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Abstract

Bisphenol A (BPA) is a well-known endocrine disruptor and it is widely used mainly in
the plastics industry. Due to recent reports on its possible impact on health (particu-
larly on the male reproductive system), bisphenol F (BPF) and bisphenol S (BPS) are
now being used as alternatives. In this study, RWPE-1 cells were used as a model to
compare cytotoxicity, oxidative stress-causing potential and genotoxicity of these
chemicals. In addition, the effects of the bisphenol derivatives were assessed on DNA
repair proteins. RWPE-1 cells were incubated with BPA, BPF, and BPS at concentra-
tions of 0-600 pM for 24 h. The inhibitory concentration 20 (IC5o, concentration that
causes 20% of cell viability loss) values for BPA, BPF, and BPS were 45, 65, and
108 pM, respectively. These results indicated that cytotoxicity potentials were ranked
as BPA > BPF > BPS. We also found alterations in superoxide dismutase, glutathione
peroxidase and glutathione reductase activities, and glutathione and total antioxidant
capacity in all bisphenol-exposed groups. In the standard and modified Comet assay,
BPS produced significantly higher levels of DNA damage vs the control. DNA repair
proteins (OGG1, Ape-1, and MyH) involved in the base excision repair pathway, as
well as p53 protein levels were down-regulated in all of the bisphenol-exposed
groups. We found that the BPA alternatives were also cytotoxic and genotoxic, and
changed the expressions of DNA repair enzymes. Therefore, further studies are
needed to assess whether they can be used safely as alternatives to BPA or not.
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chemicals globally (Hanioka, Jinno, Tanaka-Kagawa, Nishimura, &
Ando, 2000).

Bisphenol A (2, 2-Bis-(4-hydroxyphenyl)-propane; BPA) is a phenolic
compound that is widely used in industrial, commercial and consumer
applications to manufacture polycarbonate plastics and epoxy resins
(Staples, Dorn, Klecka, O'Block, & Harris, 1998). Since 2013, ~15 bil-
lion pounds of BPA is used annually in the field of plastics, such as in
food packaging, dental sealants, adhesives, and plastic beverage con-
tainers. This makes BPA one of the most abundantly produced

BPA is a well-known endocrine disrupting chemical. This
bisphenol derivative is structurally similar to diethylstilbestrol (DES)
and has estrogenic properties. BPA has the ability to bind and activate
estrogen receptor (ER) subtypes (i.e., ERa, ERB and particularly ERy)
(Teng et al., 2013). It has also been suggested to disturb the normal
functioning of ER receptors, although it has lower affinity for nuclear
ERs than estradiol (Rehan et al., 2015). Due to abundant exposure,
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the general population has higher circulating concentrations of BPA
when compared to estradiol. BPA can also disrupt androgenic
signaling pathways, which play important roles in male sex organ
al., 2015;
Sidorkiewicz, Zareba, Wotczynski, & Czerniecki, 2017; Teng et al.,
2013).

BPA has become a major concern throughout the world due to

development and reproductive functions (Rehan et

its possible harmful effects on human health. Many studies have
suggested that BPA is associated with many molecular events and
pathological conditions, including: altered expression of certain
genes (Ashby, Tinwell, & Haseman, 1999; Cagen et al, 1999;
Chitra, Rao, & Mathur, 2003; Richter et al., 2007; Timms et al.,
2005), changes in the synthesis of many steroidogenic enzymes
(including testosterone and estrogen) (Akingbemi, Sottas, Koulova,
Klinefelter, & Hardy, 2004), accelerated/increased mammary gland
and prostate development (Prins & Ho, 2010), disrupted estrous
cycling and delayed estrous cycles (Ema et al., 2001; Kato, Ota,
Furuhashi, Ohta, & lguchi, 2003; Nikaido et al., 2004;Ryan & Van-
denbergh, 2006; Tyl et al.,, 2008), alterations in postnatal growth
(Rezg, El-Fazaa, Gharbi, & Mornagui, 2014; Rochester, 2013; Ryan
& Vandenbergh, 2006), early onset of puberty (Ryan & Van-
denbergh, 2006; Tyl et al., 2008), reproductive disorders in both
sexes (Rezg et al, 2014; Rochester, 2013; Vandenberg et al,
2012; Vandenberg, Maffini, Sonnenschein, Rubin, & Soto, 2009),
and cancer (particularly breast cancer) (Wetherill et al., 2007). Due
to such effects, alternatives to BPA are now widely used. The most
commonly used alternative bisphenol derivatives are bisphenol F
(BPF) and bisphenol S (BPS). BPF provides thickness and durability
for epoxy resins and coatings, and is used in industrial floors and
roads. This compound is also present in lacquers, varnishes, liners,
adhesives, dental sealants, and food packaging (Environmental
Health Hazard Assessment, 2012). BPS is mostly used as a wash
fastening agent in cleaning products, as an electroplating solvent,
and it is a constituent of phenolic resins (Clark, 2000). The Euro-
pean Chemicals Agency (ECHA) has reported that the amount of
BPS being manufactured is 1000-10 000 million metric tons annu-
ally (ECHA, 2018). However, their toxic effects have not been
widely studied (Rochester & Bolden, 2015).

The prostate gland is a hormone-dependent reproductive organ,
and androgens and estrogens play a key role in prostate growth,
function, homeostasis, and disease (Hsing & Chokkalingam, 2006;
Siegel, Miller, & Jemal, 2015, 2016). Prostate diseases are prevalent in
different populations. Advancing age, race/ethnicity, socio-economic
status and family history are strongly linked to their development.
Prostate cancer is the most common cancer amongst men in Western
countries and it has been suggested to be the second leading cause of
cancer-related deaths in the USA, just after lung and bronchus carci-
noma (Siegel et al., 2016). During the development of the prostate,
inappropriate estrogenic substances, such as bisphenol analogues (par-
ticularly BPA), can cause the reprogramming of the gland. This repro-
gramming can lead to an increase in gland size, alter the gene
expression, and predispose the individual to an increased risk of pros-
tate cancer (Prins & Ho, 2010).

Oxidative stress is the imbalance between cellular antioxidants
and oxidants, in the favor of oxidants. During oxidative stress, alter-
ations in the activities and levels of certain antioxidant enzymes, as
well as antioxidants, may occur in order to protect the cell from the
cellular insult (Halliwell, 1996). Moreover, alterations in apoptosis and
cell cycle-related proteins [e.g., tumor protein 53 (Tp53, p53)] and
DNA repair enzymes [8-oxoguanine glycosylase (OGG1), DNA
polymerase B (PolB), and apurinic/apyrimidinic (AP) endonuclease 1
(Ape-1)] may also be found after high levels of reactive oxygen species
(ROS). OGG1 is the primary enzyme responsible for the excision of
8-oxoguanine (8-oxoG), a mutagenic base byproduct that occurs from
exposure to ROS (Nishioka et al., 1999). PolB performs base excision
(BER)
recombination, and drug resistance (Prasad, Horton, Liu, & Wilson,
2017). MutY Homolog (MyH) protein is involved in oxidative DNA

damage repair and is part of the BER pathway. The enzyme excises

repair required for DNA maintenance, replication,

adenine bases from the DNA backbone at sites where adenine is inap-
8-0x0-7,8-
dihydroguanine (8-oxodG), a common form of oxidative DNA damage
(Oka, Leon, Tsuchimoto, Sakumi, & Nakabeppu, 2015). Ape-1 is an
enzyme that is involved in the DNA BER pathway. Its main role in the

propriately paired with guanine, cytosine, or

repair of damaged or mismatched nucleotides in DNA is to create a
nick in the phosphodiester backbone of the AP site created when
DNA glycosylase removes the damaged base (Marenstein, Wilson, &
Teebor, 2004).

Authorities and scientists should only suggest alternative com-
pounds after the toxicological profile of this chemical is established.
Unfortunately, some alternative compounds have replaced many toxic
analogues on the market, without proper toxicological evaluation. This
may lead to inevitable human exposure to such chemicals and contam-
inate the environment, without knowing the future outcomes. Consid-
ering the toxicity potentials of BPF and BPS and their high presence in
biological samples and the environment, the present study aimed to
compare the cytotoxic, genotoxic and oxidative stress-causing poten-
tials of these chemicals to BPA in RWPE-1 cells. Moreover, the effects
of bisphenol derivatives were assessed on DNA repair proteins, partic-
ularly responsible for the BER pathway.

2 | MATERIALS AND METHODS

21 | Chemicals

BPA (>99% pure), BPF (98% pure), BPS (98% pure), keratinocyte
serum-free medium (K-SFM), fetal bovine serum (FBS), Dulbecco's
phosphate-buffered saline (DPBS), agarose, low-melting-point agarose,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), protease inhibitor cocktail, all cell culture
materials and all Comet assay chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Bovine pituitary extract (BPE), human
(recombinant) epidermal growth factor (EGF) was purchased from
Gibco® (Waltham, MA, USA). Primers for p53, OGG1, PolB, MyH,
Ape-1 and glyceraldehyde-3-phosphate dehydrogenase (GADPH)
were obtained from Eurogentec SARL (Angers, France).
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22 | Kits

Colorimetric assay kits for glutathione peroxidase (GPx) and glutathi-
one reductase (GR), and superoxide dismutase (SOD) were obtained
from Cayman Chemical (Ann Harbor, MI, USA). Commercial kits for
the measurement of total glutathione (GSH) and total antioxidant
capacity (TAOC) levels were also from Cayman Chemical. The Gen-
Elute™ Mammalian Total Ribonucleic acid (RNA) Miniprep Kit was
from Sigma-Aldrich. SuperScript Il Reverse Transcriptase kit was from
Invitrogen (Carlsbad, CA, USA). Bio-Rad Mix [for real-time polymerase
chain reaction (PCR)] was from Bio-Rad (Hercules, CA, USA).

