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analogues in an in vitro test battery
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Abstract

Background Bisphenol A (BPA) is currently one of the most widely used synthetic chemicals in the production

of a wide range of plastics. Due to its diverse endocrine disrupting potential alternative bisphenols, also referred

to as analogues, have been developed. Although the toxicity of BPA is well studied, the (eco)toxicological effects

of the bisphenol analogues are largely unknown. The similar molecular structure of the analogues suggests compa-
rable toxicological effects. This study aims to extend the (eco)toxicological knowledge on the bisphenol analogues
by evaluating eleven bisphenol analogues compared to the reference substance BPA in in vitro bioassays. The
examined endpoints are endocrine potential on three nuclear receptors in recombinant yeast cells of Saccharomyces
cerevisiae, baseline toxicity (also referred to as non-specific toxicity, describing the minimal toxicity of a chemical)

in the luminescent bacterium Aliivibrio fischeri, and mutagenicity in two strains of Salmonella typhimurium.

Results Bisphenol A showed estrogenic and anti-androgenic activity at ECy, concentrations of 0.516 mg/L
(2.26x107° M) and 1.06 mg/L (4.63x 107° M), respectively. The assays confirmed notable estrogenic and anti-andro-
genic activity for the vast majority of analogues in comparable, and often higher, efficacies to BPA. Some analogues
showed anti-estrogenic instead of estrogenic activity in a range from 0.789 mg/L (1.45x 107° M; TBBPA) to 2.69 mg/L
(246 10°° M; BADGE). The baseline toxicity of the analogues revealed a similar tendency of comparable to more
prominent effects compared to BPA, ranging from 5.81 mg/L (1.73x 10~ M; BPAF) to 39.1 mg/L (1.56x 10™* M; BPS).
There was no evidence of mutagenicity found.

Conclusion The examined bisphenol analogues prove to be equally, if not more, problematic in endocrine activities
than the reference bisphenol A. Based on these results, the tested bisphenols cannot be regarded as safer alternatives
and reinforce the notion of bisphenol analogues being considered as regrettable substitutions.
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Background

Bisphenol A (BPA) is predominantly used as an industrial
raw material in the manufacture of polycarbonate and
epoxy resin polymers, commonly referred to as plastics
[1-3]. The polymers have a wide range of applications in
day-to-day life, for instance in food containers and drink-
ing bottles, internal protective coatings of food cans,
water pipes or their inner linings, paints, casings of elec-
tronics, automobiles, or medical and sports equipment,
as well as in less tangible utilization in thermal papers
or flame retardants [1, 2, 4]. The global demand for BPA
in 2015 amounted to 7.7 million metric tonnes and was
predicted to surpass 10 million tonnes by 2022 [5, 6].
Bisphenol A is, therefore, considered a high production
volume chemical and generally one of the most produced
chemicals worldwide [7]. However, BPA has been the tar-
get of heavy criticism due to low-dose effects and diverse
modes of action as an endocrine disruptor, taking into
account the ubiquitous exposure of consumers. In 2017,
the European Chemicals Agency (ECHA) unanimously
agreed to identify bisphenol A as a substance of very high
concern (SVHC) on account of its endocrine disrupt-
ing and toxic to reproduction properties [8]. SVHCs are
required to progressively be substituted by less danger-
ous substances if technically and economically feasible
alternatives are available.

The regulations prompted a rapidly growing portfo-
lio and market for BPA alternatives. Products based on
the alternatives are frequently promoted under the label
“BPA free” This conveys the impression of safer prod-
ucts, although in the past alternatives for concerning
chemicals often did not undergo sufficient testing before
market release [9]. Due to the similarities in molecular
structure, the alternatives suggest a comparable toxico-
logical relevance, especially in regards to endocrine activ-
ity [10—13]. Some of the bisphenol analogues are already
identified or suspected to act as endocrine disruptors
and/or toxic to reproduction, e.g., BPS and BPB [14, 15],
or as carcinogenic, e.g., TBBPA [15]. In contrast to BPA,
the knowledge base for toxicological effects of bisphenol
analogues has been poorly assessed so far. Despite the
lack of information about (eco)toxicological relevance,
the production and application is steadily increasing [10,
11, 13, 16]. The focus of research has thus far been on
endocrine potential, predominantly evaluating agonistic
estrogenicity [17]. Many studies report similar estrogenic
potencies to bisphenol A [10-12, 18] with potencies four
to six orders of magnitude lower than the natural hor-
mone 17f-estradiol (E2) [10, 12]. Ten of 17 bisphenol
analogues evaluated in a review by Pelch et al. [17] were
estrogenically active in one or more assays. Among these
are BPS, 4,4-BPF, BPAF, BPB, BPE, BPC, BPZ, BPAP,
TMBPA, and BPP. BPAF is considered one of the most
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potent analogues, with a higher potency than BPA itself
[17]. BPS, on the other hand, is the least estrogenically
potent [17]. There were few to no antagonistic effects
observed at the estrogen receptor for most analogues [19,
20]. The bisphenols (BPs) TMBPA [19], TBBPA [19, 21],
BADGE, BPBP [21], BPAF and BPP [20], however, did
show anti-estrogenic effects. Numerous BPs reportedly
act as antagonists at the androgen receptor, including
BPB, BPE, BPF, BPZ, BPP, BPAP, BPAF, TMBPA, TBBPA,
and TCBPA [11, 13, 22]. Molina-Molina et al. [22] also
describe BPS and BPA as weak androgens. A study
about mixture effects of the bisphenol derivatives BPA,
BPS, and BPF by Park et al. [13] demonstrated stronger
estrogenic as well as anti-androgenic effects of bisphenol
mixtures compared to the individual bisphenols. Fur-
thermore, some analogues interact with other hormonal
receptors, such as the thyroid hormone receptor (TR)
[19], the glucocorticoid receptor (GR) or the pregnane X
receptor (PXR) [20]. Additionally examined in vitro end-
points are, for instance, the activity at the aryl hydrocar-
bon receptor [11, 13], DNA damage and toxicity [11, 23]
or oxidative stress [24]. In vivo endpoints, such as neuro-
logical or behavioural endpoints, remain poorly assessed
[17].

