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Abstract 

An endocrine disrupter, bisphenol-A is widely used in the product ion of 

plast ics and coatings. Recent ly, it  was reported that bisphenol-A affected 

neurotransmitters in the mammalian brain. On the basis of these reports, it  

was considered that bisphenol-A affected neuronal different iat ion. In this 

study, the morphological changes in nerve growth factor (NFG)-induced 

different iat ion caused by bisphenol-A were confirmed using a PC12 cell 

system. When a low concentrat ion of bisphenol-A was added to medium 

containing NGF, it  inhibited neurite extension.  In addit ion, to clarify 

whether bisphenol-A affects the early and late stages of the NGF-signaling 

pathway in cell different iat ion, changes of phosphorylat ion of MAP 

kinases and cAMP-response element binding protein (CREB) in PC12 cells 

treated with and without BPA in medium containing NGF were invest igated 

using western blot analysis. As results, bisphenol-A significant ly inhibited 

phosphorylat ion of CREB and ERK1/2 MAPK.  

 

Keywords: bisphenol-A, PC12 cell, MAPK, ERK, neurite, nerve growth 

factor 
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1. Introduction 

Some pest icides and industrial chemicals can affect animal physiology 

by mimicking the effects of endogenous hormones. Several of these 

compounds have been shown to have estrogenic act ivity by in vitro and in 

vivo bioassays [1,2]. One such endocrine disrupter, bisphenol-A (BPA) is 

widely used as a monomer for the product ion of plast ics, resin s and 

coatings that are extensively used in the food-packaging industry and 

dent istry [3]. Mariscal-Arcas et al.  [4] reported that BPA remained of 

concern, given the proven undesirable effects of low-level exposure and 

higher suscept ibility of pregnant women. Le et al.  [5] reported that BPA 

was found to migrate from polycarbonate water bottles at rates ranging 

from 0.20 ng/h to 0.79 ng/h. They described that exposure to boiling water 

increased the rate of BPA migrat ion by up to 55-fold. Miyamoto and 

Kotake [6] estimated that 95% confidence intervals for the daily intake for 

high-exposure populat ions were est imated to be 0.037-0.064 µg/kg/day for 

males and 0.043-0.075 µg /kg/day for females. The relat ively low affinit y 

of BPA for nuclear estrogen receptors (ERs) and its weak bioact ivity in 

standard tests of estrogenicity [7] led to the considerat ion that BPA had 

negligible effects in human. However, exposure to BPA could have adverse 

effects on humans because of their ubiquitous presence in the environment  

and potent ial for accumulat ion in brown adipose tissues [8].  

Lee et al.  [9] reported that BPA could be detected in umbilical cords,  

suggest ing its transfer to fetuses. Kubo et al. [10] also reported that the 

current methods to determine the no observable adverse effect level (50 

mg/kg per day) of art ificial industrial chemicals may not be sufficient to 

detect disrupt ion of sexual different iat ion in the fet al brain. Durando et al. 

[11] reported that prenatal exposure to a low dose of BPA perturbed 

mammary gland histoarchitecture and increased the carcinogenic 

suscept ibility to a chemical challenge administered 50 days after the end of 

exposure. Dekant  and Volkel [12] reported human exposure to BPA by 
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biomonitoring including the ways of exposure to it  and assessment of 

environmental exposures. Even at doses below the supposedly safe daily 

limit for human exposure (US Environmental Protection Agency) BPA 

impairs the synaptogenic response to 17ß-oestradiol (E2) in the 

hippocampus of the ovariectomised rat [13]. Palanza et al. [14] 

summarized that during fetal life the intrauterine environment is crit ical 

for the normal development, and even small changes in the levels of  

hormones, such as estradiol or estrogen-mimicking chemicals, can lead to 

changes in brain funct ion and consequent ly in behavior. In addit ion, a low 

dose of BPA prevented the synaptogenic response to testosterone in the 

adult rat brain [15]. Yoneda et al. [16] found that prenatal exposure to BPA 

led to a reduction of dopamine content in the mouse brain. They used a 

PC12 cell system and concluded that the reduct ion of dopamine depended 

on an increase of dopamine release in neuronal cells exposed to BPA. Lee 

et al. [17] reported an estrogen receptor-independent neurotoxic 

mechanism of BPA, because the cell vulnerability to BPA was not 

significant ly different in PC12 cells overexpressing  estrogen receptor 

(ER) and ER. In addit ion, these reports suggest that BPA affects the 

development, funct ion, and morphology of the brain.  

Rat pheochromocytoma PC12 cell line have been extensively used as 

model systems for the study of tumorigenesis, apoptosis and 

neurodegenerat ive diseases.  Nerve growth factor (NGF) act ivat ion of the 

Ras/ERK pathway leads to the phosphorylat ion and act ivat ion of RSK2, 

which then phosphorylates cAMP-response element-binding protein 

(CREB) at Ser-133 [18]. In addit ion, NGF was found to activate 

p38/MAPK and its downstream effector MSK1 or MAPKAP kinase 2,  

which may then catalyze CREB phosphorylat ion. Thus, a variety of 

signaling pathways have evolved that can trigger CREB phosphorylat ion 

and thereby act ivate immediate-early gene (IEG) transcript ion [19]. 

On the basis of these reports concerning PC12 cells and neuronal 
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different iat ion, it  was considered that BPA affected neurite outgrowth in 

PC12 cells. The neurite outgrowth in PC12 cells has been confirmed to be 

regulated by the mitogen-act ivated protein kinases (MAP kinases) and 

CREB [20,21].  

In this study, to invest igate whether BPA is harmful to organism, the 

morphological changes in NGF-induced different iat ion caused by BPA 

were examined using a PC12 cell system. In addit ion, changes of 

phosphorylat ion of MAP kinases and CREB in PC12 cells treated with and 

without BPA in medium containing NGF were invest igated  using western 

blot analysis to clarify whether BPA affected the early and late stages of 

the NGF-signaling pathway.  