23 | Primers

Gene specific oligonucleotide primers used for real-time quantitative
PCR; p53: GCT-TTC-CAC-GAC-GGT-GAC (forward), GCT-CGA-CGC-
TAG-GAT-CTG-AC (reverse); OGG1l: TGG-AAG-AAC-AGG-GCG-
GGC-TA (Forward), ATG-GAC-ATC-CAC-GGG-CAC-AG (reverse);
PolB: GAG-AAG-AAC-GTG-AGC-CAA-GC (forward), CGT-ATC-ATC-
CTG-CCG-AAT-CT (reverse); MyH: CCA-GAG-AGT-GGA-GCA-GGA-
AC (forward),TTT-CTG-GGG-AAG-TTG-ACC-AC (reverse); Ape-1:
GCT-GCC-TGG-ACT-CTC-TCA-TC (forward), GCT-GTT-ACC-AGC-
ACA-AAC-GA (reverse); GAPDH: CCA-CTC-AAA-GTC-AGC-ACA-
GCG (forward), TGG-TCC-TGG-GGT-TCC-AC (reverse).

2.4 | Cell culture and bisphenol treatment

The RWPE-1 cell line was established in 1997 from a histologically
normal prostate, which is a human papilloma virus 18 (HPV18) immor-
talized, non-tumorigenic prostatic cell line (Bello, Webber, Kleinman,
Wartinger, & Rhim, 1997). The cells were a generous gift from Dr
Xavier Gidrol (Interdisciplinary Research Institute of Grenoble [IRIG],
Biomics Lab, Commissariat & I'Energie Atomique et aux Energies Alter-
natives [CEA], Grenoble, France) and maintained in K-SFM sup-
plemented with BPE (25 mg/mL), EGF (2.5 pg/mL) and
penicillin/streptomycin (1%). The RWPE-1 cells were grown in flasks
and after reaching 80% confluency, cells were trypsinized, washed
with sterile PBS, and centrifuged at 1500 g for 5 min and later
subcultivated.

2.5 | Preparation of bisphenol analogues

Stock solutions of BPA, BPF and BPS (all 100 mM) were prepared in
DMSO (1%). Fresh stock solutions were prepared before each individ-
ual experiment and fresh dilutions were prepared by using culture
medium to achieve final concentrations at 0, 50, 100, 200, 300, and
600 pM.
2.6 | Determination of cell viability

Cell viability was determined by a modified MTT assay (Cory, Owen,
Barltrop, & Cory, 1991), and trypan blue exclusion. A total of

AppliedToxicology—WILEY

20 000 cells/well were plated onto 96-well microtiter plates in 200 pL
medium with or without BPA, BPF or BPS. After incubation for 24 h at
37 °C in a humidified incubator, the medium was removed and the
cells were washed with PBS, and incubated for 2 h by adding 20 pL
MTT (5 mg/mL in PBS) to each well. The medium was removed 2 h
later; formazan crystals were dissolved in 200 uL DMSO and cell via-
bility was determined by reading the absorbance at 570 nm using a
Multiskan Ascent microtiter plate reader (Labsystems, Paris, France).
Cell viability was calculated from the mean absorbance values of three
replicates. The control cells were accepted to have 100% cell viability.
The viability of cells was determined by comparing relative formazan
concentrations (OD570-0OD690) of the treated cells with those of the
untreated control cells. The results were expressed as the mean per-
centage of cell viability vs the control group. Inhibitory concentration
50 (ICsp, concentration that causes 50% of cell viability loss) and inhib-
itory concentration 20 (IC5, concentration that causes 20% of cell via-
bility loss) were later calculated for each bisphenol derivative. ICyq
doses instead of ICso doses were used in order to reflect daily expo-
sures to these chemicals, as we are not exposed to very high amounts
of these chemicals in everyday life. The IC,q values for each bisphenol
derivative were used in the subsequent assays (enzymatic and non-
enzymatic antioxidants, Comet assay and quantitative real-time PCR).
The experiments were repeated four times. The mean of all the experi-
ments were calculated.

2.7 | Enzymatic and non-enzymatic antioxidants
After 24 h incubation with bisphenol derivatives, the cells in each
group were scrape-harvested in cold PBS on ice and centrifuged. Cells
were lysed using radioimmunoprecipitation assay (RIPA) buffer with a
protease inhibitor cocktail, and then centrifuged at 2000 g and 4 °C
for 10 min. After further centrifugation at 20 000 g and 4 °C for
20 min, antioxidant enzyme activities, total GSH and TAOC levels
were measured in the supernatant.

The activity of cytosolic GPx (GPx1) was measured in a coupled
reaction with GR, as described earlier (Flohé & Guinzler, 1984), using a
commercial kit. The assay is based on the instant and continuous
reduction of oxidized glutathione (glutathione disulfide [GSSG])
formed during GPx reaction by an excess of GR activity providing for a
constant level of GSH. As a substrate, tert-Butyl hydroperoxide was
used and concomitant oxidation of nicotinamide adenine dinucleotide
phosphate (NADPH) was monitored spectrophotometrically at
340 nm. One unit of enzyme was defined as the amount of GPx that
transformed 1 pmol NADPH to NADP per minute at 37 °C. GPx
actvitiy was expressed as U/mg protein.

GR activity was assessed based on the reduction of GSSG to
reduced glutathione GSH. Samples were added to a mixture of
100 mM phosphate buffer, pH 7.5, and 1 mM GSSG. The reaction was
started by the addition of 0.1 mM NADPH. The oxidation rate of
NADPH was followed at 340 nm for 5 min. Controls were performed
to correct for nonspecific NADPH oxidation. One milliunit of GR
was calculated as the quantity of enzyme that reduced 1 mM GSSG
per minute, a reaction that induced the oxidation of 1 mM NADPH.
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GR activity was expressed as mU/mg protein (Goldberg & Spooner,
1983).

The total SOD activity was measured by colorimetric assay using
a commercial kit. Xantine oxidase produces superoxide ion, while con-
verting xanthine and water to uric acid and hydrogen peroxide (H,O,).
This kit uses the water-soluble tetrazolium salt that produces a water-
soluble formazan dye upon reduction with a superoxide anion. The
reduction rate of superoxide was linearly associated with xantine oxi-
dase activity and was inhibited by SOD. The 50% inhibition activity of
SOD (ICs0) was determined by this colorimetric method. As the absor-
bance at 440 nm was proportional to the amount of superoxide anion,
the inhibition of SOD activity was quantified by measuring the
decrease in color development at 440 nm. The SOD activity was
expressed as U/mg protein (Sun et al., 1988).

Total GSH measurement was performed using a total GSH assay
kit, based on an enzymatic recycling method. The sulfhydryl group of
GSH reacts with 5,5'-dithiobis-2-nitrobenzoic acid and produces a yel-
low 5-thio-2-nitrobenzoic acid (TNB). The disulfide GS-TNB that is
simultaneously produced is reduced by glutathione reductase to
produce GSH and TNB. The TNB level is directly proportional to the
GSH concentration in the sample. Measurement of the absorbance at
405 nm indicates the GSH level in the sample and the results were
expressed as nmol/mg protein (Akerboom & Sies, 1981).

To measure the TAOC levels, an assay relying on the
ability of antioxidants in the sample to inhibit the oxidation of 2,2'-
(ABTS) ABTS+ by
metmyoglobin was used. The amounts of ABTS+ produced were mon-

azino-di-(3-ethylbenzthiazoline  sulfonate)
itored by reading the absorbance at 405 nm. The capacity of the anti-
oxidants in the sample to prevent ABTS+ oxidation was compared
with that of Trolox and was quantified in mM Trolox equivalents
(Miller et al., 1993).

28 |
assay)

Alkaline single-gel electrophoresis (Comet

After 24 h incubation with bisphenol derivatives, the RWPE-1 cells
were collected. The alkaline Comet assay was carried out according to
the method of Singh, McCoy, Tice, and Schneider (1988) with some
modifications. For the modified alkaline Comet assay, the formamido
pyrimidine glycosylase (Fpg) protein, which detects 8-OH guanine and
other oxidatively damaged purines, was used to assess oxidative DNA
base damage.

A thin layer of agarose gel was prepared by applying 1% nor-
mal melting agarose in 100 mL Ca?*- and Mg?*-free PBS; 100 pL
agarose was loaded onto the Comet slide and allowed to solidify
overnight. 100 pL of cell suspension (200 000 cells/mL) was mixed
with 900 pL 0.6% low-melting agarose and maintained at 37 °C
before the sample (1000 uL) was coated onto the slide and cov-
ered with a coverslip. The slides were placed on ice for 210 min,
to allow the gel to solidify. After removal of the coverslips, all the
slides were immersed in cold lysis solution (2.5 M NaCl, 10 mM
Tris, 0.1 M ethylenediamine tetra-acetic acid [EDTA]) at room tem-
perature for 1 h.

In the modified Comet assay, slides were rinsed three-times with
0.4 M Tris-HCI and for each condition three slides were incubated
with or without 100 puL Fpg solution (5 U/slide) for 45 min at 37 °C.
After the lysis procedure, the slides were placed on ice to stop the
enzymatic reaction. The coverslips were removed and the slides were
transferred to the electrophoresis tank and kept covered with an elec-
trophoresis buffer (0.3 M NaOH, 1 mM EDTA) for 30 min. Electropho-
resis was performed in the dark, at 25 V/300 mA for 30 min. The
slides were then washed by immersion three-times for 5 min in 0.4 M
Tris-HCI (pH 7.5) and stained with 50 pL ethidium bromide (20 pg/mL)
in PBS. The nuclei were stained by using 50 pL of 20 pg/mL ethidium
bromide. Slides were stored at 4 °C in a humidified airtight container
to prevent drying.

The slides were analyzed using an epifluorescence microscope
(Leitz Laborlux Leica, Wetzlar, Germany; Aexcitation: 493 NM; Aemission:
620 nm) and image analysis was performed using Komet 4.0 software
(Kinetic Imaging-Andor Bioimaging, Nottingham, UK). The tail intensity
(%, the percentage of DNA migrated from the head of the comet into
the tail) values were used to estimate DNA damage (Singh et al,
1988). For each treatment, the average tail intensity (%) was deter-
mined from the analysis of 450 comets. Experiments were performed
in triplicate and mean + SD results were used to express DNA
damage.
29 | AQuantitative real-time PCR
Total RNA was isolated after RWPE-1 cells were treated for 24 h with
IC50 doses of the different bisphenol analogues, using the GenElute™
Mammalian Total RNA Miniprep Kit.

