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Abstract: Bisphenol A (BPA) exposure has been widely linked to endocrine-disrupting effects. Re-
cently, many substitutes for BPA have been developed as safe structural analogs. However, they
have still been reported to have similar adverse effects. The current study evaluated the effects
of bisphenol A and eight structural analogs on the transcription of estrogen receptor alpha (ERw).
The effects of binary and ternary mixtures prepared from different combinations of BPA analogs
were also evaluated for transcription activity. The measured data of the mixtures were compared
to the predicted data obtained by the full logistic model, and the model deviation ratio (MDR) was
calculated to determine whether the effects were synergistic, antagonistic, or additive. Overall, the
results suggest that the effect of bisphenol compound are additive in binary and ternary mixtures.
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1. Introduction

Bisphenol A [BPA, 4'4-(Propane-2,2-diyl)diphenol] is a crystalline solid substance
used in the production of epoxy resins and polycarbonate plastics, which are found in
many consumer and industrial products. Generally, humans are exposed to BPA through
food packaging materials, water bottles, and lacquer coatings for cans. Furthermore,
occupational workers are also exposed through direct contact with skin or inhalation. Due
to its increased production and use worldwide (several million tons every year), it is now
ubiquitously found in the environment including air, water, soil, house dust, and foodstuffs,
as well as in human samples such as urine, blood, amniotic fluid, saliva, and breast
milk [1-3]. BPA exposure has been widely linked to adverse health effects; it is known to be
associated with the incidence of growth disruption, halting normal development, infertility,
endocrine system disruption, immune system suppression, and carcinogenicity in animal
models and epidemiological human studies [4-6]. BPA interacts with several biological
receptors such as estrogen receptor (ER), androgen receptor (AR), and thyroid hormone
receptor (THR), resulting in endocrine-disrupting effects. These effects lead to adverse
outcomes such as reproductive and developmental issues in the offspring, reproductive
dysfunction, neurotoxicity, mutagenesis, and even cancer development [7-11].

Due to the adverse health effects caused by BPA, the European Union (EU) and
many countries including the United States (US), Canada, China, Japan, and Korea have
successively enacted laws and regulations to restrict or prohibit the use of BPA. The US
Food and Drug Administration (FDA) banned its use in food packaging in 2010; the
EU banned its use in baby bottles in 2011; the European Food Safety Authority (EFSA)
established a tolerable daily intake of 50 ug/kg/day in 2015; the European Chemicals
Agency (ECHA) recognized it as an endocrine disruptor in humans in 2017. However,
despite the regulations, BPA is still used in various fields including healthcare [5,12].

In recent years, the BPA structural analogs such as Bisphenol AF (BPAF), Bisphenol
B (BPB), Bisphenol F (BPF), Bisphenol S (BPS), and Bisphenol Z (BPZ) have increasingly
been adopted due to the hazard of BPA [13]. However, the reports on the endocrine tox-
icity of these analogs are increasing [14-16]. BPS, although it has been introduced as a
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safe, is known to have similar endocrine toxicity to BPA. Interactions between BPS and
estrogen receptor alpha (ER«x), subsequent disruption of the reproductive neuroendocrine
system and immunotoxic potential via receptor binding have been evaluated in several
studies. BPS was also found to alter the secretion of progesterone and estradiol in cultured
ovine granulosa cells, which disrupts steroidogenesis [17,18]. Kitamura et al. reported the
endocrine-disrupting activity of BPA and 19 related compounds. In the reports, several
BPA analogs exhibited estrogenic activity in the human breast cancer cell line MCF-7 [19].
Testicular toxicity of BPS, BPAF, and tetrabromobisphenol A (TBBPA) was also investigated
in mouse spermatogonial cells, and they exhibited higher toxicities including dose- and
time-dependent alterations in nuclear morphology and cell cycle, DNA damage responses,
and perturbation of the cytoskeleton [20]. To evaluate the toxicity potential of BPA substi-
tutes, a toxicokinetic study was also performed after oral and intravenous administration
in pigs [21]. Bioavailability and the internal dose of the substitutes are well-known key
factors for the evaluation of human exposure risk. A test using Diaphanosomacelebensis,
BPA, BPS, and BPF showed transcriptional modulation of genes which is related to the
ecdysteroid pathway, indicating that these compounds can disrupt the normal endocrine
system function of D. celebensis [22].

In human biomonitoring studies of BPA exposure, BPA and its substitutes were
measured in the same blood and/or urine samples. This suggested that the co-deposition
in target organs may increase the risk of bisphenol compounds [23,24]. It is therefore
necessary to evaluate mixtures of bisphenol compounds to obtain a more realistic and
reliable assessment of health risks compared to assessing individual chemicals [25]. Even
with the increasing reports on the exposure of a mixture of bisphenol compounds, only a
few of them have been published on the estrogenic activity of the mixtures [26,27]. Some
tests on the mixture effects of BPA were performed with non-bisphenol compounds such
as heavy metals, phthalates, and alkylphenols [28-30].

In this study, BPA and its eight analogs were selected and screened for estrogen
receptor alpha (ERo) transactivation activity (agonistic/antagonistic) based on the OECD
Test guideline 455 using HeLa 9903 cells [31]. Some of the compounds were found to be
agonists, some were antagonists, and some showed no effects. After the evaluation of
the single compounds, the transcriptional activity of binary and ternary mixtures (with
combinations of agonist/agonist and antagonist/antagonist) was evaluated. In addition,
calculated prediction values of the mixtures using the full logistic model (FLM) were
also obtained and compared with the measured values. This study aimed to provide a
concept for the prediction of endocrine-disrupting effects of bisphenol compounds that
are simultaneously exposed to humans. The results of this study will help to develop and
implement regulations for numerous BPA compound mixtures found in consumer products
with potential endocrine-disrupting properties.

2. Materials and Methods
2.1. Test Chemicals

Test chemicals of BPA and its analogs were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and Tokyo Chemical Industry (TCI, Tokyo, Japan). They were first dissolved in
90% Dimethyl sulfoxide (DMSO) and then serially diluted to prepare test concentrations.
The final concentration of the DMSO in media was 0.1%. The chemical name, abbrevia-
tion, structure, CAS number, test concentrations, and vendors are shown in Table 1. The
reference chemicals for ERx transactivation assay, 17x-estradiol, and tamoxifen, were
purchased from Sigma-Aldrich, and flutamide, 17(3-estradiol (E2), corticosterone, and
17 x-methyltestosterone were purchased from Tokyo Chemical Industry.
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Table 1. Bisphenol A and its structural analogues for estrogen receptor transactivation assay.

Chemical Name

CAS No. M.W. TestCon. (M) Vendors Structure

HsC, CHs

’ . .
4,4'-Isopropylidenediphenol 80-05-7 20829 10-11_10-5 A
HO OH

FaC_ CFs

2 (Hexafluoroisopropylidene)diphenol 1478-61-1 336.23 10~ 11-10-5 A
HO OH

CHy
-Bis(4- \
2,2-Bis(4-hydroxyphenyl)butane 77-40-7 24230 10-11-10-5 B HO—@—?—@—OH

CH>CH3

2,2-Bis(4-hydroxy-3-

CHy CHy
CHy

4 methylphenyl)propane 79-97-0 256.35 10~11-107° B Ho—@—c}:@oH
CHs

CHs
5 4,4'-Ethylidenediphenol (BPE) 2081-08-05 21426 10-11-10-5 B HOQ(‘:H@OH
o, o’ -Bis(4-hydroxyphenyl)-1,4- HaG Lrs OH
6 diisopropylbenzene 2167-51-3 34646 10711-107° B O O O
HO
HsC CHg
o
4-Benzyloxyphenyl 4-Hydroxyphenyl aa 11 1n—6 o@g@ . @
7 Sulfone (BPS-MPE) 63134-33-8  340.39 10~-10 B H i Ha
S S
8 4,4'-Cyclohexylidenebisphenol 843-55-0 26835 10-11_10-5 A ‘ ‘
HO OH
. OH
-Di i :< o}
9 2,4'-Dihydroxydiphenyl Sulfone 5397-34-2 25027 10-11_10—6 B i on
11
e}

A: Sigma-Aldrich; B: Tokyo Chemical Industry.