In this study, we evaluate to what extent the eleven
selected bisphenol analogues BPB, BPE, BPF, BPS, BPZ,
BPAF, BPAP, BPBP, BADGE, TBBPA, and TCBPA are
suitable replacements for BPA. To answer this question,
we conducted an in vitro test battery, which assessed the
toxicological endpoints of endocrine activity in five dif-
ferent yeast reporter gene assays, baseline (non-specific)
toxicity via the Microtox assay, and mutagenicity in the
Ames fluctuation test. It is hypothesized that the bis-
phenol analogues show comparable effects to BPA in
the in vitro assays due to their similar molecular struc-
ture, especially with respect to the estrogen and andro-
gen receptor. The chosen test battery intends to extend
the scope beyond endocrine disruption by including the
additional endpoints of baseline toxicity and mutagenic-
ity for a broader effect profile and hazard assessment. We
selected these eleven bisphenol analogues based on their
industrial relevance and steadily increasing economic use
(i.e., BPF, BPS, BPAF, BPB, BPAP), as well as their struc-
tural diversity.

Methods

Reagents and sample preparation
4,4/-isopropylidenediphenol (bisphenol A, BPA, CAS
80-05-7), 4,4’-(1-methylpropylidene)bisphenol (bisphenol
B, BPB, CAS 77-40-7), 4,4"-ethylidenebisphenol (bisphenol
E, BPE, CAS 2081-08-5), 4,4"-methylenediphenol (bisphe-
nol E, BPE, CAS 620-92-8), 4,4"-sulphonyldiphenol (bisphe-
nol S, BPS, CAS 80-09-1), 4,4"-cyclohexylidenebisphenol
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(bisphenol Z, BPZ, CAS 84-55-0), 2,2-bis-
(4-hydroxyphenyl)-hexafluoropropane  (bisphenol AF,

BPAF, CAS 1478-61-1), 1,1-bis(4-hydroxyphenyl)-1-phe-
nylethane (bisphenol AP, BPAP, CAS 1571-75-1), 4,4"-d
ihydroxytetraphenylmethane (bisphenol BP, BPBP, CAS
1844-01-5), 2,2’-[(1-methylethylidene)bis(4,1-phenylene-
oxymethylene)]bisoxirane (bisphenol A diglycidyl ether,
BADGE, CAS 1675-54-3), and 3,3’,5,5-tetrabromo-
4,4’-isopropylidenediphenol (Tetrabromobisphenol-A,
TBBPA, CAS 79-94-7) were purchased from Sigma-
Aldrich® (Taufkirchen, Germany). An aliquote of
2,2',6,6-tetrachloro-4,4’-isopropylidenediphenol  (Tetra-
chlorobisphenol-A, TCBPA, CAS 79-95-8) was gener-
ously provided by Dr. Manfred Frey (Steinbeis Innovation
Center for Cell Culture Technology, Mannheim, Ger-
many). Reagents for sample preparation were the purest
grade available.

Individual stock solutions of the selected bisphenols
were prepared by dissolving accurately weighed amounts
of analytical standard in dimethyl sulfoxide (DMSO, CAS
67-68-5). Nominal concentrations of the stock solutions
were determined to achieve the necessary in-test dilu-
tion of the substance. The stock solutions were stored in
amber glass vials in the dark at room temperature.

In vitro test procedure

Endocrine activity

The endocrine activity was determined with five different
yeast-based reporter gene assays, based on an ISO stand-
ard procedure [25], as previously described by Abbas
et al. [26] with minor modifications. The bisphenols were
tested for the Yeast Estrogen Screen (YES, human estro-
gen receptor o), Yeast Anti-Estrogen Screen (YAES),
Yeast Androgen Screen (YAS, human androgen recep-
tor), Yeast Anti-Androgen Screen (YAAS), and Yeast
Dioxin Screen (YDS, aryl hydrocarbon receptor).

In brief, individual cultures of genetically modified strains
of Saccharomyces cerevisiae were dissolved in growth
medium and incubated at 30 °C with shaking at 450 rpm
overnight. Cell densities of the overnight cultures were
adjusted to 250+25 (YES/YAES), 500+50 (YAS/YAAS),
and 1000+ 100 (YDS) formazine attenuation units (FAU) to
account for different growth times of the strains. The assays
were carried out in 96-well microtiter plates with one col-
umn per treatment (n=8 technical replicates). Each plate
included a negative control and a solvent control (DMSO).
After a 20-h incubation period of the plates at 30 °C with
shaking at 1200 rpm, the cell densities were checked photo-
metrically at 595 nm (Multiskan Ascent Microplate Reader,
Thermo Fisher Scientific, Braunschweig, Germany) for cyto-
toxicity. If cytotoxicity >20% occurred, results were not used.
Subsequently, a chlorophenol red (CPRG, CAS 99792-79-
7) lyticase (CAS 37340-57-1) buffer solution was added to
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each well to quantify the endocrine activity via a chromog-
enic reaction. The colour change was recorded photometri-
cally at 540 nm (Multiskan Ascent Microplate Reader) in
5-20 min intervals (YES: 5 min, YAS/YAES/YAAS: 10 min,
YDS: 20 min) over a period of 20-40 min. To determine
antagonistic activity, we added the corresponding endog-
enous agonist to activate the receptor (1.44 M 17p-estradiol
or 0.048 M testosterone). The reference compounds
17B-estradiol (CAS 50-28-2, YES), 4-hydroxytamoxifen
(CAS 68047-06-3, YAES), testosterone (CAS 58-22-0, YAS),
flutamide (CAS 133-11-84-7, YAAS), and p-naphthoflavone
(CAS 6051-87-2, YDS) were used as positive controls. Along
with each assay and experiment, concentration—response
curves for the respective reference compound were gener-
ated (ECy, values are reported in Additional file 2).

