Bcl-2 family pro-
teins in lysates from PC12 cells individually treated with
each EDC. BPA increased the expression of the pro-
apoptotic Bcl-2 family Puma, whereas NP or TBT did
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not (Figures 4(a)-(c)). NP increased the expression of
pro-apoptotic Bax, but BPA and TBT did not. NP and
TBT, but not BPA, increased the expression of Bim. On
the other hand, NP treatment upregulated the expression
of the anti-apoptotic proteins Bcl-2 and Bel-xL, but BPA
and TBT did not exert this effect (Figures 4(a)-(c)).
These results indicate that different Bel-2 family pro-
teins are upregulated by distinct EDCs, suggesting that
different signaling mechanisms are involved in the ER
stress-associated apoptosis triggered by different EDCs
(Figures 4(a)-(c)). During apoptosis, Bax undergoes a
conformational change and is translocated from the cy-
tosol to the outer mitochondrial membrane, where it
triggers cytochrome c release. Cytochrome c then in-
duces apoptosome formation, leading to the activation of
the initiator caspase-9 and effector caspase-3 [33,34]. In
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Figure 2. Hoechst 33258 staining of EDC-treated PC12 cells.
PC12 cells were plated in 8-well chamber plates and cultured
for 24 h without (control) or with each EDC in serum-free
DMEM. The cells were then fixed and stained with 1 pg/ml
Hoechst 33258 dye in phosphate-buffered saline (PBS) for 30
min. The EDC concentrations in the cultures were 160 puM
BPA, 25.6 uM NP, 640 nM TBT and 48 uM beno. Apoptotic
chromatin condensation can be detected by this staining. Ar-
rows indicate typical apoptotic nuclei with condensed chroma-
tin. As a positive control experiment, cells were cultured with 1
pg/ml tunicamycin (Tm). Values (um) of nuclear diameters
measured are shown below each photographic image. In a
negative control (control), diameters of nuclei without con-
densed chromatin were measured. Values are the means + SEM
(n = 3). Scale bar, 20 pm.

response to cytotoxic stimuli such as DNA damage, Bax
activation requires p53-induced expression of the pro-
apoptotic BH3-only Bcl-2 family member Puma. In re-
sponse to other death stimuli, such as growth factor dep-
rivation or death receptor signaling, other BH3-only pro-
teins Bim and Bid are expressed as critical mediators of
Bax/Bak-dependent cell death [35]. The mechanism of
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Figure 3. Western blot analysis of GRP78, caspase-12, cas-
pase-3, CHOP and PARP in EDC-treated PC12 cells. Cells
were cultured without (control) or with bisphenol A (a); p-non-
ylphenol (b); or tributyltin chloride (c) as described in Figure 1
and lysed. Twenty micrograms of total protein per lane was
loaded onto an SDS-PAGE gel. Immunoblotting was carried
out using specific antibodies for the indicated proteins. The
results shown are representative of five independent experi-
ments.

the pro-apoptotic action of Puma has been ascribed to its
ability to bind with high affinity and consequently inhibit
all anti-apoptotic Bcl-2 family members, including Bcl-2,
Bcl-xL and Mcl-1 [36-40]. It has also been reported that
Puma can activate the intrinsic apoptotic pathway by
directly binding to Bax [39].

Puma has been identified as an ER stress-responsive
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gene in a previous global gene expression profiling study
[41,42] and in an siRNA library screening of genes that
inhibit ER stress-induced apoptosis [43]. Puma is in-
duced by ER stress in a variety of cell types [44-46]. The
induction of Puma in response to ER stress is p53-inde-
pendent in most cases, and mediated in part by the tran-
scription factors CHOP [47], E2F1[43] and TRB3 [48]. It
is likely that other transcription factors also contribute to
the upregulation of Puma inducing by ER stress. Apop-
tosis induced by ER poisons tumicamycin and thapsigar-
gin is inhibited in Puma-knockout HCT 116 colon cancer
cells [41,44], Puma-knockdown cardiomyocytes [46] and
neuronal cells [48], and Puma-knockout MEF cells [47].
At the same time, other BH3-only proteins such as Bim
are also critical in ER stress-induced apoptosis in other
cell types [47,49]. A deficiency in Puma or Bim protects
motor neurons from ER stress-induced apoptosis and
delays motor neuron loss in an amyotrophic lateral scle-
rosis mouse model [50,51], suggesting that Puma and
Bim have overlapping functions in neurodegeneration
[40]. Therefore, the observed upregulation of Puma or
Bim induced by the three EDCs, as shown in Figures
4(a)-(c), strongly suggests that these compounds trigger
ER stress-mediated apoptosis in cultured PC12 cells as a
neuronal culture model system.