2.2. Cell Culture

The hERx-HeLa-9903 (HeLa 9903) cell line (JCRB1318), which expresses human estro-
gen receptor « (hER), was obtained from the Japanese Collection of Research Bioresources
(JCRB) cell bank (Osaka, Japan), and cultured in phenol red-free Eagle’s minimum essential
medium (EMEM) supplemented with 10% dextran-coated charcoal-treated fetal bovine
serum (DCC-FBS) and kanamycin (60 mg/L). Plastic wares with no estrogenic activity were
used in this study according to OECD TG 455 [31].

2.3. Cytotoxicity Test

To achieve the appropriate test chemicals concentration for transactivation assay, the cy-
totoxicity tests were performed using 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) assay. After 24 h stabilization in 96-well plates, HeLa 9903 cells were
treated with test chemicals at wide ranges of concentrations (1011 M~10—3 M) for 24 h.
After exposure, 100 puL of the MTT solution (5 mg/mL) was added, and the cells were
incubated for 2 h at 37 °C. The cells were treated with 100 uL. of DMSO to solubilize
the purple formazan, and the absorbance was quantified at 570 nm using the microplate
spectrophotometer system (Spark®, TECAN, Ménnedorf, Switzerland). The concentration
at which cell viability began to decrease was selected as the highest concentration for the
ER« transactivation assay.
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2.4. Preparation of Mixtures

Binary mixtures were prepared by combining two bisphenol compounds; agonist/agonist,
and antagonist/antagonist. For the test concentrations of binary mixtures, the highest
test concentration (master solution) was achieved by mixing individual chemicals where
the final concentration was designed to be 100-fold ECsj of the individual compound
for the agonist, and 100-fold ICsj of the individual compound for the antagonist (equi-
effect basis). ECsy and ICsp are shown in Table 2. The assay was designed to obtain
full concentration-response curve. The master solution of each binary mixture was then
serially diluted for testing. Ternary mixtures were prepared by combining three bisphenol
compounds—agonist/agonist/agonist, and antagonist/antagonist/antagonist—where the
final concentration was designed to be 100-fold ECsj of the individual compound for the
agonist, and 100-fold ICsq of the individual compound for the antagonist (equi-effect basis).
In the case of BPB, the EC5p was too high to prepare 100-fold mixtures due to cytotoxicity
at the master solution. So, the mixture containing BPB was designed to be 0.05-fold in
binary mixture, and 0.25-fold in ternary mixture, as described in Table 3. Information on the
master solution of the binary and ternary mixtures is presented in Table 3. No cytotoxicity
was observed at the master solution.

Table 2. Chemicals for mixture preparations and their parameters obtained from concentration—
response curves of agonistic activity or antagonistic activity.

. ECsp ICs .
Chemicals MIN MAX Hill Slope
M) (Log M) M) (Log M)
BPA 2.31 x 1077 —6.64 - - 2.66 95.14 0.66
BPAF 2.40 x 1077 —6.62 - - 5.00 93.34 1.11
—4 _ _ _ _
Agonist BPB 2.72 x 10 , 3.57 6.41 4241 0.32
BPC 291 x 10~ —6.54 - - —3.95 180.3 0.45
BPE 1.04 x 107 —6.98 - - 2.12 120.6 7.36
BPZ 3.26 x 1077 —6.49 - - 4.04 108.5 1.52
BPP - - 1.62 x 1077 —6.79 —5.64 92.12 —0.56
Antagonist BPS-MPE - - 1.63 x 1077 —6.79 —4.52 96.26 —0.51
2,4-BPS - - 1.50 x 10~8 —7.83 19.75 93.86 —0.40
The parameters were calculated using GraphPad Prism. EC: effective concentration; MIN: minimum values of the
curves; MAX: maximum values of the curves.
Table 3. Concentrations and ratios of component chemicals in the master solution of mixtures.
Total Conc.
Chemicals Ind. Conc. oA one Ratio
™M) M) (Log M)
BPA + BPAF 23 %1075 +24 x 1075 47 x107° —4.33 1.0:1.0
BPA +BPB (™ 12 x 1078 +1.4 x 1077 14 x 107° —4.87 1.0:1174.6
Ago + Ago BPA + BPC 23 %1075 +29 x 107° 52 %1073 —4.28 1.0:1.3.0
Binary BPA + BPE 23 %1075+ 1.1 x 107° 34 x 1075 —4.47 1.0:2.2
BPA + BPZ 23 x107°+33x107° 5.6 x 107° —4.25 1.0:1.4
BPS-MPE + BPP 1.6 x 1075 + 1.6 x 107° 33x107° —4.49 1.0:1.0
Anta + Anta 2,4-BPS + BPP 1.5 x 107% + 1.6 x 1073 1.8 x 1075 —4.75 1.0:10.8
2,4-BPS + BPS-MPE 15%x 1070 +1.6 x 107° 1.8 x 107° —475 1.0:10.9
BPA + BPAF + BPZ 23x107°+24 x 1075 +33 x 107° 8.0 x 1073 -4.10 1.0:1.0:1.4
BPAF + BPZ + BPB @ 6.0x 1078 +8.1 x 1078 + 6.8 x 10~° 6.8 x 1073 —4.17 1.0:1.4:1131.6
Ago + Ago + Ago BPE + BPC + BPB @ 26x107%+73x107%+6.8x 107° 6.8 x 107° —4.17 1.0:2.8:2611.0
Ternary BPE + BPA + BPC 1.0x 1072 +23 x 107° +2.9 x 107° 6.3 x 1073 —4.20 1.0:2.2:2.8
BPC + BPZ + BPB @ 73 %1078 +8.1 x 1078 + 6.8 x 10~° 6.8 x 1073 —-4.17 1.0:1.1:935.6
Anta + Anta + Anta 2,4-BPS + BPP + BPS-MPE 1.5 % 107¢ + 1.6 x 107% + 1.6 x 107° 34 x107° —4.47 1.0:10.8:10.9

The concentration of component chemicals in master solutions are 100-fold ECs (agonists) or 100-fold IC50
(antagonists) except the mixture () and @. The master solution was diluted serially for the assay as designated in
the figures. (@: The concentration of component chemicals in master solutions are 0.05 x ECsp (agonists). @: The
concentration of component chemicals in master solutions are 0.25 x EC50 (agonists).
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Epix = | MAXy +

MIN; — MAX,

2.5. Stably Transfected Transactivation (STTA) Assay for Estrogen Receptor Alpha

For the estrogen receptor agonist and antagonist tests, the ERa transactivation assay
was performed based on the OECD TG 455 using cultured HeLa 9903 cells, which stably
express the ERx gene containing a firefly luciferase gene as the reporter gene [31]. After
subculturing the cells to a density of 75~90% in a 100 mm culture dish, the cells were
transferred to a 96-well plate at 1 x 10% cells/100 pL/well, stabilized for 3 h, and then
treated with the test chemicals for 24 h. After exposure, the luciferase activity was measured
using a commercial luciferase assay reagent (E2510, Promega, Maidison, W1, USA). For the
ER« transcription agonist assay, the normalized mean value of the luminescence signal
(Luciferase activity) of the test wells was divided by that of the positive chemical (1 nM
173-estradiol) to obtain relative transcriptional activity. The concentration-response curves
of the test chemicals were processed to calculate the PCyg and PCsq values, which show 10%
and 50% of the transcriptional activity of positive chemicals, respectively, using software
provided by the OECD Test guideline. 173-estradiol, 17x-estradiol, 17 -methyltestosterone,
and corticosterone were used as the reference chemicals for the ERx transactivation assay
to monitor the stability of the assay system. For the antagonist assay, test wells were spiked
with 25 pM 173-estradiol. Tamoxifen and flutamide were used as reference chemicals. The
normalized mean value of the luminescence signal (Luciferase activity) of the test wells
was divided by that of spiked 25 pM 17-estradiol (100%) to obtain relative transcriptional
activity. RPCyax for the agonist and ICzg values for the antagonist were used for the
positive and negative decision criteria, according to the OECD TG 455. The calculations of
PCyp, PCsp, and RPCppax in ERx agonist assay and ICzp and ICsp in ERx antagonist assay
can be made by using the spreadsheet available together with the Test Guideline on the
OECD public website [32,33].