The RNA quality was estimated using electrophoretic separation
on a high-resolution agarose gel (look for sharp ethidium bromide-sta-
ined ribosomal RNA bands). The purity and concentration of isolated
RNA were quantified spectrophotometrically (As¢o/Azgo > 1.8 and
Ase0/Az30 > 2.0) by using NanoDrop 1000 instrument (Thermo Fisher
Scientific Inc., Waltham, MA, USA). RNA was quantified using Asso
values.

Total RNA (2 pg) was used for first-strand complementary DNA
(cDNA) synthesis using a SuperScript Il Reverse Transcriptase kit
according to the manufacturer's instructions. Each cDNA template
(5 pL) was used in the PCR reactions with gene-specific primers, p53,
OGG1, PolB, Ape-1 and MyH. The GAPDH gene was used as an
endogenous control. Real-time PCR was performed using a CFX96
Real-Time PCR System (Bio-Rad) using Bio-Rad Mix according to the
protocol supplied by the kit's manufacturer.

210 | Statistical analysis

Statistical analysis was performed using GraphPad Prism® (version
8.0, GraphPad Software, San Diego, CA, USA). All data were presented
as the mean * the standard error of the mean (SEM). Differences were
considered to be statistically significant when the P value was <0.05.
The pairwise comparisons were made using parametric or non-para-
metric tests based upon the Normality tests’ results.
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3 | RESULTS TABLE 1 Inhibitory concentration 50 (ICsp) and 20 (ICy0) for the
bisphenol analogues
3.1 | Cell viability IC20, pM ICs0,uM
BPA 45 113.74
In Figure 1, the cell viability data produced by MTT assay for the BPA, BPE 65 249
BPF and BPS-treated RWPE-1 cells are presented. The cytotoxic
BPS 108 380.90

effect of BPA, BPF and BPS on the viability of RWPE-1 cells was
dose-dependent. When comparing the cytotoxicity effects of each
chemical, it was clear that BPA was more toxic than BPF, and BPF was
more toxic than BPS on RWPE-1 cells. BPA had the highest cytotoxic
effect with an ICsq dose of 113.74 uM, while BPF had an ICs, dose of
249 pM. BPS was less toxic than BPA and BPF, with an ICsq dose of
380.90 pM. The ICyq values for BPA, BPF and BPS were 45, 65 and
108 uM, respectively (Table 1). Therefore, the cytotoxicity order of
these chemicals was BPA > BPF > BPS.

3.2 | Enzymatic and non-enzymatic antioxidants

The activities of enzymatic antioxidants and levels of non-enzymatic
antioxidants after RWPE-1 cells were exposed to different bisphenol
analogues are given in Figure 2.

GPx1 activities of BPA (29%, P < 0.01), BPF (41%, P < 0.0001)
and BPS (11%, P < 0.05) exposed cells were significantly less com-
pared to the control. GR activities in the BPA (4.5-fold) and BPS
(6.7-fold) groups were higher vs the control (P < 0.001, and
P < 0.0001, respectively). Although the activity in the BPF group
(59%) was also higher vs the control, the difference between the
groups was not statistically significant (P > 0.05). SOD activity in
all the bisphenol-applied groups was lower vs the control. The
SOD activity in the BPA group was 24% lower, while in BPF group
the reduction was 59% (both P < 0.05 vs the control). The SOD
activity in the BPS group was reduced by only 3% and this was
statistically non-significant.

The total GSH levels were higher in the BPA (30%), BPF (73%)
and BPS (65%) groups vs the control (P < 0.05). This is most probably
due to the immediate response to a toxic insult and cells were

exposed to these chemicals for only 24 h. TAOC levels were only

BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S; ICyo. inhibitory
concentration 20; ICsg, inhibitory concentration 50

significantly reduced in the BPA (20%, P < 0.01) and BPF (59%,
P < 0.0001) exposed cells.

3.3 | Comet assay

The IC5o concentrations of the different bisphenol analogues were
used in the different Comet assay protocols. Tail intensities (%) of the
study groups are given in Figure 3. In the modified Comet assay, Fpg
caused significantly higher tail intensities in all groups when compared
to the standard (without Fpg) Comet assay. For this reason, it can be
suggested that oxidative stress might be one of the underlying reasons
responsible for the DNA damage caused by bisphenol derivatives. In
both methods, all of the bisphenol analogues produced high levels of
DNA damage, as evidenced by higher tail intensities compared to the
untreated RWPE-1 cells. In the standard Comet assay, BPA (2.5-fold,
P < 0.05), BPF (3.1-fold, P < 0.0001), and BPS (3.20-fold, P < 0.05) pro-
duced significantly higher levels of DNA damage vs the control. In the
modified Comet assay, all tested bisphenols caused significantly higher
levels of tail intensity when compared to the untreated RWPE-1 cells
(all P < 0.001).

3.4 | Changes in gene expressions

Gene expression changes were analyzed after the RWPE-1 cells were
exposed to the different bisphenol analogues for 24 h (Figure 4). Gene
expression of p53 decreased in the BPF (P < 0.05) and BPS groups

(A) 150- (B) 150+ (C) 1501
2 100 2 1004 2 1004
] © ©
S 50 S 504 S 504
0 ////////// D \
F o Ao % % 3 & 3 D 2 2 2 2 2
& &S SE & & & & &I S & & & &£ & &
SIS SIS FFTETES
AR RO S DM MO MM Y S S
FIGURE 1 Cell viability after exposure to bisphenol derivatives for 24 h. RWPE-1 cells were exposed to BPA (a), BPF (b), and BPS (c) in

concentrations ranging from O to 600 pM. Cell viability was determined using the MTT assay. The cytotoxicity order of these chemicals were
BPA > BPF > BPS. The results are given as the mean + SEM of four separate experiments. Statistically different from negative control at (™)

P <0.01, (") P <0.001, (") P < 0.0001. Statistical analysis was conducted using the unpaired t-test. BPA, bisphenol A; BPF, bisphenol F; BPS,
bisphenol S
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FIGURE 2

Effect of BPA, BPF and BPS on antioxidant enzyme activities and cellular antioxidants. Glutathione peroxidase (GPx) activity (a);

glutathione reductase (GR) activity (b); superoxide dismutase (SOD) activity (c); total antioxidant capacity (TAOC) levels (d); and glutathione (GSH)

£

levels (e). The results of three independent experiments were given as the mean + SEM. Statistically different from negative control at (") P < 0.05,

(") P <0.01, (") P < 0.0001. Statistical analysis was conducted using the Mann-Whitney test

(P > 0.05) compared to the control group. Ape-1 expression was lesser
vs the control group but the difference between the groups was not
statistically significant. MyH expressions were significantly reduced in
the BPA, BPF, and BPS groups (P < 0.05, P < 0.01, and P < 0.05 vs the
control, respectively). OGG1 expressions were reduced in all of the
bisphenol-exposed groups when compared to the untreated cells;
however, the differences were not significant vs the control group.
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FIGURE 3 Tail intensity (%) values of the study groups obtained
from Comet assays. Cells were treated with different bisphenol
derivatives at IC,q doses in the presence or absence of Fpg. The
results of three independent experiments were as given mean + SEM.
Statistical analysis was conducted using the unpaired t-test. (#)

P < 0.05, and (####) P < 0.0001 vs not treated (NT) without (w/0) Fpg.
(***) P < 0.001 vs NT with (w) Fpg. (#) P < 0.05, and (#4¢) P < 0.001
samples w/Fpg vs samples w/o Fpg. BPA, bisphenol A; BPF, bisphenol
F; BPS, bisphenol S; Fpg: formamidopyrimidine glycosylase

Although we did not observe marked reductions, even insignificant
reductions in OGG1 expression may result in a decrease in the BER
pathway and may cause unrepaired bases, the importance of this
should be studied for longer periods of exposure. On the other hand,
PolB expressions were markedly higher in all of the study groups vs
the controls, BPF showed significant differences vs the control group
(P <0.05).
4 | DISCUSSION
BPA is an endocrine disrupting chemical that is extensively used in
industry (Kortenkamp, 2007). The global consumption of BPA was
~7.7 million metric tons in 2015. According to the last legislations of
the USA Food and Drug Administration (FDA), BPA was banned from
some consumer products; particularly products used by children (e.g.,
baby feeding bottles, sippy cups, etc.) (FDA (U.S. Food and Drug
Administration)., 2015). Other than the USA, Canada, France, and
other European Union countries, Australia, Japan, and Turkey have
also banned the use of BPA from child products (Health Canada (HC).,
2012). According to the latest report of the European Chemical
Agency, BPA was listed in the ‘Candidate List of Substances of Very
High Concern’ in 2017 (ECHA, 2018). This ban pushed the plastic
industry to seek alternatives to BPA and structurally similar chemicals,
such as BPF and BPS, were introduced swiftly in the industry. These
bisphenols are now mostly used for the manufacturing of phenolic
resins and polycarbonate plastics (Cunha & Fernandes, 2010).

BPA and its derivatives are suggested to have high affinity for
binding to nuclear ERs and they might also have potency to alter the
function of the male reproductive system. The prostate gland is a hor-

mone-dependent organ. Androgen receptors play a key role in
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functional activities of prostate and control its normal growth (Cunha
et al., 1987; Taplin & Ho, 2001). Inappropriate hormone exposure can
alter the gland's function, reprogram the gland, and may lead to pros-
tate cancer. In the literature, there are many in vivo and in vitro stud-
ies about the effects of BPA on the prostate (Prins et al., 2017; Prins
& Ho, 2010; Teng et al., 2013).

There are many studies that have shed some light on the possible
unwanted effects of BPA; however, there are very few investigations
on the effects of BPA alternatives, such as BPF and/or BPS (Herrero
et al., 2018). In the present study, we assessed the cytotoxic and gen-
otoxic effects of BPA and its alternatives (BPF and BPS) on RWPE-1
cells. Moreover, we analyzed the oxidant/antioxidant status alter-
ations and bisphenol-induced gene expression changes after exposure
to these bisphenol derivatives.

