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ABSTRACT: Bisphenol A (BPA), used in the manufacture of products based on polycarbonate plastics and
epoxy resins, is well known as an endocrine-disrupting monomer. In the current study, BPA increased cyto-
toxicity in hBMSCs in a dose- and time-dependent manner, concomitantly with increased lipid peroxidation.
Increased cell death in BPA-treated cells was markedly blocked by pretreatment with the superoxide dis-
mutase mimetic MnTBAP and MnTMPyP, but not by catalase, glutathione, the glutathione peroxidase
mimetic ebselen, the NOS inhibitor NAME, or the xanthine oxidase inhibitor allopurinol. Furthermore, the
decline in nuclear B-catenin and cyclin D1 levels in hBMSCs exposed to BPA was reversed by MnTBAP
treatment. Finally, treatment of hBMSCs with the GSK3 inhibitor LiCl, increased nuclear 3-catenin levels
and significantly attenuated cytotoxicity compared with BPA treatment. Our current results in hBMSCs
exposed to BPA suggest that BPA causes a disturbance in B-catenin signaling via a superoxide anion over-
load. © 2016 The Authors Environmental Toxicology Published by Wiley Periodicals, Inc. Environ Toxicol 32: 344-352, 2017.
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INTRODUCTION

Reactive oxygen species (ROS), which include superoxide
anions (O, ), hydrogen peroxide (H,0,), and hydroxyl radicals
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(HO ), are physiologically generated during aerobic oxygen
metabolism. These species are detoxified by the cellular anti-
oxidant defense system, which includes superoxide dismutase
(SOD), catalase, glutathione, and nicotinamide adenine dinu-
cleotide phosphate (NADPH). Oxidative stress caused by an
imbalance in the intracellular redox state leads to cellular dam-
age that includes the oxidation of proteins, unsaturated lipids,
and nucleic acid bases, thereby promoting cell death in eukary-
otic cells (Sies, 1993; Perry et al., 2001; Barnham et al., 2004).
Several chemicals and environmental contaminants cause
cytotoxicity by oxidative stress, which can result from excess
ROS or a reduced cellular ability to neutralize these species
(Ho et al., 1998; Aydogan et al., 2008; Hassan et al., 2012).
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Bisphenol A [BPA; 2,2-bis-(4-hydroxyphenol)-propane] is
a common monomer used in a variety of consumer products
worldwide. It has been reported to be an environmental con-
taminant that leaches out from polycarbonate plastic products,
such as beverage containers, food packaging, and dental seal-
ant (Yamamoto and Yasuhara, 1999; Calafat et al., 2008).
Because of the prevalent usage of these kinds of manufactur-
ing products based on polycarbonate plastics and epoxy res-
ins, people are easily exposed to BPA. BPA acts as an
endocrine disrupter that competitively binds to estrogen,
androgen, and thyroid receptors, thereby blocking their physi-
ological action and triggering diverse disorders connected
with abnormalities of chromosomes and reproductive systems
(Sohoni and Sumpter, 1998; Moriyama et al., 2002; Lahn-
steiner et al., 2005; Bonefeld-Jorgensen et al., 2007; Richter
et al., 2007; Wetherill et al., 2007; Schug et al., 2011).

Adult cross-sectional studies have shown a highly posi-
tive correlation between total urinary BPA levels and oxida-
tive stress. The higher the total urinary BPA concentration,
the higher the levels of the oxidative stress markers malon-
dialdehyde (MDA) and 8-hydroxydeoxyguanosine, suggest-
ing that BPA exposure is closely linked to oxidative stress in
humans, and that persistent BPA exposure may cause serious
health problems (Hong et al., 2009; Yang et al., 2009; Yi
et al.,, 2011). Moreover, several lines of evidence suggest
that BPA-induced cytotoxicity modulated by oxidative stress
occurs in both cell culture and in animals. Increased oxida-
tive insults in various tissues have been observed in response
to various doses and durations of BPA exposure through an
unregulated balance of pro-oxidants/antioxidants in cultured
cells and rodents (Tyl et al., 2002; Kabuto et al., 2003; Oh
and Lim, 2008; Hassan et al., 2012).