 

2. Materials and methods 

2.1. Materials 

PC12 cells were purchased from the American Type Culture Collect ion 

(USA and Canada). Rabbit polyclonal antibodies against phosphorylated 

and unphosphorylated forms of transcript ion factor  CREB, p44/42 MAP 

kinases (extracellular signal-regulated kinases; ERK1/2), the high affinity 

NGF receptor TrkA and MEK/MAP kinase were obtained from Upstate 

Biotechnology (Lake Placid, NY), Promega (Madison, WI) and/or Cell 

Signaling Technology (Beverly, MA). Ant ibodies to phosphorylated forms 

of p38 and JNK/MAP kinases were from Promega, and those to 

unphosphorylated forms of p38, and JNK/MAP kinases were from Sigma 

(St. Louis, MO). A blocking reagent was bought from Roche Diagnost ics 

(Mannheim, Germany). Neurite Outgrowth Assay Plus Kit , ant i-tubulin 

beta III isoform were bought from Millipore  (Billerica, MA). The 

secondary ant ibody, ant i-rabbit immunoglobulin, chemiluminescent 

detect ion reagents and fluorescein isothiocyanate (FITC)-labeled avidin 

were obtained from Amersham Pharmacia Biotechnology 

(Buckinghamshire, UK). Dulbecco 's modified Eagle's medium (DMEM), 
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BPA, 17ß-estradiol (E2), 17α-ethynylestradiol, an agonist of ER and 2.5S 

NGF were from Sigma. Fetal bovine serum (FBS) was from HyClone 

(Rockville, MD). The BPA ELISA kit was bought from Takeda (Japan).  The 

cytotoxicity detect ion kit was purchased from Promega. Other  chemicals 

were of analyt ical regent grade. BPA and E2 were dissolved in ethanol, and 

used as a vehicle.  

 

2.2. Cell culture 

PC12 cells in 25 and 75 cm
2
 flasks (Nunc, USA) were maintained in a 

humidified incubator with 5% CO2 at 37˚C, and cultured in DMEM 

supplemented with 10% FBS.  

 

2.3. E f f ec t s  o f  B PA in  PC 12  c e l l s  that res po nded to  NG F  

Ce l ls  wer e  inc u ba t ed  in  DME M co nt a in ing  1%  FBS ,  10  ng / m l  

BPA a nd  5 0  ng / ml N G F ( 2 . 5S)  fo r  5  da ys .  Gu nn ing  e t  a l .  [22] 

r epo r t ed  t ha t  ne ur it e  o u t g r o wt h wa s  c l ea r ly o bs er ved  mo r e  t ha n 3  

da ys  a ft e r  t r ea t me nt  o f PC 12  ce l ls  w i t h  50  ng / ml NG F.  T he  me d iu m 

co nt a in ing  NG F a nd  B PA w a s  c ha nge d  e ver y  2  d a ys .  C e l l  

d i f fe r e nt ia t io n wa s  o bs er ved  u s ing  a  pha se - co nt r as t  mic r o s co p e 

(Olympus IMT-2, Japan).  To clarify whether any mo r p ho lo g ic a l  changes  

relate to ER reaction, 10 ng/ml E2 or 100 ng/ml 17 α- e t hyn y le s t r ad io l  

was added into the medium with N G F a nd  BPA. In addit ion, the growth of 

neurite was evaluated by Neurite Outgrowth Assay Plus Kit (Millipore) 

using ant i-tubulin ant ibody according to their instruct ion manual. I n  t h is  

s t ud y,  t he  B PA co nc e nt r a t io n in  t he  med iu m c ho se n  w a s  10  ng / m l  

be cau s e  t he  r e le a se d  BPA in  t he  ba b y bo t t le s  r a ng ed  2 . 4 - 14 . 3  µg /k g  

w he n f i l l e d  w it h bo i le d  wat e r  a nd  le f t  a t  a mbie n t  t e mper a t u r e  fo r  

45  min  [23].  In addit ion, Jeng et al. described that 17.52 nM BPA 

(equivalent to 4 ng/ml) detected in serum affected extracellular-regulated 

kinases [24]. 
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2.4. Quantification of BPA concentration in the cells treated with BPA 

BPA contents in the cells were measured using a BPA ELISA kit 

(minimum sensit ivity: 10 pg/ml, linear range: 50 pg/ml to 100 ng/ml) after 

they were treated with 10 and 500 ng/ml BPA. According to the t ime 

course from 24 to 72 hr, the medium in the flask was discarded and the 

cells were rinsed once with 40 mM Tris-HCl buffer, pH 7.4, containing 

0.9% NaCl to remove the excess BPA. Then 200 µl of fresh buffer was 

added and the cells were sonicated for 10 to 30 sec with a type 250 

Branson Sonifier (USA). The sonicated cells were centrifuged to divide the 

soluble and unsoluble fract ions. The unsoluble fract ion was disso lved 

using 0.1% Triton X-100. The obtained soluble and unsoluble fract ions 

were used for the quant ificat ion of BPA contents.  Usually in 

neurotoxicological research BPA dose to rats was employed as 0.5 to 5 

mg/kg [25,26]. Then in this study, high exposure of BPA was selected as 

500 ng/ml.  

 

2.5. Cytotoxicity assays 

The cytotoxicity of BPA was evaluated using a cytotoxicity detect ion kit  

based on the detect ion of lactate dehydrogenase (LDH) act ivity released 

from dead cells [27]. The cell-free supernatants of the culture media 

containing 1% FBS after centrifugat ion of the media for the PC12 cells 

treated with 0.001 to 50,000 ng/ml BPA were collected and then transferred 

to mult it iter plates. A substrate mixture containing tetrazolium salts was 

added to the wells, followed by incubat ion for 0.5 hr. The formazan dye 

formed was quant itated by measuring the absorbance at 450 nm.  

 

Western blot analysis using antibodies against signal transduction factors 

Cells were treated with 50 ng/ml NGF for various times after tr eatment 

with BPA in medium containing 1% FBS for 24 hr. The extract ion was 
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performed according to the method of Numata et al. [28]. The sample 

solut ion was heated for 10 min at 100°C and centrifuged for 5 min at 4˚C 

before analysis by western blott ing.  The treated lysate was separated by 

polyacrylamide gel electrophoresis [29], and transferred to nitrocellulose 

membranes with a type-AE6678 semidry blott ing system (ATTO, Japan).  

The membranes were incubated for 1 hr at room temperature in 40 mM 

Tris-HCl buffer, pH 7.4, containing 150mM NaCl and 2% blocking reagent. 