2.6. The Prediction of ERx Transactivation of the Mixtures by the Full Logistic Model

The mixture’s ERx transactivation assay was performed as described above and the
measured data were obtained. Estimation of ERx transactivation by the chemical mixtures
was performed with the full logistic model (FLM) with GraphPad Prism (V.9.3, Dan Diego,
CA, USA) [34-36]. FLM used four parameters including Hill slope, the maximum and
minimum response values, and ECsg of individual chemicals. The equation for FLM was
as follows:

C
ECso,1

)

MIN, — MAX,

P | [ C C
C C 1 2
1T+ (EC510,1 + EC520,2> (EC5U,1 * ECso2

ECso
P e e
+ (Ecso,z + EC50,1> ECso2 ~ ECson

MAX: the maximal value of the dose-response curve in the test of individual chemicals;
MIN: the minimal value of the dose-response curve in the test of individual chemicals;
ECsp: the half value of maximal effective concentration;

P: hill slope;

C: the concentration of individual chemicals in the test mixture;

The number indicates individual chemicals in the test mixture.

The model for the prediction of the mixture effect is based on the concentration—
response curves of each chemical component obtained by the ER« transactivation assay.
The parameters of the concentration-response curves for the individual chemicals were
calculated using GraphPad Prism, as shown in Table 2. The parameter values were substi-
tuted into the FLM formulas. The measured values were compared to the predicted values
obtained by the FLM.

2.7. The Assessment of Model Deviation Ratio (MDR)

To verify the difference between the measured and the predicted results, the Model
Deviation Ratio (MDR) approach was applied. MDR is defined as the ratio obtained by
dividing the expected value by the measured value at respective concentrations [37,38]. In



Toxics 2023, 11, 986

6 of 16

this study, the ratio between the predicted effects calculated by FLM and the measured
values at seven concentration points was obtained. MDR values lower than 0.50 are
indicators of the synergistic behavior of compounds present in a mixture while values over
2.00 justify the statement of antagonistic action. MDR values within 0.50~2.00 indicate
additive activity.

3. Results
3.1. Cell Viability and Test Concentration

To determine the appropriate test concentrations of the test chemicals, a cytotoxicity
test was performed using the MTT assay, and the results are shown in Figure 1. The highest
test concentration for transactivation assay, which was the concentration that showed the
initial decrease in viability, was chosen from the cytotoxicity data, and most chemicals
showed a decrease in viability at a concentration of 107>~10~* M. The dotted lines in the
figure indicate 80% viability compared with the media control group, which is the baseline
for the determination of the highest concentration for the ER« transactivation assay. The
concentration which showed a viability of less than 80% was not applied to the assay.

120 120
100 100
§ LI EERERERRRRRRR PR PPPPPPRRPRPRRRRE TR SR é QO -rcrrere i)
E 60 E 60—
2 2
= 40 i 40
—= BPAF - BPC ~ Bpp I
20 20
—— BPB == BPE - BPS-MPE  —+— 24-BPS
O —T——T—T T T T T T O—T——T—T T T T T 7
o -11 -10 -9 -8 -7 -6 -5 -4 -3 0 -11 -10 -9 -8 -7 -6 -5 -4 -3

Log conc. (M)

Log conc. (M)

Figure 1. Effects of test chemicals on the viability of cultured HeLa 9903 cells. Cell viability was
assessed by MTT assays, and the results are presented as a percentage of the control group viability.
Cells were treated with indicated concentrations for 24 h. The results represent the means of three
separate experiments, and the bars represent the standard error. The dotted line in the figure
represents a viability of 80%. The figure shows the cytotoxicity of the chemicals that showed positive
results in the agonistic or antagonistic tests of estrogen receptor transactivation (n = 3). (A): Bisphenol
A (BPA), Bisphenol AF (BPAF), Bisphenol B (BPB), Bisphenol C (BPC), and Bisphenol E (BPE);
(B): Bisphenol P (BPP), Bisphenol S(BPS)-MPE, 2,4-dihydroydiphenyl sulfone (2,4-BPS), and Bisphenol
Z (BPZ).

3.2. Effects of Bisphenol A and Its Analogs on ERa Transactivation: Agonist Assay

The estrogenic activities of BPA and its eight analogs were evaluated based on OECD
TG 455. For the agonist assay of ERa transactivation in cultured HeLa 9903 cells, the
reference chemicals 173-estradiol, 17x-estradiol, and 17x-methyltestosterone and corticos-
terone were first tested. As shown in Figure 2A, concentration-response transactivation
was induced by 173-estradiol, 17x-estradiol, and 17«x-methyltestosterone, with different
potencies and efficacies. The results for the reference chemicals were very similar to those
provided in the test guideline. When the cultured cells were treated with corticosterone, no
sign of transactivation was observed in all the test concentrations, 10~10~10=% M, as shown
in TG 455. These results confirmed the validity of the performance criteria for the agonist
assay in this study.
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|z| Reference chemicals

200— —*— 17a-methyltestosterone 2007 —e— BPA
G —e— 17B-estradiol(E2) G = BPAF
& —m— 170-estradiol : -+ BPB
S 150 — corticosterone © 150
S X
£ z
Z 100~ £ 100-
H H
%. 50 k> 50
z 2
0 0 T 1
-15-14-13-12-11-10 -9 -8 -7 -6 -5 -4 -3 12 11 10 9 -8 -7 6 -5 -4
Log conc. (M) Log conc. (M)
[0]
2007 - BPC 200— -* BPS-MPE
-= BPE - 24-BPS

1504 —+« BPZ 1504 — BPP

Luciferase activity (% of PC)
Luciferase activity (% of PC)

1004 100
50 50
]
0 f = T T T T 1 0 T T T T T T | |
12 11 10 9 -8 -7 6 -5 -4 13 12 11 10 9 -8 -7 -6 -5 -4
Log conc. (M) Log conc. (M)

Figure 2. Agonistic assay of bisphenol compounds for estrogenic receptor alpha (ER«) transcriptional
activity in cultured HeLa 9903 cell line. The cells were incubated with different concentrations of the
respective bisphenol compounds based on the results of the cytotoxicity test, and a transactivation
assay was performed. For the ER« transcription agonist assay, the normalized mean values of the
luminescence signal (Luciferase activity) of the test wells were divided by that of the positive chemical
(1 nM 17B-estradiol) to obtain the relative transcriptional activity. (A): The results of reference
chemicals; 173-estradiol, 17 -estradiol, and 17 x-methyltestosterone induced ER« transactivation,
while corticosterone showed no activity. (B): BPA, BPAF, BPB; (C): BPC, BPE, BPZ; (D): BPS-MPE,
2,4-BPS, BPP. Three separate experiments were performed in the transactivation assay and data were
represented as mean =+ standard error.