The Wnt pathway is well established to play a crucial
role in normal organogenesis during embryonic develop-
ment, and to contribute to cellular processes in several
systems, including cell survival, cell proliferation, and
cell fate specification (Bakre et al., 2007). Recently, some
studies in diverse cell types demonstrated that Wnt/
B-catenin signaling mediated by ROS turns off the cell
survival program and promotes cell death via an altered
[B-catenin behavior under sustained oxidative stress condi-
tions (Essers et al., 2005; Lin et al., 2008; Kawamoto
et al., 2012).

Bone mesenchymal stem cells (BMSCs) are multipo-
tent and, under appropriate environmental cues, can dif-
ferentiate into diverse lineages of mesenchymal origin,
including osteogenic, chondrogenic, myogenic, and adipo-
genic lineages (pittenger et al., 1999; Jacobs et al., 2013).
For this reason, maintaining the cellular integrity of
BMSCs is very important for tissue repair and regenera-
tion in the body.

Although studies on the deleterious actions of BPA have
been extensively performed in various cells, such as game-
tes, neuronal cells, and hepatocytes, BPA-induced cell death
of BMSCs remains to be determined. For this reason, we

investigated BPA-induced cytotoxicity focusing on oxidative
stress and [3-catenin signaling in hBMSCs.

MATERIALS AND METHODS

Materials

BPA, catalase, ebselen, LiCl,, allopurinol, and glutathione-
ethyl ester, and MnTMPyP were purchased from Sigma (St
Louis, MO); MnTBAP was purchased from Biomol (Butler
Pike, PA); L-NAME was purchased from Tocris (Ellisville,
MO); and cell culture ingredients were obtained from Gibco
BRL (Gaithersburg, MD).

hBMSC Isolation and Culture

hBMSCs were isolated from human bone marrow aspirated
during hip joint arthroplasties after informed consent was
obtained in accordance with the Asan Medical Center Inter-
nal Review Board policy (Seoul, Korea). Briefly, human
bone marrow was collected with a heparin-coated syringe
from patients undergoing hip replacement surgery by aspira-
tion from the proximal femur while the bone marrow was
prepared for the insertion of the femoral implant. Bone mar-
row was separated into cell fractions by mixing with Ficoll-
Hypaque solution (Lymphoprep; Axis-Shield PoC AS, Oslo,
Norway) and centrifuging at 2000 rpm for 30 min at room
temperature. Using a sterile Pasteur pipette, the leukocyte
bands from the tubes were recovered and pooled into a new
conical tube. The cells were diluted with alpha Minimum
Essential Medium (a-MEM) and pelleted by centrifugation
at 1500 rpm for 10 min at 4°C. The pellet was washed and
resuspended in a-MEM supplemented with 10 pg/mL peni-
cillin, 10 pg/mL streptomycin, 0.2 pg/mL amphotericin B,
and 10% fetal bovine serum (Invitrogen, Grand Island, NY).
The cells were seeded onto a 100-mm culture dish and
placed in a humidified 37°C, 5% CO, incubator. After 3—4
days, nonadherent cells were removed and the cell layer was
washed two to three times with Hank’s Balanced Salt Solu-
tion. The culture media was renewed every 3 days. After the
cells reached confluence, they were subcultured to the next
passage using Trypsin-EDTA (Invitrogen).

Cell Death Assay

Cell death was assessed by measuring lactate dehydrogenase
(LDH) released into the culture medium using a LDH assay
kit (Roche Diagnostics Corporation, Indianapolis, IN) accord-
ing to the manufacturer’s instructions. Culture medium was
collected 18 h after drug treatment. Complete cell death was
accomplished by treating cells with 2 mM H,0O, for 18 h. The
results were normalized such that sham-treated cultures and
those showing complete cell death were counted as O and
100%, respectively.
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MDA Determination

MDA levels were measured in cell lysates using the Bioxytech
MDA 586 kit (Oxis Research, Portland, OR) in accordance
with the manufacturer’s instructions. MDA data were normal-
ized to sample protein concentrations.