Then they were incubated for 2 hr at room temperature with primary 

ant ibodies in 40 mM Tris-HCl buffer, pH 7.4, containing 150 mM NaCl and 

1% blocking reagent. Following this, the membranes were washed three 

times for 3 min each t ime in TBTS consist ing of 40 mM Tris-HCl buffer,  

pH 7.4, 150 mM NaCl and 0.3% Tween 20, and then incubated at room 

temperature for 1 hr with horseradish peroxidase-conjugated secondary 

ant ibodies (dilut ion; 1:400) or an ant i-biotin ant ibody (1:500) to detect 

biot inylated protein markers in the 1% blocking buffer. The membranes 

were next washed three t imes for 3 min each t ime in TBTS and then 

washed twice for 3 min each t ime in Tris-HCl buffer consist ing of 40 mM 

Tris-HCl, pH 7.4, and 150mM NaCl. Protein bands that responded to 

ant ibodies were detected with an enhanced chemiluminescence system 

using ECL-plus kit (GE Health Care Bioscience, UK). Each experiment  

was repeated at least three t imes.  

 

2.6. Microscopic detection of CREB and phospho-CREB in PC12 cells 

treated with BPA and NGF 

Cells were cultured on sterilized coverslips in 6-well plates and treated 

with 50 ng/ml NGF for various times after treatment with BPA in medium 

containing 1% FBS. The coverslips were washed with 10 mM Tris-HCl 

buffer, pH 7.4, containing 0.01% Tween 20. Nonspecific binding sites were 

blocked with 2% BSA for 30 min at room temperature and reacted with 

ant i-phospho-CREB (1:1,000) in PBS with 0.01% Tween 20 and 2% BSA 
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for 2 hr at room temperature. Aft er washing with the same buffer, the 

coverslips were incubated with the biot in-tagged secondary ant ibody for 2 

hr at room temperature. To visualize the phospho-CREB, 

streptavidin-conjugated FITC (diluted 1:100 in PBS) was used. The 

fluorescent signals of FITC depending on phospho-CREB in the cells were 

observed using a Bio Rad MRC-1024 confocal imaging system (Bio Rad 

Microscience, UK). 

 

2.7. Statistical analysis  

In all figures, each value is expressed as mean SEM. Stat ist ical 

analyses were performed using one-way analysis of variance (ANOVA) 

with the Tukey-Kramer post hoc test . The test was performed only when 

the results of ANOVA were p<0.05.  An InStat for Macintosh (GraphPad 

Software, U.S.A.) was employed for the statist ical analysis.   

 

3. Results 

3.1. E f f ec t s  o f  B PA an d  E 2  on  NG F - ind uc ed  d i f f e re n t ia t io n  o f  P C1 2  

ce l l s  

To exa mine  w he t her  B PA a nd  E 2  a f f ec t ed c e l l  d i f fe r e nt ia t io n ,  

mo r p ho lo g ic a l c ha nge s  o f P C1 2  ce l ls  t r ea t e d  w it h B PA wer e  

r ep r es e nt a t ive ly o bs er ved ,  a s  s ho w n in  F ig .  1A.  I t  i s  we l l  

do cu me nt ed  t ha t  PC 12  ce l ls  d i f fe r e nt i a t e  int o  ne ur o na l  ce l ls  w i t h  

t he  ad d it io n  o f NG F.  I n  g r o wt h me d iu m in  t he  a bs e nce  o f NG F fo r  5  

da ys ,  P C12  ce l l s  a r e  r o u nd  o r  po lygo na l  a nd  t e nd  t o  g r o w in s ma l l  

c lu mp s  ( F ig .  1A-a) .  The c e l ls  a r e  se ns it i ve  t o  NG F.  

Mo r p ho lo g ic a l ly,  t he  f ibe r s  t ha t  ext e n ded  f r o m P C1 2  c e l ls  in  t he  

p r e se nc e  o f N G F fo r  5  d a ys  r e s e mb le d  t ho se  p r o du c ed  by cu l t u r ed  

p r ima r y s ymp at he t ic  neur o ns  [30].  PC 12  c e l ls  br a nc hed  p r o fu se ly,  

had  nu me r o u s  va r ico s it ie s  a nd  fo r me d  fa s c ic le s  ( F ig .  1A-b) .  

Ho we ver,  w he n  1 0  ng / ml B PA w a s  a dd ed  t o  t he  me d iu m co nt a in in g  
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NG F,  P C 12  ce l ls  sc a r c e ly e xh ib i t ed  t he se  mo r p ho lo g ic a l  fe a t u r e s  

( F ig .  1A-c) .  O n t he  o t her  ha nd ,  w he n 1 0  ng / ml E 2  w a s  ad de d  t o  t he  

me d iu m co nt a in ing  N G F,  N G F - ind u ce d  neurite extension in the cells  

wa s  ha r d ly c ha nge d  co mpar ed  w it h t ho se  t r e a t ed  w it h  N G F a lo ne  

( F ig .  1 A-e) .  The same tendency was confirmed in the experiments o f 

neurite outgrowth measurement in the same condit ion (Fig. 1B). Although 

neurite outgrowth in PC12 cells was significant ly increased by addit ion of 

NGF, this increasing was hardly observed by the treatment of BPA. In 

addit ion, there was no effect of E2 on decreasing of neurite outgrowth  like 

as BPA. 

 To  co nf ir m w he t her  E R r e la t es  t o  inh ib it io n o f t he  NG F - ind uc e d  

neur it e  e xt e ns io n,  mo r p ho lo g ic a l c ha nge  w a s  o bse r ve d  in  t he  ce l l s  

t r ea t ed  w it h  17 α- e t hyn y le s t r ad io l ,  a n  ago n is t  o f  E R as  s ho w n in  

F ig .  2 .  P C1 2  c e l ls  d i f fe r e nt ia t e  l i ke  as  ne ur o na l  c e l ls  w it h  

t r ea t me nt  o f NG F ( F ig .  2 A-a) .  Whe n 10  ng / ml B PA w a s  add ed  t o  t he  

me d iu m co nt a in ing  NG F,  PC 12  c e l l s  s ca r ce ly e xh ib it ed  t he s e  

mo r p ho lo g ic a l fe a t u r e s  ( F ig s.  2 A-b and 2B)  a s  s a me  a s  F ig  1 A-c.  