BPA and its analogs BPAF, BPB, BPC, BPE, and BPZ showed ER« transactivation
agonistic activities toward ER« transcription. The concentration-response curves of the
chemicals with agonistic effects are shown in Figure 2B,C. BPS-MPE, 2,4-BPS, and BPP did
not exhibit agonistic activity (Figure 2D). RPCyax, PC1g, and PCsg of individual chemicals
which showed ER« agonistic effects were obtained from the concentration-response curve
by using the spreadsheet provided by the OECD TG 455 and are presented in Table 4.

3.3. Effects of Bisphenol A and Its Analogs on ER« Transactivation: Antagnoist Assay

Tamoxifen and flutamide, as reference chemicals in the antagonist assay, were tested
first, and the results are shown in Figure 3A. As shown in the figure, tamoxifen inhibited the
ER« transactivation which was elevated by spiked 25 pM 173-estradiol. The concentration
of tamoxifen used in the test was 1071°~107 M. The inhibitory activity was observed
from a concentration of 1078 M, and 50% inhibition was significant at 107 M. However,
flutamide did not show any antagonistic effects in all the test concentrations. The results of
the reference chemicals were very similar to those provided in the test guideline, confirming
the validity of the performance criteria for the antagonist assay in this study.
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Table 4. Parameters obtained from concentration-response curves of agonists or antagonists for the
estrogen receptor transactivation.

. PCyo PCso IC30 ICs
Chemicals RPCmMax (%) (Log M) (Log M) (Log M) (Log M)
BPA 88.35 —8.36 —6.63 - -
BPAF 91.34 —8.35 —6.57 - -
Agonist BPB 104.53 —8.16 —6.00 - -
BPC 148.20 —9.24 —7.33 - -
BPE 138.06 —8.42 —7.07 - -
BPZ 107.87 —7.87 —6.58 - -
BPP - - - —-7.39 —6.68
Antagonist BPS-MPE - - - —7.57 —6.74
2,4-BPS - - - —8.84 —8.00

PC: positive concentration; IC: inhibition concentration; RPCyjax: maximum level of response induced by a test
chemical, expressed as a percentage of the response induced by 1 nM 17-estradiol (positive chemical) on the
same plate. The parameters were obtained using the spreadsheet provided by the OECD Test guideline.

[>]

Reference chemicals

-

N

o
1

120+ —e— BPS-MPE
—a— 24-BPS
100 100+ BPP

(<3
o
1

60

40
—e— Tamoxifen

=~ Flutamide 20+

Luciferase activity (% of control)
-3
=3
1
Luciferase activity (% of control)

o

1 10 9 -8 7 6 5 -4 -1 -1]o -]9 -'8 l7 -ls I5 -:1

Log conc. (M) Log conc. (M)

1
-
N

Luciferase activity (% of control)
-3
o
1

40— —e- BPA -+ BPB
—& BPAF —— BPC
20+
—— BPZ -~ BPE

0 T T T T T T 1
-1 10 -9 -8 -7 -6 -5 -4

Log conc. (M)

Figure 3. Antagonistic assay of bisphenol compounds for estrogenic receptor alpha (ERx) transcrip-
tional activity in cultured HeLa 9903 cell line. The cells were incubated with different concentrations
of bisphenol compounds based on the results of the cytotoxicity test, and an antagonistic assay was
performed. For the antagonist assay, test wells were spiked with 25 pM 173-estradiol. The normalized
mean values of the luminescence signal (Luciferase activity) of the test wells were divided by that of
the spiked-in control (100%) to obtain the relative transcriptional activity. (A): Tamoxifen (positive)
and flutamide (negative) were used as the reference chemicals. (B): BPS-MPE, 2,4-BPS, and BPP
showed positive antagonistic activity to the ER« transactivation. (C): BPA, BPAF, BPB, BPC, BPE,
and BPZ did not show antagonistic activity to the 173-estradiol-activated ER« transcription. Three
separate experiments were performed in transactivation assay, and data were represented as mean £
standard error.

BPP, BPS-MPE, and 2,4-BPS did not show the agonistic activity of ER«x transactivation
but showed antagonistic activity as shown in Figure 3B. The six chemicals (BPA, BPB, BPC,
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BPE, and BPZ) which showed agonistic effects on the ER« transactivation, did not inhibit
ERo transcription activated by 25 pM 173-estradiol in all the test concentrations (Figure 3C).
IC3p and ICs of the individual chemicals which showed ERox antagonistic effects were
obtained from the concentration-response curve using the spreadsheet provided by the
OECD TG 455 and are presented in Table 4.

3.4. ERa Transactivation of Binary Mixtures
3.4.1. Mixtures of Agonist/Agonist

The binary mixtures of BPA and other agonistic bisphenol compounds (BPAF, BPB,
BPC, BPE, and BPZ), were prepared by mixing equi-effect concentrations as described in
the methods section and agonistic effects of the binary mixtures were assayed. The results
were compared to the predicted data obtained using FLM. The concentration-response
curves of the binary mixtures (both the measured and the predicted values) are shown
in Figure 4. As shown in the figures, the ERo transactivation increased as the mixture
concentration increased both in the measured and predicted data. Furthermore, patterns
of concentration-response curves of the measured and the predicted were very similar.
The measured curves were very close to the predicted curves, respectively, which did not
expect synergism or antagonism.

BPA+BPAF BPA+BPB BPA+BPC
2007 —e— Measured 200+ e Measured _ 200 —— Measured
- - 5 i ‘
‘é = Predicted (FLM) g e Predicted (FLM) & = Predicted (FLM)
S 150 S 150 < 1504
S 2 £
£ z £
2 100 Z 100 % 100
E‘g : <
2 2 2
5 50 5 50 5 50
0 == T T T T 1 0 T T T T 1 0 T T T T T T 1
141 10 -9 -8 -7 -6 -5 -4 -9 -8 -7 -6 -5 -4 11 10 -9 -8 -7 -6 -5 -4
Conc. (Log M) Conc. (Log M) Conc. (Log M)
E] BPA+BPE BPA+BPZ
200— —* Measured 200+ e M d
—_ easure
&) —a&— Predicted (FLM) Q
|9 = —a— Predicted (FLM)
-
° 150 S 150
S S
z e
Z 100 Z 1004
H] 2
@ @
S 50 2 50
H] 2
3 i - _ﬁzl/‘
0 T T T T T 1 0- T T T T T 1
40 9 -8 7 6 5 -4 41 10 -9 -8 -7 -6 -5 -4
Conc. (Log M) Log conc. (M)

Figure 4. Effects of binary mixtures (Agonist + Agonist) on the estrogen receptor transcriptional
activity: a comparison of the measured and the predicted values. For the test concentrations of binary
mixtures, the highest concentration (master solution) was achieved by mixing the individual chemi-
cals where the final concentration of each chemical was designed to be 100-fold ECs, respectively,
for the full concentration-response curve. In case of BPB, the ECsy was too high to prepare 100-fold
mixtures due to cytotoxicity at the master solution. So, the mixture containing BPB was designed to
be 0.05-fold in binary mixture. The solution of the highest concentration was then serially diluted to
measure the ERo transactivation. The measured results were shown with the predicted ones obtained
by the full logistic model. The compositions of binary mixtures were as follows: (A): BPA + BPAF;
(B): BPA + BPB; (C): BPA + BPC; (D): BPA + BPE; (E): BPA + BPZ. Three separate experiments were
performed in the transactivation assay and data were represented as mean =+ standard error.
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The RPCpax (%), PC1p, and PCsy were also very similar as shown in Table 5. Due to the
same mode of action of the individual compounds, the mixture effect of binary bisphenol
compounds seemed to be additive. When we calculated the model deviation ratio (MDR),
most of the ratios were more than 0.5 and less than 2, which means that they were not in
the range of synergism or antagonism.