Preparation of Nuclear Fraction

Nuclear proteins were prepared using a Subcellular Proteome
Extraction Kit (Calbiochem, Darmstadt, Germany). In brief,
cells were lysed in 1 mL of Extraction Buffer I (20 mM
HEPES [pH 7.9], 20 mM KCl, and 30% sucrose) and 5 pL
of Protease Inhibitor Cocktail (0.5 mM PMSF, 100 pg/mL
aprotinin, 5 pg/mL leupeptin, and 5 pg/mL pepstatin; Calbio-
chem), and then centrifuged at 3000 rpm for 10 min. The pel-
lets obtained were agitated with 1 mL of Extraction Buffer II
(20 mM HEPES [pH 7.9], 20 mM KClI, 30% sucrose, and
0.5% NP-40) and 5 pL of Protease Inhibitor Cocktail for 30
min. After centrifugation at 7000 rpm for 10 min, the pellets
were agitated with 0.5 mL of Extraction Buffer III (20 mM
HEPES [pH 7.9], 100 mM NaCl, 20% glycerol, and 1 mM
DTT), 1.5 pL of benzonase (350 U), and 5 pL of Protease
Inhibitor Cocktail. The final nuclear supernatant was obtained
by centrifugation at 9000 rpm for 10 min.

Western Blot Analysis

Protein samples (50 pg) were electrophoretically separated
on 10% polyacrylamide gels, transferred to nitrocellulose
membranes (Amersham Bioscience, Buckinghamshire, UK),
and incubated overnight with primary antibody in a blocking
buffer at 4°C. The next day, the membranes were washed in
a washing buffer and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature.
The optical density of each band was measured using the
SCION program (NIH Image Engineering, Bethesda, MD).
Anti-B-catenin, anti-cyclin D1, and anti-B-actin antibodies
were obtained from Cell Signaling Tech (Danvers, MA).

Statistical Analyses

All experiments were performed a minimum of three times
independently. Data are expressed as mean = standard devia-
tion (SD). Statistical comparisons of results from multiple
groups were analyzed using one-way analysis of variance,
followed by an S-N-K (Student-Newman-Keuls) test for post
hoc analysis. A value of p < 0.05 was considered statistically
significant.

RESULTS

BPA Induces Cytotoxicity in hBMSCs in a
Time- and Dose-Dependent Manner

To elucidate the time- and dose-dependent cytotoxic effect
of BPA on hBMSCs, we measured the cell death of
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Fig. 1. BPA induces cytotoxicity in hBMSCs in a time- and
dose-dependent manner. A: The dose-dependent effect of
BPA on cytotoxicity in hBMSCs. B: The time-dependent
effect of BPA on cytotoxicity in hBMSCs. Data are pre-
sented as the means * SD. **denote differences at p < 0.01.

hBMSCs by quantifying extracellular LDH levels. First, we
verified that BPA treatment for 18 h at concentrations rang-
ing from 0 to 500 uM accelerated cytotoxicity in hBMSCs
in a dose-dependent manner; 250 uM BPA produced about
50% cell death (52.15*3.15%) and 500 uM BPA was
100% cytotoxic in hBMSCs [Fig. 1(A)]. Next, to prove the
time-dependent cytotoxicity of BPA in hBMSCs, we treated
hBMSCs with 250 uM BPA for 0-18 h, finding that 250 uM
BPA for 6 or more hours (63.13 £ 1.54% to 98.14 £ 1.20%)
aggravated cell death in hBMSCs [Fig. 1(B)]. Based on
these results showing a time- and dose-dependent effect of
BPA, we used a cytotoxic experiment paradigm whereby
hBMSC:s cultures were treated with 250 uM BPA for 18 h,
unless otherwise indicated.