A preliminary limit test with 10 mg/L was performed
for each bisphenol to confirm the actual occurrence of
endocrine activity, to take note of possible cytotoxic
effects, and adjust the highest tested concentration
accordingly. A subsequent dilution series was designed
based on the results of the limit test. The YES dilution
series was carried out with a highest tested concentra-
tion of 10 mg/L and a dilution factor of 4. To attain dis-
tinct concentration-response curves in the YAAS and
YAES the maximum concentration was raised to 40 mg/L
and the dilution factor was adjusted to 2. In the cases of
TBBPA and TCBPA, a lower maximum concentration of
2.5 to 3 mg/L was chosen for all tests due to cytotoxic-
ity (Additional file 1: Table S1). Each assay was indepen-
dently conducted three to six times.

Baseline toxicity

The baseline toxicity of the bisphenols was assessed in
the Microtox assay with the luminescent bacterium Ali-
ivibrio fischeri. The test is based on an ISO standard pro-
cedure [27] with modifications by Escher et al. [28] to
utilize 96-well microtiter plates using 3,5-dichlorophenol
(CAS 591-35-5) as a positive control. In brief, an A. fis-
cheri cryo culture was diluted with growth medium and
incubated at 20 °C in the dark for 60 min. Negative and
solvent controls, positive control, and bisphenol extracts
were serially diluted (1:2) in saline buffer. 100 pL of each
treatment were added to 50 pL of A. fischeri solution.
Luminescence inhibition was determined photometri-
cally (Spark® 10 M, Tecan Austria GmbH, Grodig, Aus-
tria) after a 30-min incubation period at 20 °C in the dark.
The samples were considered toxic if the luminescence
inhibition exceeded 20% at the highest tested concentra-
tion. Three independent experiments were conducted
with two technical replicates per substance and a twofold
dilution ranging from 40 mg/L to 312.5 pg/L.
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Mutagenicity

The mutagenic potential of the bisphenols was evaluated
with the Ames fluctuation test. Two genetically modified
strains of Salmonella typhimurium (YG1041 and YG1042),
unable to synthesize the essential amino acid histidine,
were used to detect point mutations (frameshift mutations
and base-pair substitutions, respectively). In the absence of
mutagenic compounds, the histidine deficiency mutants
do not grow in histidine-free medium. A reverse mutation
in genes involved in histidine biosynthesis enables histi-
dine production, and thus bacteria growth. Mutations are
detected via a pH change in the assay medium, indicated
by a colour change from purple to yellow. The test is based
on an ISO standard method [29] and the OECD guideline
471 [30]. In brief, the cell density of the suspended bacte-
ria culture is determined photometrically at a wavelength
of 595 nm (VWR® V-1200 Spectrophotometer, VWR
International, Radnor, PA, USA). The required amount of
bacteria culture is centrifuged at 4400 rpm for 5 min. The
bacteria pellet is resuspended in 15 mL of histidine mini-
mal medium to ensure the initial survival of the bacteria
at the beginning of the test. 490 uL medium per well and
10 L sample extract are distributed to a 24-well microtiter
plate. To test for metabolic activation of the samples, 17 uL
rat liver homogenate mix (S9) is added per well. Mutagenic
reference compounds were used as positive controls (with-
out S9: 2-nitrofluorene (CAS 607-57-8), with S9: 2-ami-
noanthracene (CAS 613-13-8)). The optical density at
595 nm is measured in a microplate reader (Spark® 10 M,
Tecan Austria GmbH, Grodig, Austria) before and after a
100-min incubation period at 37 °C in the dark with shak-
ing at 220 rpm to avoid sedimentation. If the optical den-
sity decreased after incubation, cytotoxicity occurred and
the samples were excluded from further analysis. Immedi-
ately after measuring, 2.5 mL reversion medium is added
to each well. The bacteria-medium mixture is aliquoted
into 384-well microtiter plates with 48 technical replicates
per treatment and incubated at 37 °C for 72 h. The muta-
genic activity was determined photometrically at a wave-
length of 420 nm (Spark® 10 M) by counting the number
of wells with a colour change from purple (negative) to yel-
low (positive).

The bisphenol solutions were tested at a limit con-
centration of 10 mg/L for the majority of bisphenols.
BADGE and BPBP were tested at a lower concentration of
5 mg/L since the substances were found to be cytotoxic at
10 mg/L. Each substance was tested with metabolic acti-
vation through S9 mix and without. The assay was per-
formed twice with 48 technical replicates per treatment.

Data processing
Statistical analyses, correlation analyses, non-linear
regressions and estimations of effect concentrations were
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performed using the software GraphPad Prism® (ver-
sion 5.03, GraphPad Software Inc., San Diego, CA, USA).
Gaussian distribution and homogeneity of variances
of the data sets were checked with the D’Agostino and
Pearson omnibus normality test and Bartlett’s test for
equal variances, respectively. For parametric data sets, a
one-way analysis of variance (ANOVA) with Dunnett’s
post hoc test was selected to check for possible statisti-
cal significance. Non-parametric data sets were analyzed
using a Kruskal-Wallis test with Dunn’s post hoc test. A
p-value <0.05 was considered statistically significant. Sig-
nificant differences in 50% effect concentrations (ECs,) of
the reference compound BPA and the respective bisphe-
nol analogue were acknowledged if the 95% confidence
intervals did not overlap. Correlations were determined
using Pearson correlation for normally distributed data.
If a data set did not pass the normality test initially, the
data set was transformed (In).

In both the agonistic and antagonistic Yeast Screens,
the absorbance was normalized to the combined nega-
tive and solvent control (0%) and the maximum activity
of the positive control (100%) to calculate relative (anti-)
estrogenic and anti-androgenic activities (%). The con-
centration-response curves of the relative activity were
obtained by transforming the x-axis (log) and fitting a
non-linear curve to the transformed data. ECy, values
were calculated using the non-linear curve fit of the raw,
non-normalized and non-transformed data. To adjust for
bisphenol curves that did not reach a maximum activity
plateau in the tested concentration range, a top constraint
was set to the mean maximum activity of the positive
control (100%). The maximum relative activity (%) of the
bisphenols was obtained through extrapolated top values
calculated by GraphPad Prism®. A constraint was set at
0% activity. The concentration-response curves of the
Microtox assay were also generated by transforming the
x-axis (log) and fitting a non-linear curve to the trans-
formed data. The specific activity (M) of each substance
was calculated by dividing the ECy, (mg/L) by the molec-
ular weight (g/mol) of the corresponding bisphenol.