Table 5. Parameters obtained from concentration—response curves of binary mixtures for the estrogen
receptor transactivation.

RPCMax (%) PC]() (Log M) PC50 (Log M) IC30 (LOg M) IC5() (Log M)

Chemicals
Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred
BPA + BPAF 96.7 92.8 —943 -—-816 —-6.74 —6.63 - - - -
BPA + BPB 134.6 146.0 —6.79 <-756 —-578 554 - - - -
Ago + Ago BPA + BPC 121.6 128.7 -9.12 884 722 —-7.06 - - - -
BPA + BPE 96.8 106.5 —-797 —-800 —644 —-6.86 - - - -
BPA + BPZ 100.8 100.4 —-972 —-8.00 —-644 —6.65 - - - -
BPS-MPE + BPP 101.2 90.7 - - - - -735 =777 —626 —698
Anta + Anta 2,4-BPS + BPP 98.8 88.7 - - - - —8.01 —8.00 -7.16 —-7.06
BPS-MPE + 2,4-BPS 99.0 90.2 - - - - -810 —-794 —-726 —7.00

Ago: agonist; Anta: antagonist; Meas: measured values; Pred: predicted values; PC: positive concentration;
IC: inhibition concentration; RPCyf,c: maximum level of response. The parameters were obtained using the
spreadsheet provided by the OECD TG 455.

3.4.2. Mixtures of Antagonist/Antagonist

The binary mixtures were prepared by mixing two compounds with an equi-effect
ratio of ICs as described in the methods section. Three mixtures were prepared: BPS-
MPE/BPP, 2,4-BPS/BPP, and BPS-MPE/2,4-BPS. The highest test concentration of the
binary mixture was based on the ICs( of each compound, and the concentration was serially
diluted. Test wells were spiked with 25 pM 17f3-estradiol, and the normalized mean values
of the luminescence signal (luciferase activity) of the test wells were divided by that of
spiked control (100%). Concentration-response curves of binary mixtures of the antagonist
compounds, both the measured and the predicted, are shown in Figure 5. As shown in the
figure, the measured curves were very close to the predicted curves, respectively, which
did not expect the synergism or antagonism. When the parameters of the concentration—
response curves were calculated, they were also very similar as shown in Table 5. The
MDRs, calculated as the ratio of the expected values and the measured values in the test
concentrations, were within 0.50~2.00 indicating additive activity.

3.5. ERa Transactivation of Ternary Mixtures

A mixture of three antagonists (BPP, BPS-MPE, and 2,4-BPS) was prepared and tested
for the antagonistic effects on ER« transactivation activated by 25 pM 173-estradiol. As
described in the methods section, the highest test concentration of the ternary mixture for
antagonist assay was based on the sum of ICs( of respective individual compounds. The
mixture of three antagonists (BPS-MPE, 2,4-BPS, and BPP) also showed an antagonistic
effect as shown in Figure 6A. Five ternary mixtures prepared by combining six agonists
(BPA, BPAF, BPB, BPC, BPE, and BPZ) were tested for the agonistic effect on ERo trans-
activation. The highest test concentration of the ternary mixture for agonist assay was
based on the ECs of the respective individual three compounds. The results are shown in
Figure 6B-F. Similarly to the binary mixtures, the concentration-response parameters of
ternary mixtures also showed similarity between the measured and the predicted results,
as shown in Table 6.
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Figure 5. Effects of binary mixtures (Antagonist + Antagonist) on the estrogen receptor transcriptional
activity: a comparison of the measured and the predicted values. For the test concentrations of binary
mixtures, the highest concentration (master solution) was achieved by mixing the individual chemi-
cals where the final concentration of each chemical was designed to be 100-fold ICs, respectively,
for full concentration-response curve. The solution of the highest concentration was then diluted
for the measurement of antagonistic activity. Test wells were spiked with 25 pM 173-estradiol. The
normalized mean values of the luminescence signal (Luciferase activity) of the test wells were divided
by that of the spiked-in control (100%) to obtain the relative transcriptional activity of the binary
mixture. The measured results were shown with the predicted ones obtained by the full logistic
model. The compositions of binary mixtures were as follows: (A): BPS-MPE + BPP; (B): 2,4-BPS + BPP;
(C): BPS-MPE + 2,4-BPS. Three separate experiments were performed in the transactivation assay
and data were represented as mean =+ standard error.

Table 6. Parameters obtained from concentration-response curves of ternary mixtures for the estrogen
receptor transactivation.

RPCMax (%) PC10 (Log M) PC50 (Log M) IC30 (Log M) IC50 (Log M)

Chemicals
Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred
BPA + BPAF + BPZ 106.1 98.2 —8.50 —7.95 —6.33 —6.61 - - - -
BPAF + BPZ + BPB 104.1 95.4 —8.00 —7.73 —5.60 —5.17 - - - -
BPB + BPC + BPE 97.9 89.7 —8.00 —7.23 —5.03 —5.15 - - - -
BPC + BPE + BPA 129.8 127.0 —8.53 —8.61 —6.40 —6.94 - - - -
BPZ + BPB + BPC 105.8 108.7 —8.26 —7.51 —5.48 —5.40 - - - -
BPS-MPE + 2,4-BPS + BPP 97.6 89.1 - - - - —7.65 —791 —6.71 —7.00

Meas: measured values; Pred: predicted values; PC: positive concentration; IC: inhibition concentration; RPCpjax:
maximum level of response. The parameters were obtained using the spread sheet provided by the OECD
Test guideline.
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Figure 6. Effects of ternary mixtures on the estrogen receptor transcriptional activity: a comparison
of the measured results and the predicted results. For the test concentrations of ternary mixtures, the
highest test concentration was achieved by mixing the individual chemicals where the final concen-
tration of each chemical was designed to be 100-fold ECs, respectively, for the full concentration—
response curve. In the case of BPB, the ECsy was too high to prepare 100-fold mixtures due to
cytotoxicity at the master solution. So, the mixture containing BPB was designed to be 0.25-fold
in ternary mixture. The concentration of component chemicals in master solutions was designed
for the full concentration-response curve. The solution of the highest test concentration was then
diluted for the measurement and prediction of ER«x transactivation. The components of ternary
mixtures for antagonists (A) and agonists (B-F) are described in the figures. The measured results of
concentration-response curves are shown with the predicted ones obtained by the full logistic model.
Three separate experiments were performed in the transcription assay and data were represented as
mean = standard error.

4. Discussion

Although the substitutes of BPA have been developed for safety or more useful
products, these analogs also have adverse effects on the endocrine system. BPA and BPAF
have been shown to activate the ERx and ERf3, while BPA (>100 nM) has a strong effect
compared to BPAF (>1000 nM) [39]. On the ER transcriptional assay performed by Liu
et al. in another study, BPAF, BPB, BPC, BPE, and BPZ were reported to function as full
activators or agonists for ER«, but they completely inhibited the ER{3 [40,41].