BPA Induces Cytotoxicity in hBMSCs
via Superoxide Anion Generation

To identify the relationship between BPA-induced cytotox-
icity in hBMSCs and oxidative stress, we measured the cel-
lular levels of MDA, an oxidative stress marker. MDA was
at negligible levels in hBMSCs treated with 100 pM BPA,
but profoundly increased in hBMSCs treated with 250 pM
BPA for 18 h [Fig. 2(A)]. Given the BPA-induced increase
in MDA levels in hBMSCs, we investigated the ROS type
and ROS-producing factor involved in BPA-induced cytotox-
icity. BPA-induced cytotoxicity was suppressed to about
20% (21.79£535% to 19.37£8.80%) in hBMSCs



BPA-TOXICITY VIA SUPEROXIDE ANION OVERLOAD AND A DEFICIT IN p-CATENIN SIGNALING 347

30
o5
20
15 -
10 -

MDA (ng/ug proteln)

BPA (uM)

120 -

5 -
. — - ,
0 100

100 -
80 -
60
40 -

Cytotoxlcity (%)

20 -

0 -
0 100 300 30

1

1 5 1 3 50 100

CAT (Unit)
BPA (250 uM) + + + +

c .

MnTBAP (uM) Ebselen (uM)

GSH (mM) NAME (mM)

+ + + + + +

120 - -

100 -

Cytotoxlclty (%)

40 -
20 -

0 0.3 1 5

10 30 100

Allopurinol (mM)
BPA (250 pM) * + + *

DPI (mM)

MnTMPyP (uM)

+ + +

Fig. 2. BPA induces cytotoxicity in hBMSCs via superoxide anion generation. A: Quantitative analysis of cellular MDA levels.
B: Photomicrographs showing the suppressive effects of antioxidant mimetics on cytotoxicity in hBMSCs. C: Photomicro-
graphs showing the suppressive effects of MNTMPYP, Allopurinol, and DPI on cytotoxicity in hBMSCs. Data are presented as

the means = SD. **denote differences at p < 0.01.

preincubated for 2 h with the SOD mimetic MnTBAP (30-50
uM), but not with catalase (100-300 Units; 92.35 £ 4.71%),
the glutathione peroxidase mimetic ebselen (1-5 pM;
87.70 = 5.65%), glutathione (1-3 mM), or the NOS inhibitor
NAME (50-100 mM; 96.37 = 6.50% to 98.20 = 8.62%) [Fig.
2(B)]. In addition, BPA toxicity was significantly reduced by
pretreatment with a cell-permeable SOD mimetic MnTMPyP
or the NADPH oxidase inhibitor diphenyleneiodonium (DPI),
but not xanthine oxidase inhibitor, Allopurinol (0.3—1 mM,;
98.80 £ 8.83% to 97.97 £9.37%); BPA cytotoxicity was
reduced to about 20% in hBMSCs preincubated for 2 h with
MnTMPyP (30-100 pM), and also between 65 and 80%
(66.42 £ 6.26% to 82.45 £ 8.04%) in hBMSCs preincubated

for 2 h with DPI (5-10 uM) [Fig. 2(C)]. These findings
suggest that BPA-induced cytotoxicity in hBMSCs occurs
through superoxide anion generation.

BPA Reduces the Accumulation of
Nuclear p-Catenin and Expression of the
p-Catenin/LEF Pathway-Dependent Target
Gene Cyclin D1 Through Increased
Superoxide Anion Levels

Because [3-catenin has recently been linked to oxidative
stress and BPA caused oxidative stress-mediated cytotoxic-
ity of hBMSCs in this study, we measured (3-catenin levels

Environmental Toxicology DOI 10.1002/tox
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Fig. 3. BPA reduces the accumulation of nuclear B-catenin and expression of the B-catenin/LEF pathway-dependent target
gene cyclin D1 through increased superoxide anion. A: Western blotting for nuclear p-catenin and cyclin D1 in BPA-treated
hBMSCs. (a-left): Photomicrographs showing nuclear B-catenin and cyclin D1 immunoreactivity. (b-right): Quantitative analy-
sis of western blots (normalized to B-actin). B: Western blotting for nuclear B-catenin following pretreatment with MnTBAP in
BPA-treated hBMSCs. (a-left): Photomicrographs showing nuclear B-catenin immunoreactivity. (b-right): Quantitative analysis
of western blots (normalized to B-actin). Data are presented as the means = SD (n =8 animals). **denote differences at

p < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]

in nuclear fractions of hBMSCs treated with 250 uM BPA
for 6 h. We found that treatment of hBMSCs for 6 h with
100-250 uM BPA decreased nuclear 3-catenin levels in a
dose-dependent manner; 100 or 250 pM BPA reduced
nuclear -catenin levels to 0.75 fold (0.747 = 0.05 fold) or
0.65 fold (0.64 £0.10 fold) compared with basal levels,
respectively [Fig. 3(A)]. Furthermore, the expression levels
of cyclin D1, which is transcriptionally regulated by the 3-
catenin/LEF complex, were markedly reduced by 250 uM
BPA for 2-6 h in a time-dependent manner; cyclin D1 pro-
tein expression completely disappeared after 2 h in response
to 250 uM BPA [Fig. 3(A)]. These results suggest that the
transcriptional activity of the B-catenin/LEF complex is dis-
rupted by BPA exposure in hBMSCs. In addition, reduced
nuclear B-catenin levels in hBMSCs exposed to 250 pM

Environmental Toxicology DOI 10.1002/tox

BPA was conversely increased following a 2-h pretreatment
with 30 uM MnTBAP [Fig. 3(B)], indicating that reduced
nuclear (-catenin accumulation was regulated by BPA-
provoked superoxide anion.

The BPA-Induced Deficit in g-Catenin
Signaling and Cytotoxicity Are Blocked by
GSK3p Inhibitor in hBMSCs

We wondered whether BPA-induced cytotoxicity of
hBMSCs was directly suppressed by the transcriptional acti-
vation of B-catenin signaling. To verify that the reduction in
nuclear B-catenin accumulation was restored by GSK3[(3
inhibitor in hBMSCs exposed to BPA, we preincubated
hBMSCs with 0—5 mM LiCl, for 1 h, and then treated the
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Fig. 4. BPA-induced deficits in B-catenin signaling and cytotoxicity are alleviated by GSK3 inhibitor in hBMSCs. A: Western
blotting for nuclear B-catenin by pretreatment with LiCl, in BPA-treated hBMSCs. (a) Photomicrographs showing nuclear -
catenin immunoreactivity. (b) Quantitative analysis of western blots (normalized to B-actin). B: Photomicrographs showing the
suppressive effects of LiCl, on cytotoxicity in hBMSCs. C: Photomicrographs showing the suppressive effects of LiCl, and
MnTBAP on cytotoxicity in hBMSCs. Data are presented as the means = SD. * and ** denote differences at p <0.05 and
p < 0.01, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

cells with 250 pM BPA. Nuclear (-catenin levels in
hBMSCs treated with 250 uM BPA increased to 1.5-2.5
fold (1.62 = 0.15 fold to 2.57 = 0.39 fold) in response to
1-5 mM of LiCl, compared with the levels seen with 0 mM
LiCl, [Fig. 4(A)]. To investigate the mitigative effect of
GSK3@ inhibitor on BPA-induced cytotoxicity of hBMSCs,
we preincubated hBMSCs with 0-5 mM LiCl, for 1 h,
followed by 250 uM BPA for 18 h. The cytotoxicity of
hBMSCs treated with 250 pM BPA was significantly
suppressed to 55% (55.32 = 6.25%) by pretreatment with

1-5 mM LiCl, [Fig. 4(B)]. These results suggest that BPA-
induced cytotoxicity is at least partly relieved by B-catenin
transcriptional activation modulated by GSK3[3 inhibition.
Given that BPA-induced cytotoxicity of hBMSCs was
not completely blocked by MnTBAP or LiCl, pretreatment
alone, we pretreated the cells with both of these factors for
2 h before treatment with 250 uM BPA. Interestingly, the
cytotoxicity in hBMSCs exposed to BPA was almost
completely blocked by co-pretreatment with both MnTBAP
(30 uM) and LiCl, (1-5 mM) [Fig. 4(C)]. In particular,

Environmental Toxicology DOI 10.1002/tox
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co-pretreatment with both 30 uM MnTBAP and 5 mM LiCl,
showed more significant inhibition of cell death than 30 pM
MnTBAP alone. This result suggests that BPA-induced cyto-
toxicity in hBMSCs is blocked by both superoxide anion
clearance and 3-catenin signaling activation more synergisti-
cally than by either alone.