Ho we ver  t he se  mo r p ho lo g ic a l  c ha n ge s  a r e  ind e pe nd e nt  fr o m 

pr e se nc e  o f  17 α- e t hyn y le s t r ad io l  ( F ig s .  2 A-b a nd  2B) .  B a se d  o n  

t he se r e su lt s  BPA wa s  co ns id er e d  t o  inh ib i t  t he  NG F - ind u ce d  

d i f fe r e nt ia t io n in  PC 12  c e l ls .  I n  ad d it i o n,  t he  in h ib i t o r y e f fe c t s  o f  

BPA wer e  sug ge s t ed  no t  to be du e  t o  ho r mo na l  e f fe c t s  me d ia t e d  b y 

E Rs.  

 

3.2. BPA accumulated in the nuclei and cytosol of PC12 cells in cultured 

BPA-treated-medium 

To evaluate the contents of BPA taken into the PC12 cells cultured in 

10% FBS-medium containing 10 or 500 ng/ml BPA, intracellular contents 

of BPA in the PC12 cells were measured using a BPA ELISA kit . As shown 

in Fig.  3A, BPA was detected in the cytosol and nuclei in PC12 cells 
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treated with 10 and 500 ng/ml BPA. In the case of treatment with 500 

ng/ml BPA, BPA contents in cytosol were significant ly higher than those in 

nuclei. As shown in Fig. 3B, the detected BPA contents in nuclei were 

almost constant  during the t ime course. On the other hand, BPA contents in 

cytosol slight ly decreased from 24 to 72 hr. The se results indicated that  

BPA accumulated in the cells, but was thought to be degraded gradually.  

 

3.3. Analysis of cytotoxicity of BPA to PC12 cells  

To examine whether the observed inhibitory effects on cell 

different iat ion (Fig. 1) were caused by cytotoxicity of BPA in the medium 

with a low content of FBS, the cytotoxicity of BPA and E2 to PC12 cells 

was est imated using a non-radioact ive cytotoxicity assay. BPA or E2 in 

concentrations ranging from 1 pg/ml to 50 µg/ml was added to the medium 

for the PC12 cell culture, and the LDH act ivity in the medium was 

measured at 72 hr after the addit ion of BPA or E2. Although LDH act ivity 

in the medium of PC12 cells treated with a high concentration of BPA (>50 

µg/ml) increased significant ly, the act ivity did not change significant ly in 

the medium of PC12 cells treated with 10 pg/ml to 1 µg/ml BPA (Fig. 4A). 

Similar results were obtained in the case of PC12 cells treated with E2 (Fig.  

4B). These results indicated that the inhibition of cell different iat ion was 

not due to the cytotoxicity of less than 1000 ng/ml BPA or E2 . 

 

3.4. BPA inhibits the MAP kinases, but not TrkA in NGF-induced neuronal 

differentiation of PC12 cells  

To confirm where BPA affected the signaling pathway of neuronal 

different iat ion, the effect of BPA on act ivated CREB was invest igated 

using western blotting and immunohistochemistry (Fig. 5). NGF st imulated 

phoshorylat ion of CREB (Fig. 5A). After treatment with BPA, 

phosphorylat ion of CREB in PC12 cells upon NGF-induced different iat ion 

was significant ly decreased in comparison with that in NGF-induced 
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control cells (Figs. 5A and B), although the contents of CREB protein were 

hardly changed by BPA treatment (Figs. 5B and C). Signals of 

phosphorylated CREB in the western blot analysis for PC12 cells cultured 

in the medium containing NGF and/or E2 were almost the same as for 

control cells (data not shown). In histochemical analysis the same tendency 

was observed (Fig. 5D). FITC signals depending on ant i-phospho-CREB 

appeared with addit ion of NGF to PC12 cells (Fig. 5D-c). These signals 

disappeared after treatment with BPA (Fig. 5D-d).  

To observe the phosphorylat ion of the ERK1/2 MAPK in the upstream 

of the CREB signaling pathway in PC12 cells treated with BPA and E2, an 

ant ibody against phosphorylated ERK1/2 was used. The phosphorylat ion of 

ERK1/2 in PC12 cells treated with 10 ng/ml BPA was significant ly 

inhibited (Figs. 6A and C), although the contents of ERK1/2 protein were 

not changed by BPA treatment (Figs. 6B and C). Phosphorylat ion in 

response to NGF is known to reach a maximum 5-10 min after NGF 

treatment [31]. Independent ly of the BPA incubat ion time, the 

phosphorylat ion was significant ly inhibited by the BPA treatment (data not 

shown). These results suggested that the react ion to BPA occurred 

immediately. In contrast  to the Erk subgroup of the MAPK superfamily,  

which is act ivated by mitogens and growth factors, the p38 and JNK 

subgroups of the MAPK family are believed to be st imulated primarily by 

proinflammatory cytokines and cellular stress [32,33]. An examinat ion of 

whether PC12 cell treatment with NGF led to p38 or JNK act ivity in the 

copresence of BPA was carried out.  Signals of the phosphorylat ion of p38 

(Fig. 7A) and JNK (Fig. 7B) did not change as compared with those from 

PC12 cells treated with NGF alone. Nor did BPA affect  NGF-induced 

phosphorylat ion of MEK1/2, which is a MAPK upstream of ERK1/2 (Figs.  

7C and D), or the NGF-induced phosphorylat ion of TrkA, which is a 

receptor for NGF (Fig. 7E). These results suggested that BPA inhibited the 

phosphorylat ion of ERK1/2, which plays a key role in the cell signaling 
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pathway of NGF-induced different iat ion, and did not affect the NGF 

receptor. On the other hand, E2 did not inhibit phosphorylat ion of ERK 1/2 

(data not shown).  