In our previous study, BPA, BPF, and BPS showed strong ER« transcriptional activ-
ity [29]. BPB has been demonstrated to be anti-androgenic as well as estrogenic and was
also found to exert higher estrogenic activity than BPA [42,43]. In this study, as shown in
Table 4, the RPCp,x of the BPC was higher and PCsp was lower than those of BPA, which
supports the strong estrogenic activity of BPC. The estrogenic activity was in this order,
BPC > BPE > BPZ > BPB > BPAF > BPA when they were compared based on the RPCyy,y.
It suggested that the BPA substitutes may also have strong endocrine-disrupting effects.
Other BPA analogs including BPP, BPS-MPE, and 2,4-BPS did not show agonistic effects on
the ER« transactivation but showed antagonistic effects (Figures 2D and 3).
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Compared to BPS, only a few studies on 2,4-BPS and BPS-MPE have been reported.
BPS is known to have strong agonistic activity in ER« transactivation, and the RPCpy,x of
ER« transactivation was shown to be 72% [32]. However, BPS-MPE and 2,4-BPS, which
are the structural analogs of BPS, did not show agonistic activity but showed antagonistic
activity in this study. The antagonistic activity of 2,4-BPS was stronger than that of BPS-
MPE, compared based on LoglCs as shown in Table 4. Further investigations on the
differences in the effects of BPS and 2,4-BPS are necessary because the two compounds are
structurally similar and are only different in the position of the hydroxyl group. BPP also
has antagonistic activity. Only a few reports for the BPP are available on the endocrine-
disrupting effects [44].

Recently, an association study on the combined exposures to bisphenol compounds
and endocrine disruption has been reported, where the concentration of BPA, BPF, and BPS
in the urine of pregnant women was analyzed and the birth outcome was investigated [45].
Furthermore, it has been reported that the hazard index for the deterioration of semen
quality might be increased by the combined exposure to a mixture of BPA, BPF, and
BPS [46]. A study on the association of bisphenol compounds with odds of polycystic
ovarian syndrome (PCOS) in women of childbearing age, showed that mixed exposure to
seven bisphenol compounds (BPA, BPAP, BPAF, BPB, BPS, BPP, and BPZ) was found to
be positively associated with the odds of PCOS (odds ratio = 1.26), while the odds ratio
of single bisphenol compounds was less than 1 [47]. Although the independent action of
bisphenol compound has been the main principle in mixture toxicity, co-exposure to these
chemicals may induce hazardous health effects potentially associated with a complex body
burden of different origins [25].

In our study, binary or ternary mixtures of bisphenol A and its structural analogs
were evaluated for the interaction of single compounds on the ER« transactivation. When
the mixtures were prepared and tested, they showed additive activity in both the ago-
nists/agonist and antagonists/antagonist preparations in the test concentrations
(Figures 4-6). There were no significant differences between the measured values and
the predicted values. The MDR values were more than 0.5 and less than 2, which indicated
the additive activity. Many chemicals with estrogenic activity could be contained in con-
sumer products and may be exposed to humans simultaneously. Therefore, the mixture
toxicity of estrogenic chemicals in consumer products needs to be assessed. However, the
combinations of chemicals, the number of compounds, and the concentration of individual
components in the mixture are too numerous to test efficiently. According to our study, we
found that the measured ER« transcription activity results closely matched the calculated
results obtained from FLM. This suggests that it may not be necessary to conduct a separate
test for each combined mixture. Understanding the parameters of concentration-response
curves for each chemical component, however, allows one to determine the transcription
activity of multiple mixtures. Additionally, the in silico model used in this study may
provide a good tool for the prediction of an in vitro transcription assay.

5. Conclusions

Bisphenol A and its eight substitutes, BPAF, BPB, BPC, BPE, BPP, BPS-MPE, BPZ, and
2,4-BPS, which are used in the manufacture of industrial and consumer products were
selected and evaluated for the transactivation of estrogen receptor alpha (ER o). The test
methods were based on the OECD TG 455. Among the chemicals, six compounds were
found to be agonistic, and three compounds were antagonistic to the ERx transcription
activity. Binary and ternary mixtures including different combinations of agonist/agonist
and antagonist/antagonist were prepared on an equi-effect concentration basis and tested
for ERa transcription activity. The activity of the mixtures showed concentration-dependent
responses. The concentration-response curves were also predicted by using FLM. The
measured and the predicted response curves showed close similarities. Overall results
suggest that the effect of bisphenol compound is additive in binary and ternary mixtures.



Toxics 2023, 11, 986 14 of 16

Author Contributions: H.L.: test for the ERx/AR transactivation, data process, drawing figures and
tables; J.P.: analysis of data, prediction using FLM, data process; K.P.: test design, reviewing the data
and analysis, thesis writing, and revision. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Korea Ministry of Environment (MOE) Project No.
2020002960006 and Project No. RS5-2023-00215856.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, D,; Kannan, K;; Tan, H.; Zheng, Z.; Feng, Y.L.; Wu, Y.; Widelka, M. Bisphenol Analogues Other Than BPA: Environmental
Occurrence, Human Exposure, and Toxicity-A Review. Environ. Sci. Technol. 2016, 50, 5438-5453. [CrossRef] [PubMed]

2. Abraham, A.; Chakraborty, P. A review on sources and health impacts of bisphenol A. Rev. Environ. Health 2020, 35, 201-210.
[CrossRef] [PubMed]

3. Vandenberg, L.N.; Hauser, R.; Marcus, M.; Olea, N.; Welshons, W. Human exposure to bisphenol A (BPA). Reprod. Toxicol. 2007,
24,139-177. [CrossRef] [PubMed]

4. Rochester, ].R. Bisphenol A and human health: A review of the literature. Reprod. Toxicol. 2013, 42, 132-155. [CrossRef] [PubMed]

5. vom Saal, ES.; Vandenberg, L.N. Update on the Health Effects of Bisphenol A: Overwhelming Evidence of Harm. Endocrinology 2020.
[CrossRef] [PubMed]

6. Meenu Maniradhan, M.; Calivarathan, L. Bisphenol A-Induced Endocrine Dysfunction and its Associated Metabolic Disorders.
Endocr. Metab. Immune Disord. -Drug Targets 2023, 23, 515-529. [CrossRef] [PubMed]

7.  Costa, H.E.; Cairrao, E. Effect of bisphenol A on the neurological system: A review update. Arch. Toxicol. 2023. [CrossRef]

8. Guo, J; Liu, K; Yang, ].; Su, Y. Prenatal exposure to bisphenol A and neonatal health outcomes: A systematic review. Environ.
Pollut. 2023, 335, 122295. [CrossRef]

9.  Fonseca, M.L; Lorigo, M.; Cairrao, E. Endocrine-Disrupting Effects of Bisphenol A on the Cardiovascular System: A Review. .
Xenobiot. 2022, 12, 181-213. [CrossRef]

10. Rocca, Y.D.; Traini, E.M.; Diomede, E; Fonticoli, L.; Trubiani, O.; Paganelli, A.; Pizzicannella, J.; Marconi, G.D. Current Evidence
on Bisphenol A Exposure and the Molecular Mechanism Involved in Related Pathological Conditions. Pharmaceutics 2023, 15, 908.
[CrossRef]

11. Ma, Y, Liu, H; Wu, J.; Yuan, L.; Wang, Y.; Du, X,; Wang, R.; Marwa, PW.; Petlulu, P; Chen, X.; et al. The adverse health effects of
bisphenol A and related toxicity mechanisms. Environ. Res. 2019, 176, 108575. [CrossRef] [PubMed]

12.  Sabour, A.; Helou, M.E.; Roger-Leroi, V.; Bauer, C. Release and toxicity of bisphenol-A (BPA) contained in orthodontic adhesives:
A systematic review. Int. Orthod. 2021, 19, 1-14. [CrossRef] [PubMed]

13. Moon, M.K. Concern about the Safety of Bisphenol A Substitutes. Diabetes Metab. ]. 2019, 43, 46—48. [CrossRef] [PubMed]

14. Keminer, O.; Teigeler, M.; Kohler, M.; Wenzel, A.; Arning, J.; Kafiner, F; Windshiigel, B.; Eilebrecht, E. A tiered high-throughput
screening approach for evaluation of estrogen and androgen receptor modulation by environmentally relevant bisphenol A
substitutes. Sci. Total Environ. 2020, 717, 134743. [CrossRef] [PubMed]