The results of the present study can be discussed in four different
parts:
4.1 | Cytotoxicity
Cytotoxicity is a basic parameter for assessing the toxicity of
chemical, physical and biological agents. The present MTT results

showed that BPA exposure decreased cell viability, at lower
concentrations when compared to its analogues, in RWPE-1 cells.
In fact, the differences between the ICsq values of BPA and BPF,
and of BPA and BPS, was more than two and three orders of
magnitude, respectively. Because of the high cytotoxicity of BPA,
the RWPE-1 cells were not able to survive above concentrations
>300 pM (Figure 1). Overall, BPA and its analogues have concen-
tration-dependent cytotoxicity (BPA > BPF > BPS) in RWPE-1 cells.
In accordance with our present results, many studies have also
shown that BPA had the highest cytotoxic effect when compared
to BPF and BPS, in different cell lines. However, in hormone-
dependent primary cells and cell lines (breast cancer cells, HL-60
cells, mouse embryonic stem cells, primary cultured hepatocytes,
etc.), BPA enhanced cell proliferation at low concentrations (espe-
cially at the nanomolar level) (Aghajanpour-Mir et al., 2016;
Pritchett, Kuester, & Sipes, 2002; Yin, Yao, Qin, Wang, & Faiola,
2015).

In a recent study, Russo et al. (2018) investigated the cytotoxic
effects of seven different bisphenol compounds in vitro using human
breast adenocarcinoma cells (MCF-7 cells), human cervical epithelial
cancer cells (Hela cells), mouse fibroblasts (3 T3-L1 cells) and rat



Journal of

KOSE ET AL.

= | wiLEY-AppliedToxicology

glioma cells (C6 cells). The cells were treated for 48 h with a range of
micromolar concentrations (10, 25, 50, 100, 200, 300 pM) of BPA,
bisphenol A diglycidyl ether, BPS, BPF, bisphenol B, bisphenol E,
bisphenol M, and bisphenol AF (BPAF). Their ICsq values for BPA in
3 T3-L1, MCF-7, C6, and Hela cell lines were >100, 50, 160 and
209.1 pM, respectively. The ICsq values for BPF were 110.6, >100,
239.4 and 274.3 pM; whereas for BPS, ICs values were >100, >100,
168.4 and 299.3 uM, respectively. Although the researchers used dif-
ferent cell lines and longer exposure periods compared to our present
study, BPA was found to be more toxic then BPF and BPS in accor-
dance with our present results. Furthermore, considering all cell lines,
BPF and BPS had moderate toxicity in this research. In another study,
Michatowicz, Mokra, & Bak (2015) investigated the toxic effects of
BPA, BPF and BPS in human peripheral blood mononuclear cells after
4-h exposure. BPA caused a statistically significant reduction in cell
viability at 220 and 440 pM. The researchers also reported that BPA
was more cytotoxic than BPF and BPF was more cytotoxic than BPS,
which is similar to our present results. Fic, Zegura, Sollner Dolenc,
Filipi¢, and Peterlin Masi¢ (2013) reported that significant cytotoxicity
was not observed at concentrations of up to 100 umol/L for BPA, BPF
and BPS in HepG2 cell lines. Feng et al. (Feng et al., 2016) conducted
experiments on human adrenal carcinoma cell line (H295R cells) and
observed that after 72 h of exposure, ICso values of BPF, BPA, and
BPS were 208.0, 103.4, and 159.6 uM, respectively (BPA > BPS > BPF),
differing from our present results. Overall, BPA was found to be the
most cytotoxic chemical when compared to its two analogues, BPF
and BPS. Different cell lines and different incubation periods may have
resulted in different biological responses to each chemical.

42 | Oxidative stress

Under oxidative stress, superoxide is produced as a primary ROS and
it is dismutated by SOD. This process has a crucial importance for liv-
ing cells. While superoxide is dismutated by SOD, H,0O, is produced
(Schafer & Buettner, 2001). Catalase (CAT) catalyzes the decomposi-
tion of H,O, to water and oxygen, while GPx enzymes effectively
reduce H,O, and lipid peroxides to water and lipid alcohols,
respectively, and in turn oxidizes GSH to GSSG. GR restores intracel-
lular GSH levels by reducing GSSG. In the absence of GPx activity and
normal GSH levels, H,O, might not be detoxified and can cause an
increase in hydroxyl radical and lipid peroxyl radical levels. In the
present study, GPx, GR and SOD activities and total GSH and TAOC
levels were measured. Bisphenols caused reductions in GPx and SOD
activities, whereas elevated GR activity; meaning that prostate cells
could not efficiently decrease intracellular H,O, and superoxide levels
in the presence of bisphenols. The total GSH levels increased in all
bisphenol groups. This may be due to an adaptive response to short-
term exposure to bisphenols (24 h). On the other hand, there may also
be a significant increase in GSSG levels and in turn GR activities
increased in all of the study groups in order to the overcome the high
amounts of GSSG. In an in vivo study by Chitra, Latchoumycandane,
and Mathur (2003), the researchers investigated the effects of BPA on

the antioxidant system of rats. BPA was administered at 0.2, 2 and
20 pg/kg body weight (day) per day for 45 days. The weight of the
ventral prostate significantly increased, whereas the weights of the
testis and epididymis markedly decreased. The SOD, CAT, GR and
GPx activities were reduced in the epididymal sperm of the treated
rats’ vs the controls. It was also stated that BPA induced oxidative
stress in epididymal sperm. Zhang, Liu, and Zong (2016) evaluated the
toxicity of BPS using mouse hepatocytes and renal cells. Both of the
cells were exposed to BPS for 12 h at different doses (0.1-1 mM). The
researchers found that BPS reacted directly with CAT and changed
the structure and activity of the enzyme by binding to the Gly117 resi-
due of CAT. The viability of hepatocytes and renal cells decreased in a
dose-dependent manner. In both cell types, increases in ROS were not
detected at <0.1 mM BPS; while between 0.1 and 1 mM BPS, they
observed a dose-independent increase in ROS production. The results
also showed that oxidative stress might have occurred in the presence
of high concentrations of BPS. BPS treatment (1 uM-0.1 mM) did not
change CAT activity. Higher doses of BPS caused high ROS produc-
tion and CAT activities in both of the cell types increased significantly
compared to the control group.

In a study by Khan et al. (2016), Wistar rats were orally adminis-
tered 150, 250 and 500 mg/kg day BPA/day for 14 days. At the end
of the study, the mitochondrial electron transport chain was deterio-
rated in the liver. Liver enzyme levels, superoxide formation, protein
oxidation and lipid peroxidation showed increases, while GSH levels
and SOD activity decreased vs the control. The researchers stated that
BPA could destroy mitochondrial energy mechanisms and led to seri-
ous toxicity in the liver.

Hassan et al. (2012) administered BPA (0.1, 1, 10, 50 mg/kg
day/day) to rats for 4 weeks. In the highest-dose group, significantly
low levels of GSH were found compared to the control group. More-
over, the SOD, GPx, GST, GR and CAT activities were significantly
lower than the control. The data obtained from that study showed
that BPA led to oxidative stress in vivo, similar to our present in vitro
study. In a study by Ozaydin et al. (2018), Wistar rats were exposed
to BPA at three different doses (5, 50 and 500 pg/kg day/day) for
8 weeks. Liver GSH levels and SOD, GPx and CAT activities decreased
markedly, while plasma thiobarbituric acid reactive substances and nit-
ric oxide levels were elevated significantly when compared to the con-

trol rats.

43 | DNA damage

Considering the cytotoxicity and oxidative stress caused by
bisphenols, we evaluated the possible DNA damaging effects of these
compounds with a modified Comet assay, by using the lesion-specific
enzyme Fpg (Boiteux, O'Connor, & Laval, 1987). In many studies, the
oxidative stress produced by bisphenols has been correlated with the
oxidative DNA damaging effects of these chemicals (Huc, Lemarié,
Guéraud, & Héliés-Toussaint, 2012; Leem et al,, 2017; Ooe, Taira,
Iguchi-Ariga, & Ariga, 2005). Our present findings showed that
without Fpg, BPF-applied cells showed significantly higher tail
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intensity when compared to the control; while with Fpg, BPS has gen-
erated more oxidative DNA damage when compared to the control in
RWPE-1 cells. DNA damage for bisphenols was seen in the order of
BPS > BPF > BPA. Other researchers have also reported that BPA cau-
sed oxidative DNA damage both in vitro (Fic et al., 2013; Skledar et
al., 2016; Xin et al., 2014) and in vivo (Chen et al., 2016; Tiwari et
al., 2012). There are not many studies comparing the genotoxic effects
of bisphenol derivatives. Fic et al. (2013) performed a comparative
study that had different results compared to our present data. HepG2
cells were exposed to BPA, BPF, BPAF, bisphenol Z, 3,3-dimethyl
bisphenol A), and BPS at 0.1, 1, and 10 uM (which are lower than our
present exposure concentrations). They found that after 24 h of expo-
sure, 0.1 and 10 uM BPA- and BPS-treated cells showed increases in
the DNA strand breaks compared to the control group. However, a

dose-response relationship was not observed.

44 | DNA repair proteins

ROS can attack DNA continuously and may lead to DNA structural
modifications, DNA-protein adducts, DNA cross-linking, DNA strand
breaks, and the generation of oxidized bases (Jena, 2012). Among all
the bases, guanine is mostly attacked by ROS, leading to generation of
8-oxodG (Krokan, Drablgs, & Slupphaug, 2002). This modified base is
removed by the BER pathway, which is a well-coordinated repair sys-
tem upon exposure to ROS (Krokan et al., 2002).