ECs0(mg/L)
molecular weight (g/mol)

-3

Specific activity(M) =
(1)

For each tested bisphenol and endocrine assay a base-
line specificity ratio (SR} ,eine) Was calculated according
to Escher and Neale [31], if the data were available. The
ratio describes how much more potent a chemical is in
reporter gene activation (i.e., a specific mode of action)
compared to the baseline toxicity. It was calculated by
dividing the EC,, of the Microtox assay by the EC, of the
endocrine assay.
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ECso (mg/ L) (Microtox)
ECso (mg/ L) (Yeast Screen)

SRbaseline =

Results and discussion

Endocrine activity

This study confirmed the endocrine potential of all twelve
tested bisphenols on at least one nuclear hormone recep-
tor in yeast reporter gene assays (Fig. 1). All the bisphe-
nols were able to elicit a response on the human estrogen
receptor, with nine compounds acting as agonists and
three as antagonists (BPBP, BADGE, TBBPA). Eleven out
of the twelve bisphenols showed antagonistic activity on
the human androgen receptor, BPS being the sole excep-
tion. All bisphenols displayed activity in a concentra-
tion-related manner. Two of the five yeast reporter gene
assays, namely the YAS and YDS, did not show any endo-
crine activity above the limit of quantification for the
twelve bisphenols at the limit concentration of 10 mg/L
(Additional file 1: Figure S1).

The endocrine effects of the bisphenols are likely
caused due to their molecular structure resembling the
natural hormones 17p-estradiol and testosterone. Bind-
ing to the estrogen receptor (ER) as well as androgen
receptor (AR) is mainly mediated through the ability
to form hydrogen bonds and interactions between the
hydrophobic residues on the inner lining of the recep-
tor cavity with the non-polar binding partners [32-34].
The two hydroxy groups at the para position of the phe-
nyl rings of the natural hormone 17f-estradiol (E2) are
necessary to elicit estrogenic as well as anti-androgenic
activity [10, 19, 35]. With two hydroxy groups along with

Fig. 1 Heatmap of the endocrine activity in all five Yeast
Screens. Each bisphenol was tested for their estrogenic (YES),
anti-estrogenic (YAES), androgenic (YAS), anti-androgenic (YAAS)

and dioxin-like (YDS) activity. The colour coding distinguishes
between no effect in the tested concentration (green), a significantly
higher ECs, (mg/L) compared to BPA (yellow), a similar ECs, as BPA
(orange), and a significantly lower ECy, than BPA (red). The significant
difference to BPA is determined through non-overlapping confidence
intervals (see Tables 1, 2, 3)
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an overall predominantly hydrophobic nature, the chemi-
cal structure of the bisphenols makes them suitable to
interact with both the ER and AR binding pocket.

Activity at the estrogen receptor
The Yeast Estrogen Screen showed distinct concentra-
tion—response curves for the estrogenic activity for nine
out of twelve tested bisphenols (Fig. 2). The overall high
maximum agonistic activities range from 79.6% (BPS) to
110.9% (TCBPA) (Table 1). Three analogues (BPF, BPAP,
TCBPA) elicited a stronger response than the natural
ligand of the human estrogen receptor 17f3-estradiol
(E2, 100%). BPE and BPF show no significant difference
in estrogenic efficacy to the reference compound BPA.
Whereas BPB, BPAF, and BPZ demonstrate significantly
stronger estrogenic activity; BPS, BPAP, and TCBPA
show significantly lower activity. The order of magnitude
for the specific activity (ECy, (M)) ranges from 10~ to
10~* M, with the positive control E2 at 10719 M.
Modifications of the bridging carbon are presumed to
influence the binding of bisphenols to the ER and con-
sequently the estrogenic activity [10, 18, 19, 35]. It has
been reported that the length of the alkyl group at the
bridging carbon is supposed to enhance estrogenic activ-
ity [10]. This would suggest a lower estrogenic activity of
BPF (without alkyl) compared to BPA and BPE (methyl
group), followed by BPB (ethyl group). The study of Chen
et al. [10] confirmed this, ranking the estrogenic potency
BPF < BPE < BPA <BPB. The results of the YES in this
study are in accordance with these findings. BPB dis-
played the highest activity of the four considered bisphe-
nols, followed by the remaining three substances (BPA <
BPE < BPF <BPB). BPA, BPE, and BPF did not differ sig-
nificantly in their estrogenic activity in the YES. A com-
putational study by Cao et al. [18] combined molecular
docking with molecular dynamics simulations and also
predicted an enhanced estrogenic activity compared
to BPA with smaller-sized substituents on the bridg-
ing carbon. Correspondingly, it is postulated that larger
substituents, such as the ethyl group of BPB or the addi-
tional phenyl group of BPAP, increase the molecular
size and thus reduce estrogenic activity [18]. This claim
holds true only partially. BPAP does indeed elicit lower
estrogenic potential. Nevertheless, measured by the EC,,
obtained in the YES, BPB shows significantly higher
estrogenic potential compared to BPA. Despite its large
cyclohexane group on the bridging carbon, BPZ also con-
tradicted the postulated principle and showed the high-
est estrogenicity in the YES. Another factor defining the
estrogenic potential may be the polarity of the bridging
groups. Cao et al. [18] conducted a study with MVLN-
cells and demonstrated enhanced estrogenic activity with
polar bridging groups, such as BPS (sulfonyl group) and
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Fig. 2 Yeast Estrogen Screen (YES). Concentration-response curves of the mean estrogenic induction [%] (mean £ SEM), relative
to the maximum activity of the positive control 17B-estradiol (E2), of the bisphenols BPA, BPB, BPE, BPF, BPS, BPZ, BPAF, BPAP, and TCBPA in the Yeast
Estrogen Screen (YES). The bisphenols were tested at concentrations ranging from 38.1 ng/L to 40 mg/L. The order of bisphenols in the legend (top
to bottom) follows the ascending order of ECy, values in the figure. A constraint was set at 0% induction, representing the negative control. n=3