To confirm whether the three apoptosis-inducing
EDCs indeed induce ER stress, we measured the accu-
mulation of unfolded proteins by transfecting the PC12
cells with cDNA encoding the cystic fibrosis transmem-
brane conductance regulator (CFTR) harboring the
AF508 mutation, which is a marker of the accumulation
of unfolded proteins in the ER during ER stress [52]. The
unfolded protein response (UPR) mechanism aids cellu-
lar recovery by increasing the proteolytic capacity of the
cell and thereby decreasing the accumulated protein load
within the ER. The A508 mutation in the CFTR gene
produces an unfolded protein, which is then completely
retained in the ER and not degraded [53]. This is be-
lieved to a result of subcellular mislocalization of the
CFTRASO08 protein, as visualized using immunohisto-
chemical staining. These observations led to a hypothesis
that the CFTRAS508 mutation leads to accumulation of
the protein in the ER when the UPR is activated [53,54].
As shown in Figure 5, we found that the CFTRA508
protein did accumulate in the ER in PC12 cells treated
with the three apoptosis-inducing EDCs. These results
indicate that these three apoptosis-inducing EDCs indeed
induce ER stress-mediated apoptosis in cultured PC12
cells.

Because the concentrations of the EDCs used in this
study were markedly higher than their typical environ-
mental levels, we compared the apoptosis-inducing ac-
tivity and estrogen-like activity of these compounds in
PC12 cells. We analyzed whether the apoptosis-inducing
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Figure 4. Western blot analysis of Bcl-2, Bim, Bel-xL, Mcl-1,
Puma and Bim proteins in EDC-treated PC12 cells. Cells were
cultured without (control) or with bisphenol A (a), p-nonyl-
phenol (b) or tributyltin chloride (c) and were lysed as de-
scribed in Figure 3. Twenty micrograms of total protein per
lane were resolved by SDS-PAGE. Immunoblotting was then
carried out using specific antibodies for the indicated proteins.
The results shown are representative of five independent ex-
periments.

EDCs have estrogenic effects at concentrations lower

than those required to induce apoptosis in cultured PC12
cells transfected with a luciferase reporter under the
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4.0 r
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Figure 5. EDCs induce the accumulation of unfolded proteins
in the ER. PC12 cells were transfected with the pEGFP-
CFTRAF508 expression plasmid and cultured for 48 h. The
medium was then replaced with serum-free DMEM containing
the indicated EDC as necessary. The cells were then treated
without (control) or with 160 uM BPA, 25.6 uM NP, 640 nM
TBT or 1 pg/ml Tm. After cultivation for 24 h, the cells were
collected and the accumulated unfolded proteins were quanti-
fied by determining the number of strongly GFP-positive cells
by flow cytometry. The values shown are the means £SEM (n
= 4). Significant differences between groups were assessed
using the Student’s t-test. "P < 0.05 vs. control.

control of estrogen receptor a. As shown in Figures 6(a)
and (b), BPA displayed estrogenic effects (ECso = 5.9
uM), but NP and TBT (data not shown) did not, in the
transfected PC12 cells. Although BPA has both ER
stress-associated apoptosis-inducing and estrogen-like
effects at high concentrations, it shows only estrogen-like
effects at low concentrations.

These results suggest that BPA may mainly exert es-
trogenic effects and that other EDCs may principally
exert apoptosis-inducing effects upon exposure of cells
to these compounds as environmental pollutants.

In our previous report, we observed that NP induces
ER stress-mediated apoptosis and NGF protects against
this response in neuronally differentiated PC12 cells [3].
In our current study, we investigated whether NGF could
prevent EDC-induced apoptosis in naive PC12 cells. As
shown in Figure 7, NGF suppresses apoptosis induced
by the three apoptosis-inducing EDCs. In this regard, we
have reported that the PI3-K/Akt and Ras/MARK sig-
naling pathways promote the survival of cultured neu-
rons and PC12 cells [3].

Apoptosis is involved in the developmental processes
of almost all vertebrates and also the maintenance of
body homeostasis by allowing cells to die without the
need to mobilize macrophages. However, apoptosis is
also observed in some neurodegenerative disorders, for

Copyright © 2012 SciRes.
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Figure 6. Estrogenic effects of EDCs on PC12 cells. PC12 cells
were transfected with the expression plasmids pGLrERa,
pERE-AUG100-Luc’ and phTK-Luc" (control plasmid). pERE-
AUG100-Luc” contains an estrogen-responsive element (ERE)
upstream of its CMV promoter which directs the transcription
of the luciferase gene. The transfected cells were cultured for
48 h and the medium was then replaced with serum-free
DMEM without or with BPA (a) or NP (b). The final concen-
trations of the EDCs and of control estradiol are indicated. Af-
ter cultivation for 24 h, the cells were collected and cell lysates
were prepared and assayed for luciferase activity. Significant
differences between groups were assessed using Tukey’s test.
P <0.01 vs. control.