To further confirm bisphenol-mediated DNA damage, we investi-
gated the expressions of some DNA damage-related genes. OGG1
initiates the highly conservative BER pathway by releasing the
modified base, especially the 8-OHdG, resulting in an AP site. The
abasic site is then cleaved by Ape-1, leaving a 50-deoxyribose phos-
phate residue. This residue is removed by the AP-lyase activity of
DNA PolB, which then inserts a correct nucleotide. Finally, DNA ligase
Il seals the repaired DNA strand. X-ray repair cross-complementing
protein 1 interacts with a complex of DNA repair proteins including
poly (ADP-ribose) polymerase, ligase lll and PolB, and coordinates the
gap-sealing process in the short-batch BER (Petermann & Caldecott,
2006). MyH protein is also involved in oxidative DNA damage repair
and is part of the BER pathway (Oka et al., 2015). On the other hand,
the cellular response pathway regulates the transcription of effector
proteins that have major roles in arresting the cell cycle (Hartwell &
Weinert, 1989). In the presence of DNA damage, cell cycle check-
points stop the progression of the cycle until the damage is repaired.
If not, another cellular response might be activated resulting in
programmed cell death. After DNA damage, p53, a transcription factor
and a crucial tumor suppressor protein is activated (Kern et al., 1991).
A variety of target genes, which play prominent roles in cell cycle
arrest, repair and apoptosis, are activated by p53 (Bargonetti & Man-
fredi, 2002). We observed that in the presence of DNA damage, the
expression of some of these genes changed. Our present results show
that all of the bisphenols decreased OGG1 gene, MyH gene and Ape-1
gene expressions after 24 h compared to the untreated control cells.
OGG1 gene expression was significantly attenuated in both BPA- and

AppliedToxicology-WILEY-L <

BPF-treated cells. In the BPS-treated cells, OGG1 expression
decreased by ~20% compared to untreated cells. MyH gene expres-
sion also decreased after treating with different bisphenols: ~10% for
BPA, ~50% for BPF and ~40% for BPS when we compared to the
untreated cells. Decreases in Ape-1 gene expression were more pro-
nounced in cells treated with BPA (40%), followed by BPF (~30%) and
BPS (15%). Only PolB gene expressions increased after treatment with
all bisphenols (25% fold for BPA, ~50% for BPF and ~60% for BPS).
However, further studies should be performed to identify the exact
mechanism involved in PolB activation under stress conditions. We
can propose that significant decreases in the BER pathway might acti-
vate a cascade leading to the increment of expression of PolB.

Chou et al. (2017) investigated whether BPA (10, 103 and
105 nM) exposure disrupts microRNA regulation and its gene
expression in endometrial cancer. In that study, the researchers
found that BPA exposure caused down-regulation of DNA repair
gene ADP-ribosylation factor 6 (ARF6), p53 and upregulated cyclin
E2 (CCNE2) to interrupt to the cell cycle. These results suggested
that BPA exposure could affect the ARF6-p53-CCNE2 pathway to
arrest the cell cycle for aberrant cell proliferation, endometrial can-
cer development and metastasis through decreasing expressions of
apoptotic genes and increasing cyclins. In another study by
Gassman et al. (2015), the effects of BPA exposure on oxidative
stress in Ku70-deficient mouse fibroblasts were evaluated. Cells
were treated with BPA alone or co-exposed to BPA and potassium
bromate (KBrOj). The researchers concluded that BPA promoted
cell survival following oxidative DNA damage after exposure to
KBrOs. In another study, Chen et al. (2016) showed that cadmium
exposure aggravated BPA-induced genotoxicity and cytotoxicity
through OGG1 inhibition in mouse embryonic fibroblast cell line
(NIH3T3).

Considering all studies and our present results, we can suggest
that all three bisphenols might increase cellular apoptosis and enhance
DNA damage, decrease DNA repair capacity, and cause genomic insta-
bility. Bisphenols can cause several pathological conditions, including
cancer, with the inhibition of DNA repair genes like OGG1 and MyH.
These results were consistent with the idea that DNA repair initiation
is suppressed by bisphenols (Chou et al., 2017).

5 | CONCLUSION

This present research showed that alternatives of BPA, namely BPF
and BPS, were cytotoxic to RWPE-1 cells. These chemicals can also
affect the cellular oxidant/antioxidant balance and lead to gen-
otoxicity, like BPA. All of the bisphenol analogues produced high levels
of DNA damage in RWPE-1 cells, while inhibiting the DNA repair
pathway. The results suggest the likelihood that BPS might be ‘safer’
than BPA and BPF on prostate cells, as BPS was less toxic and gener-
ally had lesser effects on oxidant/antioxidant status compared to BPA
and BPF. However, BPS induced DNA damage at approximately the
same rate as BPF and its genotoxic effect was higher than BPA. These
results may be important for further studies that will explore the
underlying toxicity mechanisms BPF and BPS.
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Although ‘BPA-free products’ are now available (from feeding
bottles to receipts), these products contain either BPS or BPF, the
toxicities of which should be carefully determined before they are
considered as ‘safer alternatives’. As both of these compounds, partic-
ularly BPS, have similar chemical structures to BPA, we can suggest
that they may also have endocrine disrupting properties, the
importance of which should be evaluated with both in vitro and in
vivo studies. Because there is only limited data on the hazard identifi-
cation for these bisphenol analogues, integrated assessment would be
very beneficial and help the regulatory authorities to reconsider the
use of BPF and BPS, instead of BPA. More mechanistic studies should
be encouraged to identify the toxicity mechanism/s of these bisphenol
analogues, as replacing one health hazard with another is not appro-
priate and will cause further damage to the environment and most
importantly to humans. Scientists and authorities should urgently

focus on the human health risk assessment of BPA substitutes.

ACKNOWLEDGMENT
Ozge Kose is a recipient of French Government and CEA (Grenoble,
France) grants and completed this work in CEA/INAC/LAN, Grenoble,

France.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ORCID
Ozge Kose
Walid Rachidi
David Beal
Pinar Erkekoglu

https://orcid.org/0000-0002-1463-6734
https://orcid.org/0000-0002-0829-7799
https://orcid.org/0000-0002-4896-9465
https://orcid.org/0000-0003-4713-7672
https://orcid.org/0000-0002-3465-4630
https://orcid.org/0000-0003-4311-2291

Hussein Fayyad-Kazan
Belma Kocer Gumusel

REFERENCES
Aghajanpour-Mir, S. M., Zabihi, E., Akhavan-Niaki, H., Keyhani, E.
Bagherizadeh, ., ... Behjati, E. (2016). The Genotoxic and Cytotoxic

Effects of Bisphenol-A (BPA) in MCF-7 Cell Line and Amniocytes.
International Journal of Molecular andCellular Medicine. 5(1), 19-29.
https://doi.org/10.22088/acadpub.BUMS.5.1.19

Akerboom, T. P., & Sies, H. (1981). Assay of glutathione, glutathione disul-
fide, and glutathione mixed disulfides in biological samples. Methods in
Enzymology, 77, 373-382. https://doi.org/10.1016/s0076-6879(81)
77050-2

Akingbemi, B. T., Sottas, C. M., Koulova, A. I, Klinefelter, G. R., &
Hardy, M. P. (2004). Inhibition of Testicular Steroidogenesis by the
Xenoestrogen Bisphenol A Is Associated with Reduced Pituitary
Luteinizing Hormone Secretion and Decreased Steroidogenic Enzyme
Gene Expression in Rat Leydig Cells. Endocrinology, 145(2), 592-603.
https://doi.org/10.1210/en.2003-1174

Ashby, J., Tinwell, H., & Haseman, J. (1999). Lack of Effects for Low Dose
Levels of Bisphenol A and Diethylstilbestrol on the Prostate Gland of
CF1 Mice Exposed in Utero. Regulatory Toxicology and Pharmacology,
30(2 Pt 1), 156-166. https://doi.org/10.1006/rtph.1999.1317

Bargonetti, J., & Manfredi, J. J. (2002). Multiple roles of the tumor suppres-
sor p53. Current Opinion in Oncology, 14(1), 86-91. https://doi.org/10.
1097/00001622-200201000-00015

Bello, D., Webber, M. M., Kleinman, H. K., Wartinger, D. D., & Rhim, J. S.
(1997). Androgen responsive adult human prostatic epithelial cell lines
immortalized by human papillomavirus 18. Carcinogenesis, 18(6),
1215-1223. https://doi.org/10.1093/carcin/18.6.1215

Boiteux, S., O'Connor, T. R, & Laval, J. (1987). Formamidopyrimidine-DNA
glycosylase of Escherichia coli: cloning and sequencing of the fpg
structural gene and overproduction of the protein. The EMBO Journal,
6(10), 3177-3183. https://doi.org/10.1002/j.1460-2075.1987.
th02629.x

Cagen, S. Z., Waechter, J. M. Jr,, Dimond, S. S., Breslin, W. J,, Butala, J. H.,
Jekat, F. W,, ... Harris, L. R. (1999). Normal reproductive organ devel-
opment in CF-1 mice following prenatal exposure to bisphenol A. Toxi-
cological Sciences, 50(1), 36-44. https://doi.org/10.1093/toxsci/50.
1.36

Chen, Z.-Y., Liu, C,, Ly, Y., Yang, L.-L., Li, M., He, M.-D., ... Zhou, Z. (2016).
Cadmium Exposure Enhances Bisphenol A-Induced Genotoxicity
through 8-Oxoguanine-DNA Glycosylase-1 OGG1 Inhibition in
NIH3T3 Fibroblast Cells. Cellular Physiology and Biochemistry, 39(3),
961-974. https://doi.org/10.1159/000447804

Chitra, K. C., Latchoumycandane, C., & Mathur, P. P. (2003). Induction of
oxidative stress by bisphenol A in the epididymal sperm of rats. Toxi-
cology, 185(1-2), 119-127. https://doi.org/10.1016/S0300-483X(02)
00597-8

Chitra, K. C,, Rao, K. R., & Mathur, P. P. (2003). Effect of bisphenol A and
co-administration of bisphenol A and vitamin C on epididymis of adult
rats: a histological and biochemical study. Asian Journal of Andrology, 5
(3), 203-208. https://doi.org/10.1097/01.EHX.0000397468.63291.0c

Chou, W.-C,, Lee, P.-H,, Tan, Y.-Y., Lin, H.-C,, Yang, C.-W., Chen, K.-H., &
Chuang, C.-Y. (2017). An integrative transcriptomic analysis reveals
bisphenol A exposure-induced dysregulation of microRNA expression
in human endometrial cells. Toxicology in Vitro, 41, 133-142. https://
doi.org/10.1016/j.tiv.2017.02.012

Clark, E. (2000). Sulfolane and Sulfones. In Kirk-Othmer encyclopedia of
chemical technology. Hoboken, NJ, USA: John Wiley & Sons, Inc.
https://doi.org/10.1002/0471238961.1921120603120118.a01