independent experiments. n=6 for BPA, BPB, and BPF

BPAF (trifluoromethyl groups). On the other hand, Kita-
mura et al. [19] noted that replacing the propane group of
BPA with a more hydrophilic group reduced estrogenic
activity in MCF-7 cells (advancement of MVLN-cells)
remarkably. While the claim of Cao et al. [18] is con-
firmed for the activity of BPAF in this study, it cannot
be confirmed for BPS. In the case of BPS, the assertion
of Kitamura et al. [19] of reduced estrogenicity applies
since BPS turned out to be the bisphenol with the low-
est estrogenic potential by far. The polar bridging group
of BPS, contrasted with the other selected bisphenols,
possibly elucidates lower binding probability to the ER
and as a result, lower estrogenic activity. In silico stud-
ies support the statement of lower affinity of BPS to the
estrogen receptor [35, 36]. Different studies also report
a distinctly lower estrogenic activity of BPS compared
to other tested BPs [10, 11]. A study investigating the
estrogenic activity of halogenated bisphenol analogues
(i.e,, TCBPA and TBBPA) found the higher the degree of
halogenation the lower the activity at the ER [37, 38]. The
brominated analogue TBBPA shows no agonistic effect at
the ER [38, 39], while the chlorinated analogue TCBPA
has similarly strong estrogenic potential as BPA [37].
Both observations are confirmed by this study. Overall, it
is not yet well defined how the chemical specificity at the

3,5-positions of the phenyl rings and the bridging alkyl
moiety determine the extent of estrogenic potential of
bisphenols. Nevertheless, quantitative structure—activity
relationship (QSAR) models can predict ER binding and
activity of bisphenol analogues reliably [11, 36].

The order of rank of the estrogenic potential,
measured with the EC,, values, of all tested bisphe-
nols is as follows: BPS<BPAP<TCBPA<BPA, BPE
BPE <BPB<BPAF <BPZ. The order of magnitude ranges
from 1077 to 107> M. These results are generally in agree-
ment with other studies using yeast cells but also other
cell lines [12, 19, 20]. Overall, it is reported that most bis-
phenol analogues show comparable estrogenic potential
as BPA in the order of magnitude of 107® M [11], with BPA
being four to six orders of magnitude less potent than the
natural estrogen 17f3-estradiol [10, 12, 40, 41]. These find-
ings can be confirmed. Hence, BPA and its analogues can
be considered weak estrogens [10, 12, 18]. Additionally,
it should be mentioned that some cell lines (e.g., MCF-7
[19], CHO-K1 [20], HepG2 [42]) are more sensitive to
estrogenic activity than other cell lines (e.g., Ishikawa [42],
HeLa [42], yeast [12]). The more responsive cell lines were
generally one order of magnitude more sensitive to bis-
phenol activity, as well as E2 activity.
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The anti-estrogenic yeast reporter gene assay showed
no effects at 10 mg/L for the bisphenols that were pre-
viously described as ER agonists. BPBP, BADGE, and
TBBPA did not display agonistic, but in turn moderate
antagonistic activity, unlike the reference BPA (Fig. 3).
ER inhibition ranged from 39.7 to 91.3% compared to
the partially antagonistic positive control 4-hydroxy-
tamoxifen (Table 2). The antagonistic efficacy is in the
same order of magnitude as the positive control (107° M).
These results confirm that all tested bisphenols are able
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to bind to the ER but not all of them are able to activate
it.

While there is plenty of conclusive data covering
the estrogenic effects of bisphenol analogues, the data
for anti-estrogenic effects are comparably scarce. The
majority of the tested bisphenols show a distinct pat-
tern of ER agonism in combination with AR antago-
nism [21]. However, a QSAR study by Conroy-Ben et al.
[36] revealed a different binding interaction between
BPBP and the ERa binding pocket compared to other
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Fig. 3 Yeast Anti-Estrogen Screen (YAES). Concentration-response curves of the mean anti-estrogenic induction (%) (mean % SEM), relative
to the maximum activity of the positive control 4-hydroxytamoxifen (4-OHT), of the bisphenols BADGE, BPBP, and TBBPA in the Yeast Anti-Estrogen
Screen (YAES). The bisphenols were tested at concentrations ranging from 9.75 ug/L to 40 mg/L. The order of bisphenols in the legend (top
to bottom) follows the ascending order of ECs, values in the figure. A constraint was set at 0% induction, representing the negative control. n=3

independent experiments

Table 2 EC,, values in the Yeast Anti-Estrogen Screen (YAES)

YAES BPA BPB BPE BPF BPS BPAF BPAP BPBP BADGE TBBPA TCBPA
ECs, (ma/L) 0.866 2.69 0.789

95% confidence interval (mg/L) 0.656-1.08 2.13-3.26 0.688-0.890

Specific activity (M) 246x107°  790x107°  145x107°

Maximum relative activity (%) 60.7 39.7 91.5

Significance to BPA J J J

Displayed are the 50% effect concentrations (ECs) (mg/L) with the respective 95% confidence interval (mg/L), specific activity (M), maximum anti-estrogenic

induction (%), and the significant difference to BPA for each bisphenol. The specific activity is calculated using Eq. 1. The significant difference to BPA is determined
through non-overlapping confidence intervals. Bold arrows pointing downwards indicate a significantly lower EC;, than BPA, arrows pointing upwards indicate a
significantly higher ECs. Bisphenols with no values did not show an effect at the tested concentrations
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bisphenols. While agonistic bisphenols (e.g., BPA, BPB,
BPE, BPF), as well as the natural hormone E2, interacted
with the Glu353 residue of the ER binding pocket via
hydrogen bonding, BPBP did not. Instead, BPBP inter-
acted with residue 524 in a similar manner to the D-ring
of E2 [36]. This suggests that ERa binding at Glu353 is an
indicator of ER agonism. Binding at a different site (i.e.,
residue 524) merely blocks the binding pocket and does
not lead to ER activity.