15. Delfosse, V.; Grimaldi, M.; Pons, ]J.; Boulahtouf, A.; Maire, A.; Vincent Cavailles, V.; Labesse, G.; Bourguet, W.; Balaguer, P.
Structural and mechanistic insights into bisphenols action provide guidelines for risk assessment and discovery of bisphenol A
substitutes. PNAS 2012, 109, 4930-14935. [CrossRef]

16. Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A Systematic Review and Comparison of the Hormonal Activity of Bisphenol A
Substitutes. Environ. Health Perspect. 2015, 123, 643-650. [CrossRef]

17.  Qiu, W,; Zhan, H.; Hu, J.; Zhang, T.; Xu, H.; Wong, M.; Xu, B.; Zheng, C. The occurrence, potential toxicity, and toxicity mechanism
of bisphenol S, a substitute of bisphenol A: A critical review of recent progress. Ecotoxicol. Environ. Saf. 2019, 173, 192-202.
[CrossRef]

18. Téteau, O.; Vitorino Carvalho, A.; Papillier, P.; Mandon-Pépin, B.; Jouneau, L.; Jarrier-Gaillard, P.; Desmarchais, A.; Lebachelier de
la Riviere, M.E.; Vignault, C.; Maillard, V.; et al. Bisphenol A and bisphenol S both disrupt ovine granulosa cell steroidogenesis
but through different molecular pathways. J. Ovarian Res. 2023, 16, 30. [CrossRef]

19. Kitamura, S.; Suzuki, T.; Sanoh, S.; Kohta, R.; Jinno, N.; Sugihara, K.; Yoshihara, S.; Fujimoto, N.; Watanabe, H.; Ohta, S.
Comparative study of the endocrine-disrupting activity of bisphenol A and 19 related compounds. Toxicol. Sci. 2005, 84, 249-259.
[CrossRef]

20. Liang,S.;Yin, L.; Yu, SK.; Hofmann, M.C,; Yu, X. High-Content Analysis Provides Mechanistic Insights into the Testicular Toxicity

of Bisphenol A and Selected Analogues in Mouse Spermatogonial Cells. Toxicol. Sci. 2017, 155, 43—60. [CrossRef]


https://doi.org/10.1021/acs.est.5b05387
https://www.ncbi.nlm.nih.gov/pubmed/27143250
https://doi.org/10.1515/reveh-2019-0034
https://www.ncbi.nlm.nih.gov/pubmed/31743105
https://doi.org/10.1016/j.reprotox.2007.07.010
https://www.ncbi.nlm.nih.gov/pubmed/17825522
https://doi.org/10.1016/j.reprotox.2013.08.008
https://www.ncbi.nlm.nih.gov/pubmed/23994667
https://doi.org/10.1210/endocr/bqaa171
https://www.ncbi.nlm.nih.gov/pubmed/33516155
https://doi.org/10.2174/1871530322666220928144043
https://www.ncbi.nlm.nih.gov/pubmed/36173044
https://doi.org/10.1007/s00204-023-03614-0
https://doi.org/10.1016/j.envpol.2023.122295
https://doi.org/10.3390/jox12030015
https://doi.org/10.3390/pharmaceutics15030908
https://doi.org/10.1016/j.envres.2019.108575
https://www.ncbi.nlm.nih.gov/pubmed/31299621
https://doi.org/10.1016/j.ortho.2020.11.002
https://www.ncbi.nlm.nih.gov/pubmed/33308954
https://doi.org/10.4093/dmj.2019.0027
https://www.ncbi.nlm.nih.gov/pubmed/30793551
https://doi.org/10.1016/j.scitotenv.2019.134743
https://www.ncbi.nlm.nih.gov/pubmed/31836225
https://doi.org/10.1073/pnas.1203574109
https://doi.org/10.1289/ehp.1408989
https://doi.org/10.1016/j.ecoenv.2019.01.114
https://doi.org/10.1186/s13048-023-01114-4
https://doi.org/10.1093/toxsci/kfi074
https://doi.org/10.1093/toxsci/kfw178

Toxics 2023, 11, 986 15 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gély, C.A.; Lacroix, M.Z.; Roques, B.B.; Toutain, P.L.; Gayrard, V.; Picard-Hagen, N. Comparison of toxicokinetic properties of
eleven analogues of Bisphenol A in pig after intravenous and oral administrations. Environ. Int. 2023, 171, 107722. [CrossRef]
[PubMed]

In, S.; Yoon, HW.; Yoo, J.W.; Cho, H.; Kim, R.O.; Lee, Y.M. Acute toxicity of bisphenol A and its structural analogues and
transcriptional modulation of the ecdysone-mediated pathway in the brackish water flea Diaphanosoma celebensis. Ecotoxicol.
Environ. Saf. 2019, 179, 310-317. [CrossRef] [PubMed]

Hend, F; Alharbi, H.F,; Algonaiman, R.; Alduwayghiri, R.; Aljutaily, T.; Algheshairy, R.M.; Almutairi, A.S.; Alhar, RM. Exposure
to Bisphenol A Substitutes, Bisphenol S and Bisphenol F, and Its Association with Developing Obesity and Diabetes Mellitus: A
Narrative Review. Int. ]. Environ. Res. Public Health 2022, 19, 15918. [CrossRef]

Mendy, A.; Salo, PM.; Wilkerson, J.; Feinstein, L.; Ferguson, K.K.; Fessler, M.B.; Thorne, P.S.; Zeldin, D.C. Association of urinary
levels of bisphenols F and S used as bisphenol A substitutes with asthma and hay fever outcomes. Environ. Res. 2020, 183, 108944.
[CrossRef]

Ribeiro, E.; Ladeira, C.; Viegas, S. EDCs Mixtures: A Stealthy Hazard for Human Health? Toxics 2017, 5, 5. [CrossRef]

Park, C.; Song, H.; Choi, ].; Sim, S.; Kojima, H.; Park, J.; lida, M.; Lee, Y. The mixture effects of bisphenol derivatives on estrogen
receptor and androgen receptor. Environ. Pollut. 2020, 260, 114036. [CrossRef] [PubMed]

Skledar, D.G.; Masi¢, L.P. In vitro estrogenic activity of binary and multicomponent mixtures with bisphenol A. Sci. Total Environ.
2020, 707, 135211. [CrossRef]

Mao, W.; Song, Y.; Sui, H.; Cao, P; Liu, Z. Analysis of individual and combined estrogenic effects of bisphenol, nonylphenol and
diethylstilbestrol in immature rats with mathematical models. Environ. Health Prev. Med. 2019, 24, 32. [CrossRef]

Barali¢, K.; Buha Djordjevic, A,; Zivan&evié, K.; Antonijevi¢, E.; Andelkovi¢, M.; Javorac, D.; Curéi¢, M.; Bulat, Z.; Antonijevi¢, B,;
Duki¢-Cosié, D. Toxic Effects of the Mixture of Phthalates and Bisphenol A-Subacute Oral Toxicity Study in Wistar Rats. Int J.
Environ. Res. Public Health 2020, 17, 746. [CrossRef]

Yang, J.; Liao, A.; Hu, S.; Zheng, Y.; Liang, S.; Han, S.; Lin, Y. Acute and Chronic Toxicity of Binary Mixtures of Bisphenol A and
Heavy Metals. Toxics 2022, 10, 255. [CrossRef]

OECD. OECD TG 455. Performance-Based Test Guideline for Stably Transfected Transactivation In Vitro Assays to Detect Estrogen Receptor
Agonists and Antagonists; OECD: Paris, France, 2021.