Cory, A. H., Owen, T. C., Barltrop, J. A.,, & Cory, J. G. (1991). Use of an
aqueous soluble tetrazolium/formazan assay for cell growth assays in
culture. Cancer Communications, 3(7), 207-212. https://doi.org/10.
1016/0022-1759(93)90092-|

Cunha, G. R, Donjacour, A. A., Cooke, P. S., Mee, H., Bigsby, R. M,,
Higgins, S. J., & Sugimura, Y. (1987). The Endocrinology and Develop-
mental Biology of the Prostate. Endocrine Reviews, 8(3), 338-362.
https://doi.org/10.1210/edrv-8-3-338

Cunha, S. C,, & Fernandes, J. O. (2010). Quantification of free and total
bisphenol A and bisphenol B in human urine by dispersive liquid-liquid
microextraction (DLLME) and heart-cutting multidimensional gas chro-
matography-mass spectrometry (MD-GC/MS). Talanta, 83(1),
117-125. https://doi.org/10.1016/j.talanta.2010.08.048

ECHA (European Chemicals Agency). (2018). Registered substances.
Internet address: https://echa.europa.eu/information-on-chemicals/
registered-substances (Last accessed: 6.19.19). https://echa.europa.
eu/information-on-chemicals/registered-substances

Ema, M., Fujii, S., Furukawa, M., Kiguchi, M., Ikka, T., & Harazono, A.
(2001). Rat two-generation reproductive toxicity study of bisphenol A.
Reproductive Toxicology, 15(5), 505-523. https://doi.org/10.1016/
50890-6238(01)00160-5

Environmental Health Hazard Assessment. (2012). p,p’-Bisphenols and
Diglycidyl Ethers of p,p’-Bisphenols Materials for November 8, 2012
Meeting of Scientific Guidance Panel (SGP) Biomonitoring California 1
Agenda. https://biomonitoring.ca.gov/downloads/potential-
designated-chemicals-pp-bisphenols-and-diglycidyl-ethers-pp-
bisphenols

FDA (U.S. Food and Drug Administration). (2015). Bisphenol a (BPA): Use
in Food contact application. internet address: https://www.fda.gov/


https://orcid.org/0000-0002-1463-6734
https://orcid.org/0000-0002-1463-6734
https://orcid.org/0000-0002-0829-7799
https://orcid.org/0000-0002-0829-7799
https://orcid.org/0000-0002-4896-9465
https://orcid.org/0000-0002-4896-9465
https://orcid.org/0000-0003-4713-7672
https://orcid.org/0000-0003-4713-7672
https://orcid.org/0000-0002-3465-4630
https://orcid.org/0000-0002-3465-4630
https://orcid.org/0000-0003-4311-2291
https://orcid.org/0000-0003-4311-2291
https://doi.org/10.22088/acadpub.BUMS.5.1.19
https://doi.org/10.1016/s0076-6879(81)77050-2
https://doi.org/10.1016/s0076-6879(81)77050-2
https://doi.org/10.1210/en.2003-1174
https://doi.org/10.1006/rtph.1999.1317
https://doi.org/10.1097/00001622-200201000-00015
https://doi.org/10.1097/00001622-200201000-00015
https://doi.org/10.1093/carcin/18.6.1215
https://doi.org/10.1002/j.1460-2075.1987.tb02629.x
https://doi.org/10.1002/j.1460-2075.1987.tb02629.x
https://doi.org/10.1093/toxsci/50.1.36
https://doi.org/10.1093/toxsci/50.1.36
https://doi.org/10.1159/000447804
https://doi.org/10.1016/S0300-483X(02)00597-8
https://doi.org/10.1016/S0300-483X(02)00597-8
https://doi.org/10.1097/01.EHX.0000397468.63291.0c
https://doi.org/10.1016/j.tiv.2017.02.012
https://doi.org/10.1016/j.tiv.2017.02.012
https://doi.org/10.1002/0471238961.1921120603120118.a01
https://doi.org/10.1016/0022-1759(93)90092-l
https://doi.org/10.1016/0022-1759(93)90092-l
https://doi.org/10.1210/edrv-8-3-338
https://doi.org/10.1016/j.talanta.2010.08.048
https://echa.europa.eu/information-on-chemicals/registered-substances
https://echa.europa.eu/information-on-chemicals/registered-substances
https://echa.europa.eu/information-on-chemicals/registered-substances
https://echa.europa.eu/information-on-chemicals/registered-substances
https://doi.org/10.1016/S0890-6238(01)00160-5
https://doi.org/10.1016/S0890-6238(01)00160-5
https://biomonitoring.ca.gov/downloads/potential-designated-chemicals-pp-bisphenols-and-diglycidyl-ethers-pp-bisphenols
https://biomonitoring.ca.gov/downloads/potential-designated-chemicals-pp-bisphenols-and-diglycidyl-ethers-pp-bisphenols
https://biomonitoring.ca.gov/downloads/potential-designated-chemicals-pp-bisphenols-and-diglycidyl-ethers-pp-bisphenols
https://www.fda.gov/food/ingredientspackaginglabeling/foodadditivesingredients/ucm064437.htm

EFFECTS OF BISPHENOLS ON OXIDATIVE STRESS, DNA DAMAGE/REPAIR

Journal of

food/ingredientspackaginglabeling/foodadditivesingredients/
ucm064437.htm (Last accessed June 3, 2015).

Feng, Y., Jiao, Z., Shi, J, Li, M., Guo, Q., & Shao, B. (2016). Effects of
bisphenol analogues on steroidogenic gene expression and hormone
synthesis in H295R cells. Chemosphere, 147, 9-19. https://doi.org/10.
1016/j.chemosphere.2015.12.081

Fic, A, Zegura, B., Sollner Dolenc, M., Filipi¢, M., & Peterlin Masi¢, L.
(2013). Mutagenicity and DNA Damage of Bisphenol a and its Struc-
tural Analogues in HepG2 Cells. Archives of Industrial Hygiene and Toxi-
cology, 64(2), 189-200. https://doi.org/10.2478/10004-1254-64-
2013-2319

Flohé, L., & Glinzler, W. A. (1984). [12] Assays of glutathione peroxidase.
Methods in Enzymology, 105, 114-121. https://doi.org/10.1016/
s0076-6879(84)05015-1

Gassman, N. R., Coskun, E., Stefanick, D. F., Horton, J. K., Jaruga, P.,
Dizdaroglu, M., & Wilson, S. H. (2015). Bisphenol A Promotes Cell Sur-
vival Following Oxidative DNA Damage in Mouse Fibroblasts. PLoS
ONE, 10(2), 1-14. e0118819. https://doi.org/10.1371/journal.pone.
0118819

Goldberg, D. M., & Spooner, R. J. (1983). Glutathione reductase. In
H. U. Bergmeyer, J. Bergmeyer, & M. Grabl (Eds.), Methods of enzymatic
analysis (3rd ed., Vol. 111) (pp. 258-265). Weinheim: Verlag Chemie.

Halliwell, B. (1996). Oxidative stress, nutrition and health. Experimental
strategies for optimization of nutritional antioxidant intake in humans.
Free Radical Research, 25(1), 57-74. https://doi.org/10.3109/
10715769609145656

Hanioka, N., Jinno, H., Tanaka-Kagawa, T., Nishimura, T., & Ando, M.
(2000). Interaction of bisphenol A with rat hepatic cytochrome P450
enzymes. Chemosphere, 41(7), 973-978. https://doi.org/10.1016/
S0045-6535(99)00529-9

Hartwell, L., & Weinert, T. (1989). Checkpoints: controls that ensure the
order of cell cycle events. Science, 246(4930), 629-634. https://doi.
org/10.1126/science.2683079

Hassan, Z. K., Elobeid, M. A., Virk, P, Omer, S. A, ElAmin, M.,
Daghestani, M. H., & AlOlayan, E. M. (2012). Bisphenol A induces hep-
atotoxicity through oxidative stress in rat model. Oxidative Medicine
and Cellular Longevity, 6, 194829. https://doi.org/10.1155/2012/
194829

Health Canada (HC). (2012). Survey of bisphenol a in canned drink prod-
ucts. internet address: https://www.canada.ca/en/health-canada/
services/food-nutrition/food-safety/packaging-materials/bisphenol/
survey-bisphenol-canned-drink-products.html (Last accessed Septem-
ber 12, 2012).

Herrero, O., Aquilino, M., Sanchez-Argiiello, P., & Planells, R. (2018).
The BPA-substitute bisphenol S alters the transcription of genes
related to endocrine, stress response and biotransformation pathways
in the aquatic midge Chironomus riparius (Diptera, Chironomidae).
PLoS One. 13(2), e0193387. https://doi.org/10.1371/journal.pone.
0193387

Hsing, A. W., & Chokkalingam, A. P. (2006). Prostate cancer epidemiology.
Frontiers in Bioscience, 11, 1388-1413. https://doi.org/10.2741/1891

Huc, L., Lemarié, A., Guéraud, F., & Héliés-Toussaint, C. (2012). Low con-
centrations of bisphenol A induce lipid accumulation mediated by the
production of reactive oxygen species in the mitochondria of HepG2
cells. Toxicology in Vitro, 26(5), 709-717. https://doi.org/10.1016/j.tiv.
2012.03.017

Jena, N. R. (2012). DNA damage by reactive species: Mechanisms, muta-
tion and repair. Journal of Biosciences, 37(3), 503-517. https://doi.org/
10.1007/s12038-012-9218-2

Kato, H., Ota, T., Furuhashi, T., Ohta, Y., & Iguchi, T. (2003). Changes in
reproductive organs of female rats treated with bisphenol A during the
neonatal period. Reproductive Toxicology, 17(3), 283-288. https://doi.
org/10.1016/50890-6238(03)00002-9

Kern, S., Kinzler, K., Bruskin, A., Jarosz, D., Friedman, P., Prives, C., &
Vogelstein, B. (1991). Identification of p53 as a sequence-specific

AppliedToxicology-WI1LEY-L ¢

DNA-binding protein. Science, 252(5013), 1708-1711. https://doi.org/
10.1126/science.2047879