 

4. Discussion 

The present study demonstrated that BPA at a low concentrat ion 

inhibited morphological changes due to cell different iat ion. To study the 

cell different iat ion, an in vitro model system using rat PC12 cells was 

utilized, since PC12 cells treated with NGF have been extensively used as 

model cells for studying the nervous system and neuronal different iat ion  

[34,35]. As shown in Figs. 1 and 2, when BPA was added to the medium 

containing NGF, it  dramatically inhibited neurite extension. The inhibitory 

effect of BPA was considered to be suppressed phosphorylat ion of ERK1/2  

MAPK in the signaling pathway (Fig. 6), which involves protein kinases 

that are important in regulat ing the growth and different iat ion of PC12 

cells [36]. Similar studies of inhibitory or induct ive effects through 

phosphorylat ion of the MAPK signaling pathway have also been 

demonstrated using PC12 cells [34, 37].  For example, the enzymatic 

act ivity of phospholipase C-gamma1 is at least part ially involved in the 

blockage of neuronal different iat ion via abrogation of MAPK act ivat ion in 

PC12 and PLC-γ1 cells [37]. Previously, it  was reported that PC12 cells 

exposed to chronic cocaine treatment had prolonged c-fos expression, 

which was linked to the cells’ inability to develop and maintain 

neurite-like processes [34]. 

Although BPA was present in PC12 cells t reated with it  (Fig. 3), BPA 

itself did not show cytotoxicity to the cells (Fig. 4). Thus it was supposed 

that BPA-inhibited different iat ion in PC12 cells treated with NGF was 

independent of its cytotoxicity.  

There are three dist inct MAPK cascades; ERK1/2 MAPK, p38/MAPK, 

and c-Jun kinases (JNK/MAPK), also called stress-act ivated protein 
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kinases [38]. It is known that binding of NGF to its receptor tyrosine 

kinase (TrkA) act ivates the Ras/Raf/MEK/Erk/RSK/CREB pathway, which 

is also called the Erk1/2 MAPK pathway. JNK/MAPK and p38/MAPK are 

believed to be st imulated primarily by proinflammatory cytokine s and 

cellular stress [32,33,39]. However, certain growth factors have also been 

reported to activate the JNK/MAPK and p38/MAPK pathways. In addit ion, 

it  has been demonstrated that exposure of PC12 cells to NGF induces the 

p38/MAPK pathway, which then leads to CREB [18,40], although it is 

revitalized by oxidat ive stress [32]. JNK act ivity was not significant ly 

enhanced by NGF treatment, although it was strongly st imulated by UV 

irradiat ion. On the basis of those results, BPA inhibit ion of neuronal 

different iat ion was considered to depend on some changes in the NGF 

signaling pathway.  

In this case, two possibilit ies were considered: one was that BPA 

suppressed protein kinase expression, and the other was that BPA inhibited 

phosphorylat ion of the protein kinases. As shown in Fig. 6, the ERK1/2 

protein contents detected by western blot analysis were hardly changed by 

BPA and NGF treatment. Second, in this study the act ivated states of those 

ERK1/2 kinases were invest igated using ant ibodies against  

phosphokinases.  

 It  was noted that the phosphorylat ion of ERK1/2 was  markedly 

inhibited by BPA as compared with that from PC12 cells treated with NGF 

alone (Fig. 6). Phosphorylated CREB was decreased by BPA treatment (Fig.  

5), whereas phosphorylated p38 and JNK were hardly changed by exposure 

to BPA (Fig. 7). After NGF-induced different iat ion of PC12 cells treated 

with BPA, phosphorylat ion of TrkA and MEK1/2 was not changed as 

compared with NGF treatment  alone (Figs. 7C-E).  

As BPA is known to be an endocrine disrupter, whether E2 inhibited 

phosphorylat ion of ERK1/2 MAPK was invest igated. The phosphorylat ion 

of ERK1/2 in PC12 cells treated with NGF and E2 was hardly changed 
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(data not shown). The difference between BPA and E2 concerning the 

inhibitory effects on the NGF-induced different iat ion in PC12 cells was 

thought not to depend on the estrogenic action mediated by ERs (Fig. 2).  

Recent ly, - and -subunits of ERs were confirmed to be expressed in 

PC12 cells [41,42]. The act ivity of ß-subunits as ERs is not as strong as 

that of α -subunits. From this viewpoint, it  is difficult to consider that the 

effect of BPA found in this study was mediated by ERs.  This idea is in 

good agreement with a recent report of Lee et al. [17], who described an 

estrogen receptor-independent neurotoxic mechanism of BPA, because t he 

cell vulnerability to BPA was not significant ly different in PC12 cells 

overexpressing the - and -subunits of the estrogen receptor compared 

with PC12 cells expressing a vector alone. 

On the other hand, many researchers have reported  that BPA affects the 

development, funct ion and morphology of the brain. For example,  

MacLusky et al. [13] have reported that BPA, even at doses below the safe 

daily limit for human exposure, impairs the synaptogenic response to E2 in 

the hippocampus of the overiectomised rat , and that a low dose of BPA 

prevents the synaptogenic response to testosterone in the adult  rat brain 

[15]. In addit ion, prenatal exposure to BPA leads to a reduction of 

dopamine content in the mouse brain [16]. Ogiue-Ikeda et al. [43] also 

proposed that even a nanomolar dosage of endocrine disruptors such as 

BPA could induce significant effects on memory processes on the basis of 

their invest igat ion of the hippocampus. The BPA inhibited the growth of 

neurite (Figs. 1 and 2). Our study showed that this inhibit ion was caused 

by inhibit ion of phosphorylat ion of ERK1/2 (Fig. 6). However it does not 

direct ly explain the dysfunct ion of brain caused by BPA because our 

experiment was done with in vitro system. Further invest igat ion will be 

needed to clarify the relat ionship between BPA and brain funct ion.  

 

5. Conclusion 
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The present study revealed the mechanism of the inhibitory effects of 

BPA on neuronal different iat ion induced by NGF in PC12 cells. BPA 

suppressed neurite outgrowth, and phosphorylat ion of ERK1/2  MAPK but  

not phosphorylat ion of the JNK/MAPK and p38/MAPK pathways under 

NGF-induced different iat ion of PC12 cells. Further invest igat ion will be 

needed to clarify whether a low dose of BPA affects cell different iat ion in 

the neonatal period.  

 

Conflict of interest statement 

The authors declare that there are no conflicts of interest.  

 

Acknowledgments 

The author also wishes to thank Ms. Tomoe Sato for her technical 

assistance. This research was supported by Grants-in-Aid from the Japan 

Society for the Promotion of Science (No. 20310017 for Kurasaki and No. 

18590548 for Hosokawa).  

 



 17 

References 

[1] A.M. Soto, C. Sonnenschein, K.L. Chungm, M.F. Fernandez, N. Olea,  

F.O. Serrano, The E-SCREEN assay as a tool to ident ify estrogens: an 

update on estrogenic environmental pollutants. E nviron. Health 

Perspect. 103 Suppl. 7, (1995) 113-122. 