The ER antagonism for BPBP, BADGE and TBBPA
was already observed in other studies [19, 21]. However,
BPAP and BPAF also seem to have low antagonistic prop-
erties in addition to agonistic potential at the ER [21, 43,
44]. Despite similar tested concentrations, this effect was
not revealed in our study. This might be due to differ-
ent effects of the bisphenols at the ERa and ERB. While
BPAF acted as a full agonist at ERa, it proved to be a spe-
cific antagonist at ERp in various different cell lines [20,
42, 43]. Another explanation would be that, according to
Li et al. [42], BPAF as well as BPA act as ERa- and ERp-
antagonists at concentrations lower than 10 nM (approx.
2-3 pg/L), which were not tested in our work.

150
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Activity at the androgen receptor

The Yeast Anti-Androgen Screen revealed antagonistic
activity at the human androgen receptor for each selected
bisphenol, apart from BPS (Fig. 4). All of the positively
tested bisphenols show a similarly high or higher maxi-
mum relative activity than the competitive antagonist flu-
tamide (positive control) in a range from 100 to 138.2%
(Table 3). Six analogues demonstrate significantly higher
antagonistic efficacies (BPB, BPE, BPF, BPAP, TBBPA,
TCBPA), while the three analogues BPZ, BPAF, and
BADGE show significantly lower efficacies. The order of
magnitude for the specific activity is the same as the posi-
tive control (107 M).

The Yeast Anti-Androgen Screen displayed significant
effects for eleven of the twelve tested bisphenols, except
BPS. These results are consistent with the observation
that many environmental estrogens also possess the abil-
ity to elicit anti-androgenic activity [45], as well as pre-
vious predictions on AR antagonism based on QSAR
models [11, 36].

The QSAR study by Conroy-Ben et al. [36] confirmed
AR binding ability for the bisphenols tested in their study,

(3.
o
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Fig. 4 Yeast Anti-Androgen Screen (YAAS). Concentration-response curves of the mean anti-androgenic induction (%) (mean £ SEM),
relative to the maximum activity of the positive control flutamide (Flu), of the bisphenols BPA, BPB, BPE, BPF, BPZ, BPAF, BPAP, BPBP, BADGE, TBBPA
and TCBPA in the Yeast Anti-Androgen Screen (YAAS). The bisphenols were tested at concentrations ranging from 9.75 pg/L to 40 mg/L. The
order of bisphenols in the legend (top to bottom) follows the ascending order of ECy values in the figure. A constraint was set at 0% induction,
representing the negative control. n=3 independent experiments
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including BPA, BPB, BPBP, BPE, BPF, BPS, and BPZ,
by demonstrating the hydrogen bonding of a bisphe-
nol hydroxy group with the same two amino acids (i.e.,
Thr877, Asn705), that bind the natural hormone testos-
terone and the antagonist standard hydroxyflutamide.
Binding affinity can predict potential agonism or antago-
nism but does not determine how considerable the actual
effect is going to be [46]. The weakest binding affinity was
observed for BPS [36]. Not being able to bind well to the
AR would resolve why BPS did not elicit any anti-andro-
genic response in our study. Other studies also report
either no anti-androgenic activity for BPS at all [20, 22,
47] or notably less activity compared to other tested BPs
[11, 13, 36]. A possible explanation for the weaker bind-
ing might be the polar sulfonyl bridge, making BPS less
able to form hydrophobic interactions with the ligand
binding domain.

Grimaldi et al. [48] observed that the most potent ER
agonists turned out to be the most potent AR antagonists
and proposed that larger substituent groups on the bridg-
ing carbon could cause a reduction in endocrine efficacy.
In our study, there is no correlation between ER agonists
and AR antagonists (Pearson r=-0.1125; Additional
file 2). A trend of larger side chain groups or molecular
size in general causing lowered endocrine potential is
also not visible.

The order of rank of the anti-androgenic potential of
all seven bisphenols is as follows: (BPS<) BADGE, BPZ
~ BPAP<BPA, BPAF <BPB, BPBP < BPF<BPE < TBBPA,
TCBPA). The ranking corresponds very well with the
results of van Leeuwen et al. [21] and is consistent with
other studies using various cell systems [11, 20, 47, 49].
However, some studies report a weaker or no anti-andro-
genic effect for bisphenols that showed a higher efficacy
than BPA in our study (e.g.,, TBBPA, TCBPA, BPBP, BPF)
[17, 19, 22, 36, 48, 50]. All the bisphenols that tested
positive were antagonistically active in the same order of
magnitude as the weak anti-androgen flutamide (10° M)
[51], classifying them as weak anti-androgens. Mamma-
lian cell lines (e.g., CHO [11], CHO-K1 [20], HeLa [48],
NIH3T3 [19], MDA-kb2 [50], PALM [22]) do not seem to
be much more sensitive to anti-androgenic activity com-
pared to yeast cells (see [21, 36, 49]).

None of the selected bisphenols showed agonis-
tic effects at the AR at a concentration of 10 mg/L. The
results of the YAS are coherent with those of the YAAS,
since full antagonists do not convey intrinsic activity.
These findings are in agreement with most other studies
[13, 20, 21, 36, 46, 49].

Activity at the aryl hydrocarbon receptor
None of the selected bisphenols showed effects in the
Yeast Dioxin Screen at the tested limit concentration of
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10 mg/L. High affinity to the aryl hydrocarbon receptor
(AhR) requires certain structural characteristics, such as
non-covalent binding with the binding cavity (van der
Waals forces or hydrogen bonds), hydrophobic effects, or
planarity (“classic” AhR ligands) [52, 53]. Substances may
also bind to the AhR without these structural require-
ments (“non-classic” ligands), but do not display much
affinity and/or intrinsic activity compared to dioxin
(TCDD) [52, 54]. Since it is possible for BPs to form
hydrogen bonds, they may be able to moderately bind
to the AhR. The negative results of the YDS indicate no
intrinsic activity, potentially characterising the bisphe-
nols only as partial agonists or antagonists.