Khan, S., Beigh, S., Chaudhari, B. P., Sharma, S., Aliul Hasan Abdi, S.,
Ahmad, S., ... Raisuddin, S. (2016). Mitochondrial dysfunction induced
by Bisphenol A is a factor of its hepatotoxicity in rats. Environmental
Toxicology, 31(12), 1922-1934. https://doi.org/10.1002/tox.22193

Kortenkamp, A. (2007). Ten Years of Mixing Cocktails: A Review of Combi-
nation Effects of Endocrine-Disrupting Chemicals. Environmental
Health Perspectives, 115(Supp 1), 98-105. https://doi.org/10.1289/
ehp.9357

Krokan, H. E., Drablgs, F., & Slupphaug, G. (2002). Uracil in DNA - occur-
rence, consequences and repair. Oncogene, 21(58), 8935-8948.
https://doi.org/10.1038/sj.onc.1205996

Leem, Y.-H., Oh, S., Kang, H.-J., Kim, J.-H., Yoon, J., & Chang, J.-S. (2017).
BPA-toxicity via superoxide anion overload and a deficit in p-catenin
signaling in human bone mesenchymal stem cells. Environmental Toxi-
cology, 32(1), 344-352. https://doi.org/10.1002/tox.22239

Marenstein, D. R., Wilson, D. M. lll, & Teebor, G. W. (2004). Human AP
endonuclease (APE1) demonstrates endonucleolytic activity against AP
sites in single-stranded DNA. DNA Repair (Amst), 3(5), 527-533.
https://doi.org/10.1016/j.dnarep.2004.01.010

Michatowicz, J., Mokra, K., & Bak, A. (2015). Bisphenol A and its analogs
induce morphological and biochemical alterations in human peripheral
blood mononuclear cells (in vitro study). Toxicology in Vitro, 29(7),
1464-1472. https://doi.org/10.1016/j.tiv.2015.05.012

Miller, N. J., Rice-Evans, C., Davies, M. J., Gopinathan, V., & Milner, A.
(1993). A novel method for measuring antioxidant capacity and its
application to monitoring the antioxidant status in premature neo-
nates. Clinical Science, 84(4), 407-412. https://doi.org/10.1042/
cs0840407

Nikaido, Y., Yoshizawa, K., Danbara, N., Tsujita-Kyutoku, M., Yuri, T.,
Uehara, N., & Tsubura, A. (2004). Effects of maternal xenoestrogen
exposure on development of the reproductive tract and mammary
gland in female CD-1 mouse offspring. Reproductive Toxicology, 18(6),
803-811. https://doi.org/10.1016/j.reprotox.2004.05.002

Nishioka, K., Ohtsubo, T., Oda, H., Fujiwara, T., Kang, D., Sugimachi, K., &
Nakabeppu, Y. (1999). Expression and differential intracellular localiza-
tion of two major forms of human 8-Oxoguanine DNA glycosylase
encoded by alternatively spliced OGG1 mRNAs. Molecular Biology of
the Cell, 10(5), 1637-1652. https://doi.org/10.1091/mbc.10.5.1637

Oka, S., Leon, J., Tsuchimoto, D., Sakumi, K., & Nakabeppu, Y. (2015).
MUTYH, an adenine DNA glycosylase, mediates p53 tumor suppres-
sion via PARP-dependent cell death. Oncogene, 4, e121-e142. https://
doi.org/10.1038/0ncsis.2014.35

Ooe, H., Taira, T., Iguchi-Ariga, S. M. M., & Ariga, H. (2005). Induction of
reactive oxygen species by bisphenol A and abrogation of bisphenol A-
induced cell injury by DJ-1. Toxicological Sciences, 88(1), 114-126.
https://doi.org/10.1093/toxsci/kfi278

Ozaydin, T., Oznurly, Y., Sur, E., Celik, I, Uluisik, D., & Dayan, M. (2018).
Effects of bisphenol A on antioxidant system and lipid profile in rats.
Biotechnic & Histochemistry, 93(4), 231-238. https://doi.org/10.1080/
10520295.2017.1420821

Petermann, E., & Caldecott, K. W. (2006). Evidence that the ATR/Chk1
pathway maintains normal replication fork progression during
unperturbed S phase. Cell Cycle, 5(19), 2203-2209. https://doi.org/10.
4161/cc.5.19.3256

Prasad, R., Horton, J. K., Liu, Y., & Wilson, S. H. (2017). Central Steps in
Mammalian BER and Regulation by PARP1. The Base Excision Repair
Pathway. World  Scientific, 253-280. https://doi.org/10.1142/
9789814719735_0007

Prins, G. S., & Ho, S.-M. (2010). Early-life estrogens and prostate cancer in
an animal model. Journal of Developmental Origins of Health and Dis-
ease, 1(6), 365-370. https://doi.org/10.1017/52040174410000577

Prins, G. S., Ye, S.-H., Birch, L., Zhang, X., Cheong, A, Lin, H., ... van
Breemen, R. B. (2017). Prostate Cancer Risk and DNA Methylation


https://www.fda.gov/food/ingredientspackaginglabeling/foodadditivesingredients/ucm064437.htm
https://www.fda.gov/food/ingredientspackaginglabeling/foodadditivesingredients/ucm064437.htm
https://doi.org/10.1016/j.chemosphere.2015.12.081
https://doi.org/10.1016/j.chemosphere.2015.12.081
https://doi.org/10.2478/10004-1254-64-2013-2319
https://doi.org/10.2478/10004-1254-64-2013-2319
https://doi.org/10.1016/s0076-6879(84)05015-1
https://doi.org/10.1016/s0076-6879(84)05015-1
https://doi.org/10.1371/journal.pone.0118819
https://doi.org/10.1371/journal.pone.0118819
https://doi.org/10.3109/10715769609145656
https://doi.org/10.3109/10715769609145656
https://doi.org/10.1016/S0045-6535(99)00529-9
https://doi.org/10.1016/S0045-6535(99)00529-9
https://doi.org/10.1126/science.2683079
https://doi.org/10.1126/science.2683079
https://doi.org/10.1155/2012/194829
https://doi.org/10.1155/2012/194829
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/packaging-materials/bisphenol/survey-bisphenol-canned-drink-products.html
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/packaging-materials/bisphenol/survey-bisphenol-canned-drink-products.html
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/packaging-materials/bisphenol/survey-bisphenol-canned-drink-products.html
https://doi.org/10.1371/journal.pone.0193387
https://doi.org/10.1371/journal.pone.0193387
https://doi.org/10.2741/1891
https://doi.org/10.1016/j.tiv.2012.03.017
https://doi.org/10.1016/j.tiv.2012.03.017
https://doi.org/10.1007/s12038-012-9218-2
https://doi.org/10.1007/s12038-012-9218-2
https://doi.org/10.1016/S0890-6238(03)00002-9
https://doi.org/10.1016/S0890-6238(03)00002-9
https://doi.org/10.1126/science.2047879
https://doi.org/10.1126/science.2047879
https://doi.org/10.1002/tox.22193
https://doi.org/10.1289/ehp.9357
https://doi.org/10.1289/ehp.9357
https://doi.org/10.1038/sj.onc.1205996
https://doi.org/10.1002/tox.22239
https://doi.org/10.1016/j.dnarep.2004.01.010
https://doi.org/10.1016/j.tiv.2015.05.012
https://doi.org/10.1042/cs0840407
https://doi.org/10.1042/cs0840407
https://doi.org/10.1016/j.reprotox.2004.05.002
https://doi.org/10.1091/mbc.10.5.1637
https://doi.org/10.1038/oncsis.2014.35
https://doi.org/10.1038/oncsis.2014.35
https://doi.org/10.1093/toxsci/kfi278
https://doi.org/10.1080/10520295.2017.1420821
https://doi.org/10.1080/10520295.2017.1420821
https://doi.org/10.4161/cc.5.19.3256
https://doi.org/10.4161/cc.5.19.3256
https://doi.org/10.1142/9789814719735_0007
https://doi.org/10.1142/9789814719735_0007
https://doi.org/10.1017/S2040174410000577

Journal of

KOSE ET AL.

= L wiLEY-AppliedToxicology

Signatures in Aging Rats following Developmental BPA Exposure: A
Dose-Response Analysis. Environmental Health Perspectives, 125(7),
077007-1-077007-12. https://doi.org/10.1289/EHP1050

Pritchett, J. J., Kuester, R. K., & Sipes, I. G. (2002). Metabolism of Bisphenol
A in Primary Cultured Hepatocytes from Mice, Rats, and Humans. Drug
Metabolism and Disposition, 30(11), 1180-1185. https://doi.org/10.
1124/dmd.30.11.1180

Rehan, M., Ahmad, E., Sheikh, I. A., Abuzenadah, A. M., Damanhouri, G. A.,
Bajouh, O. S., ... Beg, M. A. (2015). Androgen and Progesterone Recep-
tors Are Targets for Bisphenol A (BPA), 4-Methyl-2,4-bis-(P-
Hydroxyphenyl)Pent-1-Ene—A Potent Metabolite of BPA, and 4-Tert-
Octylphenol: A Computational Insight. PLoS ONE, 10, 1-18.
e€0138438. https://doi.org/10.1371/journal.pone.0138438

Rezg, R, El-Fazaa, S., Gharbi, N., & Mornagui, B. (2014). Bisphenol A and
human chronic diseases: Current evidences, possible mechanisms, and
future perspectives. Environment International, 64, 83-90. https://doi.
org/10.1016/j.envint.2013.12.007

Richter, C. A., Birnbaum, L. S., Farabollini, F., Newbold, R. R., Rubin, B. S.,
Talsness, C. E., ... vom Saal, F. S. (2007). In vivo effects of bisphenol A
in laboratory rodent studies. Reproductive Toxicology, 24(2), 199-224.
https://doi.org/10.1016/j.reprotox.2007.06.004

Rochester, J. R. (2013). Bisphenol A and human health: A review of the lit-
erature. Reproductive Toxicology, 42, 132-155. https://doi.org/10.
1016/j.reprotox.2013.08.008

Rochester, J. R., & Bolden, A. L. (2015). Bisphenol S and F: A Systematic
Review and Comparison of the Hormonal Activity of Bisphenol A Sub-
stitutes. Environmental Health Perspectives, 123, 643-650. https://doi.
org/10.1289/ehp.1408989