instance, Alzheimer’s, Parkinson’s and Huntington’s
diseases. The molecular mechanisms of apoptosis com-
prise the activation of pro-apoptotic Bcl-2 family mem-
bers, the activation of the caspase cascade and the frag-
mentation of DNA [55]. We found also in our present
experiments that NGF suppresses EDC-induced apop-
tosis concomitantly with the suppression EDC-induced
ER stress-mediated signaling (data not shown). Hence,
EDC-induced apoptosis is likely to incorporate ER
stress-mediated signaling.
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Figure 7. NGF suppresses EDC-induced apoptosis in PCI12
cells. PC12 cells were cultured for 24 h without (control) or
with 160 uM BPA, 25.6 uM NP or 640 nM TBT in serum-free
DMEM in the absence or presence of 100 pM NGF (+NGF).
Viable cells were then quantified using the MTT assay. The
values shown are the means £ SEM (n = 4). Differences be-
tween groups were examined for statistical significance using
the Student’s t-test. P < 0.01 vs. control.

4. DISCUSSION

It has been suggested previously that BPA functions ei-
ther estrogenically or anti-estrogenically when binding in
vitro to estrogen receptor a in competition with estradiol
[11]. The relative binding affinity of BPA to estrogen
receptor o is known to be more than 1000 times weaker
than that of estradiol. Nevertheless, there is some evi-
dence that BPA stimulates cellular responses at very low
concentrations through various pathways [56-60]. In
terms of transcriptional actions, xenoestrogens, but not
17p-estradiol, have been reported to enhance the expres-
sion of genes involved in mitochondrial oxidative phos-
phorylation [60]. We found in our current experiments
that BPA indeed has estrogenic action in cultured cells at
a concentration lower than that required to induce ER
stress-associated apoptosis, suggesting that BPA may
mainly exert estrogenic effects on cells in the body as an
environmental pollutant (Figure 6(a)). We consider that
the estrogenic effect of BPA is caused by its binding to
estrogen receptor a because no significantly increased
luciferase activity was observed when the expression
plasmid pGLrERa was omitted from plasmids trans-
fected to PC12 cells (data not shown). On the other hand,
a previous study has reported that fetal neonatal exposure
to BPA has effects on brain development in mice [61].
We further found in our current study that TBT in-
duces ER stress-associated apoptosis in cultured PC12
cells by upregulating the Bcl-2 family protein Bim (Fig-
ure 4(c)). It has been found previously that TBT induces
an excessive increase in Ca®" and apoptotic cell death in
some types of neuronal cells [12,62-64]. It was also sug-
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gested in another report that TBT mobilizes intracellular
Ca’" in PC12 cells by enhancing the transmembrane in-
fluxes of Ca®" [65]. Although the specific type of Ca**
channel responsible for TBT-induced Ca®*" mobilization
remains unknown, the possible causal relationship be-
tween Ca®" mobilization and ER stress-associated apop-
tosis by TBT warrants further extensive evaluation in the
future [66].

In our previous study using neuronally differentiated
PC12 cells, we found that NP induces ER stress-associ-
ated apoptosis via an increase in the intracellular Ca®*
concentration and reduction in ERK1/2 phosphorylation
[3]. In our current study, we investigated the pro-apop-
totic mechanism of NP in naive PC12 cells by measuring
cell viability. As shown in Figure 1(b), NP decreases cell
viability in a dose-dependent manner. It has been re-
ported that apoptosis can be classified into at least two
types, ordinary type and ER stress-mediated type and we
here observed that NP led to ER stress-associated apop-
tosis because it induced the cleavage of ER stress-spe-
cific caspase-12, the expression of GRP78, and the ac-
cumulation of unfolded CFTRAS08 protein.

Some investigators have reported the effects of NP and
BPA on neuronal development, and found that EDCs
significantly influence both dendritic and synaptic neu-
ronal development [10]. NP and BPA have also been
found to cause dendritic and synaptic developmental
changes in hypothalamic neurons in the rat in which the
exposure of newborn male and female rat pups to this
EDC can adversely alter the development of reproductive
organs, such as the seminal vesicle prostate glands and
ovarian uterine horn [67]. Recently also, it was reported
that exposure to the same dose of BPA during develop-
ment results in a marked influence on synaptogenesis
and on neuronal vulnerability in hippocampal cultures
[68]. The details of endocrine-disrupting properties and
behavioral effects of NP and BPA during the critical pe-
riod of sexual differentiation in the brain remain unclear.