The literature on AhR activity of BPs is ambigu-
ous. According to the US National Toxicology Program
Tox21, none of the 14 bisphenols tested (including nine
of the BPs tested in our study) act as an agonist at the
AhR [17]. Rosenmai et al. [11] have reported AhR ago-
nism for BPA, BPE, and BPF, whereas BPB and BPS
showed no effect on the AhR in rat hepatoma cells. Park
et al. [13] also regard BPA and BPF as AhR agonists in
DR-EcoScreen cells, along with BPS. Zenata et al. [55]
note negligible activation of the AhR for BPS compared
to the positive control TCDD in a cell line derived from
HepG2 cells [55]. Bonefeld-Jorgensen et al. [56], however,
observed AhR antagonism for BPA in mouse hepatoma
cells. The differences in AhR activity might be due to the
usage of various transfected mammalian hepatoma cell
lines compared to yeast cells, as mammalian cell lines are
generally more sensitive than yeasts mainly due to the
absence of a cell wall. Furthermore, the concentrations
eliciting a response in studies with mammalian cells are
mostly above 10 mg/L, which was the limit concentration
for the Yeast Dioxin Screen. It is worth noting that even
mouse [13] and rat [11] hepatoma cells yield opposing
results at the same concentration (25 mg/L BPS).

Baseline toxicity

Nine of the twelve selected bisphenols induced baseline
toxicity in a concentration-related manner within the
analyzed concentration range (Fig. 5). The analogues
BPBP, BADGE, and TBBPA did not elicit effects beyond
the threshold of 20% luminescence inhibition at the max-
imum concentration (40 mg/L). Consequently, we were
unable to derive ECy, values and omitted the concen-
tration—response curves from the figure. The remaining
bisphenols demonstrated a maximum luminescence inhi-
bition of 51.6% (BPS) to 100% (BPB, BPZ, BPAF, BPAP)
(Table 4). Merely BPS and BPE displayed lower maximum
inhibition compared to the reference compound BPA
(89.5%). The efficacies, measured in EC;, values, ranged
from 5.81 to 39.1 mg/L (Table 4). BPB, BPE, BPZ, BPAF,
and BPAP had a significantly higher effect than BPA. The
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Fig. 5 Microtox assay. The baseline toxicity, expressed as luminescence inhibition (%) (mean £ SEM), is displayed as concentration-response
curves of the bisphenols BPA, BPB, BPE, BPF, BPS, BPZ, BPAF, BPAP, and TCBPA in the Microtox assay. The bisphenols were tested at concentrations
ranging from 313 pg/L to 40 mg/L. The order of bisphenols in the legend (top to bottom) follows the ascending order of ECs, values in the figure.
Constraints were set at 0% and 100% luminescence inhibition. n=3 independent experiments

rank of ECg, values corresponds well to the rank of maxi-
mum inhibition efficacy of the substances. The specific
activity (EC,, (M)) of the bisphenol analogues (Table 4)
is similar, but not identical, to the order of ranks of the
EC;,. The analogues show specific activity in the same
order of magnitude as the reference BPA (10~ M), indi-
cating similarly strong potential for baseline toxicity.

Baseline toxicity, also referred to as non-polar narco-
sis or non-specific toxicity, describes the minimal toxic-
ity of a chemical [57, 58]. Although the precise molecular
mechanism has not yet been conclusively resolved [59], it
is widely accepted as a disturbance of the cell membrane
caused by the partitioning of hydrophobic chemicals into
the membrane lipids [57] and their accumulation [60],
resulting in failing integrity and function of the mem-
brane [59]. Since this phenomenon is strongly correlated
with the hydrophobicity of a substance [61], the octanol/
water partition coefficient (log Ky) can be useful for
interpreting the results.

In theory, the order of ranks of bisphenol baseline
toxicity, according to the sequence of experimental/
predicted log Ky, values obtained from the EPI Suite™
software (EPIWEB 4.1, U.S. Environmental Protection
Agency, USA), should be the following: BPS (1.65),
BPF (2.91), BPE (3.19), BPA (3.32), BADGE (3.84),
BPB (4.13), BPAF (4.47), BPAP (4.86), BPZ (5.0),
BPBP (6.08), TCBPA (6.22), TBBPA (6.53). This is

generally reflected in the test results. The actual order
of ranks was (BPBP, TBBPA, BADGE) < BPS<BPE<TC
BPA <BPA <BPB < BPF, BPZ, BPAP < BPAF. It is notice-
able that the three analogues with the highest lipophi-
licity (BPBP, TCBPA, TBBPA) do not also display the
strongest baseline toxicity. In turn, BPBP and TBBPA
did not surpass the threshold luminescence inhibition
of 20% at the highest concentration of 40 mg/L and
are, therefore, not considered toxic in this test, despite
being clearly lipophilic. Another factor determining the
ability to pass through membranes could be the spatial
dimensions of the compounds, as proposed by Brugge-
man et al. [62]. A larger molecular volume or diameter
would, therefore, interfere with membrane passage,
which could be plausible for BPBP, BADGE and TBBPA.
TCBPA eliciting an effect, but not TBBPA, could be
attributed to the smaller effective diameter of chlorine
compared to bromine [62]. When excluding TCBPA
and the bisphenols with no effect, a significant negative
linear correlation of EC, to log K5y with a Pearson r of
—0.825 and R? of 0.681 (p=0.0116) becomes apparent
(Additional file 2). This direct relationship was already
observed before [63].

These results are reasonably conclusive with the study
of Oweczarek et al. [64], which also found stronger base-
line toxicity for BPF and lower toxicity for BPS and BPE
compared to BPA. BPZ was reported to be only slightly
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toxic, edging towards inactivity [64], therefore, not com-
plying with our results and the overall presented trend of
increased baseline toxicity with decreased polarity.