Lee, H.; Park, J.; Park, K. Effects of consumer products chemicals ingredients and their mixtures on the estrogen receptor/androgen
receptor transcriptional activation. Chemosphere 2022, 302, 134866. [CrossRef] [PubMed]

Yamasaki, K.; Takeyoshi, M.; Yakabe, Y.; Sawaki, M.; Imatanaka, N.; Takatsuki, M. Comparison of reporter gene assay and
immature rat uterotrophic assay of twenty-three chemicals. Toxicology 2002, 170, 21-30. [CrossRef] [PubMed]

Ezechias, M.; Cajthaml, T. Novel full logistic model for estimation of the estrogenic activity of chemical mixtures. Toxicology 2016,
359-360, 58-70. [CrossRef] [PubMed]

Ezechias, M.; Cajthaml, T. Receptor partial agonism and method to express receptor partial activation concerning novel Full
Logistic Model of mixture toxicology. Toxicology 2018, 393, 26-33. [CrossRef] [PubMed]

Michalikovd, K.; Linhartova, L.; Ezechias, M.; Cajthaml, T. Assessment of agonistic and antagonistic properties of widely used
oral care antimicrobial substances toward steroid estrogenic and androgenic receptors. Chemosphere 2018, 217, 534-541. [CrossRef]
[PubMed]

Owczarek, K.; Kudlak, B.; Simeonov, V.; Mazerska, Z.; Namieénik, J. Binary Mixtures of Selected Bisphenols in the Environment:
Their Toxicity in Relationship to Individual Constituents. Molecules 2018, 23, 3226. [CrossRef] [PubMed]

Kudtak, B.; Wieczerzak, M.; Namiesnik, J. Bisphenols (A, S, and F) affect the basic hormonal activity determined for
pharmaceuticals—Study of Saccharomyces cerevisiae. Environ. Pollut. 2019, 246, 914-920. [CrossRef]

Li, Y,; Burns, K.A.; Arao, Y.; Luh, C.J.; Korach, K.S. Differential estrogenic actions of endocrine-disrupting chemicals bisphenol
A, bisphenol AF, and zearalenone through estrogen receptor « and (3 in vitro. Environ. Health Perspect. 2012, 120, 1029-1035.
[CrossRef]

Liu, X.; Suyama, K.; Nose, T.; Shimohigashi, M.; Shimohigashi, Y. Bisphenol-C is the strongest bifunctional ERx-agonist and
ERp-antagonist due to magnified halogen bonding. PLoS ONE 2021, 16, €0246583. [CrossRef]

Liu, X.; Matsuyama, Y.; Shimohigashi, M.; Shimohigashi, Y. Toxicol ERa-agonist and ER3-antagonist bifunctional next-generation
bisphenols with no halogens: BPAP, BPB, and BPZ. Toxicol. Lett. 2021, 345, 24-33. [CrossRef]

Cao, L.Y;; Ren, XM,; Li, C.H.; Zhang, J.; Qin, W.P; Yang, Y.; Wan, B.; Guo, L.H. Bisphenol AF and Bisphenol B Exert
Higher Estrogenic Effects than Bisphenol A via G Protein-Coupled Estrogen Receptor Pathway. Environ. Sci. Technol. 2017,
51,11423-11430. [CrossRef] [PubMed]

Usman, A ; Ikhlas, S.; Ahmad, M. Occurrence, toxicity and endocrine disrupting potential of Bisphenol B and Bisphenol F: A
mini-review. Toxicol. Lett. 2019, 312, 222-227. [CrossRef] [PubMed]

Wang, L.; Zhou, L.; Fan, D.; Wang, Z.; Gu, W,; Shi, L.; Liu, J.; Yang, J. Bisphenol P activates hormonal genes and introduces
developmental outcomes in Chironomus tentans. Ecotoxicol. Environ. Saf. 2019, 174, 675-682. [CrossRef] [PubMed]

Kim, S.; Park, E.; Park, EK.; Lee, S.; Kwon, J.A.; Shin, B.H.; Kang, S.; Park, E.Y.; Kim, B. Urinary Concentrations of Bisphenol
Mixtures during Pregnancy and Birth Outcomes: The MAKE Study. Int. |. Environ. Res. Public. Health. 2021, 18, 10098. [CrossRef]


https://doi.org/10.1016/j.envint.2022.107722
https://www.ncbi.nlm.nih.gov/pubmed/36584424
https://doi.org/10.1016/j.ecoenv.2019.04.065
https://www.ncbi.nlm.nih.gov/pubmed/31030948
https://doi.org/10.3390/ijerph192315918
https://doi.org/10.1016/j.envres.2019.108944
https://doi.org/10.3390/toxics5010005
https://doi.org/10.1016/j.envpol.2020.114036
https://www.ncbi.nlm.nih.gov/pubmed/31995776
https://doi.org/10.1016/j.scitotenv.2019.135211
https://doi.org/10.1186/s12199-019-0789-5
https://doi.org/10.3390/ijerph17030746
https://doi.org/10.3390/toxics10050255
https://doi.org/10.1016/j.chemosphere.2022.134866
https://www.ncbi.nlm.nih.gov/pubmed/35533928
https://doi.org/10.1016/S0300-483X(01)00505-4
https://www.ncbi.nlm.nih.gov/pubmed/11750080
https://doi.org/10.1016/j.tox.2016.06.017
https://www.ncbi.nlm.nih.gov/pubmed/27368154
https://doi.org/10.1016/j.tox.2017.10.012
https://www.ncbi.nlm.nih.gov/pubmed/29079363
https://doi.org/10.1016/j.chemosphere.2018.11.006
https://www.ncbi.nlm.nih.gov/pubmed/30445398
https://doi.org/10.3390/molecules23123226
https://www.ncbi.nlm.nih.gov/pubmed/30563287
https://doi.org/10.1016/j.envpol.2018.12.052
https://doi.org/10.1289/ehp.1104689
https://doi.org/10.1371/journal.pone.0246583
https://doi.org/10.1016/j.toxlet.2021.04.001
https://doi.org/10.1021/acs.est.7b03336
https://www.ncbi.nlm.nih.gov/pubmed/28858478
https://doi.org/10.1016/j.toxlet.2019.05.018
https://www.ncbi.nlm.nih.gov/pubmed/31136786
https://doi.org/10.1016/j.ecoenv.2019.03.018
https://www.ncbi.nlm.nih.gov/pubmed/30878007
https://doi.org/10.3390/ijerph181910098

Toxics 2023, 11, 986 16 of 16

46. Kortenkamp, A.; Martin, O.; Ermler, S.; Baig, A.; Scholze, M. Bisphenol A and declining semen quality: A systematic review to
support the derivation of a reference dose for mixture risk assessments. Int. J. Hyg. Environ. Health 2022, 241, 113942. [CrossRef]

47. Zhan, W.; Tang, W.; Shen, X.; Xu, H.; Zhang, J. Exposure to bisphenol A and its analogs and polycystic ovarian syndrome in
women of childbearing age: A multicenter case-control study. Chemosphere 2023, 313, 137463. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijheh.2022.113942
https://doi.org/10.1016/j.chemosphere.2022.137463

	Introduction 
	Materials and Methods 
	Test Chemicals 
	Cell Culture 
	Cytotoxicity Test 
	Preparation of Mixtures 
	Stably Transfected Transactivation (STTA) Assay for Estrogen Receptor Alpha 
	The Prediction of ER Transactivation of the Mixtures by the Full Logistic Model 
	The Assessment of Model Deviation Ratio (MDR) 

	Results 
	Cell Viability and Test Concentration 
	Effects of Bisphenol A and Its Analogs on ER Transactivation: Agonist Assay 
	Effects of Bisphenol A and Its Analogs on ER Transactivation: Antagnoist Assay 
	ER Transactivation of Binary Mixtures 
	Mixtures of Agonist/Agonist 
	Mixtures of Antagonist/Antagonist 

	ER Transactivation of Ternary Mixtures 

	Discussion 
	Conclusions 
	References