In appropriate environmental exposure to NP and BPA
at neural development stage could potentially perturb the
organizational activities of estrogen and the normal de-
velopmental processes of the neurons and glia in the hy-
pothalamic area. Recently, it has been reported that the
disruption of dopaminergic neuron development induced
by prenatal and neonatal exposure to BPA can be medi-
ated by non-hormonergic actions of BPA [69]. Further-
more, some investigators have reported that prenatal and
neonatal exposure to BPA induces other behavioral ab-
normalities associated with the alternation not only of
dopaminergic synthesis but also other neurotransmission
processes [69]. Prenatal and neonatal exposure to BPA
could therefore cause other behavioral abnormalities
such as anxiogenic behavior, motor learning behavior
and memory effects. Because the low-dose endocrine-
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disrupting action of various environmental toxins may be
a serious problem, it was investigated whether exposure
of the central nervous system of mice to low-dose BPA
could induce behavioral abnormalities. A previous study
has reported that treatment with low and high doses of
BPA induces memory impairment [70,71]. Furthermore,
these investigators also reported using immunohisto-
chemistry that low and high doses of BPA markedly de-
crease the level of choline acetyltransferase (ChAT)-like
immunoreactivity in widespread regions of the hippo-
campus as compared with the control. The widely ac-
cepted cholinergic function in the hippocampus is im-

portant for learning and memory processes [69-71].
Among the cholinergic parameters described in the
brains of Alzheimer’s disease patients, the decrease in
ChAT activity is the most prominent and provides an
excellent biochemical correlation with the severity of
dementia. The current evidence is strongly supportive of
the notion that prenatal and neonatal exposure to BPA
can induce dynamic morphological changes in choliner-
gic fibers, which is associated with the disruption of
neuron development [71]. The extent of memory im-
pairment corresponds well to the dysfunction of cho-
linergic neurons in the hippocampus of mice that have
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Figure 8. A proposed model for the actions of apoptosis-inducing EDCs in cells. NP and TBT are the
apoptosis-inducing EDCs (AICs). BPA has estrogen-like effects at low concentrations, but has both es-
trogen-like effects and ER stress-associated apoptosis-inducing effects at high concentrations. See the
text for details.
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been both prenatally and neonatally exposed to BPA
[71].

Previously we reported that NP induces apoptosis
whereas NGF suppresses it in neuronally differentiated
PC12 cells. We also observed in our present study that
NGF prevents EDC-induced apoptosis (Figure 7). Neu-
rotrophins such as NGF and BDNF (brain-derived neu-
rotrophic factor) play vital roles not only in neuronal
growth and differentiation but also in the prevention of
neuronal death. The neurotrophins manifest their effects
by binding to two discrete receptor subtypes, the tropo-
myosin receptor kinase (Trk) family and the p75 neuro-
trophin receptor (p75™"™"). NGF not only plays a role in
the differentiation of neuronal cells but also acts as an
anti-apoptotic factor against certain stimuli, including
chemical compounds. We have reported previously in
this regard that both the NGF-induced PI3-K/Akt and
Ras/MARK signaling pathways promote the survival of
cultured PC12 cells [3].

We used an in vitro assay system involving PC12 cells
in our current experiments and exposed these cells for
only 24 hours to EDC concentrations that are higher than
those found in the environment. We also observed simi-
lar apoptosis-inducing effects of EDCs on other cell
types such as COS7 cells (data not shown). We realize
that the EDC concentrations we have used in our analy-
ses are very high compared with those found in the en-
vironment but note that the observed estrogenic concen-
tration of BPA is also high compared with its concentra-
tion in the environment (Figure 6(a)). Moreover, EDCs
may have apoptotic effects on neurons and other organs
upon their accumulation in the body or via their conden-
sation through the food chain [72]. The detailed molecu-
lar mechanisms of their effects remain to be fully eluci-
dated.

In summary, we here demonstrate that EDCs induce
apoptosis in cultured PC12 cells and can be classified
into three groups, a group that induces ER stress-associ-
ated apoptosis and activates the UPR system, a group
that induces non-ER stress-associated apoptosis, and a
group that does not induce apoptosis in PC12 cells. We
additionally found that BPA has estrogen-like effects, but
that NP, TBT or beno do not, in PC12 cells transfected
with a luciferase reporter plasmid that is activated by
estrogen receptor a. These results suggest that BPA may
predominantly exert estrogenic effects, but that the other
EDCs we tested may have mainly apoptosis-inducing
effects on cells when they are present as environmental
pollutants (Figure 8). The apoptosis-inducing EDCs may
influence some proteins in the ER including ER mem-
brane to perturb its homeostasis and induce ER stress-
associated apoptosis. We propose to designate the apop-
tosis-inducing EDCs as apoptosis-inducing chemicals
(AICs) [3].

Copyright © 2012 SciRes.
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