Baseline specificity ratio

The baseline specificity ratio (SR) is the ratio of the non-
specific baseline toxicity of a substance to its specific
mode of action [31], in this case reporter gene activa-
tion. It measures the degree of specificity of the effects
of bisphenols and can illustrate how much more potent
each bisphenol is in its endocrine activity compared to
the baseline toxicity. A reliable threshold for specificity is
an SR above 10 [31]. Substances with an SR<1 are non-
specific, 1<SR<10 is considered moderately specific
but with uncertainty, 10 <SR <100 is specific and an SR
above 100 is highly specific [31].

The majority of bisphenols in this study exhibit specific
effects at the ER and AR, with specificity ratios between
12.5 (BPA, anti-androgenic activity) and 83.6 (BPE, anti-
androgenic activity) (Fig. 6). Some analogues, such as
BPS and BPAP, are only moderately specific in reporter
gene activation. Both halogenated analogues (i.e., TBBPA
and TCBPA) show high specificity for ER and AR antago-
nism and are the only analogues to reach SR values above
100.

As this concept is fairly new and originally devised to
assess (unknown) mixture toxicity effects (e.g., in waste-
water or surface water samples), only one other study has
used it yet to better understand the specificity in single

BPAP
BPBP - - -
BADGE - - -
TBBPA

TCBPA

Fig. 6 Baseline specificity ratio of each tested bisphenol. The
baseline specificity ratio (SR) was calculated for the estrogenic (YES),
anti-estrogenic (YAES), and anti-androgenic (YAAS) activity using

Eg. 2. SR<1is not specific, 1 <SR < 10 is moderately specific (with
high uncertainty), 10<SR< 100 is specific, and 100 < SR is highly
specific."-"indicates that there was at least one ECy, missing

for the calculation of the baseline specificity ratio. All ECs, values can
be looked up inTables 1, 2, 3, and 4. The data set calculating the SR
includes an ECs,, for baseline toxicity of TBBPA with a wide confidence
interval (89.17-161.5 mg/L)
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substance testing. Lee et al. [65] used QSAR-predicted
10% nominal baseline toxicity values (ICygpascline) and
compared them to experimentally determined 10% cyto-
toxicity (IC,,) values in four mammalian reporter gene
cell lines (AREc32, AhR-CALUX, PPARy-BLA, and SH-
SY5Y) for 392 chemicals. They calculated the toxic ratio
(TR=IC g paseline/IC1o) to identify whether chemicals
act as baseline toxicants (TR<10) or indicate enhanced
toxicity due to a specific mode of action (TR>10).
They observed the more hydrophobic a chemical is, the
more likely it is classified as a baseline toxicant [65]. For
TBBPA, they found a TR<0.1 in SH-SY5Y, suggesting no
specific mode of action, markedly contrasting the results
of this study. The review of Robitaille et al. [66] mentions
that only a very small number of chemicals act as high-
potency agonists in hormone receptor transactivation
assays. Most show low to medium ER agonistic potency,
with specificity ratios below 1000, in no way reaching the
high potency of the natural ER agonists (e.g., E2) at SRs
of 10°-107 [31]. This is conclusive with our data, as all
tested bisphenols have SR values for ER agonism below
100. As for AR antagonistic SRs, Escher et al. [67] sug-
gest further research into the mechanisms of antagonistic
effects by environmental samples and caution with inter-
preting the data, as cytotoxicity cannot be differentiated
from AR antagonism. Since we performed single sub-
stance testing, monitored the cytotoxicity, and discarded
measurements exceeding 20% cytotoxicity, there is little
uncertainty for false-positive AR antagonism.

Mutagenicity

The assessment of the mutagenic activity of the twelve
selected bisphenols did not yield any positive results
at the tested concentration of 5-10 mg/L (Additional
file 1: Table S2). Neither the parent substances nor their
metabolites caused frameshift mutations or base-pair
substitutions.

These results are in accordance with the literature. Fic
et al. [23] report no mutagenic effects of the bisphenols
BPF, BPAF, BPZ, and BPS, as well as for four additional
analogues, using the TA98 and TA100 Salmonella strains
in the Ames assay with and without metabolic activa-
tion. An umu test of the bisphenols BPA, BPF, BPB, and
BPS as well as their metabolites also did not show muta-
genic activity [10]. However, other genetic modes of
action such as genotoxicity have been reported for BPA
and some of its analogues [16]. For instance, induction
of DNA damage in the form of DNA strand breakage
was observed for BPA and BPS in HepG2 cells at con-
centrations above human exposure levels [23]. TBBPA is
reported to promote several cancers in rats [68] and was
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classified as a probable carcinogen [69]. So far, the con-
nection between carcinogenicity and BPA is still unclear
[70].

Conclusion

The work presented in this study focuses on broaden-
ing and fortifying the existing knowledge concerning
the (eco)toxicological profile of various bisphenol ana-
logues as replacements for the excessively assessed and
hazardous substance bisphenol A. The results contrib-
ute to the question of to what extent the eleven selected
bisphenol analogues, BPB, BPE, BPF, BPS, BPZ, BPAF,
BPAP, BPBP, BADGE, TBBPA, and TCBPA, are suitable
replacements for BPA. To resolve this, several toxicologi-
cal endpoints, with a focus on endocrine activity, were
assessed in vitro. As most of these BPs have been tested
by others, it is widely agreed upon, that bisphenol ana-
logues are equally as potent at the ER and AR in vitro as
BPA [11-13, 18, 47], with some of them being even more
potent [20, 21]. Nine BPs elicited weak estrogenic activ-
ity, with the remaining three acting as ER antagonists,
and all BPs except for BPS showed weak anti-androgenic
activity. These results might help to prioritize BPs for fur-
ther in vivo testing. The results of the present study sug-
gest that the selected bisphenol analogues are not safe
alternatives to the high production volume chemical bis-
phenol A. Many other studies are in agreement that the
continuing substitution of BPA with structurally similar
analogues needs to be carried out with caution [9, 11, 18,
71], as they are already deemed emerging contaminants
and regrettable substitutions.
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