Russo, G., Capuozzo, A., Barbato, F., Irace, C., Santamaria, R., &
Grumetto, L. (2018). Cytotoxicity of seven bisphenol analogues com-
pared to bisphenol A and relationships with membrane affinity data.
Chemosphere, 201, 432-440. https://doi.org/10.1016/j.chemosphere.
2018.03.014

Ryan, B. C., & Vandenbergh, J. G. (2006). Developmental exposure to envi-
ronmental estrogens alters anxiety and spatial memory in female mice.
Hormones and Behavior, 50(1), 85-93. https://doi.org/10.1016/].
yhbeh.2006.01.007

Schafer, F. Q. & Buettner, G. R. (2001). Redox environment
of the cell as viewed through the redox state of the glutathione
disulfide/glutathione couple. Free Radical Biology & Medicine, 30
(11), 1191-1212. https://doi.org/10.1016/50891-5849(01)00480-4

Sidorkiewicz, 1., Zareba, K., Wotczynski, S., & Czerniecki, J. (2017). Endo-
crine-disrupting chemicals—Mechanisms of action on male reproduc-
tive system. Toxicology and Industrial Health, 33(7), 601-609. https://
doi.org/10.1177/0748233717695160

Siegel, R. L., Miller, K. D., & Jemal, A. (2015). Cancer statistics, 2015. CA: A
Cancer Journal for Clinicians, 65(1), 5-29. https://doi.org/10.3322/
caac.21254

Siegel, R. L., Miller, K. D., & Jemal, A. (2016). Cancer statistics, 2016. CA: A
Cancer Journal for Clinicians, 66(1), 7-30. https://doi.org/10.3322/
caac.21332

Singh, N. P., McCoy, M. T,, Tice, R. R., & Schneider, E. L. (1988). A simple
technique for quantitation of low levels of DNA damage in individual
cells. Experimental Cell Research, 175(1), 184-191. https://doi.org/10.
1016/0014-4827(88)90265-0

Skledar, D. G., Schmidt, J., Fic, A., Kloptic, I., Trontelj, J., Dolenc, F., & M. &
Masi¢, L.P. (2016). Influence of metabolism on endocrine activities of
bisphenol S. Chemosphere, 157, 152-159. https://doi.org/10.1016/j.
chemosphere.2016.05.027

Staples, C. A,, Dorn, P. B., Klecka, G. M., O'Block, S. T., & Harris, L. R.
(1998). A review of the environmental fate, effects, and exposures of
bisphenol A. Chemosphere, 36(10), 2149-2173. https://doi.org/10.
1016/50045-6535(97)10133-3

Sun, Y., Oberley, L. W., & Li, Y. (1988). A simple method for clinical assay
of superoxide dismutase. Clinical Chemistry, 34(3), 497-500.

Taplin, M. E., & Ho, S.-M. (2001). The Endocrinology of Prostate Cancer.
Journal of Clinical Endocrinology and Metabolism, 86(8), 3467-3477.
https://doi.org/10.1210/jcem.86.8.7782

Teng, C., Goodwin, B., Shockley, K., Xia, M., Huang, R., Norris, J., ...
Tice, R. R. (2013). Bisphenol A affects androgen receptor function via
multiple mechanisms. Chemico-Biological Interactions, 203(3), 556-564.
https://doi.org/10.1016/j.cbi.2013.03.013

Timms, B. G., Howdeshell, K. L., Barton, L., Bradley, S., Richter, C. A,, &
vom Saal, F. S. (2005). Estrogenic chemicals in plastic and oral contra-
ceptives disrupt development of the fetal mouse prostate and urethra.
Proceedings of the National Academy of Sciences of the United States of
America, 102(19), 7014-7019. https://doi.org/10.1073/pnas.
0502544102

Tiwari, D., Kamble, J., Chilgunde, S., Patil, P., Maru, G., Kawle, D., ...
Vanage, G. (2012). Clastogenic and mutagenic effects of bisphenol A:
An endocrine disruptor. Mutation Research, 743(1-2), 83-90. https://
doi.org/10.1016/j.mrgentox.2011.12.023

Tyl, R. W., Myers, C. B, Marr, M. C, Sloan, C. S., Castillo, N. P.,
Veselica, M. M,, ... Waechter, J. M. (2008). Two-generation reproduc-
tive toxicity study of dietary bisphenol A in CD-1 (Swiss) mice. Toxico-
logical Sciences, 104(2), 362-384. https://doi.org/10.1093/toxsci/
kfn084

Vandenberg, L. N., Colborn, T., Hayes, T. B., Heindel, J. J., Jacobs, D. R,,
Lee, D. H., ... vom Saal, F. S. (2012). Hormones and endocrine-dis-
rupting chemicals: low-dose effects and nonmonotonic dose
responses. Endocrine Reviews, 33(3), 378-455. https://doi.org/10.
1210/er.2011-1050

Vandenberg, L. N., Maffini, M. V., Sonnenschein, C., Rubin, B. S., &
Soto, A. M. (2009). Bisphenol-A and the Great Divide: A Review of
Controversies in the Field of Endocrine Disruption. Endocrine Reviews,
30(1), 75-95.https://doi.org/10.1210/er.2008-0021

Wetherill, Y. B., Akingbemi, B. T., Kanno, J., McLachlan, J. A., Nadal, A.,
Sonnenschein, C,, ... Belcher, S. M. (2007). In vitro molecular mecha-
nisms of bisphenol A action. Reproductive Toxicology, 24(2), 178-198.
https://doi.org/10.1016/j.reprotox.2007.05.010

Xin, F., Jiang, L., Liu, X., Geng, C., Wang, W., Zhong, L., ... Chen, M. (2014).
Bisphenol A induces oxidative stress-associated DNA damage in INS-1
cells. Mutation Research, 769(769), 29-33. https://doi.org/10.1016/j.
mrgentox.2014.04.019

Yin, N.,, Yao, X,, Qin, Z, Wang, Y.-L., & Faiola, F. (2015). Assessment of
Bisphenol A (BPA) neurotoxicity in vitro with mouse embryonic stem
cells. Journal of Environmental Sciences, 36, 181-187. https://doi.org/
10.1016/j.jes.2015.06.004

Zhang, R., Liu, R., & Zong, W. (2016). Bisphenol S interacts with catalase
and induces oxidative stress in mouse liver and renal cells. Journal of
Agricultural and Food Chemistry, 64(34), 6630-6640. https://doi.org/
10.1021/acs.jafc.6b02656

How to cite this article: Kose O, Rachidi W, Beal D,
Erkekoglu P, Fayyad-Kazan H, Kocer Gumusel B. The effects
of different bisphenol derivatives on oxidative stress, DNA
damage and DNA repair in RWPE-1 cells: A comparative
study. J Appl Toxicol. 2020;40:643-654. https://doi.org/10.
1002/jat.3934


https://doi.org/10.1289/EHP1050
https://doi.org/10.1124/dmd.30.11.1180
https://doi.org/10.1124/dmd.30.11.1180
https://doi.org/10.1371/journal.pone.0138438
https://doi.org/10.1016/j.envint.2013.12.007
https://doi.org/10.1016/j.envint.2013.12.007
https://doi.org/10.1016/j.reprotox.2007.06.004
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1289/ehp.1408989
https://doi.org/10.1289/ehp.1408989
https://doi.org/10.1016/j.chemosphere.2018.03.014
https://doi.org/10.1016/j.chemosphere.2018.03.014
https://doi.org/10.1016/j.yhbeh.2006.01.007
https://doi.org/10.1016/j.yhbeh.2006.01.007
https://doi.org/10.1016/S0891-5849(01)00480-4
https://doi.org/10.1177/0748233717695160
https://doi.org/10.1177/0748233717695160
https://doi.org/10.3322/caac.21254
https://doi.org/10.3322/caac.21254
https://doi.org/10.3322/caac.21332
https://doi.org/10.3322/caac.21332
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.1016/j.chemosphere.2016.05.027
https://doi.org/10.1016/j.chemosphere.2016.05.027
https://doi.org/10.1016/S0045-6535(97)10133-3
https://doi.org/10.1016/S0045-6535(97)10133-3
https://doi.org/10.1210/jcem.86.8.7782
https://doi.org/10.1016/j.cbi.2013.03.013
https://doi.org/10.1073/pnas.0502544102
https://doi.org/10.1073/pnas.0502544102
https://doi.org/10.1016/j.mrgentox.2011.12.023
https://doi.org/10.1016/j.mrgentox.2011.12.023
https://doi.org/10.1093/toxsci/kfn084
https://doi.org/10.1093/toxsci/kfn084
https://doi.org/10.1210/er.2011-1050
https://doi.org/10.1210/er.2011-1050
https://doi.org/10.1210/er.2008-0021
https://doi.org/10.1016/j.reprotox.2007.05.010
https://doi.org/10.1016/j.mrgentox.2014.04.019
https://doi.org/10.1016/j.mrgentox.2014.04.019
https://doi.org/10.1016/j.jes.2015.06.004
https://doi.org/10.1016/j.jes.2015.06.004
https://doi.org/10.1021/acs.jafc.6b02656
https://doi.org/10.1021/acs.jafc.6b02656
https://doi.org/10.1002/jat.3934
https://doi.org/10.1002/jat.3934

	The effects of different bisphenol derivatives on oxidative stress, DNA damage and DNA repair in RWPE-1 cells: A comparativ...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Chemicals
	2.2  Kits
	2.3  Primers
	2.4  Cell culture and bisphenol treatment
	2.5  Preparation of bisphenol analogues
	2.6  Determination of cell viability
	2.7  Enzymatic and non-enzymatic antioxidants
	2.8  Alkaline single-gel electrophoresis (Comet assay)
	2.9  Quantitative real-time PCR
	2.10  Statistical analysis

	3  RESULTS
	3.1  Cell viability
	3.2  Enzymatic and non-enzymatic antioxidants
	3.3  Comet assay
	3.4  Changes in gene expressions

	4  DISCUSSION
	4.1  Cytotoxicity
	4.2  Oxidative stress
	4.3  DNA damage
	4.4  DNA repair proteins

	5  CONCLUSION
	ACKNOWLEDGMENT
	  CONFLICT OF INTEREST
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