DISCUSSION

Several endocrine-disrupting chemicals such as BPA are
known to perturb intrinsic hormone regulation, which causes
damage to body organs. BPA, which is leached out from
plastic products based on polycarbonate plastics and epoxy
resins, has shown cytotoxic effects in various cells (Ooe
et al., 2005; Crain et al., 2007; Hassan et al., 2012). Here,
we first measured the cytotoxicity of hBMSCs treated with
BPA in a time- and dose-dependent manner. Cell death was
increased in hBMSCs exposed to 0 to 500 pM BPA for 18 h
in a dose-dependent fashion, and was progressively aggra-
vated in cells treated with 500 uM BPA for 6 h or more (Fig.
1). This result suggests the possibility of BPA cytotoxicity in
hBMSCs.

Much evidence has indicated that cellular damage is
closely linked to oxidative stress in BPA-exposed cells or
tissues. BPA has been shown to induce oxidative stress by
reducing antioxidant capacity in various tissues, including
the epididymal sperm, liver, kidney, and testes of rodents
(Chitra et al., 2003; Kabuto et al., 2003). Increased thiobar-
bituric acid levels and decreased SOD activity in conjunction
with a DNA insult were found in BPA-treated male germ
cells (Wu et al., 2013). In addition, a decline in the expres-
sion levels and activity of diverse antioxidant enzymes,
including SOD, catalase, glutathione peroxidase, and gluta-
thione reductase, was seen in rat liver following oral admin-
istration of BPA (Hassan et al., 2012).

As mentioned above, BPA can induce oxidative stress-
mediated cytotoxicity in various cell types, but the defective
balance of the intracellular redox state by BPA is differen-
tially modulated in a cell type-specific manner. For this rea-
son, we investigated whether BPA treatment of hBMSCs
caused oxidative stress, and which type of ROS and ROS-
releasing factor was participating. The dose-dependent
increase in the levels of MDA, the oxidative stress marker,
was consistently observed in hBMSCs exposed to BPA (Fig.
2). We found that BPA toxicity in hBMSCs was markedly
alleviated by pretreatment with the SOD mimetic MnTBAP
and MnTMPyP, but not by catalase, the glutathione peroxi-
dase mimetic ebselen, the thiol compound glutathione, and
the NOS inhibitor NAME (Fig. 2). This result indicates that
increased superoxide anion (O, ) production, rather than
hydrogen peroxide (H,0,), nitric oxide (NO), and a depleted
thiol group of cysteine, predominantly causes oxidative
stress-induced cytotoxicity in hBMSCs exposed to BPA,
consistent with previous studies that showed that BPA toxic-
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ity was modulated by oxidative stress through decreased
expression and enzymatic activity of SOD (Hassan et al.,
2012; Wu et al., 2013). The superoxide anion can be detri-
mentally generated from some oxidases, such as NADPH
oxidase and xanthine oxidase, as well as mitochondria (Mul-
ler et al., 2007). Increased BPA toxicity of hBMSCs was
found to be alleviated by pretreatment with DPI in a dose-
dependent manner, but not by the xanthine oxidase inhibitor
allopurinol; 10 pM of DPI treatment significantly decreased
BPA toxicity, although 5 uM of DPI nonsignificantly
decreased the toxic effect. Ooe et al. (2005) demonstrated
that BPA causes intracellular ROS accumulation through
damaged mitochondrial complex I function by dysregulated
mitochondrial DJ-1 in Neuro2a and GC1 cells. Moreover,
superoxide anion and proton (H') are generated via the
transfer of electrons from NADPH to molecular oxygen by
the NADPH oxidase complex, and this enzyme participates
in the overproduction of superoxide anion as part of a wide-
spread oxidative stress-related pathology, such as those of
cardiovascular and neurodegenerative diseases (Bedard and
Krause, 2007; Farrow et al., 2013). The above-mentioned
studies and our results, at least in part, provide the evidence
for an underlying mechanism for BPA toxicity in hBMSCs,
in which the deleterious generation of superoxide anion in
hBMSCs exposed to BPA is derived from the mitochondrial
electron transfer chain (most notably from complex I and
IIT) and a membrane-bound NADPH oxidase complex.