[2] M.G. Ter Veld, E. Zawadzka, J.H. van den Berg, P.T. van der Saag, I.M. 

Riet jens, A.J. Murk, Food-associated estrogenic compounds induce 

estrogen receptor-mediated luciferase gene expression in transgenic 

male mice. Chem. Biol. Interact. 30 (2008) 126-133. 

[3] M.S. Golub, K.L. Wu, F.L. Kaufman, L.H. Li, F. Moran-Messen, L. 

Zeise, G.V. Alexeeff, J.M. Donald, Bisphenol A: developmental toxicity 

from early prenatal exposure.  Birth Defects Res. B. Dev. Reprod. 

Toxicol. 89 (2010) 441-466. 

[4] M. Mariscal-Arcas, A. Rivas, A. Granada, C. Monteagudo, M.A. 

Murcia, F. Olea-Serrano, Dietary exposure assessment of pregnant 

women to bisphenol-A from cans and microwave containers in 

Southern Spain. Food Chem. Toxicol.  47 (2009) 506-510. 

[5] H.H. Le, E.M. Carlson, J.P. Chua, S.M. Belcher, Bisphenol A is 

released from polycarbonate drinking bottles and mimics the 

neurotoxic act ions of estrogen in developing cerebellar neurons.  

Toxicol. Lett. 176 (2008) 149-156. 

[6] K. Miyamoto, M. Kotake, Estimat ion of daily bisphenol a intake o f 

Japanese individuals with emphasis on uncertainty and variability.  

Environ. Sci.  13 (2006) 15-29. 

[7] J. Ashby, Increasing the sensit ivity of the rodent uterotrophic assay to 

estrogens, with part icular reference to bisphenol A. Environ. Health 

Perspect. 109 (2001) 1091-1094. 

[8] A.A. Nunez, K. Kannan, J.P. Giesy, J. Fang, L.G. Clemens, Effects of 

bisphenol A on energy balance and accumulat ion in brown adipose 

tissue in rats. Chemosphere 42, (2001) 917-922, 2001. 



 18 

[9] Y.J. Lee, H.Y. Ryu, H.K. Kim, C.S. Min, J.H. Lee, E.  Kim, B.H. Nam, 

J.H. Park, J.Y. Jung, D.D. Jang, E.Y. Park, K.H. Lee, J.Y. Ma, H.S. 

Won, M.W. Im, J.H. Leem, Y.C. Hong, H.S. Yoon, Maternal and fetal 

exposure to bisphenol A in Korea. Reprod. Toxicol. 25 (2008) 413-419. 

[10] K. Kubo, O. Arai, R. Ogata, M. Omura, T. Hori, S. Aou, Exposure to 

bisphenol A during the fetal and suckling periods disrupts sexual 

different iat ion of the locus coeruleus and of behavior in the rat. 

Neurosci. Lett. 304 (2001) 73-76. 

[11] M. Durando, L. Kass, J. Piva, C. Sonnenschein, A.M. Soto, E.H. 

Lugue, M. Muñoz-de-Toro, Prenatal bisphenol A exposure induces 

preneoplast ic lesions in the mammary gland in Wistar Rats. Environ.  

Health Perspect. 115 (2007) 80-86. 

[12] W. Dekant, W. Volkel, Human exposure to bisphenol A by 

biomonitoring: Methods, results and assessment of environmental 

exposures. Toxicol. Appl. Pharmacol. 228, 114− 134, 2008. 

[13] N.J. MacLusky, T. Hajszan, C. Leranth, The environmental estrogen 

bisphenol A inhibits estradiol-induced hippocampal synaptogenesis.  

Environ, Health Perspect, 113 (2005) 675-679. 

[14] P. Palanza, L. Gioiosa, F.S. vom Saal, S. Parmigiani, Effects of 

developmental exposure to bisphenol A on brain and behavior in mice. 

Environ, Res, 108 (2008) 150-157. 

[15] C. Leranth, T. Hajszan, K. Sziget i-Buck, J. Bober, N.J. MacLusky,  

Bisphenol A prevents the synaptogenic response to estradiol in 

hippocampus and prefrontal cortex of ovariectomized nonhuman 

primates. Proc. Natl. Acad. Sci. USA 105 (2008) 14187-14191. 

[16] T. Yoneda, T. Hiroi, M. Osada, A. Asada, Y. Funae, Non-genomic 

modulat ion of dopamine release by bisphenol-A in PC12 cells. J.  

Neurochem. 87 (2003) 1499-1508. 

[17] Y.M. Lee, M.J. Seong, J.W. Lee, Y.K. Lee, T.M. Kim, S.Y. Nam, D.J.  

Kim, Y.W. Yun, T.S. Kim, S.Y. Han, J.T. Hong, Estrogen receptor 



 19 

independent neurotoxic mechanism of bisphenol A, an environmenta l 

estrogen. J. Vet. Sci. 8 (2007) 27-38. 

[18] J. Xing, J.M. Kornhauser, Z. Xia, E.A. Thiele, M.E. Greenberg, Nerve 

growth factor activates extracellular signal-regulated kinase and p38 

mitogen-act ivated protein kinase pathways to stimulate CREB serine 

133 phosphorylat ion. Mol. Cell. Biol. 18 (1998) 1946-1955. 

[19] V. Sgambato, C. Pages, M. Rogard, M.J. Besson, J. Caboche, 

Extracellular signal-regulated kinase (ERK) controls immediate early 

gene induct ion on corticostriatal st imulat ion. J . Neurosci. 18 (1998) 

8814-8825. 

[20] H.C. Cheng, H.M. Shih, Y. Chern, Essent ial role of cAMP-response 

element-binding protein act ivat ion by A2A adenosine receptors in 

rescuing the nerve growth factor-induced neurite outgrowth impaired 

by blockage of the MAPK cascade. J.  Biol. Chem.  277 (2002)  

33930-33942. 

[21] L.W. Kutcher, S.R. Beauman, E.I. Gruenstein, M.A. Kaetzel , J.R. 

Dedman, Nuclear CaMKII inhibits neuronal different iat ion of PC12 

cells without affect ing MAPK or CREB act ivat ion. Am. J. Physiol. Cell 

Physiol. 284 (2003) C1334-1345. 