A growing body of recent evidence has suggested that
Wnt/B-catenin signaling is modulated by ROS and that oxi-
dative stress alters the association of (-catenin with its
nuclear partners, which include LEF, forkhead box transcrip-
tion factors (FoxOs), hypoxia-inducible factor (HIF-1), and
p53, and then decides cell fate, such as cell survival or apo-
ptosis, depending on the type, intensity, and duration of the
oxidative stress (Lin et al., 2008; Ladelfa et al., 2011; Tao
et al., 2013). To explain the relationship between BPA toxic-
ity in hBMSCs and the Wnt/3-catenin pathway, we meas-
ured the accumulation of nuclear [(3-catenin and its
transcriptional target gene. Nuclear levels of [3-catenin and
cyclin D1, a transcriptional target gene of the Wnt/p3-cate-
nin/LEF pathway, were significantly reduced in a dose- and
time-dependent manner in hBMSCs treated with BPA [Fig.
3(A)]. In contrast, pretreatment of hBMSCs exposed to BPA
with MnTBAP, a scavenging superoxide anion, increased
nuclear -catenin accumulation compared with BPA treat-
ment [Fig. 3(B)], suggesting a deficit in [3-catenin signaling
modulated by superoxide anion in BPA-treated hBMSCs.
Lin et al. (2008) have reported that high glucose administra-
tion increased superoxide anion production and apoptosis by
enhancing GSK33 activity and suppressing WntSa/[3-catenin
signaling in mesangial cells (Lin et al., 2008). Activation of
Wnt/B-catenin signaling protected against hepatocyte apo-
ptosis by inhibiting the oxidative stress-mediated proapop-
totic function of FoxO3 (Tao et al., 2013). Several studies
suggested that oxidative stress facilitates a p53-dependent
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apoptotic program via negative regulation of the survival
functions of FoxO and HIF (An et al., 1998; Chen et al.,
2003; Hoogeboom and Burgering, 2009). The results of pre-
viously published articles are consistent with and support
this notion, namely that BPA causes a deficit in (3-catenin
signaling regulated by the deleterious accumulation of super-
oxide anion in hBMSCs exposed to BPA. This process pro-
motes cell death, although the type of partner associated
with 3-catenin by BPA exposure is unknown.

Finally, our investigation of whether BPA-induced cyto-
toxicity in hBMSCs is directly suppressed by activating
[3-catenin signaling allowed us to verify that this cytotoxicity
is ameliorated by GSK3p inhibitor in BPA-treated hBMSCs.
Inhibition of GSK3f increased nuclear (3-catenin levels and
reduced BPA cytotoxicity to 55%, which, however, was not
nearly as much as MnTBAP pretreatment [Fig. 4(A,B)].
However, the protective effect of both suppressing GSK
activity and scavenging superoxide anion was greater than
that of either alone [Fig. 4(C)]. This shows that BPA toxicity
is synergistically mitigated via both neutralizing superoxide
anion and activating [3-catenin signaling in hBMSCs.

Taken together, BPA triggers a deficit in (3-catenin sig-
naling caused by intracellular superoxide anion (O, ) over-
load, thereby promoting cell death in hBMSCs. Due to the
therapeutic potential for tissue repair and regeneration,
understanding BPA-toxicity in hBMSCs is very important.
Accordingly, our results may provide a basis for elucidating
the underlying mechanism for BPA toxicity in hBMSCs and
aid strategies targeting BPA-induced damage of hBMSCs.
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