[22] P.W. Gunning, P.C. Letourneau, G.E. Landreth, E.M. Shooter, The 

act ion of nerve growth factor and dibutyryl adenosine cyclic 

3':5'-monophosphate on rat pheochromocytoma reveals dist inct stages 

in the mechanisms underlying neurite outgrowth.  J. Neurosci. 1 (1981) 

1085-1095. 

[23] N.C. Maragou, A. Makri, E.N. Lampi, N.S. Thomaidis , M.A. 

Koupparis, Migrat ion of bisphenol A from polycarbonate baby bottles 

under real use condit ions. Food Addit . Contam. 25 (2008) 373-383. 

[24] Y.J. Jeng, M. Kochukov, C.S. Watson, Combinat ions of physiologic 

estrogens with xenoestrogens alter calcium and kinase responses,  

prolact in release, and membrane estrogen receptor trafficking in rat 



 20 

pituitary cells. Environ. Health 9 (2010) 61.  

[25] A.A. Li, M.J. Baum, L.J. McIntosh, M. Day, F. Liu, L.E. Gray Jr.,  

Building a scient ific framework for studying hormonal effects on 

behavior and on the development of the sexually dimorphic nervous 

system. NeuroToxcol.  29 (2008) 504-519. 

[26] L. Monje, J. Varayoud, M. Mu˜noz-de-Toro, E.H. Luque, J.G. Ramos, 

Exposure of neonatal female rats to bisphenol A disrupts hypothalamic 

LHRH pre-mRNA processing and estrogen receptor alpha expression in 

nuclei controlling estrous cyclicity. Reprod. Toxicol. 30 (2010) 

625-634. 

[27] M. Aoki, M. Kurasaki, T. Saito, S. Seki, T. Hosokawa, Y. Takahashi, H. 

Fujita, T. Iwakuma, Nonylphenol enhances apoptosis induced by serum 

deprivat ion in PC12 cells. Life Sci. 74 (2004) 2301-2312. 

[28] T. Numata, T. Saito, K. Maekawa, Y. Takahashi, H. Saitoh, T. 

Hosokawa, H. Fujita, M. Kurasaki, Bcl-2-linked apoptosis due to 

increase in NO synthase in brain of SAMP10. Biochem. Biophys. Res.  

Commun. 297 (2002) 517-522. 

[29] U.K. Laemmli, Cleavage of structural proteins during the assembly of 

the head of bacteriophage T4. Nature 227 (1970) 680-685. 

[30] R.E. Mains, P.H. Patterson, Primary cultures of dissociated 

sympathet ic neurons. I. Establishment of long-term growth in culture 

and studies of different iated properties.  J . Cell Biol. 59 (1973) 

329-345. 

[31] A. Tani, M. Noda, Y. Ichimori, Development of EIA systems for 

act ive-form MAP kinase. J. Immunol. Methods 238 (2000) 87-97. 

[32] L. Zhang, R.S. Jope, Oxidat ive stress different ially modulates 

phosphorylat ion of ERK, p38 and CREB induced by NGF or EGF in 

PC12 cells. Neurobiol. Aging 20 (1999) 271-278. 

[33] K. Takeda, T. Hatai, T.S. Hamazaki, H. Nishitoh, M. Saitoh, H. Ichijo,  

Apoptosis signal-regulat ing kinase 1 (ASK1) induces neuronal 



 21 

different iat ion and survival of PC12 cells.  J . Biol. Chem. 275 (2000) 

9805-9813. 

[34] D.A. Zachor, J.F. Moore, C. Brezausek, A. Theibert, A.K. Percy, 

Cocaine inhibits NGF-induced PC12 cells different iat ion through 

D(1)-type dopamine receptors. Brain Res, 869 (2000) 85-97. 

[35] C. Bau, P.J. Middlemiss, S. Hindley, S. Jiang, R. Ciccarelli, F.  

Caciagli, P. Diiorio, E.S. Werst iuk, M.P. Rathbone, Guanosine 

st imulates neurite outgrowth in PC12 cells via act ivat ion of heme 

oxygenase and cyclic GMP. Purinergic Signal 1 (2005) 161-172. 

[36] L.J. Klesse, K.A. Meyers, C.J. Marshall, L.F. Parada, Nerve growth 

factor induces survival and different iation through two dist inct 

signaling cascades in PC12 cells. Oncogene 18 (1999) 2055-2068.  

[37] X. Nguyen Tle, J.Y. Ahn, Lipase inact ive mutant of PLC-gamma1 

regulates NGF-induced neurite outgrowth via enzymatic act ivity and 

regulat ion of cell cycle regulatory proteins . J. Biochem. Mol. Bio l. 40 

(2007) 888-894. 

[38] Y.Z. Liu, N.S. Thomas, D.S. Latchman, CBP associates with the 

p42/p44 MAPK enzymes and is phosphorylated following NGF 

treatment. Neuroreport 10 (1999) 1239-1243. 

[39] T. Cindrova-Davies, O. Spasic-Boskovic, E. Jauniaux, D.S. 

Charnock-Jones, G.J. Burton, Nuclear factor-kappa B, p38, and 

stress-act ivated protein kinase mitogen-act ivated protein kinase 

signaling pathways regulate proinflammatory cytokines and apoptosis 

in human placental explants in response to oxidat ive stress: effects of 

ant ioxidant vitamins.  Am. J. Pathol. 170 (2007) 1511-1520. 

[40] T. Morooka, E. Nishida, Requirement of p38 mitogen-act ivated 

protein kinase for neuronal different iat ion in PC12 cells. J . Biol. Chem. 

273 (1998) 24285-24288. 

[41] N.J. MacLusky, R. Chalmers-Redman, G. Kay, W. Ju, I.S. Nethrapalli,  

W.G. Tatton, Ovarian steroids reduce apoptosis induced by trophic 



 22 

insufficiency in nerve growth factor-different iated PC12 cells and 

axotomized rat facial motoneurons. Neurosci. 118 (2003) 741–754. 

[42] C.S. Watson, R.A. Alyea, B.E. Hawkins, M.L. Thomas. K.A.  

Cunningham, A.A. Jakubas, Estradiol effects on the dopamine 

transporter-protein levels, subcellular location, and funct ion.  J. Mol.  

Signal. 5 (2006) 1-5. 

[43] M. Ogiue-Ikeda, N. Tanabe, H. Mukai, Y. Hojo, G. Murakami, T. 

Tsurugizawa, N. Takata, T. Kimoto , S. Kawato, Rapid modulat ion of 

synapt ic plast icity by estrogens as well as endocrine disrupters in 

hippocampal neurons. Brain Res. Rev. 57 (2008) 363-375. 



 23 

Figure legends 

Fig. 1. Morphology of PC12 cells treated with BPA or E2  under the neurite 

extension condit ion (A). PC12 cells treated with ethanol (a) and 50 ng/ml 

NGF alone (b) were used as negat ive and posit ive controls, respect ively.  

PC12 cells were treated with 50 ng/ml NGF for 5 days after treatment with 

10 (c) or 500 (d) ng/ml BPA and 10 (e) ng/ml E2. The bar represents 20 µm. 

In B, neurite outgrowth in five independent experiments in panel A are 

measured using neurite outgrowth assay plus kit using ant i-tubulin 

ant ibody. Mean intensit ies for neurite outgrowth indicate with SEM (n=5),  

* denotes p<0.01. 

 

Fig. 2. Morphology of PC12 cells treated with BPA or E2  inhibitor under 

the neurite extension condit ion (A). PC12 cells treated with 100 ng/ml 

NGF alone (a) were used as negat ive and posit ive controls, respect ively.  

PC12 cells were treated with 100 ng/ml NGF for 5 days after treatment  

with 10 ng/ml BPA (b), and 10 ng/ml BPA and 100 ng/ml 

17α-ethynylestradiol (c) The bar represents 20 µm. In B, neurite outgrowth 

in four independent experiments in panel A are measured using neurite 

outgrowth assay plus kit using ant i-tubulin ant ibody.  Mean intensit ies for 

neurite indicate with SEM (n=4). Significant difference (p<0.01) is 

observed between A and B, and A and C.  

 

Fig. 3. Accumulated amounts of BPA in the PC12 cells after treatment with 

BPA. After preincubat ion in 10% FBS-containing medium for 24 hr, cells 

exposed to 10 and 500 ng/ml BPA were cultured for 24 hr (A) and cells 

exposed to 500 ng/ml BPA were cultured for 24 to 72 hr (B). Results from 

three separate experiments are expressed as mean±S.E.M. (*: p<0.05, 

n=3) 

 

Fig. 4. Cytotoxic effects of BPA and E2 on PC12 cells grown in medium 
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containing 1% FBS (A and B). The cytotoxic effects were evaluated by 

measuring the LDH released from the cytosol of dead cell s. A, cells 

exposed to 10
-3

 to 5x10
4
 ng/ml BPA and B, cells exposed to 10

-3
 to 5x10

4
 

ng/ml E2. The degree of cytotoxicity is presented as the percentage of 

LDH act ivity relat ive to the nontreated control. Results from three separate 

experiments are expressed as mean±S.E.M. (*: p<0.05, n=3) 

 

Fig. 5. Effects of BPA on the NGF-induced phosphorylat ion of CREB. 

PC12 cells were serum-starved (1%) for 2 hr and then treated with NGF 

(50 ng/ml) for 10 min after treatment with BPA (10 ng/ml)  for 24 hr. Cells 

treated with only NGF were used as a positive control.  Total lysates were 

immunoblotted with ant ibodies specific for phosphorylated CREB (A), or 

the phosphorylat ion-independent state of the corresponding CREB (B), as 

indicated on the right. Posit ions of the protein size markers are indicated  

on the left . Data from three independent experiments in panels A and B are 

shown in the graph (C). Mean intensit ies for phosphorylated CREB 

indicate with SEM (n=3), * denotes p<0.05. In D, FITC signals depending 

on ant i-phospho-CREB in PC12 cells are shown.  PC12 cells were 

serum-starved for 2 hr (a), and then treated with 10 ng/ml BPA (b), PC12 

cells treated with NGF (50 ng/ml) for 10 min (c), PC12 cells treated with 

NGF (50 ng/ml) for 10 min after  treatment with 10 ng/ml BPA for 24 hr 

(d). 

 

Fig. 6. Effects of BPA and E2 on phospho-ERK1/2 MAPK in the repeated 

NGF-induced neurite extension of PC12 cells. PC12 cells were 

serum-starved (1%) for 2 h and then treated wit h NGF (50 ng/ml) for 0 to 

60 min after treatment with 10 ng/ml BPA (A and B). Cells treated with 

NGF and without BPA were used as a positive control.  Total lysates were 

immunoblotted with ant ibodies specific for the phosphorylated ERK1/2 (A),  

and the phosphorylat ion-independent state of the corresponding ERK1/2 
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(B). Data from three to five independent experiments in panels A and B are 

shown in the graph (C). Mean intensit ies of staining of western blot  

analysis for phosphorylated ERK1/2 and ERK1/2 indicate with SEM 

(n=3-5). Significant differences (p<0.05) were observed between a and b.  

In the photographs, posit ions of the protein size markers are indicated  on 

the left . 

 

Fig. 7. Effects of BPA on the phosphorylat ion of MAP kinase subgroups.  

PC12 cells were serum-starved (1%) for 2 h and then treated with NGF (50 

ng/ml) for 10 min for detect ion of p38 (A), and 5 to 15 min for detect ion 

of JNK (B) after preincubat ion with BPA (10 ng/ml) for 24 hr, and then 

treated with NGF (50 ng/ml) for 10 to 30 min for detec t ion of MEK (C),  

and 5 to 60 min for detect ion of Trk (E) after pre-incubat ion with BPA (10 

ng/ml) for 24 hr. Cells treated with NGF only were used as a posit ive 

control. Total lysates were immunoblotted with ant ibodies specific for 

phosphorylated p38, JNK, MEK and Trk (upper photographs) or the 

phosphorylat ion-independent states of the corresponding proteins, p38, 

JNK, MEK and Trk (lower photographs) as indicated on the right. 

Posit ions of the protein size markers are indicated  on the left . In panel D, 

on the basis of data from three independent  experiments presented in panel 

C, intensity p-MEK/MEK is shown. Mean of relat ive intensit ies in the 

western blot analysis indicate with SEM (n=3).  
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